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Abstract. The distributions of ion energies striking the substrate in radio frequency
{rF) discharges are important with respect to the use of these devices for the etching
of semiconductors and the fabrication of microelectronic devices. Previous works
have demonstrated the importance of symmetric charge exchange and elastic
collisions in the sheath in thermalizing the ion energy distributions (IEbs) and
spreading their angular distribution. These processes have essentially gas kinetic
rates since they have no activation energy. lons can, however, be accelerated in the
sheaths to energies above the threshold for non-thermal charge exchange collisions.
These endothermic processes can result in a significant perturbation of the IEDs and
ion mixing. In this work, we investigate the consequences of non-thermal charge
axchange processes in parallel plate RF discharges using a Monte Cardo—fiuid hybrid
model. In this model particle simulations are used to resolve electron and ion energy
distributions, while a fluid model is used to obtain species densities and electric fields,
The reactor geometry is based on the GEC Reference Cell and we simulate both
symmetric and asymmetric discharges. The gas mixtures we have investigated are
pure argon, He/Np, and He/GF4/Hy. lon energy distributions are presented which
show depietion at energies greater than the threshold for endothermic processes. To
account for particle—mesh interactions in the hybrid model a new technique called

‘ion holes’ is used in the particle simulation. lon holes account for the dual loss of
pseudoparticles resulting from, for example, ion-ion neutralization collisions, and
remove trajectories from phase space resulting from the loss of a fluid ion.

I. introduction

The anisotropic etching of semiconductor materials
which one obtains in low-pressure radio frequency (RF)
glow discharges is largely a result of vertically directed
energetic ion bombardment of the wafer. Energy de-
livered to the wafer by these ions preferentially activates
etching on horizontal surfaces on the bottom of
trenches, as opposed to the vertical walls of trenches.
The ion energy distributions (IEDS) and ion angular
distributions (1aps) are therefore of great interest in
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atoms and molecules, produced by either charge ex-
change reactions of energetic ions or by gas phase
dissociation processes, have been studied. Hot neutrals
may be as efficient in activating surface processes as
ions, and therefore their energy and angular distribu-
tions are of equal importance. For example, Maneschijn
and Goedheer [1] modelled ion and hot atom transport
in the sheaths of argon rF discharges. They found the
angular distribution of the hot neutrals to be quite
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broad compared with ions, while the ranges of their
energy distributions were commensurate with those of
ions.

A number of previous works have experimentally
and theoretically characterized 1EDs and aDs in RF
discharges with the goal of predicting etching profiles.
These works have clearly shown the importance of both
charge exchange and elastic collisions of ions in the
sheaths with respect to shaping the 1ED and 1aD. Using
a Monte Carlo simulation, Kushner [2] correlated ther-
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the degree of collisionality in the sheath. Thompson et
al [3] also vsed a Monte Carlo simulation to track ion
trajectories through the sheath and examined the effects
of the type of ion—molecule scattering and the mass of
the collision partner. They found that lighter ions, which
have more backscattering eiastic collisions, experience
more net collisions in the sheaths than do heavy ions
which predominantly scatter in the forward direction.
The mean energy of the heavier ions, for otherwise



identical conditions, is therefore somewhat larger. Liu et
al [4] 1ater measured IEDs and 1ADs in a parallel plate rF
discharge sustained in Ar. Their measurements showed
that the transition between a largely collisionless sheath
and a collisional sheath occurred between 10 and 50
mTorr. At lower pressures, more energetic ions arrive at
shallower angles, whereas at higher pressures, the de-
pendence of the IED on angle was weak. These results
corroborate the measurements of Ingram and Braith-
waite [5] who determined that the onset of collisional
scattering in the sheath of an Ar RF discharge occurs at
~40mTorr. Manenschijn and Goedheer [1] found this
transition to occur at 10-20mTorr for Ar ions striking
the powered electrode.

The general conclusions of these and other works are
that increasing rates of charge exchange collisions result-
ing from operating at high gas pressures both decrease
the average energy of ions striking the substrate and
broaden their angular spread. Elastic collisions are less
efficient at reducing ion energies, but are equally import-
ant at broadening the 1aD. Under collisionsless condi-
tions, the ED can be characterized by a parameter
s = At_jAtyp, where Az, is the crossing time of an ion
through the sheath, and Aty is the RF period. When
s« 1, the ion can cross the sheath in a time that is short
compared with the RF cycle, and therefore strikes the
electrode with the full instantaneous sheath potential.
When s>»1, the jon experiences an average sheath
potential and the 1ED has a single peak centred on that
value. ‘

Only a few previous works on IEDs in RF discharges
have addressed mixed gases. Kuypers and Hopman [6]
investigated 1EDs in Ar/H, mixtures at fairly low pres-
sures (3 mTorr) where charge exchange in the sheaths is
not believed to be important. They were able to distin-
guish clearly between the contributions of Ar*, Hf, and
H7 jons in the EDs. The large abundance of H3 that is
observed results from the exothermic charge exchange
reaction H3 + H,—H7 + H in the bulk plasma. As a
result HY, which is the most abundant product of
electron impact iopization of H,, may not survive to
reach the substrate in large numbers. Using analytic
expressions for the sheath potential and thickness,
Manenschijn et al [7] simulated these multicomponent
IEDs to confirm the cited identifications. The resulting
distributions revealed Ar* (or ArH*), H7, and HF as
the dominant ions striking the electrode. The difference
between the energy peaks of the bimodal distributions
varied inversely with the square root of ion mass, an
effect also shown by the results of Kuypers and Hopman
[6]. Field et al [8] performed a similar analysis for Ar,
Ar/H,, CF,, and O, gas mixtures.

In multicomponent gas mixtures, charge exchange
collisions between different ion species can complicate
the interpretation of experiments and the prediction of
optimum reactor conditions. These ion molecule reac-
tions come in at least two varieties: exothermic reactions
and endothermic reactions. In our context, endothermic
reactions have threshold energies greater than a few
tenths of an €V, and are characteristic of the thermal or
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epithermal energies of ions in the bulk plasma. The
importance of exothermic ion—molecule reactions in
both single and multicomponent gas mixtures has been
recognized by a2 number of workers. One example is the
large abundances of H3 observed in the Ar/H, dis-
charges discussed above. Another example comes from
the work of Toyada et al [9] who measured the abun-
dance of CH,' ions in an Rr discharge sustained in
methane at pressures of 0.5-20mTorr. The electron
impact ionization of CH, produces CHS and CHF in
the greatest abundances. Toyada et al found, however,
that at pressures >1mTorr, CHS and C,H{ are the
dominant ions which strike the electrodes. These are
products of exothermic charge exchange of CHZ and
CHZ with CH,. )

The contributions of endothermic ion—molecule
reactions and non-symmetric charge exchange to ion
fluxes in RF discharges have not been previously exam-
ined in detail. These reactions can have important reper-
cussions on the final identity and energy of the ions
which strike the substrate. The importance of endother-
mic charge exchange reactions in Townsend discharges,
and a compilation of cross sections, have recently been
presented by Phelps [10, 11]. Cross sections for a variety
of endothermic charge exchange reactions for systems of
interest to plasma processing have been measured by
Armentrout and co-workers [12-19]. For example,
CF,/O, mixtures are often used to obtain selectivity in
etching of Si over Si0O,. The ionization potential of OF
is 12.07 eV while the thermodynamic appearance poten-
tials of CF¥ ( + F) and CF3 ( + 2F) from CF, are 142
and 20.6 eV respectively. Charge exchange reactions of
O3 with CF, in the bulk plasma are therefore endother-
mic by 2.2 and 8.5¢V for branching to these products.
Fisher and Armentrout [12] measured cross sections for
these processes and found threshold energies of 3.6eV
and 10.6eV respectively, slightly higher than the ther-
modynamic values. For example, the cross section for
producing CF5 from charge exchange between O3 and
CF, has a maximum value of 3 x 107 !®cm? at ~20eV.
This result implies that in the bulk plasma of a CF /O,
rF discharge, OF undergoes only elastic collisions with
CF,. When accelerated to >10eV in the sheaths, OF
will charge exchange with CF,. The mean Iree path for
OF to charge exchange with CF, at energies > 10eV is
0.1 Torrem. OF is therefore inelastically collisional with
CF, in the sheath at partial pressures of greater than a
few hundred mTorr. These interactions will significantly
alter both the identity of the ions which strike the
electrode and the shape of the IED.

To date, the ion dynamics of RF discharges in mulii-
component gas mixtures in the regime where charge
exchange and endothermic processes in the sheaths are
important (pressures >20-40mTorr) has not been
theoretically investigated. To address these conditions,
we have developed a Monte Carlo—fluid hybrid (MCFH)
model for RF discharges with which non-equilibrium ion
transport and endothermic ion-molecule reactions may
be studied. The model combines a Monte Carlo simula-

* tion for the non-equilibrium transport of electrons and
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ions with a fluid model for total charge densities and
electric fields. This hybrid technique has proved o be
quite versatile in modelling a variety of complex gas
chemistries [20]. In principle, any reasonable number of
species and complexity of reaction schemes may be
addressed with this model. Limitations are largely due
to the availability of cross sections and rate coefficients.

We find that at intermediate pressures (=100
mTorr), inelastic processes can dominate the IED since
the ions are more energetic in the sheaths and can access

endathermic collisions which have high threshold ener-

gies, The resulting 1EDs are ‘cut off’ at the inelastic
threshold in 2 similar fashion as observed for electron
energy distributions in gases with low vibrational excita-
tion or electronic excitation energy thresholds. Tons
which undergo non-thermal charge exchange are de-
pleted relative to other ions in the mixture. Conversely,
ions which have higher ionization potentials (and are
the products of the endothermic reactions) strike the
electrode with greater abundance due to these processes.
In section 2 we will describe the ion/electron MCFH
model, followed by a discussion of ion dynamics in Ar,
He/N,, and He/CF,/H, gas mixtures in section 3. Our
concluding remarks are in section 4.

2. Description of the model

The model used in this study is a self-consistent Monte
Carlo—fluid hybrid (MCFH) model for the electron, ion,
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MCFH model consists of four linked simulations: an
electron Monte Carlo simulation (EMCS), an ion Monte
Carlo simulation (mMcs), a self-consistent fluid model
(scrM), and a neutral chemistry and transport model
{mwcT™). The MCFH model, composed of only the Bmcs,
SCFM, and NCTM, has been previously discussed in detail
[20,21] and therefore will be only briefly described here.
The addition of the mcs will be discussed in detail
following that description.

2.1. Description of the electron MCS and fluid models

The MCFH uses the EMCS to generate non-equilibrinm
electron impact source functions and transport coeffi-
cients as a function of position and phase (z, ¢) in the ®F
cycle. These values are then used in the sCFM in which
Poisson’s equation is solved to obtain charge densities
and electric fields as a function of (z, @). These values are
sent back to the EMCS, and the process is iterated until

convergence. In the EMCS, electron frmpnfnrmc are cal-
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cuIated in an oscillating RF electric ﬁeld while account-
ing for collisions with the input gases, ions, and other
species which evolve during the simulation. The EMCS
begins by assuming an electric field as a function of
position between the electrodes and phase during the RF
cycle, E(z, ¢). This electric field is used to advance the
electron trajectories for tens of RF cycles to generate
electron impact source functions, S(z, @), for excitation,
ionization, and dissociation of the gases as a function of
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position and phase. Electron transport coefficients (mo-
bility, average energy) are also produced in the Emcs.
The S(z, @) and transport coefficients are then transfer-
red to the sCFM. In the SCFM the charge densities for
electrons, positive ions and negative ions are obtained
from their respective continuity equations using the
source functions and transport coefficients from the
EMCS. E(z, @) is obtained in the SCFM by solving Poisson’s
equation. All pertinent reactions of heavy charged par-
ticles (e.g. Penning ionization and charge exchange) are

inclnded in thig pnrhnn of the model. The scrMm is also
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run for tens of RF cycles. At this time, the charge
densities and E(z, ¢) are returned to the gMcs. The BMCS
is run for tens of RF cycies using the new fields, generat-
ing new source functions for use in a subsequent run of
the scFM. We continue iterating between the EmMCS and
SCFM until the average plasma density converges to
acceptable limits.

Before execution of the scFM during each iteration,
S(z, ©) and the charge densities may be transferred to
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densities are calculated. The resulting densities are then
used in both the emcs and scrm. Medified null cross
section techniques [20,22] are extensively used to
account for time and spatially varying densities of
collision partners for electron and ion particles (see
below). Typically, hundreds to thousands of ®rF cycles
are required for the calculation to converge, This
requires hours to tens of hours on a laboratory
computer {Kubota 3000).

2.2. Description of the ion MCS

In previous works [20,217] no kinetic information was
obtained for the IEDs since ion transport was included
only in the scFM. In this work we have added an vcs
which is run in parallel with the eMCs. The execution of
the IMCS is conceptually similar to that of the emcs. The
E(z, @) obtained from the sCFM is used to advance the
trajectories of positive and negative ion pseudoparticles
in the IMCS in the same manner as in the EMCS. Trajec-
tories for ion pseudoparticles are initialized at the (z, ¢)
corresponding to electron impact ionization and attach-
ment collisions during the emcs, and heavy particle
collisions in the mcs. The IMCs accounts for collisions of
positive and negative ions with feedstock gases {elastic,
charge exchange, detachment), radicals (elastic and
charge exchange), other ions (elastic and ion—ion neu-
tralization), and electrons (recombination) using the
modified noll cross section technique developed for
electron transport [22]. Where appropriate, the energy
dependence of the cross sections is included, as described
below.

Collisions of electron and ion pseudoparticles with
species which are generated during the simulation (i.e.
radicals, dissociation products, ions) are accounted for
using a modified null cross section. The use of the
modified aull cross section technique has been described
in detail in the literature [20,22], but will be briefly
discussed here. When initially computing the collision



frequencies for use in the MCS and IMCS, an estimate of
the maximum density of non-feedstock species, N, is
made. The total collision frequency of an electron or ion
at a given speed v is then

V(U) = Z UJENmE + vn(v) (1)

where g, is the cross section for collisions with species i.
{More than one type of collision per species is allowed,
but for simplicity the second index is suppressed here.)
v, is the null collision frequency which accounts for
variations in the total collision frequency as a function
of particle energy. When a non-null collision of the
pseudoparticle occurs in the Mcs, the identity of the
collision is obtained from selecting a random number
r = [0, 1] and finding the process which satisfies

Z._ 0o N,
P,_,<r<p, p =L im
W)
where P, is the cumulative probability for process i. This
procedure selects a particular collision based on es-
timated bounds for the densities of the collision part-
ners. To determine if the selected collision is real, an
additional random number is chosen and compared with
the instantaneous local density of species i, or Ni(z, ¢). If
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then a real collision occurs. If the inequality does not
hold, then the collision is considered null.

The collision partners for ion pseudoparticles
include neutral radicals, product neutrals, and lons in
addition to feedstock gases. Collisions with electron and
ion pseudoparticles can also be included as these species
evolve during the simulation. For example, ion densities
which are obtained from the SCFM can be included in the
collision probabilities (equation (1)) for ion pseudo-
particles to account for electron—ion recombination,
¢lectron—ion detachment collisions, and ion—ion neu-
tralization collisions. Collisions of electron and ion
pseudoparticles with all other species which are account-
ed for in the manner described above are particle-mesh
or particle—fluid interactions since the pseudoparticles
are colliding with the continuum background fluid
through which they move. As a result of particle~fluid
collisions, the number or identity of pseudoparticles can
change.

The following types of collisions, which change the
number of electron or ion pseudoparticles, can be easily
implemented when collisions are particle-fluid inter-
actions.

(a) Electron impact ionization: electron and positive
ion pseudoparticles are launched at the location of the
ionization.

(b) Electron impact attachment: an electron
pseudoparticle is removed and a negative ion
pseudoparticle is launched.

(¢) Ton-neutral collision producing one or more
product ions: the identity of the ion pseudoparticle is
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changed and its velocity is updated. If necessary, a
second ion pseudoparticle is initialized.

Collisions of electron or ion pseudoparticles with the
ion fluids are possible, although problematic. For
example, in a recombination collision between an elec-
tron pseudoparticle and positive ion fluid, the electron
particle is easily removed. Similarly for an ion-ion
neutralization collision between a negative ion
pseudoparticle and positive ion fluid, the negative ion
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tive ion which is lost in both of these processes is less
straightforward. The loss of ions from the ion—fluid
from this collision negatively contributes to the source
function for that species which is transferred to the scFM
during the next iteration. One must, however, also
include an appropriate loss of ion pseudoparticles to
account for the consequences of the collision on the 12D
properly.

One method to deplete the ion pseudoparticles is to
search for an appropriate ion pseudoparticie in ihe
vicinity of the collision and remove it. This is a statisti-
cally poor methed becavse there is no guarantee that
there will be a pseudoparticle ion of the proper species
at an acceptably close (z, ¢). A second method is to use
ion holes, which is explained below.

2.3. Ion holes

In o
The weight denotes how many real electrons or ions
each pseudoparticle represents. The weight of the
pseudoparticle is used in coflecting statistics on the
particle distribution function. For example, after every
advance of a pseudoparticle’s position using time step At
terminating with energy ¢, the particle distribution func-
tion at location (z, ¢} is incremented by Af(s z, ¢) =
w;At. This weight may vary during the simulation as a
result of ionizations and loss processes which change the
number of pseudoparticles beyond acceptable bounds,
thereby requiring renormalization of the number and
weighting of the pseudoparticles.

If it was possible to use a sufficiently large number
of ion pseudoparticles, there would be an ion
pseudoparticle at the precise (z, ¢) at which an ion
removing collision with the ion fluid occurred. That ion
pseudoparticle could then be removed from the simula-
tion. This procedure is essentially a particle—particle
interaction. In the context of this work, an unreasonably
large number of ions wouid be required to invoke
particle~particle interactions. We nevertheless need to
remove a pseudoparticle ion trajectory in the (v,z,¢)
phase space as a result of, for example, an ion—ion
neutralization collision. With our weighting convention,
this goal can be achieved in the following manner. When
a collision of a pseudoparticle with an ion fluid results
in the removal of a fluid ion, an ion pseudoparticle is
launched with a negative weight. This negatively
weighted ion, which we call an ‘ion hole’, serves, some-
what the same function as do holes in semiconductor
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transport. The ion hole denotes the absence of an ion

following a particular trajectory in the (v,z,¢) phase
space. The ion hole is functionally treated as a real ion
pseudoparticle, and has the same mass, charge, and
identity as a positively weighted pseudoparticle. Ion
holes respond to the electric field (positively charged ion
holes are accelerated by a positive electric field) and
undergo collisions with the charged and neutral fluids in
the same manner as do ion pseudoparticles. The ion
holes are included in the collection of statistics by
incrementing the particle distribution by Af(e, z,0) =
w;At, which in the case of ion hole is negative. When an
jon hole suffers a collision with the ion fluid which
results in the removal of an ion in an ion—ion neutraliz-
ation reaction, for example, a negatively weighted ion
hole, or a positively weighted ion pseudoparticle, is
launched. This accounting procedure is valid to succes-
sive generations of ion hole interactions.

2.4. Cross sections

For a few select systems, the energy dependence of
ion—molecule reactions from thermal energies to tens to
hundreds of eV is known. When available, these data
have been used in the McrH model. The energy depend-
encies of most of the ion—molecule reactions of interest,
however, are not known. The vast majority of ion-
molecule reactions for which data are available are
characterized by a thermal reaction rate coefficient,
usually obtained from drift tube data. This value can be
easily converted to a cross section for use in the iMcs. In
the bulk plasma, these thermal cross sections are suffi-
cient since the ion energies do not typically exceed a few
tenths of an eV. Near and in the sheath, the ion epergies
can exceed tens to hundreds of eV, and the energy
dependencies of ion molecule reactions are necessary. A
number of experimental and theoretical works have
determined semi-analytic functional forms for the energy
dependence of ion—molecule reactions. In the absence of
energy-dependent experimental cross section data or
other experimental data (or for the purpose of perform-
ing parametric studies), we have adopted the following
conventions.

(a) Symmetric charge exchange cross sections are
determined from the ion mobility by allocating ninety
per cent of the momentum transfer cross section to
charge change, and the remaining ten per cent to elastic
collisions. All such collisions are assumed to be iso-
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tions for nitrogen were obtained from Phelps [10,111.
The energy dependence of the symmetric charge ex-
change cross section is taken from Sakabe and Izawa

[23] as
o(6) = Go(1 — 0.11710g,47) (@)

where v is the ion velocity. The value for ¢ is obtained
from
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where M is the mass of the ion, v, is the thermal speed
of the ion, x is the mobility of the ion, and N is the
background gas density.

(b) Cross sections for exothermic reactions, or reac-
tions where the threshold energy is equal to zero, vary
inversely with velocity,

o(e) = 6ofv./v) ()

in accordance with the Langevin-Gioumousis—Steven-
son (LaGs) model [19].

(c) Where transport data are not available, the elas-
tic ion—molecule cross section is set to 10 x 10~ *%¢m?
at room temperature, with velocity dependence of
a(t) = o4(v,/2).

(d) Following Shultz and Armentrout [16], fon—
molecule reactions which are endothermic are assumed
to have an energy dependence of

o Y
& =)
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where g, is the threshold energy for the process. In
accordance with recommendations by Armentrout, we
adopted # = 0.5 and m = 1. g is then determined either
from the cited reaction rate coefficient, estimated from
analogous reactions, or is considered a parameter. For
the selected values of # and m, 6, = 2¢J-55,,,, where o, is
the maximum c¢ross section for the process and occurs at
twice the threshold value,

In the absence of experimental data, the threshold
energy for endothermic ¢ross sections is typically taken
as the difference between the ionization potentials for
the two charge exchanging species. Although this thres-
hold energy is often experimentally observed, there are
also many instances where the threshold energy has a
higher value. For example, the charge exchange reaction
Ar* + CF,—»CF7 + 2F should thermodynamically
have a threshold value of 4.77eV, but is observed to
have a threshold of 6.55 eV, The discrepency resulis from
the fact that the charge exchange reaction procecds
through a transition state of CFS which predissociates
to the observed fragments. The thermodynamic thres-
hold energy is only observed if an appropriate transition
state in the parent molecule exists at an energy corre-
sponding to the sum of the thermodynamic threshold
and ionization potential of the incident ion. Our use of
the thermodynamic threshold in equation (6) ts therefore
a worst case analysis.

3. lon energy distributions including
endothermic processes

In this section we present results obtained from the
hybrid model for pure argon, as well as for gas mixtures
of He/N, (positive ions only), and He/CF ,/H, (negative
and positive ions). Table 1 summarizes the conditions
for all cases presented. The RF voltages are amplitudes



Table 1. Summary cf cases.

lon energy distributions in R discharges

Pressure RF voltage Electrode Endothermic
System (Tom) amplitude (V) gap {cm}) reactions? Comment
Ar 0.5 65 3.0 no
He/N, = 98/1

0.1 75 2.54 yes

0.5 75 2.54 yes

Q0.5 75 2.54 no

0.5 150 254 yes

0.5 50 2.54 yes

1.0 75 2.54 yes

0.5 75 2.54 yes Voo = =50V
He/CF /H, = 8010/10

0.2 100 2.54 yes

0.5 100 2.54 yes

1.0 100 2.54 yes

1.0 100 254 no

1.0 100 2.54 yes no ion holes

of the applied sinusoidal potential and all cases have a
frequency of 13.56 MHz. With one exception, all have an
electrode separation of 2.54 cm. These values correspond
to the operating conditions of the Gaseous Electronics
Conference Reference Cell. Unless otherwise staied, the
discharge is symmetric. Table 2 lists the ion and neutral
reactions used in the simulation with their correspond-
ing rate coefficients or cross sections. Electron interac-
tions are not included since they have been previously
tabulated [20]. For charge exchange reactions, the cross
section, 0, Or o, is given instead of the rate coefficient,
depending on whether the reaction is exothermic or
endothermic respectively.

The benchmark case for validating our model is an
argon discharge. Our calculated 18D for Ar™ is shown in
figure 1 and agrees well with the experimental results of
Lui et al [4]. The fall-off of the high-energy tail for the
Ar” 16D is slightly more rapid for our calculations.

1EDs for He/N, plasmas were calculated for varying
pressures {100mTorr to 1Torr) and voltages (50 to
150V) as being representative of a multicomponent
electropositive RF discharge. The endothermic reactions
of interest are N* and N3 charge exchanging with He.
Our base case is a mixture of He/N, = 99/1, RF voltage
of 75V, and a pressure of 500mTorr. These conditions
were selected so that N7 collisions in the bulk plasma
are largely elastic, due to the small mole fraction of N,,
while the predominance of collisions of He* in the bulk
are symmetric charge exchange. Previous studies [12-
197 have shown that inelastic charge exchange cross
sections for a variety of gases (e.g. Ar* in SiF,) have
peak values of tens of A2 The intent of this work is to
demonstrate the potential effects of large inelastic charge
exchange cross sections in simpler systems for which
sufficient electron impact cross sections are known so
that a full discharge simulation can be performed. We
therefore have chosen generously large endothermic
cross sections for NI and N* on He for demonstration
purposes, as shown in table 2.

Various time averaged plasma parameters as a func-
tion of position between the electrodes are shown in
figure 2 for the base case. The electron temperature,
shown in figure 2(a), is nearly uniform at ~2eV, with
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Figure 1. Comparison between () MCFH simulation and (b)

experimental results for a 0.5Torr pure argon RF discharge
with 65V applied RF potential (amplitude). The 1ED for the
simulation has been normalized relative fo the total number
of ions in the discharge. The experimental results are

from [4].
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Table 2. Heavy particle reactions included in the model.

) Thrashold
Process Rate coefficienf? ° energy 5(eV)  Reference
Ar
Art4-Art = Ar*4-Ar+ e 5x107™ 0 24
Art +ete—~Ar+Ar 5x 1077745 cm® s™7 0 ¢
Art + Ar— Ar} 4 %1071 0 25
Ar* + Ar— Ar 4+ Art 5.2 x 10°'° 0 d
He/N,
He*+He*—»He +He* +e 1.5x10~¢ 0 26
He* 4 He —» He + He 58x 1071® 0 27
He* + He - He + He* 4.4 x 107 0 e
N+ N& - N2+ N, 1.36 x 1078 0 28
Ny(v) + No() = N, + No(¥) 1x 10712 0 29
No{W) + N, >N, + N, 3x107% 0 29
NI+ NN, + N, 19 x 10°% 0 30
N+ Ny = Ny + N 6.0x 107 0 f
Ny +N-N*+N, 1% 10" 0 31
NS + N, +He - N} + He 19 x 1072 gmf g1 0 31
He* + N, - He + NS 5x 10~ 0 31
He® +N,—=He+N* +N 7x1g-"° 0 3i
He* + Ny(v) —He + NJ 5x 107 0 31
He* + Ny() =He +N* + N 7x10°"° 0 31
He*+ Nz NS +He+e 7 x 1071 0 32
He™ + Ny(w) =N +He +e 7x10"M" 0 329
N; +He - He* + N, 3x107™ a.01 n
N* +He—sHe” + N 3x 107" 10.06 n
He/CF/H,
He* + He*—>He* + He + e 1.5 x 1078 0 26
He* + He - He + He 58 x 107 ] 27
He* 4+ He —» He + He* 44 % 10°% 0 °
F- + CF,—+CF, +F 5 x 1078 0 h
F~+Hf »H,+F 5x 1078 0 n
F-+H*>H+F 5% 1078 0 h
F~ +Hf >He + F 5x 1078 0 h
F- +He* >He+F 5% 1078 0 h
Hf +H,—»Hi +H 1.5 x 1079 0 33
Hy +H,—H, +H} 1.5 % 107" 0 ®
He*+H,»HS +He+e 3.7 x 107" 0 32
He* + CF,»CFf +He+F+e 5x10°%2 0 h
He* +H,—»H) + He 1x 107" 0 31
He* + CF,+He +CF} +F 1%x107° 0 n
CFy +CF,—CF, + CF§ +F 1 x 107"% 7.35 19
H* +H,—=H} +H 1.5 x 10718 2.7 34
CF; + He—»He* + CFs 3 x 107 15.7 12!
H* +He—He* +H 1.7 x 107 112 34
Hi +HesHY + Het 4 e 12 % 10776 245 34

"Listed value is a two-body effective collision rate; actual rate coefficient for Ar* +Ar+MoArf +M is
25 x 10" em®s™",

®Rate coefficients have units of cm® s~ unless otherwise noted.

®For symmetric charge exchange reactions, ¢ = g/MvuN with energy dependence given by equation (4). For
exothermic charge exchange reactions, ¢ = g, with energy dependence given by equation {5). For endothermi

AR A

[+]

reactions, ¢ = o, with energy dependence given by equation (8).

°T, is the electron temperature in eV.

ICharge exchange to momentum transfer ratio determined by Phelps [10].
“Charge exchange to momentum transfer ratio assumed to be 90/10.
‘Charge exchange to momentum transfer ratio determined by Phelps [11].
5N, analoqgy for reference [32].

hEstimate.

'He analogy for reference [12].
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Figure 2. Plasma parameters for He/N, = 99/1 discharge at
0.5Torr and 75V applied RF voltage ampiifude. The
discharge parameters are modeiled after the GEO Reference
Cell, with gap spacing of 2.54cm and a frequency of

13.56 MHz. All results are averaged over the centre line. The
values in parentheses are the multiplying values for the
vertical scale. (a) Electron temperature. (b} lonization rates
based on electron impact collsions. (¢) lon densities.

slight heating at the plasma—sheath boundaries and in
the centre of the bulk of the plasma. Source functions for
electron impact processes are shown in figure 2(b). N
and He* have large positive rates resulting from elec-
tron impact dissociation of ground state and metastable
electronic states in both cases. N7 and He* have their
maximum sources displaced towards the sheath edges,
but are otherwise fairly uniform, largely a result of the
dominance of multistep ionization. The small spatial
structure of these source functions results from noise in
the EMCS. N is not directly formed by electron impact
but rather results from ion—molecule reactions. lts nega-
tive source results from dissociative recombination. Ion
densities are shown in figure 2(c). N7 has the highest
density in the bulk plasma (6.5 x 10°cm™3), in spite of
its lower rate of production by electron impact, due to
Penning and charge exchange collisions from He* and

He" with N, which generate N3 . Charge exchange of .

N3 with N, is largely responsible for the moderately
large density of N¥, since its source function by electron
impact is small. N is formed by three-body collisions of

ion energy distributions in rF discharges
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Figure 3. Computed ieps for the discharge conditions in
figure 2. (a) He*, (&) Ny, (&) N, and {d) N*. The IEDS are
normalized with respect to the total number of ions in the
plasma. N, and N* undergo endothermic collisions and
have cut-off IEDs.

N7, N, and a stabilizing collision partner. As a result,
its density is small (6.5 x 10°cm™3) at these low pres-
sures. Nevertheless, N is a good tracer species for the
1D of a heavy ion which undergoes Jargely elastic
collisions. The spatial distribution of He* closely
resembiles that of its source function, a consequence of a
moderately rapid rate of charge exchange with N,.

EDs for the base He/N, case are shown in figure 3.
The 1ED for helium ions is dominated by charge ex-
change collisions with He and thus exhibits a low-energy
peak followed by a sharp drop off in the high-energy tail.
The ED for N -shows two peaks at low energies. The
IED is ‘cut off” at ~9eV, which corresponds to the
threshold energy for endothermic charge exchange with
helium. This ‘cut-off” in the ED is similar to, but not
completely analogous to, ‘cut-off’ electron energy dis-
tributions (EEDs) which occur at the inelastic thresholds
for electron impact excitation. The electron undergoing
the inelastic collision which results in a ‘cut-off” EED loses
the threshold energy and ‘falls’ to a lower energy which
populate the bulk of the EED. The ion which undergoes
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an inelastic charge exchange collision is similarly re-
moved from the upper portion of the IED. The ion does
not, however, populate the lower portion of the original
[ED since its identity is changed as a result of the
collision. The ion does, however, populate the low-
energy portion of the (D of the product ion. In our base
case, the low-energy portion of iED for He* is signifi-
cantly increased due to the generation of thermal He®
ions by endothermic charge exchange of N7 with He
which occurs deep in the sheath.

The 1ED for N7 is cut off near 10eV in a similar
fashion to that observed for N7. This cut-off is again
due to the endothermic charge exchange reaction with
helium. On the other hand, N7 ions, which we have
selected not to undergo endothermic collisions, have a
markedly different distribution. The 18D is characteristic
of heavy ions traversing an RF sheath undergoing only
elastic collisions. The maximum energy is approximately
half the rF voltage amplitude which corresponds to the
average sheath potential. N is actually fairly collisional
with its primary collision partner being He, The rate of
momentum transfer during these elastic collisions is low
due to the large mass difference between NI and He.
Hence there is little degradation of the N energy.

The details of the IEDs critically depend on both the
shape and magnitude of the endothermic cross sections.
For our base case we have selected large cross sections
for endothermic processes for demonstration purposes.
For comparison, 1EDs for nitrogen ions are shown in
figure 4 when excluding endothermic processes. 1EDs are
also shown in figure 5 when varying the maximum cross
section for N charge exchange with He from zero to
3 x 10~ '3 cm? In the absence of endothermic processes,
the 1EDs for NI, N* (figures 4(a) and (b)), and NI
(figure 3(c)) have approximately the same shape. This
results from the fact that the majority of collisions in the
sheath are elastic collisions with He, for which the rate
of momentum transfer is small due to the large mis-
match in masses. N undergoes only elastic collisions
and is the heaviest of the ions, which results in the lowest
rate of momentum transfer. The 1ED for Ni is degraded
relative to Ni due to charge exchange collisions with
N,. The 1ED for N* is somewhat degraded with respect
to N7 as a result of a more rapid rate of elastic
momentum transfer to He resulting from the closer
match in masses, The IED for N7 also has a bimodal
shape resulting from N charge exchange collisions in
the sheath, which produce N* and which then strike the
substrate with less than the full sheath potential. In the
absence of endothermic processes, the flux of N7 and
by the fact that endothermic charge exchange in the
sheath depletes the nitrogen ions while providing a
source for He™.

1EDs for NI are shown in figure 5 for different values
of the peak cross section for endothermic charge ex-
change with He. The thickness of the sheath for these
conditions is ~0.3 em. For a helium pressure of 0.5 Torr,
the sheath is therefore collisional for a given process
when its cross section for reaction with He exceeds
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Figure 5. Comparison of 1EDs for N5 in a He/N, discharge
for the conditions of figure 2 while varying the values of the
endothermic cross sections. See table 2 for the pertinent
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() 6, =9 x 1077 em?, (6) o, = 3 % 10™"%cm?, and
(&) o =3 % 10~ "5 cm?. The sheath becomes collisional with
respect to endothermic charge exchange for 6,2 10~ cm?,



2 % 107 '¢cm>. This scaling is confirmed by the results
in figure 5. The IEDs are similar for o, <1 x 107 % cm?
(figures 5(a) and (b)), and are largely coilisionless for
endothermic collisions with He. For ¢,,>1 x 107 cm?,
the portion of the 1ED above the inelastic threshold
degrades relative to the lower portion of the 1ED. For
o,> 10 x 107 %cm?, the 1D is severely cut-off. The flux
of Ni to the substrate decreases by 2100 over the range
of cross sections considered in figure 5. Commensurate-
ly, the flux of He™ increases as o,, increases since the
collisions which deplete N replenish He™.

The 1EDs for N7 shown in figures 5(b)—(d) appear to
increase at low energy. This increase in the normalized
IED is not a result of a net increase of N3 ions at low
energy, but is due to the depletion of the 1ED which is
above the inelastic threshold. Note that sttucture in the
IED at energies less than the inelastic threshold is re-
tained and magnified as the endothermic cross section
increases, a consequence of the depletion of the high-
energy N ions. The 1EDs for N* (see figure 6) undergo
similar transformations with increasing ¢, and are again

20 T T L S,
@

in
T

A

hﬂ; 4
—+—
(L]

" |ON ENERGY DISTRIBUTION
BV X109
o .
h o
T T

0.0

) T}\v \‘ | | W
J §
i Vw/ﬁ/\\ .

]
o T

10N ENERGY DISTRIBUTION
{6V} {x 109}
N o
I T

10N ENERGY DISTRIBUTION
{8V (109

I

teV-h k109

10N EMERGY DISTRIBUTION

a LS VUPIO PR WP | _
15 30 45 60 75
ENERGY (av}

a

Figure 6. 1£0s for N* in He/N, discharges while varying the
peak valus of the endothermic charge exchange oross
section. (8) o, = 0 (no endothermic processes),

(B) 0,=9 % 1077 cm?, (0) 6, =3 x 107"®cm?, and

{d) 0., = 3 x 10~ "Scm?. Note the apparent growth in the
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Figure 7. Average energies of N* and N} striking the
. electrodes for the 1EDs shown in figures 5 and 6.

cut off for ¢,,>10 x 107 '®cm?.

The average energy of N and N* ions as they strike
the substrate are shown in figure 7 as a function of the
maximum c¢ross section o, of their respective endother-
mic processes. When excluding endothermic processes,
the average energy is slightly less than half of the rF
amplitude for the lighter ion. Increasing ¢, results in the
distribution function taking on a cut-off behaviour,
reducing the average energy to approximately half of the
thieshold energy.

EDs for N3 for the discharges sustained in He/N,
are shown in figure 8 for pressures ranging from 0.1 to
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"have an applied RF amplitude of 75V. The N becomes

depleted as the pressure is decreased to 100mTorr due to
endothermic charge exchange. This trend will reverse at
sufficiently low pressures such that the sheath is

.collisionless.
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1 Torr. When considering endothermic processes, the IED
is ‘cut off’ at the threshold energy for charge exchange
with He at ~9eV. This cut-off character is retained at
pressures as low as 0.1Torr for the demonstration
system, In the absence of endothermic processes, the
energy of N7 ions striking the substrate should increase
with decreasing pressure since the sheath becomes less
collisional. With endothermic processes, N5 ions which
are accelerated to higher energies at lower pressures are
more likely to suffer endothermic charge transfer colli-
sions with He, and therefore may become more colli-
sional. When these collisions occur, ions are removed
from the N3 flux. Therefore one actually sees a decrease
in the flux of NI with decreasing pressure, at least to
values as low as 100 mTorr. The 1ED shown in figure 8(c)
for 0.1 Torr shows a higher number of ions with energy
greater than the cut-off, a consequence of N7 ions which
manage to collisionlessly traverse the sheath. However,
the number of N ions is in general greatly depleted.
(The noise in the 1ED shown in figure 8(c) results from
the small number of NJ pseudoparticles which survive
to reach the substrate.) Lowering the pressure from
1Torr to 0.1 Torr decreases the N5 flux by more than
an order of magnitude. This trend will reverse at suffi-
ciently low pressures (tens of millitorr) where the sheath
becomes coliisioniess even for large o, and the N fiux
will become more energetic.

For systems in which elastic or symmetric charge
exchange collisions dominate, the average energy of ions
striking the substrate increases with increasing RF ampli-
tude since these cross sections typically decrease with
increasing energy. Therefore, higher energy ions suffer
fewer collisions. This scaling is shown in figure 9 where
the 1D for Nj (chosen for demonstration purposes to
have only elastic collisions) is plotted for rF amplitudes
of 50-150 V. The peak of the distribution increases with
increasing RF amplitude, as does the average ion energy,
shown in figure 10.

However, for ion energies of less than tens to
hundreds of eV, endothermic cross sections generally
increase with increasing energy above threshold. There-
fore, the IED either retains its cut-off character or be-
comes cut off with increasing =¥ amplitnde since a larger
fraction of the ions sample the endothermic cross sec-
tions. For example, the average energy of N7 striking
rr amplitude, This effect is more severe for endothermic
ion collisions than for the analogous cut-off processes
for eEps. This result from the fact that ioms which
undergo an endothermic collision are removed from the
IED, whereas an electron suffering an inelastic collision
merely loses energy and falls to a lower energy of the
distribution. Again, we expect these scalings to reverse
at sufficiently low pressure (tens of millitorr) where the
sheath is collisionless.
asymmetric RF discharges by specifying a DC bias on the
powered electrode and separately collecting statistics in
the mcs for pseudoparticles that strike the grounded or
powered electrodes. We investigated 1EDs in asymmetric
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Figure 10, Average energies of ions striking the electrodes
in0.5 :I'orr He/N, discharges for various applied RF voltages.
Energies are computed from the 1EDS shown in figure 9.

discharges as a demonstration of the potential for
endothermic processes to alter the ion flux incident on
opposing electrodes in a single discharge significantly.
Our sample case for an asymmetric discharge uses the
same conditions as for figure 2 with the addition of a
bias of — 50V on the powered electrode,

The time-averaged charged particle densities and
electric fields are shown in figure 11 for the asymmetric
discharge. (The grounded elecirode is at x = Ocm and
the powered elecirode is at x = 2.54cm.) The sheath
thickness on the powered electrode is roughly double
that of the grounded electrode, resulting in correspond-
ing decreases in charged particle densities adjacent to
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. : n the powered electrode. The spatial distribution of He*
N @ | is the most asymmetric of the charged particles. In
. general, species having higher inelastic threshold ener-
Ny - gies are more sensitive to the pc bias. This results from
%105 the higher rate of stochastic heating of electrons which
occurs near the powered electrode whose sheath oscil-
lates with 2 larger amplitude. The fact that He™ quickly
charge exchanges with N, exacerbates the consequences
of asymmetric excitation. These ions nearly react ‘in
place’ and therefore do not homogenize their spatial
000 05’35 1.;7:: 1o =540 distribution by diffusion. Tons having a lower ionization
POSITION (em) ’ potential, such as N3, are not as sensitive to the bc bias.
But, more importantly, their longer mean free paths for
2 | . ——r identity changing charge exchange reactions (as opposed
to symmetric charge exchange) allows for diffusion to
homogenize any asymmetries in their generation.
Calculated 1Eps for ions striking the grounded and
powered electrodes are shown in figure 12 for He™ and
N7, and figure 13 for N7 and N*. He* (which under-
goes symmetric charge exchange) is less sensitive to the
DC bias on the powered electrode since its mean free
path is short in any event. The 18D for N (which in this
reaction scheme suffers only eiastic coilisions) shifts to -
roo s i e o : higher energy by nearly the full DC bias.
POSITION (sm) Since in our reaction scheme N7 and N* undergo
endothermic charge exchange reactions with He, these
ions display different behaviour impacting on the pow-
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Figure 11. Time-averaged densities and electric field in a
He/N, = 99/1 discharge at 0.5 Torr, Vo = 75 V as a function

of position. The grounded electrode is at X = 0 em. The ered electrode compared to He™ and N{. The pc bias
electrode at x = 2.54 cm has a o¢ bias of ~50 V. Numbers at the powered electrode accelerates ions to energies
"in parentheses are the multiplying factors for the vertical significantly above the inelastic thresholds. For the en-
scale. (&} [on densities. (&) Electron density and electric field. ergies of interest, the endothermic cross sections increase
The larger sheath at the powered electrode causes some with increasing energy. As a result, the probability for

asymmetry in the densities of short lived species. identity changing charge exchange reactions increases,

and the net fiux of N7 and N* reaching the powered
electrode decreases. The numerical noise in ED for Nt
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impacting on the powered electrode reflects the large
rate of depletion of N* resulting from the endothermic
process.

1EDs were also examined in He/CF,/H,, mixtures
which contain both positive and negative ions. Our
standard conditions are He/CF,/H,=_80/10/10, 500
mTorr, and an RF amplitude of 100V. Although the
negative ion density we calculated is 10-50 times the
electron density, a negligible number of the negative ions
actually strike the substrate since they are trapped by
the positive plasma potential. In our simelations, we
collected only a few negative ion pseudoparticles. These
negative ions were generated by electron impact within
a mean free path of the electrode with a statistically
large velocity (randomly chosen from a Maxwellian
having the gas temperature) which was directed towards
the electrode. The collected ions typically had a few
tenths of an eV of energy.

1eDs for the standard conditions are shown in figure
14. 1EDs for CF¥ for total gas pressures of 0.2-1.0 Torr
are shown in figure 15. The 1ED for He™ peaks at low
energics due to a large rate of symmetric charge ex-
change. The 1ED also peaks due to the sources of He*
from endothermic processes in the sheath.. The large
low-energy component in the ED of Hi (assumed to
undergo only elastic collisions) reflects there being a
high-mumber of large angle s¢dtiering events and large
rate of momentum transfer which it suffers in elastic
collisions with He. H3 ions are depleted by charge
exchanging with H,, creating H7 ions. As a resuit, H;
ions do not reach the electrodes in appreciable quanti-
ties. The H* ions are formed predominantly by electron
impact on Hj ions. Since this is a third-order process,
few H* ions are formed and again their flux to the
electrodes is small.

CF7 ions are the most abundant and heaviest of the
ions. Elastic collisions with He result in little momentum
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transfer. A large inelastic threshold for charge exchange
in He results in a CF3 having an 1D at 0.2 Torr which
appears collisionless with its peak value at nearly half
the RF amplitude. At 0.5 Torr, inelastic collisions with
He and CF, begin to degrade the maximum in the IED.
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Figure 15. 1€0s for CF; while varying pressure in an
He/CF /H, discharge. All cther parameters are the same as
in figure 14. (8 1 Torr, (b) 0.5 Torr, and (¢) 0.2 Tom.

At 1.0Torr, the high-energy component of the ED of
CF; has been severely depleted relative to the low-
energy portion of the IED.

The contributions of ion holes to the 1D of CF3 are
shown in figure 16 where results for discharges at 1 Torr

lon energy distributions in rF discharges

when excluding endothermic processes or excluding ion
holes are plotted. When excluding endothermic pro-
cesses, the high-energy component of the 18D is main-
tained even at 1 Torr. The flux of CF¥ ions reaching the
substrate increases by about an order of magnitude
when excluding endothermic processes, with a commen-
surate decrease in the flux of He* ions. One might
expect that the IED in figure 16(¢) (no- endothermic
processes, high pressure) should be nearly identical to
figure 15(c) (with endothermic processes, low pressure)
becanse both represent conditions which are inelasti- .
cally collisionless. Instead, the high-pressure (no en-
dothermic processes) 1ED is degraded in energy. This
results from the large rate of momentum transfer colli-
sions of CF;i with CF, which occur at the higher
pressure. .

The change in the Ep for CF; with and without
endothermic processes is quantified in the ‘difference-1ED’
shown in figure 16(b). The difference-IED is obtained by
renormalizing the 1EDs with and without endothermic
processes to unity, and subtracting the IED without
endothermic processes from the ED with endothermic
processes. The difference-iED shows that CF5 retains its
high-energy component in the absence of endothermic
processes. There are, however, a few ions which traverse
the sheath without having collisions, so that the
difference-1ED at very high energies show little variation
between the IEDs.

When excluding ion holes from the simulation, we
fail to remove trajectories in phase space resulting from
ion—fluid collisions. For these conditions the majority of
the ion holes are generated by ion—ion neutralization
rather than by electron impact processes such as disso-
ciative recombination. Since ion holes account for fewer
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Figure 16. iens for CF; using different modelling strategies in an
He/CF,/H, discharge at 1 Torr. (g) lon holes are used in the HMCF
routing but endothermic processes are excluded, (5 Difference-izD
obtained by subiracting the 1ED without endothermic processes from the
iEp with endothermic processes (figure 15(aj). (¢} Endothermic processes
are included, but ion holes are not used in HMGF, (d) Difference-ED
obtained by subtracting the 1E0 without ion holes from the 1ED with ion

holes.
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than 10% of the total number of pseudoparticles, the
total flux of CF3 striking the substrate does not appreci-
ably change. Comparing the 1EDs in figure 15(a) and
figure 16(c), we find that the ED without ion holes has a
larger flux of low-energy ions (<20eV). The difference-
IED (IED without ion holes subtracted from the iED with
ion holes) is also shown in figure 16(d). The lower energy
portion is generally more negative, meaning that the
case without ion holes has a larger number of low-
energy ions striking the substrate than the case with ion
holes. This means that the trajectories we have removed
from phase space by including ion holes are predomi-
nantly those which produce lower energy ions. This may
result from the fact that the majority of collisions which

deplete ions (by ion—ion or electron—ion collisions)

ocecur near the maximum in the plasma density, and are
many free paths from the substrate. Therefore removing
trajectories from these locations is more likely to reduce
the flux of ions which, on average, are more collisional.

4. Concluding remarks

We have presented a hybrid Monte Carlo—fluid model
of an RF discharge which includes electron- and ion-
pseudoparticles for analysis of multicomponent gas mix-
tures. Ion hole pseudoparticles have been introduced as
a method to account for trajectories in phase space
which should be removed during pseudoparticle—fiuid
collisions. We found, for example, that when ion holes
were not included, ion energy distributions were artifici-
ally heated. Implementing ion holes is computationally
inexpensive and these particles were approximately 10%
of the total number of pseudoparticles in the quasisteady
state. We also included endothermic charge exchange
reactions to account for ion changing reactions which
may occur in collisional sheaths.

The mode! was applied to analyse the Gaseous
Electronics Conference Reference Cell, having an elec-
trode spacing of 2.54cm and RF applied voltage at
13.56 MHz. lons undergoing endothermic processes in
He/N, discharges had cut-off” energy distributions,
somewhat analogous to cut-off electron energy distribu-
tions. Lowering the pressure from higher values to
100mTorr led to more energetic ions in the sheath,
which consequently led to more endothermic charge
exchanges. Hence the flux of ions undergoing endother-
mic reactions to the electrodes was smaller at lower
pressures. This trend will reverse at sufficiently low
pressures (tens of millitorr) at which the sheath is not
collisional. '

Larger values of the endothermic cross sections de-
pleted the high-energy portion of the 1D and caused the
lower energy structures of the IEDs to predominate. Peak
cross sections greater than ~7 x 10™'%cm? for reaction
with He were sufficient to deplete the IEDs of high-energy
nitrogen ions at 500mTorr.

As a result of the endothermic processes, the IEDs
striking the opposing electrodes in asymmetric dis-
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charges may have significantly different characteristics.
lons which do not undergo endothermic charge ex-
change processes have IEDs with higher average energies
at the powered electrode which has a pC bias. In
contrast, ions which undergo endothermic processes can
be significantly depleted at the powered electrode due to
their being accelerated above the inelastic threshold.
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