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Effect of Coulomb scattering on low-pressure high-density electronegative discharges
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For electronegative plasmas with low gas pressure and high ion densities, we expect Coulomb collisions
between positive and negative ions to dominate over collisions between ions and neutrals. We incorporated
Nanbu’s cumulative small-angle collision methg€l. Nanbu, Phys. Rev. E55, 4642(1997)] into our one-
dimensional three-velocity-component particle-in-cell cede1in order to study the effect of Coulomb col-
lisions on low pressure high density electronegative discharges. Nanbu’s method treats a succession of small-
angle binary collisions as a single binary collision with a large scattering angle, which is far faster than treating
each individual small-angle collision. We find that Coulomb collisions between positive and negative ions in
low-pressure high-density electronegative discharges significantly modify the negative ion flux, density, and
kinetic energy profiles.
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[. INTRODUCTION tial and cannot enter the sheaths but must be chemically
destroyed within the bulke.g., by recombination or electron
The current trend for plasma reactors is towards lowedetachment This longer residence time in the bulk increases
background gas pressure and higher plasma density. Lowéne interactions of negative ions with other plasma species.
gas pressures minimize ion-neutral collisions, leading to nar- For low pressures and high ion densities, Coulomb scat-
rower ion angular distributions at the target electrode. Thigering momentum transfer can couple the positive and nega-
highly anisotropic ion flux at the target produces the shargive ion flows. Within the bulk plasma, the positive ions can
features with high aspect ratios required for integrated cirdrag the negative ions outwards against their electric field
cuits. Higher plasma densities maximize the ion flux at theacceleration and towards the plasma walls. However, at the
target electrode, leading to faster etching. sheaths, low positive ion density and strong electric field
One example of a high-density plasrtdDP) reactor is combine to decouple the positive and negative ion flows. The
an inductively coupled plasm@&CP) source. In an ICP reac- positive ions continue to accelerate outwards while the nega-
tor, rf power is applied to an external coil, and the resultingtive ions are accelerated inwards. Any Coulomb induced out-
induced electric field drives the plasma discharge. The ICRvard negative ion flow dies out before reaching the sheaths,
source is attractive compared to other types of HDP sourcesapping negative ions in presheath boundary layers. As a
such as electron cyclotron resonan@CR) and helicon result, the negative ion density at a boundary layer can ex-
sources because it has a simple design, does not require deed its value in the bulk, leading to peaks in the negative
magnetic fields, and uses rf rather than microwave poweion density profile.
Furthermore, unlike capacitively coupled discharges, control
of the plasma densit_y and of the ion bor_nt_)arding energy can Il. ELUID CODE RESULTS
be decoupled by using two separate driving circuits: one to
power the induction coil, the other to power the target elec- Vitello [1] studied the effect of Coulomb scattering on
trode. As a result, the inductive discharge can operate at imductive electronegative discharges using the two-
low plasma potential~10-30 \) to minimize surface dam- dimensional(2D) fluid codeINDUCT95 [2]. INDUCT95 solves
age to the wafer. several moments of the Boltzmann equation self-consistently
Typical industrial plasma reactors often use gases withvith Poisson’s equation for the electric potential: it solvies
complex chemistriege.g., oxygen, halogen, fluorocarbpns the electron and ion continuity equatior() the ion mo-
which tend to generate discharges containing negative iongientum balance equation and uses the drift-diffusion ap-
These electronegative plasmas are not as well studied g@goximation for the electron fluxiii) the electron energy
electropositive plasmas and may have significantly differenbalance equation. This code assumes Maxwellian velocity
characteristics. distributions and a fixed ion temperature. Inductive heating is
For a bounded plasma, the plasma potential becomesalculated from a time-averaged solution of Maxwell’s equa-
positive with respect to the walls so that in equilibrium, tions.
equal fluxes of the positive ions and the more mobile elec- Vitello studied inductive chlorine discharges with high
trons reach the walls. Due to Debye shielding, most of thiglensity (>10® m~3), low pressure(5—-50 mTor}, and low
potential drop does not fall across the bulk plasma but iplasma potentia(=10-30 eV}. He found that for a fixed
confined to spatial regions near the walls calldteaths  inductive power, the effect of Coulomb scattering on iBh
Thus, in plasma reactors, positive ions form in the bulk anddensity and flux profiles increased with decreasing neutral
fall down a sheath potential hill towards the walls. In con- pressure(Increasing inductive power had the same effect as
trast, negative ions are trapped by the positive plasma potemlecreasing neutral pressyrkle observed the coupling of the
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! PIC-MCC coderbpr1[4,5]. The metal electrodes at=0 and
— x=| bound the plasma region and have surface charge, both

induced by the fields in the plasma and from charges depos-

ited from the external circuit. By “1D3V,” we mean one-

dimensional displacemeriiD) with three velocity compo-

nents (3V). Each computer particle is a “superparticle”
Wi

éz planar one-dimensional three-velocity componébD3V)
Y

Plasma which represents £0-10° real particles(electrons or ions
The simulation must run with a sufficient number of particles
in order to minimize the discrete particle noise. For each
particle,PDP1keeps track of its displacement in the axiz)
direction and its velocity components in the axi@ and
V(t) or I(t) L R C perpendiculafy andz) directions.
@ IR /\/\/\/ | | _ In a ty.plcal electrostatic PIC-MCC simulation, for each
+\/_ || time step: _ _ _ _ _
1. The charge densiy(x) is obtained by a linear weight-
FIG. 1. Model for the plasma device codeps, showing all of ~ INg Of the particles to the spatial grid.
the elements of a whole device, with the plasma between the elec- 2- p(X) is used in Poisson’s equation to solve for the elec-
trodes and the external driving circuit outside, all solved simutanetric field E(x).
ously. From Verboncoeet al.[4]. 3. E(x) is linearly weighted back to each particle position
in order to determine the force on each particle.
negative and positive ion fluxes due to Coulomb scattering 4- The Newton-Lorentz equatipps of motion are used to
momentum transfer. He noted the formation of presheat@dvance the particles to new positions and velocities.
boundary layers in which the Coulomb induced outward CI 9. The boundaries are checked, and out of bounds par-
ion flow stagnated, trapping Cions in a presheath boundary ticles are removed.

layer and causing peaks in the"@n density profile. These 6. A Monte Carlo collision handler checks for collisions
density peaks became more pronounced at lower pressurédld adjusts the particle velocities accordingly.

For his lowest pressur& mTor case, Vitello observed tur-  However, this PIC-MCC model does not accurately simu-
bulence, with large spatial and temporal variations in the Cl late Coulomb interactions within a cell. Recall that we obtain
ion density. the charge density by a linear weighting of the particles to

Vitello noted that further studies should be made on thdhe spatial grid. This linear interpolation reduces the level of
effect of Coulomb scattering on ions due to the restrictions oftatistical noise in a simulation and also leads to the appear-
the fluid codeinbucTes. The large observed spatial varia- 2NCe of particles that are one gr_ld cell wide. Phenomena with
tions in ion density and flux tend to invalidate the code’sWavelength larger than a cell size are not changed, but any
assumption of fixed ion temperature. Also, the code ignore§horter wavelength phenomena such as “closeiwithin a
the energy dependence of certain cross sections such as idi!) Coulomb collisions are damped d,7]. This omission
ion neutralization, and ion-neutral elastic scattering andS @cceptable for conventional reactive ion etchiRgF) re-
charge exchange. Finally, though fluid codes may typically2ctors which operate at relatively high pre(assiifffew hun-
run faster than particle codes, they make questionable a§réd mTory and low plasma density<10'° m™). But, in
sumptions about ion and electron velocity distributions ancPrder to study the new HDP reactors, we need to incorporate
ignore kinetic effects. Thus a kinetic approach to the study of close-in Coulomb collision model into our PIC-MCC code.
the effect of Coulomb collisions on electronegative dis-

charges is desirable. )
B. Takizuka and Abe model

Il. PIC AND COULOMB MODEL Takizuka and Abd8] proposed a binary collision model
for plasma simulations with particle codes. The main steps of
A. PIC-MCC model this model are summarized below:

Particle-in-cell(PIC) simulations can obtain the fields and 1. The plasma is divided into spatial cells with width
the density and flux profiles self-consistently from first prin- AXx~\p (the electron Debye lengthThis ensures that the
ciples without making any assumptions about the electroithange in plasma properties across each cell is small. It also
and ion temperatures or their velocity distributions. Electron-allows us to neglect Coulomb collisions between particles in
neutral, ion-neutral, and certain electron-ion and ion-ion coldifferent cells.
lisions (such as recombination and electron detachinesmt 2. The initial positions and velocities of the particles are
be included in PIC simulations by combining PIC methodsset up.
with Monte Carlo collisiongMCC). A detailed reference to 3. The time stepAt must be small enough so that the
the PIC-MCC model used in our code is provided by Vahediprobability of a particle colliding more than once p#t is
and Surendra3]. low.

Figure 1 shows the bounded plasma model used in our 4. The particle motion and the collisions are assumed to
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be decoupled over the time stég, and the particles are Because of the dependence fifyy) on s, Nanbu aptly
advanced by the usual PIC method. nameds the isotropy parameter.

5. The particles are sorted in memory via cell location. In order to incorporate Nanbu’s model into our code, we
That is, the cells are numbered and the particles are arrangedided the following steps to the usual PIC-MCC cycle de-
in memory by the cell number. scribed above.

6. Randomly pair off particles in each cell. The model 1. Sort particles in memory via cell location.
neglects the separation of particles within a cell. 2. Randomly pair off particles in each cell.

7. The changes in the velocities of each pair of particles 3. For each pair, calculate the isotropy paramster
due to a binary collision in the time steft are calculated 4. Froms, find the cumulative scattering angjg, and
and the particle velocities are adjusted accordingly. adjust the particle velocities accordingly.

8. The cycle is repeated until the end of the simulation.

The Takizuka and Abe model can be incorporated into D. Inductive discharge model
PIC-MCC codes in a straightforward manner, but it is com-

putationally intensive since each small angle binary collision _In a typical PDP1simulation, the metal plates at=0 and_ .
is calculated one by one. x=I bound the plasma and are attached to an external driving

circuit which may contain an rf voltage or current source.
The discharge is sustained by capacitive coupling of the
plasma with the low and high voltage electrodes. In this case,
Nanbu[9] proposed a revised binary collision model in high voltages(to increase electron temperaturand high
which a succession of small-angle binary collisions wasneutral pressuré&o increase ionization ratgare required to
grouped into a single binary collision with a large cumulativeproduce a high density plasma.
deflection angle. The probability density function for this However, we desire to simulate HDP reactors such as ICP
cumulative deflection angle depended on the simulation timsources which typically operate kiw neutral pressure and
step At. Thus the time step\t does not have to be small low plasma potential. Thus we must modifppPito simulate
enough to resolve each small-angle binary collision. Insteadjischarges withhigh ion density, low pressure, andow
the time stepAt can be chosen independentl/g., to satisfy  plasma potential.

C. Nanbu model

other less stringent stability and accuracy conditjarsl the Kouznetsov[11] proposed a simple inductive discharge
cumulative scattering angles can be calculated accordinglymodel forpop1which we briefly summarize below:
How large is the cumulative scattering angigfor a test (i) Both plates are grounded, and the electrons are sub-

particle afterN small-angle Coulomb collisions with target jected to a 13.56-MHz spatially uniform electric field parallel
particles? Nanbu discovered thidjyy) (the probability den- to the surface of the plates.

sity function for yy) is a unique function of a parameter: (i) This electric field increases the electron velocity com-
ponent parallel to the plates. Electron scattering then distrib-
s= }N<9§> (1) utes this velocity(and energy boost to the other compo-
2 ’ nents.

(iii) If a constant electric field amplitude is specified in
the input deck, the simulation becomes unstdbleer an rf
text [10], we know that cycle, the work done by the electric field on the electrons
' would not be a constant but would depend on electron num-
bo \2 [ Bmax ben. Instead, the input deck specifies the target number of
<9§> =2\ —/In o /) (2 electrons in the simulation. The code then adjusts the electric
0 field amplitude to achieve the target number of electrons.
whereb,»= \p is the maximum impact parameter aboglis ~ When the code reaches a steady state, both the electric field
the classical distance of closest approach. The number @mplitude and the electron number approach a constant
target particledN encounterd by a test particle traveling with value.
a relative speedg is given by Basically, the Kouznetsov model comes down to heating the
electrons by an rf field perpendicular to the simulation axis.

where 6, is the deflection angle for a single small-angle col-
lision. From EQq.(3.3.6 of the Lieberman and Lichtenberg

bmax

N= ntwbﬁqavaAt, (3)

wheren; is the target particle density. Plugging Eg) and IV. PDP1 SIMULATION RESULTS

Eq. (3) into Eq. (1) results in the expression By incorporating Nanbu’s Coulomb collision model and

> [ N\p Kouznetsov’s inductive discharge model into our PIC-MCC
$=nwgrmhy In on At. (4 codepprs we were able to conduct 1D3V simulations of
0 inductive electronegative oxygen discharges. The cross sec-
For smalls, Nanbu found that(xy) is a narrowly distrib-  tions used for the short range non-Coulomb collisions in the
uted Gaussian centered abawt=0. In this caseyy tendsto  oxygen plasma are described in detail in R&f]. Unlike
be small and the test particle hardly deviates from its originaVitello’s INDuCT95 chlorine discharge model, the PIC-MCC
path. For larges, Nanbu found thaf(yy) approaches 1/4  oxygen discharge model includes the energy dependence of
(an isotropic distribution In this caseyy tends to be large the cross sections for ion-ion neutralization and ion-neutral
and the test particle is scattered significantly from its pathelastic scattering and charge exchange.
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The charged particle species in our oxygen model consist 207
of electrons, positive ¢ ions and negative Oions. As with | 10mTorr

all neutrals in our PIC codes, the,@olecules are assumed | |—c¢
... NC

to form a uniform Maxwellian background gas at constant 151
temperature and pressure. We assumed a distance betweel
plates of|=0.06 m and a cross-sectional plate areafof
=0.01 nt. For our inductive discharge simulations, we chose E 10
an initial target electron density af,=10' m=3. (This is z
similar to fixing the inductive powerWe assumed a back-

ground G gas at room temperatuf®.026 \) with pressure 5F :
varying fromp=10-100 mTorr. For each observed pressure I ]
p, we ran two PIC-MCC simulations: one with the Coulomb [ ]
collisions tume_d completely off, and one with the ion-ion U '0.'01' : '0.'02' : '0.'03' —o0d 005 006
Coulomb collisions between the,Oand O ions turned on. @)

As a result, we were able to directly observe the effects of

the Coulomb collisions between positive and negative ions 20—~
on the oxygen discharges.

Kouznetsov’s inductive discharge model required us to
ground the plates. Thus the expected value of the plasma 15
potential is the sheath potential drdp, between a plasma I
and a floating wall:

Mi 1/2
(I)W:Tem(m) , (5)

whereT, is the electron temperature in units of V alkig and

m, are the positive ion and electron masses, respectively. The
plasma is at a higher potential than the walls so that in equi- 0t
librium equal fluxes of the heavy positive ions and the light ()

electrons reach the walls. For oxygen discharges, the mass of

the O," ion M;=32 amu so that,,~4.9T,. In each of our FIG. 2. PIC-MCC simulation results showing the potenhéx)
simulations, the bulk electron temperature was about 3 Vfor 10- and 20-mTorr oxygen discharges with Coulomb collisions
leading to an expected plasma potential of about 15 V. Allturned on(C, black and off (NC, dotted. Note that, in all cases, the
our simulations with Coulomb collisions turned @) or off potential drop between the bulk plasma and the plates is close to the
(NC) showed a plasma potential close to this expected valuexpected value of 15 V.

(see, for example, Fig.)2Due to Debye shielding, most of

the potential drop does not penetra}tg the bulk but 0ceurs NeH, 4% I',(x). The Q" ions continue to fall freely down the
the walls at the sheaths. This positive plasma potential COMotential hill from the center of the discharge to the walls.

fines negative ions in the bulk plasma while acceleratmgﬁowever’ the Coulomb scattering appears to significantly

positive ions towards the walls. modify the negative i
. . . gative ion fludX'_(x). In the absence of Cou-
The PIC-MCC code results for high density oxygen dis-| 1, ‘scattering, the negative ions always follow their elec-

charge simulations are similar to Vitello's fluid code resultsyi field force direction and flow inwards away from the
for high density chlorine discharges. At low pressures, th&neaths and towards the center. In the presence of Coulomb
Coulomb scattering momentum transfer between the positivgcattering, spatial regions develop in the plasma where the
and negative ions in the discharge significantly modify thenegative ions travel against their field force and towards the
negative ion density and flux. Figure 3 shows thg’ Qeft  walls. But once reaching the sheaths, these negative ions
column and O (right column density profiles at various follow their field force again and are accelerated inwards.
pressures with the Coulomb collisions turned (@) black Coulomb scattering momentum transfer couples the posi-
and off (NC, dotted. For the lower pressures, Coulomb scat-tive and negative ion flows so that positive ions can drag
tering appears to create presheath boundary layers in whiagkegative ions against their electric field acceleration and to-
the O ion densityn_(x) exceeds its value in the bulk plasma. wards the walls. At the sheaths, however, the field becomes
At higher pressures, the ion-neutral collisions begin to domistrong enough and the positive ion density low enough to
nate over the ion-ion Coulomb scattering, and we no longedecouplel’,(x) from I"_(x). Positive ions continue to accel-
observe these peaks in the negative ion density. erate towards the walls while the negative ions are acceler-

We obtain a better understanding of the effect of Coulomtated back towards the center. So, the Coulomb induced out-
scattering on the low pressure discharges by observing thgard flow of negative ions in the bulk dies out before
ion fluxes. Figure 4 shows the,O(left column and O reaching the sheaths. This traps negative ions in a presheath
(right column flux profiles atp=10 and 20 mTorr for Cou- boundary layer and leads to the observed peaks in the nega-
lomb collisions turned orfC, black and off (NC, dotted. tive ion density profile.

N N B
0 0.01 0.02 0.03 0.04 0.05 0.06

x (m)

The Coulomb collisions do little to change the positive
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FIG. 3. PIC-MCC simulation results showingzbdensitym(x) (left column and O densityn_(x) (right column for 10—100-mTorr
oxygen discharges with Coulomb collisions turned(@n black and off (NC, dotted.

The modification of the negative ion flow due to Coulombto Debye shielding, and it increases rapidly at the sheaths
scattering also affects the negative ion kinetic energy proeue to the steep sheath potential drops.
files. Figure 5 shows the average kinetic energy profiles of Recall that the electric field accelerates @ns away
the O," (left column and O (right column ions atp=10  from the sheaths and towards the center. So, in the absence
and 20 mTorr with Coulomb collisions turned ¢@, black of Coulomb scattering, we expect thé Kinetic energy to be
and off (NC, dotted. highest at the sheaths where the field is strong and gradually
Coulomb scattering does not significantly affect thg O decline towards the center where the field is small. However,
kinetic energy profile. Recall that the,Oions always follow  recall that in the bulk plasma, where thg*Qon density is
the electric field and are constantly accelerated outwardkigh and the field is small, Coulomb scattering momentum
from the center of the discharge to the walls. Thus thé O transfer can cause the,Dions to drag the Oions towards
kinetic energy is low in the bulk where the field is small duethe walls. In this case, we expect the ®inetic energy to
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FIG. 4. PIC-MCC simulation results showingzb‘lux '+ (x) (left column and O flux I'_(x) (right column for 10 and 20 mTorr oxygen
discharges with Coulomb collisions turned @, black and off (NC, dotted.

decline abruptly from its high at the sheaths as soon as theespectively. Equation§6) and (7) can be solved simulta-
O~ ions enter the presheath boundary and encounter this opeously to obtain the mean ion velocities,
posing drag force. Figure 5 confirms our expectations.

eE (ve_—veet v
v, = _( C C+ n) (8)

MVn\ Vet Vet vy

V. ANALYTICAL MODELS
and
In Ref. [1], Vitello introduces a simple but highly infor-
mative plasma model in order to understand the effect of v :_£<— ve-+ ves t Vn) 9)
ion-ion Coulomb scattering on negative ion flow. He as- T v\ velt ety )

sumes a plasma consisting of one species each of positive . . . .
ions, negative ions, and neutrals; all the species have the When |on-_negtral scattering dominates over lon-ion Cou-
same massn, and all the ion species have the same jon-omb scattering(i.e., »,>vc, and »,>wvc.), the mean ion
neutral collision frequency,. Then, in regions where the velocities approach thelr Ohmic O!”ft value\s;:e.E/(M.vn)
pressure and velocity gradients can be negletted away —2nd v-=—€E/(uv,). The ions flow in the same direction as
from the sheathsthe steady-state momentum balance equathe'r electric flelq accglerat|o_n. This is what we observed in
tions for the positive and negative ions can be approximate@Ur PIC-MCC simulations with Coulomb collisions turned
by off (NC) and in our higher pressure I_DIC-MCC S|mulat|ons_.
Next, consider a case where ion-ion Coulomb scattering
0 :ﬁ Ve = Ve (Ve = V) ©) dominates over ion-neutral scatterifige., Vet = vy OF Voo
n¥+ PO T+ T =v,). Note that the ion Coulomb frequencies are propor-
tional to their respective target densitieg;,<n_ and v
and «n,. For discharges with one positive and one negative ion
eE species each, the quasineutrality condition in the Kulk
O=——-pv_—ve(v_—-Vvy,), (7) =n.+n_) ensures that, >n_. If n,>n_, thenve_> v, and
K the mean ion velocities approach,=eE/(uv,) and v_
where u=m/2 is the reduced mass ang, andv._ are the =eE/(u,). The positive ions continue to flow with the field
positive ion and negative ion Coulomb collision frequencieswhile the negative ions reverse direction. This is what we
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FIG. 5. PIC-MCC simulation results showing,Oaverage kinetic energy profike.(x) (left column) and O kinetic energy profiles_(x)

(right column for 10- and 20-mTorr oxygen discharges with Coulomb collisions turne@orblack and off (NC, dotted.

observed in our PIC-MCC simulations at low pressure withpressure and low plasma density in whig{® v._, it is clear
Coulomb collisions turned ofC). from Eq. (10) thatn’ <0. Then,n_>n is always satisfied,
Deutsch and Rauchlgl?2] conducted a detailed analysis and the negative and positive ions will flow in opposite di-
of ion flow in electronegative discharges and found a similarections. This is consistent with our PIC-MCC simulation
result. The plasma model used by Deutsch and Rauchle igsults.
similar to Vitello’'s but allows the positive ion mass, to
differ from the negative ion magss.. They find that forn_
less than a critical valua’, Coulomb scattering momentum
transfer from the positive ions to the negative ions in the Our 1D3V PIC-MCC simulations of low-pressure high-
bulk plasma exceeds the electrostatic force and the retardingensity oxygen discharges show that Coulomb collisions be-
force from ion-neutral collisions. As a result, the negativetween the postive and negative ions in the plasma can pro-
ions flow outwards with the positive ions towards the walls.foundly affect the negative ion flux, density, and kinetic
For n_>n_, the electrostatic force dominates and collisionsenergy profiles. PIC codes solve for the field and particle
have only retarding effects. As a result, the negative an@notion self-consistently, from first principles. Unlike fluid
positive ions flow in opposite directions. Deutsch andcodes(which may tend to run fastgrPIC codes can obtain
Réauchle calculated the critical ion density for their plasmaflux, density, and kinetic energy profiles without making any

VI. CONCLUSION

model and found it to be assumptions about the temperatures or velocity distributions
of the particles. Also, by using Nanbu’s method which com-
; vy, bines many successive small angle binary collisions into a
n={1- o™ (100 single binary collision with a cumulative deflection angle, we
C_

can incorporate Coulomb collisions into our PIC-MCC code
Note that for the very low-pressure high-plasma-densityeDP1without incurring an excessive computational penalty.
case in whichy, < v_, the equation reduces m=n,. Then, For our low-pressure PIC-MCC simulations of inductive
n_<n_ is always satisfied due to the quasineutrality condi-oxygen discharges, the negative ion densityis much less
tion, and negative ions will flow with the positive ions to- than the positive ion density, (see Fig. 3. From the analy-
wards the walls. For the other limiting case of very highsis in Sec. V, we see that this turns out to be an important
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factor. Even in the low-pressure regime in which ion-ionfluid code discussed above.g., in Sec. I, or because we
Coulomb momentum transfer dominates over ion-neutrasimply did not study lower pressure dischargear lowest
collisions, if n_ is greater than some critical density, the  pressure case was pt10 mTor). Kouznetsov's model to
electrostatic force will dominate and collisions will only mimic inductive discharges iPpP1was attractive for its sim-
have retarding effects. Only whem.<n_ does Coulomb plicity. However, we found it difficult to sustain high-density
scattering momentum transfer from the positive to the negadischarges with pressures below 10 mTorr when using this
tive ions in the bulk plasma exceed the electrostatic force. model. Perhaps, in the future, we can simulate more realistic

Our PIC-MCC simulation results mostly agree with Vitel- jnqyctive discharge models using 2D3V electromagnetic
lo’s 2D fluid code simulations of high-density low-pressure pjc_mcc codes.

inductive chlorine discharges. Like Vitello, we saw the peaks

in the negative ion density profile caused by the Coulomb

induced coupling of the.posm_ve and negative ion rovys. ACKNOWLEDGMENTS
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