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ABSTRACT

Intermediate pressure (0.2-6.0 Torr), radio frequency capacitive discharges are of increasing importance in the thin film processing industry.
However, existing low pressure (<0.1 Torr) discharge models are often used beyond their applicability in this pressure range. The authors
performed one-dimensional particle-in-cell (PIC) simulations of a capacitive 2.5 cm gap argon discharge driven at 13.56 MHz with current
density amplitude Jo = 50 A/m?* over a wide range of gas pressures p, = 0.04-20 Torr. For intermediate pressures, the PIC results showed
that most of the ionization occurs near the plasma-sheath edges with very little occurring within the central bulk region. This led us to
develop a “passive bulk” model of the discharge in which bulk electron heating does not contribute to ionization, and all the ionization is
due solely to the sheath-heated electrons. The model assumes a constant jon-neutral mean free path 4; in the plasma bulk and either
constant 4; or constant ion mobility u; in the sheaths. The model is solved using an electron temperature iteration scheme. The PIC scalings
of the discharge equilibrium parameters (e.g., electron density and temperature, sheath width, and voltage) with the input parameters p,
and J, showed good agreement with those of the passive bulk model. A constant u; sheath model showed the best agreement with the PIC
results in the intermediate pressure regime of interest, but a constant A; model is simpler to implement and showed reasonable agreement

over a wide pressure range.

Published under license by AVS. https://doi.org/10.1116/1.5135575

I. INTRODUCTION

Intermediate pressure range (0.2-6.0 Torr), radio frequency
(rf) capacitive discharges are important for thin film processing in
the semiconductor, flat panel display, and solar panel fabrication
industries. However, low pressure (<0.1 Torr) models"” have often
been employed beyond their applicability to study these intermedi-
ate pressure discharges. The low pressure models assume that the
electron temperature T, and ionization frequency v;, are uniform
across the discharge gap and that the rf power absorbed by the elec-
trons in the bulk and sheath regions both contribute to the total
ionization rate. Previous one-dimensional (1D) particle-in-cell
(PIC) simulations of a 2cm gap rf argon or helium discharge by
Lafleur and Chabert’ over a pressure range of 0.07-1Torr have
shown that these assumptions do not hold at higher pressures. At
the lower pressures, vi,(x) was fairly uniform so that the ionization
rate Ry, = n.(x)vi,(x) followed the electron density #.(x) and

peaked at the discharge center, in agreement with the low pressure
models (Ref. 1, Sec. 10.2). However, at higher pressures, the ioniza-
tion rate profile peaked near the plasma-sheath edges and very
little ionization occurred within the central bulk region. The low
pressure model expressions (Ref. 1, Sec. 5.3) for the edge-to-center
density h; = ng/ny, where n, and ny are the electron densities at
the plasma-sheath edge and the discharge center, respectively, were
also not in agreement with the PIC results.

In the present study, we investigate the intermediate pressure
regime of an argon rf discharge in more detail to develop a model
applicable to this regime. We first performed 1D PIC simulations
of a 2.5 cm gap, 1.6 Torr argon discharge driven at 13.56 MHz with
current density amplitudes of J, = 25.6, 50, and 100 A/m? both in
the presence and absence of ion-induced secondary electron emis-
sion at the electrodes. At high currents and powers, secondary elec-
tron emission can lead to an « to y transition characterized by a
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sharp decrease in the electron bulk temperature accompanied by an
increase in density and a decrease in sheath widths. At 1.6 Torr, we
found that secondary electron emission had little effect on the
discharge equilibrium for Jo < 50 A/m?. We then conducted 1D
PIC simulations of the discharge at a fixed Jo = 50 A/m? over a
range of gas pressures from p, = 0.04 to 20 Torr in the absence of
secondary electron emission. At intermediate pressures, the PIC
results showed that most of the ionization occurs near the plasma-
sheath edges and very little ionization occurs within the central
bulk region.

This led us to develop a “passive bulk” model for the interme-
diate pressure regime in which the Ohmic power deposited in the
plasma bulk does not contribute to the ionization. All the ioniza-
tion is due to sheath-heated electrons and occurs near the plasma-
sheath edges within a region whose thickness is of the order of the
energy relaxation length A¢ of the ionizing electrons. The passive
bulk model is solved using an electron temperature iteration
scheme, which assumes a constant ion-neutral mean free path 4; in
the plasma bulk. This is expected for argon, where the ion-neutral
collision cross-section o;(€) is relatively constant over the range of
thermal ion energies found in the bulk. For the sheath regions, the
model can assume either a constant ion mean free path 4; or a
constant ion mobility ;. The PIC scalings of the discharge equilib-
rium parameters (e.g., electron density and temperature, sheath
width and voltage) with the input parameters (p, and J;) showed
good agreement with those of the passive bulk model. A constant
4; sheath model had the best agreement with the PIC results in the
intermediate pressure range of interest, but a constant 4; model is
simpler to implement and showed reasonable agreement with the
PIC results over a wide pressure range.

In Sec. II, we first describe our PIC simulation method, and
then present and discuss the PIC simulation results for a capacitive
2.5cm gap argon discharge current-driven at 13.56 MHz over a
range of pressures (0.04-20 Torr), which encompasses the interme-
diate pressure regime of interest. In Sec. III, we use the PIC results
as a guide to develop a passive bulk model for the intermediate
pressure regime and present the electron temperature iteration
scheme for solving the model. In Sec. IV, we compare the PIC and
passive bulk model results, showing good agreement. Conclusions
and further discussions are given in Sec. V.

Il. PIC SIMULATIONS

We conducted 1D PIC simulations of an rf current-driven
parallel-plate argon discharge with a gap separation of L = 2.5cm
and a gas temperature of Ty = 300K, operated at a frequency of
f = 13.56 MHz. We first fixed the gas pressure to an intermediate
value of pg = 1.6 Torr and conducted simulations at J, = 25.6, 50,
and 100 A/m? with the ion-induced secondary electron emission
coefficient y; set to zero or 0.15 at the electrodes. We found
that secondary electron emission had no significant effects on the
plasma diagnostics at J, values of 25.6 and 50 A/m*. We then
fixed Jy to 50 A/m? and conducted simulations with y; = 0 over a
pressure range of p, = 0.04-20 Torr, which encompasses the
intermediate pressure region of interest (0.2-6.0 Torr). We chose
the simulation with Jo =50 A/m* and p, = 1.6 Torr as our base
case for detailed analysis.

ARTICLE avs.scitation.org/journalljva

A. PIC method

For our capacitive argon discharge simulations, we use the 1D
electrostatic PIC code xpdpl.>” In the xpdpl geometry, a plasma
discharge is situated between two parallel, planar electrodes with
the left electrode attached to a current or voltage source and the
right electrode grounded. Each computer particle represents a
cluster of 105-10° real particles (e.g., electrons and ions). For each
computer particle, xpdpl tracks the 1D displacement in the axial
(x) direction and the velocity components in all three directions
(Vx> vy> and v;) using a leap-frog integration scheme. The simula-
tions are run with a sufficient number of particles to minimize the
discrete particle noise such that N, Np > 1, where N, and Np, are
the number of particles per grid cell and Debye length, respectively.
The neutrals are assumed to form a constant and uniform back-
ground gas with a fixed temperature. Collisions between the parti-
cles and the background gas are included in the simulations by
using a Monte Carlo collision (MCC) algorithm. Descriptions of
the null collision method used in the code and the argon cross-
section set used in our simulations is given in Ref. 5. Kinetic PIC
simulations obtain the fields, particle fluxes and densities self-
consistently from first principles without making assumptions
about the particle temperatures or velocity distributions.

To ensure the stability and accuracy for the explicit leap-frog
method, the time step At and grid spacing Ax are chosen so
that w,At < 0.2 and Ax<Ap, where w, = (ezne/eom)l/2 and
Ap = (e0T./ eng)l/ 2 are the electron plasma frequency and Debye
length, respectively. To ensure the accuracy of the null collision
method, At should be small enough so that the probability of more
than one collision per particle per At is low. Thus, we choose a At
such that v ,cAt < 1, where v,y is the maximum collision fre-
quency of the discharge. At higher pressures, this last constraint is
usually the most important when determining At. In this work, we
start with uniform initial density profiles and run the simulations
for thousands of rf cycles until the number and average kinetic
energy of the particles reaches a steady state. After which, diagnos-
tics are collected and time-averaged over an additional 200 rf
period interval.

The temperature T(x) and heat flux H(x) are calculated by

T = 1 ((200) = () + () + (e@))), O

H(x) = g

PE)nx)ve(x)), )

where v*(x) = v2(x) + v}z,(x) + v2(x), the overlines denote time-
averages over rf periods, and the angled brackets denote averages
over the particles at position x. So, (3/2)T(x) is the rf-average of the
average kinetic energy of the particles at position x minus their
drift energy, and H(x) is the rf-average of their average kinetic
energy times their flux I'(x) = n(x)v,(x).

For 1D symmetric parallel-plate rf discharges, the oscillating
sheath edge positions for the sheaths at the two opposing walls
have the same amplitude and rf period, but they are 180° out of
phase. At each time step, the instantaneous sheath edge positions
are determined by calculating the ratio #,/n; of the electron density
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over the ion density, starting at the center of the discharge
and proceeding toward each sheath. For each sheath, the
sheath edge position xq(t) is taken to be the position x, where

1e(x, t)/n; = 1/2. The maximum value of x4, (¢) over an rf period

determines the maximal sheath width s,,,.
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B. Base case results

The base case chosen for detailed analysis is at p; = 1.6 Torr
with Jo = 50 A/m?. Figure 1 shows the rf-averaged (a) densities
n(x), (b) temperatures T(x), (c) ionization and excitation frequen-
cies vi,(x) and vexc(x), (d) current densities Ji.(x) = +el.(x),
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FIG. 1. PIC results for the base case with p; = 1.6 Torr and Jy = 50 A/m2, showing rf-averaged (a) densities (m~2), (b) temperatures (volts), (c) ionization and excitation
frequencies (s~'), (d) current densities (A/m?), (e) power deposition and losses (W/m?3) vs x (meters), and (f) bulk and sheath EEPF (a.u.) vs & (volts).
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(e) power deposition and losses, all vs x, and (f) the rf-averaged
electron energy probability function (EEPF) in the bulk and
sheath regions versus energy £. The dotted vertical lines in all the
spatial profile plots mark the position of the plasma-sheath edges
at x=35, and x =L —s, with the maximal rf sheath width
Sm = 2.63mm calculated as described in Subsection II A. The
rf sheath voltage amplitude V; at the applied frequency of
f =13.56 MHz was 122 V. Note from Fig. 1(a) that the sheath edge
positions coincide with where n;(x) (dashed) and n.(x) (solid)
diverge. The bulk plasma density profile is much flatter than the
usual inverted ellipsoid profile from the constant A; Godyak and
Maximov theory” or the inverted cosine distribution expected from
the constant y; Schottky theory.” The edge-to-center density ratio
h; = ng/ny ~ 0.5 is much larger than the h; &~ 0.1 predicted by
the heuristic expressions given in Ref. 1, Sec. 5.3. As shown in
Fig. 1(b), T(x) (solid) is uniform within the bulk at about 2.8V
and decreases within the sheaths. The ion temperature T;(x)
(dashed) is uniform within the bulk at about T, = 0.026 V (300 K)
and increases in the sheaths. Since the lighter electrons are much
more mobile than the heavier ions, strong steady-state (dc) electric
fields develop near and within the sheaths to decelerate the
electrons while accelerating the ions so that the total dc current
J. +7T; =0 (or J, = —J;) at the walls, as seen in Fig. 1(d).

The rf-averaged excitation and ionization frequency profiles
Vexc(x) (dashed) and 3 X vi,(x) (solid) are shown in Fig. 1(c) with
their spatial averages in each region shown by the horizontal dot-
dashed and dotted lines respectively. Since the argon excitation
energy Eexc = 11.55V is significantly smaller than the argon ioni-
zation energy &, = 15.76V, Vi, (x) < Vexc(x). Both Vex(x) and
Vviz(x) peak near the sheath edges, but unlike the excitation, which
is significant and fairly uniform within the central plasma bulk, the
ionization is almost nonexistent in this region. Thus, the spatial
average of Ve in the sheaths and in the bulk is close in value,
while the spatial average of v;, is much greater in the sheaths than
in the bulk. The ionization is localized near the plasma-sheath
edges because the energy relaxation mean free path for ionizing
electrons Ag ~ 0.36 mm is much smaller than the bulk half-width
d = (L —2s,)/2 ~ 10 mm. This ionization profile leads to the dc
ion (dashed) and electron (solid) current flows shown in Fig. 1(d).
Most of the plasma bulk is “passive” with essentially no generation
of electron-ion pairs and resultant dc current flow. As a result,
Jeiocdn,;/dx~ 0 in this central bulk region, which also
explains the flatness of the bulk density profiles seen in Fig. 1(a).
The dc current fluxes leaving the discharge at the walls
[[Jei(x =0, L)| ~ 0.365A/m?] are generated almost entirely by
the sharply peaked ionization near the plasma-sheath edges.
As expected for the steady state, the total wall loss flux of
2T, = 2|J,i(x =0, L)| /e = 4.56 x 10"¥ m~2/s is equal to the total
ionization rate per unit area [fOL ne(x)vi,(x)dx].

As seen in Fig. 1(e), the rf-averaged ion power deposition
(dashed) is negligible within the bulk and increases within the
sheaths toward the walls as the ions accelerate across the strong dc
sheath fields. The rf-averaged electron power deposition (solid)
peaks near the plasma-sheath edges and decreases within the
sheaths toward the walls, as the electrons are decelerated by the dc
sheath fields. There is also a significant fairly uniform electron
heating within the bulk which is mostly dissipated by excitation
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and does not contribute to ionization. In addition to the electron
and ion heating, Fig. 1(e) shows the electron collisional power loss
Pecoli(x) (dot-dashed) and the divergence of the electron heat flux
dH,(x)/dx (dotted), arising due to the difference between the two.
A local model assumes that the power balance between electron
heating and electron collisional power loss must hold in each volume
element of the discharge so that the electron heat diffusion
dH,/dx = 0. The electron heating and collisional loss profiles are
nearly equal within the central bulk region but differ significantly near
and within the sheaths, indicating nonlocal behavior in those regions.
The total rf electron heating S, = fé (Je - E)dx = Spui + 2S¢, where
Sbulk is the heating in the bulk and Sy, is the heating in one sheath.
For this base case, S, =388 W/m? with Spux = 295W/m? and
285 = 93.1 W/m?, so over 75% of the heating occurs in the bulk.

Figure 1(f) shows the rf-averaged EEPFs gathered within the
central bulk (solid) and sheath (dashed) regions. As also observed
in experiments of intermediate pressure argon discharges,” the bulk
EEPF is “Druyvesteyn-like” with a strongly depressed tail above the
argon excitation energy of e = 11.55V. Thus, there are almost
no bulk electrons with energy at or above the argon ionization
energy of &, =15.76V, leading to almost no ionization in the
main part of the plasma bulk as seen in Fig. 1(c). The depression
of the EEPF tail above the excitation energy in the bulk plasma can
be roughly estimated from kinetic theory (Ref. 1, Sec. 18.2; Ref. 9,
p. 110; and Ref. 10, App. A). In contrast, the EEPF in the sheath
region is “Maxwellian-like” with a tail that extends above £ > &;,.
So, the tail of the sheath EEPF produces practically all of the
ionization in the discharge. Since only the sheath-heated electrons
contribute to the ionization while most of the total electron heating
S, is dissipated in the bulk via excitation, the ionization efficiency of
the discharge is low. The total electron energy lost per electron-ion
pair lost to the walls is given by o = S,/(2el,,) ~ 532 V. Such
large energy losses per ionization are not predicted by the standard
low pressure discharge models but may be of some interest for thin
film processing, as most of the rf power is absorbed by gas excitation
processes in the plasma bulk.

Figure 2 shows the contour plots (thin lines with gray scale) of
(a) the electron power deposition J. - E and (b) the ionization rate
Ri, = n,vy, vs position x (vertical axis) and time phase ¢ = wt with
o = 2zrf (horizontal axis) over one rf cycle. The heavier solid lines
at the top and bottom of each plot show the oscillating positions
Xsh(¢p) of the plasma-sheath edges, as defined in Subsection II A.
The electron power deposition peaks not only at positions near
each sheath edge but also at phases corresponding to the maximum
inward velocity of each sheath edge toward the bulk; i.e., when the
sheath is most rapidly expanding into the bulk. Recall that the
strong dc electric field E4c near or within the sheaths points from
the bulk to the walls to accelerate the ions and decelerate the elec-
trons traveling toward the walls. The maximum inward velocity
phase corresponds to a maximum rf flux I';¢ of electrons traveling
from a sheath toward the bulk so that J, = —el'\t, E;f, and Eq4. are
all parallel and J.-E =], (Exs + Eq.) will be at a maximum.
Because vj, is a strongly increasing function of the electron kinetic
energy &, we expect the ionization rate to be sharply localized
where the electron power deposition peaks, i.e., near the sheath
edges and the maximal inward velocity phases, as seen in Fig. 2(b).
There is a significant and fairly spatially uniform power deposition
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FIG. 2. PIC results for the base case with p; = 1.6 Torr and Jp = 50 A/mz,
showing contours (thin lines, gray scale) vs x and ¢ = wt for (a) electron
power deposition Je - E (W/m®) and (b) ionization rate R, = nevi; (m—3s~");
the heavy solid lines at the top and bottom of each plot show the rf sheath edge
motion.

in the bulk at twice the applied rf frequency as outlined by the
lowest (20000 W /m?) contour shown in Fig. 2(a). However, this
bulk heating only contributes to excitation and not to ionization
which occurs only near the sheath edges.

C. Variations with current and pressure

We examined the variations with applied current density J, by
conducting simulations at the base case pressure of 1.6 Torr with J,
about a factor of two below and above the base case of 50 A/m?. At
Jo =25.6 and 100 A/m?, the maximum plasma density 1y was
5.65 x 101> and 2.54 x 10 m~3, respectively, compared to the
base case 1y = 1.15 x 10" m™3. For all three J, values, the dis-
charge appears to be in a passive bulk regime in which little

ARTICLE avs.scitation.org/journalljva

ionization occurs in the central bulk region, and most of the ioniza-
tion is localized near the plasma-sheath edges. We consider these
results further in Sec. IV.

We also examined the variations with gas pressure p, by con-
ducting simulations at the base case Jo = 50 A/m? for pg at 0.04,
0.16, 0.4, 6, and 20 Torr, below and above the base case Pe of
1.6 Torr. The PIC results at the lower and higher ends of the simu-
lated range deviate significantly from the base case. Figure 3 shows
PIC results at a lower pressure of p, = 0.16 Torr. The bulk plasma
density profile shown in Fig. 3(a) is not flat but conforms reasonably
well to typical lower pressure models which predict a paraboliclike
decrease in the density from the discharge center to the sheath edge.
For this case, the peak plasma density np ~ 2.0 x 10 m~3, the
maximal sheath width s,, ~ 5.88mm, the edge-to-center density
ratio h; ~ 0.22, and the rf sheath voltage amplitude V; =264 V.
The ionization rate R;, = n.(x)vi,(x) (solid) and excitation rate
Rexe = Me(X)Vexc(x) (dashed) profiles are shown in Fig. 3(b). The
ionization peaks near the sheath edge, but unlike the “passive bulk”
base case, it is not sharply localized. Instead, there is significant ioni-
zation throughout the plasma bulk, and R;,(x) falls only by a factor
of two from the plasma-sheath edges to the discharge center. This is
expected as at this pressure, A¢ ~ 3.6 mm, which is only somewhat
smaller than the bulk half-width d ~ 6.6 mm.

As seen in Fig. 3(c), most of the electron heating (solid)
occurs within and near the sheath regions. In both the bulk and
sheath regions, the electron heating is not in equilibrium with the
electron collisional power loss (dot-dashed) so that there is signifi-
cant electron heat diffusion dH,/dx (dotted) and nonlocal behavior
throughout the discharge. At the sheath edges where dH,/dx
peaks, there are large heat flows H,(x) from the sheath to the bulk
regions. For this case, S, = 107 W/m? with Spux = 15.5W/m? and
28, = 91.5W/m?, so most of the heating occurs in the sheaths.
Since ionization occurs throughout the plasma, the ionization effi-
ciency is high corresponding to a relatively low electron energy loss
per ionization of Ejosy = 80.4V, typical of low pressure discharges.
The bulk (solid) and sheath (dashed) EEPFs shown in Fig. 3(d) are
both nearly Maxwellian with approximately the same T,. In con-
trast to the base case, there is no significant depletion of the bulk
EEPF tail for £ > £ = 11.55 V. However, at p, = 0.16 Torr, the
discharge has still not entered the low pressure regime in which
Vvi,(x) is spatially uniform so that R,(x) and n.(x) have the same
profiles. Therefore, at p, = 0.16 Torr, the discharge is in a transi-
tion between a low pressure active bulk regime with uniform v;,(x),
and an intermediate pressure passive bulk regime where v;, in the
bulk is much smaller than v;, in the sheaths. For the lowest pres-
sure case examined of p, = 0.04 Torr (not shown), the ionization
rate and the electron density have similar profiles, indicating a full
transition to the low pressure active bulk regime.

Figure 4 shows a high pressure simulation at p, = 20 Torr
with Jo = 50 A/m?. The bulk plasma density profile in Fig. 4(a) is
fairly uniform with np ~ 1.45 x 10 m~3. For this case,
sm ~ 1.5mm, h; ~ 0.58, and V; =~ 125V. As in the base case, the
ionization (solid) in Fig. 4(b) is strongly peaked near the plasma-
sheath edges and negligible in the bulk. The electron heating
(solid) in Fig. 4(c) is also peaked at the plasma-sheath edges but is
significant and fairly uniform in the bulk. However, unlike the base
case, the electron heating is in equilibrium with the electron power
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FIG. 3. PIC results for the low pressure py = 0.16 Torr and Jo = 50 A/m? case, showing ri-averaged (a) densities (m—3), (c) ionization and excitation rates (m—2s~1),
(e) power deposition and losses (W/m?) vs x (meters), and (d) bulk and sheath EEPF (a.u.) vs & (volts).

loss (dot-dashed) throughout the discharge so that the electron
heat diffusion (dotted) is negligible. Thus, at this high pressure,
there is a local equilibrium within the sheaths as well as within
the bulk. For this case, S, = 4780 W/m? with Sp = 4380 W/m?
and 28y, = 396 W/m?. Over 90% of the heating occurs in the
bulk which does not contribute significantly to the ionization, so
the discharge operates at a very low ionization efficiency with
Ejost &= 15200 V. As shown in Fig. 4(d), the bulk and sheath EEPFs
are both Druyvesteyn-like with strongly depleted tails above
Eexc = 11.55V. However, unlike the bulk EEPF tail, the sheath
EEPF tail extends above £ > &;, = 15.76 V, indicating that almost
all the ionization is due to the sheath-heated electrons. These
Pe = 20Torr results indicate that the entire discharge has transi-
tioned to a local regime, which we do not consider in the present
study. At a lower pressure of 6 Torr, the discharge is in a transitional
state between an intermediate pressure regime with nonlocal sheaths,
and a purely local high pressure regime with virtually no heat flow.

1Il. MODEL FORMULATION

In this section, we use the PIC results in Sec. I to develop
a 1D passive bulk model for the intermediate pressure regime.

We assume a collisional capacitive discharge with gas density n,
and bulk half-width d = (L — 2s,,)/2, driven by a sinusoidal rf
current density with amplitude J, and radian frequency w = 2xf.
For simplicity in the calculations, we shift the x-axis so that the
discharge lies between x = 4L/2 rather than x =0, L, so the
plasma-sheath edge positions are at x = +d.

Using the intermediate pressure base case PIC results as a
guide, we assume that the sheath EEPF is Maxwellian with temper-
ature T,, and the bulk EEPF is Druyvesteyn with temperature T,
[see Fig. 1(f)]. All the ionization is assumed to be produced within
or near the sheaths by the tail of the Maxwellian sheath EEPF.
The bulk EEPF tail is assumed to be too depleted above £ > &, to
contribute to the ionization so that the bulk ionization frequency is
assumed to be zero. In contrast to the ionization frequency, the
excitation frequency is assumed to be the same in the bulk and the
sheaths. This is a reasonable approximation since the spatial aver-
ages Of Vexc(x) in the bulk and sheath regions are close in value for
the base case as seen in Fig. 1(c).

For all the PIC simulations, the kinetic energy Eion of the
ions in the bulk was fairly uniform and thermal at about
Eion = (3/2)T, = 0.04V. At these low thermal ion energies, the
argon ion collisional cross-section o; is constant at about
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1.7 x 107 m?° Since o; and hence the ion mean free path
Ai = 1/(ngo;) are fairly uniform in the bulk, we can use a constant
A; bulk transport model. For the sheath regions, we examine both
constant 4; and constant jon mobility x; models.

A. Particle balance
The particle balance in the bulk plasma is

dar

a = Giz: (3)

with T the particle flux and with the volume generation rate taken
to be

cosh Bx
sinh pd’

Gy, = F:ﬁ (4)

where T is the particle flux at the plasma-sheath edge and g = A;'
is the inverse of the energy relaxation mean free path A¢ of the
ionizing electrons. The assumed G, o< cosh fx spatial variation is
the same as for the usual models of secondary electron

11,12

ionization. Integrating (3), we obtain the spatially-varying bulk
plasma flux
sinh Sx
I(x) =T, .
) sinh 8d ®)

The relation between flux I'(x) and density n(x) depends on the
velocity dependence of the ion-neutral cross-section o;(v).

Since we assume A; = 1/(ng0;) is a constant, we obtain the
relation between the ion flux and density derived by Godyak and
Maximov (Ref. 1, Sec. 5.3 and Ref. 6),

(6)

with up = (€Ty /M,-)l/ 2 the Bohm speed.
Substituting (5) into (6), squaring, and integrating to deter-
mine the density variation, we obtain

n*(x) = n? +

al?d (sinh 2Bd — 2d — sinh 2x + 2,Bx> @)
it 4pd sinh® pd ’
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with n; the density at the plasma-sheath edge x = d. The edge flux
and density are related by

Ts = ngu,, (8)

where u; is the ion loss speed. The ion loss speed is evaluated at
the plasma-sheath edge, where the electric field E ~ Te,/Aps,

U 1 )
= = a5
8 up (1 +7Z'2,D5/2/1i)1/2

with Aps = (€oTes/ens)"/* the Debye length at the plasma-sheath
edge.

B. Electron energy balance

We assume that the ionization and resulting particle flux I's
are due solely to sheath-heated electrons, with no contribution from
bulk-heated electrons. The energy balance for the sheath-heated
electrons producing the ionization is

Ssh = egcersx (10)

where Sgq = Sohmysh + Sstoc 15 the time-average electron power
deposited due to the sheath Ohmic and stochastic heating, and

exc m 3
gce(Te) =&, + v_gexc + v__mTe (11)
Vig Vizg M;

is the energy of the sheath-heated electrons lost due to ionization,
excitation, and elastic scattering collisions, per electron-ion pair lost
to the walls. Here, vec(T,) and v;,(T,) are the excitation and ioni-
zation frequencies in the sheaths and are obtained from the argon
collision cross sections assuming a Maxwellian EEPF with tempera-
ture T,. The elastic scattering frequency v,, has a relatively weak
dependence on T, and is assumed to be uniform across the dis-
charge. [We ignore the small electron kinetic energy (~2T,) carried
to the walls.]

The bulk electrons are Ohmically heated, and we assume that
they lose energy due to excitation and elastic scattering processes
only so that the bulk ionization frequency vi,;3(T,,) = 0. The bulk
excitation frequency Vex(Tep) is obtained from the argon collision
cross sections, assuming a Druyvesteyn EEPF with temperature T,
and is assumed to be equal to the sheath excitation frequency so that

VexcB (Teb) = Vexc(Te)- (12)

Ignoring the elastic scattering loss which is small compared to the
inelastic scattering loss in the intermediate pressure regime, the bulk
power loss per unit volume Spyx/(2d) is

1)2mv,,
2 én

= VexcB(Tep)eEexc s (13)

ARTICLE avs.scitation.org/journalljva

Substituting (12) into (13), we obtain

1]2mv,,
2 én

= Vexc(Te)egexcn) (14)

which gives the relation between T, of the Maxwellian sheath EEPF
and the bulk plasma density n for a given Jo. The bulk electron
temperature is obtained by finding the T,;, such that (12) is satisfied.

The total electron energy lost Ejos per electron lost to the
walls, due to the sum of sheath and bulk heating, is

285k + Spulk
Elost = — X 15
lost Zel"s ( )
Using (10) to eliminate I';, we obtain
Sbulk
glost = 5ce (1 + Zgush) . (16)

In the intermediate pressure regime, the second term due to the
bulk energy losses is typically much larger than the first term,
leading to a large value of Ejor (~300——1000 V), as observed in
Sec. IL

C. Child law sheath properties

The sheath heating power S, is a function of Jy, I's, and T
obtained from the Child law and the capacitive nature of the
sheath. For a constant ion-neutral mean free path, the Child law is
(Ref. 1, Sec. 11.2)

o (2A\ 2 [ Ty \
= Ko =2 ELR 17
s cL el"s (Mi ) WE ( )
and for a constant ion mobility sheath (Ref. 15, App. B),
2
€o Jo
= Kon—u, (=2 . 18
s cL oA <w€0) (18)

The voltage-current relation for the capacitive sheath is

v, = &, (19)
we

and the sheath stochastic and Ohmic heating expressions are
(Ref. 1, Sec. 11.2)

mTp\ 2
< el
Sstoc = Kistoc (T) wzéo Vi, (20)

sohm,sh = Kohm,sh ?CO €0VimSm V1. (21)

In the preceding expressions, s, is the maximum sheath width,
V; is the applied frequency voltage amplitude, and the K’s are
dimensionless coefficients (given below). Substituting (17) or (18),
and (19), into (20) and (21), we obtain Sy and Sypmsh as functions
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of Jo, s, and T,,. For a constant mean free path, the results are

_ mT 1/2 el 1/2 5/2
Sstoc = stocKlKCL( eeb) <le;0) :rs > (22)

m 2ed; g

< _ 2
Sohm,sh = Kohm,shKl KCL ; Vin ero 621,? . (23)
For a constant mobility sheath,
. mTe\ ' w3
Sstoc = KstocKlKCL< : > o > (24)
e ewenls
275
_ _ 2 lu‘IO
Sohm,sh = Kohm,shKl KCL : Vi 6260;76(2)1—? . (25)
The total heating in one sheath is
Esh = Sohm,sh + §stoc- (26)

For the constant A; sheath model, with T’ the ion flux entering
the sheath and all ionization in a presheath region within A¢ of the
plasma-sheath edge rather than within the sheath, Kq = 0.618,
K; = 0.658, Kgoc = 0.61, and Kopmeh = 0.118 (Ref. 1, Sec. 11.2).
Two constant y; sheath models are considered: (i) For a “passive
sheath” model with the same ionization profile as the constant
A; sheath model, Kc =0.75, K; =0.75, Kgoc = 0.51, and
Kohmsh = 0.083. (ii) For an “active sheath” model with all ioniza-
tion within the sheath in a triangular profile peaked at the plasma-
sheath edge (and no flux entering the sheath from the bulk plasma)
(Ref. 15, App. B), Iy is the ion flux hitting the wall and
Kep = 1.125, K; = 0.612, Kyoe = 0.65, and Ko = 0.136.

D. Scaling law for ion mobility

We use our PIC simulations as a guide to develop a scaling law
for u; so that once we obtain y; for the base case, we can predict y;
at the other pressures and currents. For the base PIC case with
pg = 1.6Torr and Jo =50 A/m?, the spatial average of the root
mean square (rms) electric field in the sheath is E ;s &~ 53000V /m,
giving a reduced sheath field Eys/ng ~ 1000Td. At 1000 Td,
the Ellis et al data’® give an argon ion mobility of
Uiy =6.15x 107> m?/Vs at 760 Torr and 300 K. This implies a
base case u; = (760/1.6)u;, = 0.029 m?/V's, which is close to the
PIC result of u; ~ 0.031m?/V's, obtained by taking the spatial
average of e/(M;v;) in the sheaths. In order to find y; at other p,, we
first tried a pressure scaling law

760 Coy
Ui (pg) = pig—=—,

27)
Pe P

where the constant Cy; = 760u;,. However, comparison with the
PIC data showed that u;, overestimates and underestimates u; for p,
below and above the base case. Thus, to obtain the correct scaling,
H;; needs to be multiplied by a factor which equals unity for the base
case and decreases and increases for p, below and above the base
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and the scaling laws ;4 (triangles) and u;, (circles).

case. Furthermore, since we expect the ion mobility in the sheath to
depend on sheath parameters, this factor should also depend on a
sheath parameter. A scaling law which satisfies all these conditions is

) Smo Coz

S PeSm (8)

ﬂa(Pg: Sm) = /~li1(Pg

where s, is the base case sheath width and the constant
Coz = 760u,9Smo. Figure 5 shows the PIC results vs p, for u; (stars),
as well as the two scaling laws y;, (triangles) and u;, (circles). Note
the excellent agreement between the PIC u; and the scaling law p;,.
A similar scaling procedure applied to the fixed p, and varying J,
case, resulted in the same scaling law (28) for u;.

E. Iterative solution

We give an iterative solution procedure for a passive bulk
argon discharge in the intermediate pressure regime. We approxi-
mate the sheath EEDF as a Maxwellian with temperature T, and
the bulk EEDF as a Druyvesteyn with temperature T,,. We also
assume that the bulk ionization frequency is zero and that the bulk
and sheath excitation frequencies are equal. The argon ion mean
free path A; = 1/(ng0;) is assumed to be constant in the bulk with
o; = 1.7 x 107 m?. For the sheath regions, we assume either
constant ion mean free path or constant ion mobility. The constant
A; sheath model is the easiest to implement since it requires no
knowledge of the sheath ion mobility u;, but it makes the simpli-
fying and somewhat inaccurate assumption that the sheath A; is
equal to the bulk ;. The constant y; sheath models do not need
to make any assumptions about the sheath 4; but require a scaling
law for ;.

The solution procedure is as follows:

1. For a given Jo, , and p,; we start with initial nominal values for
Te, and T, (e.g., 3 V). For the constant u; sheath models, we also
start with an initial nominal value for y; [e.g., i;, from (27)].
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2. Using this T, we evaluate vj, and v in the sheaths, and v,,
for the discharge, as well as the electron energy loss & in (11).

3. Using this T, (and also y; for the constant y; sheath models), 4. For the constant u; sheath models, we substitute this s,, into the
we calculate Sy, from (26) into (10) and solve for T';. We also scaling law (28) to find a new ;.
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obtain s,, from either (17) for the constant A; sheath model or

(18) for the constant y; sheath models.

FIG. 6. Results at fixed Jp = 50A/m? vs pg = 0.04-20 Torr from PIC (stars) and the constant A; (triangles), constant x; active (circles), and constant x; passive
(squares) sheath models, showing (a) central density ny (m~2), (b) bulk electron temperature Te, (volts), (c) sheath edge density ns (m—2), (d) ion flux to one wall T
(m=2/s), (e) sheath voltage V; (volts), and (f) maximum sheath width s, (millimeters).
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5. Using this I's and substituting (9) into (8), we solve for #;.

6. Substituting n; into (7), we solve for n(x) and obtain
ny = n(x = 0).

7. Substituting n, into (13), we solve for a new T,.

8. By finding the T, such that Vexp(Tes) = Vexc(Te), we obtain a
new Tep.

9. The procedure is iterated with the new T, and T,, (and new y;
for the constant u; sheath models) until it converges.

As described above, we obtained the base case u; and s, values
required for the constant u; sheath models by using one
PIC simulation at the base case. There is also an alternative
method to achieve these values which does not rely on PIC simula-
tions. First, we use (19) to estimate a reduced field of
Eems/ng = Vi /s = KiJo/(€ow) =~ 910'Td, using the average value
of K; ~ 0.7 for the two constant u; sheath models, and the base
case input parameters of Jo =50A/m?, f=13.56MHz, and
ng ~ 5.1 x 1022 m~>. For Eys/n, = 910 Td, Ellis ef al. data'® gives
an ion mobility at 760 Torr and 300 K of u;, = 6.5 x 107> m?/V's,
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corresponding to a base case mobility u; = (760/1.6)u;
~ 0.0309m?/Vs. Note that these estimated values for u;, and y;
are close to the u;; = 6.15 x 107> m?/V's and g; = 0.0301 m?/V's
obtained directly from the PIC result. Then, we use the iterative
procedure described above for the base case, holding y; fixed at its
estimated value, assuming either a constant y; passive or active
sheath, in order to get an estimated value for the base case sheath
width Smo-

IV. COMPARISON OF MODEL WITH PIC SIMULATIONS

In this section, we give a comparison between the PIC simula-
tion results and the three models discussed above in Sec. III. All
the models assume a “passive bulk” with a constant ion mean free
path A;. The ionization is assumed to be due to sheath heating only
and is localized near the plasma-sheath edges and does not pene-
trate the main part of the plasma bulk. The constant A; sheath
model and one of the constant g; models are “passive sheath”
models which assume that all the ionization occurs in the presheath
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FIG. 7. Results at fixed Jp = 50A/m? vs pg = 0.04-20 Torr from PIC (stars) and the constant A; (triangles), constant x; active (circles), and constant x; passive
(squares) sheath models, showing (a) ion loss to Bohm speed ratio g; = us/ug, (b) edge-to-center density ratio iy = ns/ng, (c) half of bulk heating Spuk /2 (W/m?), and

(d) sheath heating in one sheath S, (W/m?).
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region within A¢ of each plasma-sheath edge and not within the
sheath itself. The other constant y; sheath model is an “active
sheath” model which assumes that all the ionization occurs within
each sheath in a triangular profile peaked at the plasma-sheath edge.
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Figure 6 shows the results from the PIC simulations (stars),
the constant 4; (triangles), constant u; active (circles), and constant
u; passive (squares) sheath models for (a) the central density ny, (b)
the bulk electron temperature T,,, (c) the sheath edge density
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passive (squares) sheath models, showing (a) central density ny (m=2), (b) bulk electron temperature Tep (volts), (c) sheath edge density ns (m=2), (d) ion flux to one wall
I's (m~2/s), (e) sheath voltage V4 (volts), and (f) maximum sheath width s, (millimeters).
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ns, (d) the ion flux to one electrode T, (e) the sheath voltage
amplitude V;, and (f) the maximum rf sheath width s, vs
pg = 0.04-20 Torr at Jo = 50 A/m? and f = 13.56 MHz. The PIC
central densities 7y in Fig. 6 increase from 0.04 to 0.16 Torr, as pre-
dicted by the low pressure (active bulk) diffusion theory. However,
the ng values drop slightly at the higher pressures, indicating a tran-
sition to the intermediate pressure passive bulk regime. The ng
values are somewhat lower for the models, with the constant y;
active sheath model showing the best agreement. But all the models
are within a factor of two of the PIC values at the intermediate to
higher pressure ranges.

As seen in Fig. 6(b), the PIC bulk temperature T,, shows rea-
sonable agreement with all the models in the intermediate pressure
regime, but poorer agreement in the higher and lower pressure
ranges. This is because T, is calculated under the assumption that
the EEPF is Druyvesteyn in the bulk and Maxwellian in the
sheaths. However, this is only true at intermediate pressures. Recall
from Subsection II C that at lower pressures, the sheath and bulk
EEPFs are both Maxwellian-like, while at higher pressures they
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are both Druyvesteyn-like. For example, the PIC T, ~ 1.6V at
0.16 Torr shows poor agreement with the model Tg ~ 2.65V,
while the PIC T, =~ 3.3V at 6 Torr shows poor agreement with the
model Ty, &~ 2.6 V. We conducted two additional simulations: one
at 0.16 Torr, assuming Maxwellian bulk and sheath EEPFs, and the
other at 6 Torr, assuming Druyvesteyn bulk and sheath EEPFs.
Revising the EEPFs in this manner, resulted in T, ~ 1.7V at
0.16 Torr and T,, =~ 3.0V at 6 Torr, both showing better agreement
with the PIC results.

As seen in Fig. 6(c), the sheath edge density n; for the models
all show good agreement with the PIC results with the constant y;
active sheath model showing the best agreement in the intermediate
pressure range of interest. The ion fluxes I'; for the models in
Fig. 6(d) show good agreement with the PIC results, with both
constant u; sheath models showing better agreement than the cons-
tant A; sheath model. As seen in Figs. 6(e) and 6(f), the PIC simu-
lations and the models are also in good agreement for the sheath
widths s,, and voltages V; except at the highest pressure of 20 Torr,
where as discussed in Subsection II C, a transition to a completely
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FIG. 9. Results at fixed p; = 1.6 Torr vs Jo = 25.6, 50, and 100A/m? from PIC (stars) and the constant 4; (triangles), constant x; active (circles), and constant
4; passive (squares) sheath models, showing (a) ion loss to Bohm speed ratio gy = us/ug, (b) edge-to-center density ratio hy = ns/ng, (c) half of bulk heating

Souk /2 (W/m?), and (d) sheath heating in one sheath S, (W/m2).
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local discharge has taken place. Again, both constant u; sheath
models show better agreement with the PIC results than the cons-
tant A; sheath model, which is not surprising, as the constant y;
sheath models do not make the simplifying but somewhat inaccu-
rate assumption that the bulk and sheath 2; are the same.

Figure 7 shows the results for the PIC simulations and the
models for (a) the ratio of the ion loss speed to the Bohm speed g,
(b) the edge-to-center density ratio hj, (c) half of the bulk heating
Sbulk/2, and (d) the sheath heating S, in one sheath versus pressure
pg from 0.04 to 20 Torr with Jo = 50 A/m? at f = 13.56 MHz. As
seen in Fig. 7(a), the results of the models are similar, and they all
capture the PIC values of g very well, as all models assume the
same constant bulk 4; transport model. The h; factor seen in Fig. 7
shows good agreement between the PIC and the models except at
the lowest and highest pressures, where the discharge transitions
into a low pressure active bulk and high pressure fully local regime
respectively. The PIC bulk Ohmic heating seen in Fig. 7(c) is well-
captured by all the models at all pressures except for the lowest
pressure due to a transition from the passive bulk to the low pres-
sure active bulk regime. The PIC sheath heating in Fig. 7(d) is rea-
sonably well predicted by the model at the lower pressures, but the
model significantly underpredicts the heating at the higher pres-
sures, due to the transition from nonlocal sheaths to completely
local discharge physics.

Figures 8 and 9 show the results of the models and PIC simu-
lations for the same diagnostics as in Figs. 6 and 7, but at a fixed
base case p, = 1.6 Torr and varying Jo = 25.6, 50, and 100 A/m?.
The PIC central and edge densities 1y and n, and the rf sheath
voltage amplitude V; seen in Figs. 8(a), 8(c), and 8(f), respectively,
scale approximately linearly with Jy, whereas the PIC ion flux seen
in Fig. 8(d) scales more rapidly as I'; oc J}*. All these diagnostics
show good agreement between the PIC simulations and the
models, especially with the constant u; active sheath model. The
PIC bulk temperature T, seen in Fig. 8(b) is nearly constant and
shows excellent agreement with all the sheath models because the
passive bulk model assumption of a Maxwellian sheath EEPF and
Druyvestyn bulk EEPF holds well at the intermediate pressure of
1.6 Torr. The PIC sheath width s, shown in Fig. 8(e) is nearly
constant over this range of Jy and shows reasonable agreement with
all the models, with the constant u; sheath models again showing
better agreement compared to the constant A; sheath model.

The PIC g and h; shown in Figs. 9(a) and 9(b) increase and
decrease weakly with J, and show good agreement with all the
models since they all use the same constant A; bulk transport
model. The PIC bulk heating shown in Fig. 9(c) scales sublinearly
as JO7 and shows good agreement with all the models, especially
the constant u; passive sheath model. The PIC sheath heating
shown in Fig. 9(d) scales as Sy, oc J1?°, with a slightly steeper
scaling for the models, and showing the best agreement with the
constant 4; active sheath model. The similar scalings of I'; and Sy,
are consistent with (10) for a relatively constant energy loss factor
Ece» as is seen in both the PIC simulations and the models.

V. CONCLUSIONS AND FURTHER DISCUSSION

Using 1D PIC simulations, we studied a current-driven
2.5cm gap capacitive argon discharge in the pressure range of
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0.04-20 Torr, which encompassed our intermediate pressure range
of interest (0.2-6.0 Torr). We chose the p, =1.6Torr with
Jo = 50 A/m? case as our base case for detailed analysis. We also
performed PIC simulations at J, = 25.6 and 100A/m?. In the
intermediate pressure range, the bulk plasma density profile was
flat [Fig. 1(a)], and the ionization was due almost entirely to
sheath-heated electrons and localized near the plasma-sheath edges
with negligible ionization in the main part of the plasma bulk
[Fig. 1(c)]. The electron heating was in equilibrium with the elec-
tron collisional losses within the plasma bulk but not within the
plasma sheaths [Fig. 1(e)]. The sheath EEPF was Maxwellian-like,
with a tail extending above the argon ionization energy
of &, =15.76V, but the bulk EEPF was Druyvesteyn-like with
a strongly depleted tail above the argon excitation energy of
Eexe = 1155V [Fig. 1(1)].

The electron power deposition and hence the ijonization rate
were strongly localized in both position (near the plasma-sheath
edges) and rf phase (corresponding to maximal sheath expansion
rate into bulk) as seen in Fig. 2. The localization was not as severe
for the electron power deposition, and there was still significant
electron power deposition in the bulk region which contributed to
the excitation but not to the ionization. This resulted in the spatial
average of the excitation frequency in the bulk and sheaths being
approximately equal while the spatial average of the ionization
frequency was much greater in the sheaths than in the bulk
[Fig. 1(c)]. At the lowest pressures, there was a transition to an
equilibrium with Maxwellian-like EEPFs in both the sheath and the
bulk plasma, leading to substantial bulk plasma ionization (Fig. 3).
At the highest pressures, we found Druyvesteyn-like EEPFs in both
the bulk and sheath regions, and a local equilibrium between elec-
tron heating and electron collisional power loss within both the
bulk and sheath regions (Fig. 4).

We used the PIC simulation results as a guide to develop a
“passive bulk” model of the discharge for the intermediate pres-
sure regime (Sec. III). The model assumes a constant ion-neutral
mean free path 4; = 1/(n,0;) for the bulk plasma transport, as
would be expected for argon, where the ion-neutral collision
cross-section ¢;(€) is relatively constant for the thermal bulk jon
energies seen in the PIC simulations. For the sheath regions, the
model assumes either constant A; or constant ion mobility x;. The
constant A; sheath model and one of the constant u; sheath
models are “passive sheath” models which assume that all the ion-
ization occurs in the presheath region within A¢ of the plasma-
sheath edge and not within the sheath itself. Whereas, the other
constant u; sheath model is an “active sheath” model which
assumes that all the ionization occurs within the sheath in a trian-
gular profile peaked at the plasma-sheath edge. All three are
passive bulk models which assume that the ionization is due only
to the sheath-heated electrons and occurs near the plasma-sheath
edges and not in the main part of the plasma bulk. The constant
A; sheath model is the easiest to implement as it requires no
knowledge of u; and just assumes that the 4; in the bulk and
sheaths are equal. The constant y; sheath models require knowl-
edge of the sheath ion mobility and sheath width for one base
case and employs a scaling law (28) to obtain these quantities
for the other input parameters, as described in Subsection III D.
The base case quantities can either be obtained directly from a
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PIC simulation or estimated from theory, as described in
Subsection III E.

We solved the models by an electron temperature iteration
scheme described in Subsection III F, and we examined the
scaling of the discharge equilibrium parameters with the input
parameters (gas pressure p,, and rf current density amplitude Jp).
In Sec. IV, we compared the results of the PIC simulations with
the three passive bulk models. All the models showed good agree-
ment with the PIC results over the intermediate pressure regime.
At the lower pressures, some of the results for the PIC simulations
and the models started to diverge as the discharge transitioned
from an intermediate pressure passive bulk regime to a low pres-
sure active bulk regime. At the higher pressures, the results
started to diverge as the discharge entered a completely local
regime with virtually no electron heat flow in the system. In
general, the constant u; sheath models showed better agreement
with the PIC results, as they make no assumptions about the ion
mean free path in the sheaths. The constant A; sheath model
makes the simplifying but somewhat inaccurate assumption that
the ion mean free path in the bulk and sheaths are equal.
However, the constant A; sheath model is the simplest to imple-
ment and showed reasonable agreement with the PIC results over
a wide pressure range.

In this work, we chose to study argon due to its relatively
simple chemistry, which allowed us to concentrate on the
discharge physics. In the future work, we plan to explore the
applicability of the passive bulk model to other gas feed mixtures
of interest to the processing community, e.g., N, or gas mixtures
that produce discharges containing significant fractions of
negative ions.
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