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Abstract:

The discharge structure in an electronegative Ar/SF inductively coupled plasma is investigated in
the article at low pressure, 10mTorr. Parabola profile in the electronegative plasma core is given by
the fluid simulation, in accordance to the prediction of analytical theory. Except the ordinary sheath,
the overall discharge is separated into the electronegative core and electropositive edge, which are
connected by a dielectric-type double layer. This is a novel type of double layer, distinct from the
previously reported ones that are found in the space plasma and triggered by stream instability. A
self-coagulated density bump is observed stamping onto the parabolic basis at the chamber periphery
along polar direction. In the core, the anion is obeyed to the Boltzmann’s balance and the density
profile of electron is flattened at its own and the anion Boltzmann balances. The discovered discharge
structure in electronegative plasma by means of simulation and theory is important for people to bet-
ter understand and utilize the laboratory plasmas
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INTRODUCTION

Structure refers to the profile of plasma parameter
that includes but is not limited to the quantities
of density, temperature, potential, charge density,
species flux and velocity. The structure of gaseous
discharge plasma generated in the laboratory is more
investigated than the space plasma because it is a
bounded plasma and specific distribution of plasma
parameter is easily formed. Technically, this is called
as Discharge Structure. This structure is important for
people to understand the plasma since it is a steady
state result of transport scheme and chemical reaction
of plasma inside. A comprehensive understanding of
the structure hence needs the support of details of the
temporal evolution of plasma dynamic process, i.e., the

interior plasma collective interaction.

It is difficult to study the discharge structure of
electronegative plasma that contains one or more
of oxygen, chlorine, fluorocarbon, fluorine-sulphur
components, due to the anion interfere in the ambi-
polar diffusion and chemical bulk loss of plasma species
(Lichtenberg, 1994; Lichtenberg, 1997). The complex
system is better to be studied by coupling the different
researching methods, like the numerical simulation,
analytical theory and experimental diagnosis. As we
understand, the simulation provides the details of
dynamic process, the analytical theory illuminates the
behind physics, and finally the experiment verifies the
findings.

Discharge stratification, i.e., the discharge separating
into the electronegative core and electropositive edge,
has been recognized before by the analytical theory
(Lichtenberg, 1994; Lichtenberg, 1997; Economou,
2007; & Lampe, 2004) and experiment (Berezhnoj,
2000). It is the first time reported in the article that
the self-consistent fluid simulation can capture the
above discharge characteristic as well, in an Ar/SF,
inductively coupled plasma. Moreover, the simulation
reveals a double layer at the interface of the two sub-
discharge regions. The double layer is famous concept
and believed to play important role in the formation of
aurora in the ionosphere (Albert, 1970). Hence, many
beam experiments are carried out to examine the
essence of double layer (Albert, 1970; & Quon, 1976),
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and it is found to be excited by the stream instability
(Quon, 1976). The early studies reveal many types of
double layer (Coakley, 1978; Knorr, 1974; Chan, 1984; &
Chan, 1986), such as the strong (Coakley, 1978; & Knorr,
1974), ionic acoustic (Chan, 1984), and currentless type
(Chan, 1986). In addition, the double layer is found also
existing in the laboratory plasma, through the theory
analysis (Kolobov, 1998; Sheridan, 1999; & Kouznetsov,
1999). It is similar to the simulated double layer of our
fluid model, but the mechanism is not unveiled. In
particular, does it resemble to the aurora double layer?
And what is its role in the discharge separation? Positive
or passive? All these questions need to be answered for

thoroughly understanding the separation.

In the electronegative core, the simulation shows a
density bump of ions superposed on a parabolic profile.
The parabola profile can be described by the parabola
theory (Lichtenberg, 1994; & Lichtenberg, 1997), which
has already been experimentally verified (Berezhnoj,
2000; & Kaga, 2001). The anion in the theory is assigned
to satisfy the Boltzmann balance, under the anion
room temperature. The electron is also the Boltzmann
balanced, at the electron temperature. The electron
density is spatially flattened at the balances, due to
the substantial difference between the temperatures
of anion and electron. In addition, the recombination
loss of ions in the theory is approximated to be
negligible. The two theory approximations are proven
to be reasonable by the simulation. The density bump
simulated is out of the scope of parabola theory. It is
given by the self-coagulation behavior that is revealed
by the fluid simulation of an Ar/02 inductively
coupled plasma in Reference (Zhao, 2021). In the self-
coagulation, the recombination loss is a key factor, in
contrast to the parabola theory (Lichtenberg, 1994; &
Lichtenberg, 1997). The parabola profile at the discharge
axis has been validated by the experiment (Berezhnoj,
2000; & Kaga, 2001). The superposed density bump and
parabola profile occurred along the polar direction
are not validated yet (Zhao, 2019; & Du, 2021). The
flattened electron density needs to be checked as well,

experimentally.

In the scope of this article, the self-consistent
simulation and theory model construction of parabolic
core profile, discharge separation, double layer,
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and density bump of the electronegative discharge
structure in the Ar/SF, plasma are concentrated. The
article is outlined as follows. In Section II, the methods
used are described, including the Ar/SF, plasma
chemistry, inductive discharge chamber, fluid model,
and analytical theory. In the Sections of IIl and IV, the
results and discussion, and the conclusion and further

remarks are given, respectively.
METHODOLOGY
Gas Chemistry

The gas-phase and surface chemical reactions of Ar/
SF, plasma are given in Tabs. 1 and 2. The gas-phase
chemistry includes the electron-impact reaction
and the one happened between heavy species. The
electron-impact reaction considers the cross section
and reaction rate, two types. The cross section is taken
from the Ixcat database (Plasma, 2010) and integrated
with the Maxwellian electron energy distribution
function to generate the reaction rate. The other rates
are directly taken from the References (Mao, 2011; &
Yang, 2016). All these rates are applied in the continuity
equations of fluid model. The surface reaction considers
the recombination and de-excitation (Lallement, 2009;
Mao, 2011; & Yang, 2016), as shown in Table. 2. In total,
24 plasma species are included, i.e., Ar, Ars (Metastable
state atom), Ar+, SFx (x=1-6), SFy+ (y=1-5), SFz-(z=2-6),
F+, F-, F2+ F2- and S+. In these species reactions, the ion-
recombination reaction is found to play an important

role in the self-coagulation behavior.
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Inductive Discharge Chamber

The inductive discharge chamber used is schematically
plotted in Figure. 1. As known, the inductively coupled
plasma source is advantageous in the microelectronic
industry application due to its characteristics such as
the high plasma density generated at low pressure and
simple equipment (Lieberman, 2005; & Chabert, 2011).
So, it is important to study the discharge mechanism of
this type of plasma. As shown in Figure 1, the chamber
consists of matching box (for installing planar coil),
dielectric window (for separating the discharge from
coil), and the substrate (for etching and deposition).
The chamber shape is cylinder and the axial symmetry
is assigned. The height and radius of discharge chamber
are 13 cm and 15 cm, respectively. The thickness of
dielectric window is 1 cm and the height of matching
box is 3 cm. Their radii are the same, 14 cm. The height
and radius of substrate are 4 cm and 13 cm, respectively.
In the simulation, the size and shape of two-turn coil
are not considered and its interior and exterior turn
radii are 6 cm and 8 cm, respectively. One 13.56 MHz
radio frequency current source is connected to the coil
to excite the inductive mode plasma. The background
gas advection is not considered in the present work and

the gas inlet and outlet nozzles are therefore not set.

Fluid model

The fluid model used is similar to the work of Reference
(Zhao, 2018). 1t includes the equations of electron

and heavy species, electromagnetic equation and the

Dielectric window

Substrate e

Planar coil g

Discharge

Figure 1: Configuration of inductive discharge chamber used in the fluid simulation.
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Poisson’s equation. The continuity and energy balance
of electron are described by its equations and the drift
and diffusion approximation is used for the momentum
equation. The heavy species include the cation, anion
and neutral particle, and they are described by the mass
fraction equation. The energy balance is not addressed
in the heavy species equation, and their thermal
temperatures are unified as 300K, room temperature.
The electromagnetic equation calculates the azimuthal
electric field excited by the radio frequency electric
current of coil, and then the field is deposited into the
Ohm’s heating source and transmitted into the electron
energy equation as the power term. The Poisson’s
equation controls the ambi-polar diffusion process and
it gives rise to the plasma potential and border sheath
structure. The applicability of fluid model at the low
pressure, i.e., 10 mTorr, is validated in Reference (Zhao,
2018), where the more detail of fluid model used is also
given.
Analytical theory

The fluid simulation shows much detail of dynamic
evolution of plasma. It is self-consistent and considers
as much as possibly physical fields. Thus, it becomes
difficult to analyze the physics occurred in the
self-consistent simulation, due to the complicated
interaction between so many fields (Lichtenberg, 1994;
& Lichtenberg, 1997). From our experience (Zhao,
2021), the method for solving the problem is to examine
the simulation and select out reasonable ingredients
to construct equation. In searching of the equation
solution, the behind physics covered in the simulation
is picked. In the article, three theories formed in this
means are given. They are axial parabola, polar parabola,
and self-coagulation (Lichtenberg, 1994; Lichtenberg,
1997; & Zhao, 2021), shown in the , Figure
2, and Appendix B, respectively. Besides, more detail of
axial parabola theory can be referred to Figure S1 and

Table. S1, in the pupplementary material, and more

detail of self-coagulation theory can be referred to

Figure S2 and Table. S2, in the fupplementary material

as well.

The parabola theory shown in Eppendix Aland in the
Figure S1 and Table. S1 of fupplementary material

is given by Lichtenberg et al (Lichtenberg, 1994).
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For simplicity, the theory is deduced in the one-
dimensional space. It is better used to explain the
axial ion density profile simulated by fluid model in
the cylindrical coordinate system. So, it is defined
here as one axial parabola theory. Anion in the theory
is assigned to satisfy the Boltzmann balance. It is the
basis of theory construction. At the balance, the cation
transport is depicted by the ambi-polar diffusion
model, as the ion does in electropositive plasma. The
ambi-polar diffusion coefficient deduced is complex
function of electronegativity. At the approximation of
high electronegivity and meanwhile considering the
large discrepancy of electron and heavy ion mobilities,
the coefficient is simplified significantly to be one
constant. The electron density is flattened when anion
is the Boltzmann balanced, i.e., the densities along
the profile all equal to the centric density. By further
assuming a negligible recombination loss, the parabolic
profile of cation density is given by the continuity
equation, at the homogeneous boundary condition of
anion density of discharge separation location. In the
appendix A, we still discussed the reasonability of using
the Lichtenberg’s models to interpret the discharge
structure of electronegative inductively coupled
plasmas, relative to the capacitive plasmas.

For further interpreting the polar ion density profile
simulated, the polar parabola theory is given by us and
shown in Figure 2. The polar theory is extended from
the axial one on the basis of coordinate transform. The
axial infinitely long cylinder model is assumed and the
polar profile of electric potential at the fixed charge
density is examined by the Poisson’s equation. The
solution is given by the Gaussian’s law and the profile
is coincidently a parabola. The similarity of cation
continuity and the Poisson’s equations is then used,
as illustrated by the analogy method listed in Table. 3.
Besides, the variables used in the formulae of Figure 2
are explained in the Table 3 as well.

At the above assumption, the potential distribution
is a parabola, calculated by using the Gaussian’s law
of electrostatic theory. The variables used in the polar
parabola theory are interpreted in Table 3, together
with the detail of analogy method used.

The self-coagulation theory is deduced from the fluid
simulation of an Ar/02 inductively coupled plasma by
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Table 1: Chemical reaction set considered in the model.
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No Reaction

1 e+ Ar > e+ Ar Cross Section

2 e+SF, —»e+SF, Cross Section

3 e+F, > e+F Cross Section

4 e+F—o>e+F Cross Section

5 e+ Ar = e+ Ars Cross Section

6 e+ Ars > e+ Ar Cross Section

7 e+ Ar — 2e+ Art Cross Section

3 e+ Ars = 2e+ Ar* Cross Section

?  e+SF, > SF +F+2e 1.2x107 exp (-
10 ¢4+SF, —»SF," +2F+2e 8.4x10 exp(—
1 ¢+SF, - SE"+3F+2e¢ 3.2x10" exp(-
12 ¢+SF, —»SE," +E+2F +2e 7.6x107 exp(
B e+SF, > SF" +F,+3F+2¢ 1.2x10" exp (-
Y e+SF, > F +SF,+F+2e 1.2x10™ exp (-
D e+SF, —>S" +4F+F, +2e 1.4x10™ exp (-
16 ¢+SF, »>SE'+2e 1.0x107 exp(—
17 ¢+SF, —»SE,"+F+2e¢ 9.4x10™ exp(
18 e+SF, »SF,"+2e¢

19 e+SF, »>SE*+F+2e

20 e+SF, —>SF'+2e 1.0x107 exp(—
21 e+F—>F +2e 1.3x10™" exp (-
22 e+S—>S"+2e 1.6x107 exp (-
2 e+E —>E +2e

24 ¢+SF, —>SF, Cross Section

25 ¢+SF, »SF, +F Cross Section

26 ¢+SF, - SF,” +2F Cross Section

27 ¢+SF, > SF,” +3F Cross Section

28 ¢+SF, - SF,” +4F Cross Section

29 ¢+SF, > F +SF, Cross Section

30 ¢+SF, > F,” +SF, Cross Section

31 e+F, >F +F Cross Section

32 e+SF, —>SF,+F+e 1.5x107 exp(—
3 e+SF, >SF,+2F+e 9.0x107 exp(—
3 e+SF, »>SF,+3F+e 2.5x10" exp(-
3 e+SF, »SF, +F, +2F +e 2.3x10* exp(-
% e+SF,—>SF+F,+3F+e 1.5x107 exp(—

18.1/T,)
19.9/T,)
-20.7/T,)
—24.4/T)
-26.0/T,)
-31.7/T,)
-39.9/T,)
17.8/T,)

-22.8/T,)

4.77x107 exp(—16.35/T,)
5.31x10" exp(-17.67/T,)

18.9/T,)
16.5/T,)
13.3/T,)

1.37x107 exp(-20.7/T,)

-8.1/T,)
13.4/T,)
-33.5/T,)
33.9/T,)
-26.0/T,)

o O O O

11.6
-11.6
15.76
4.43

16

20

20.5

28

37.5

29

18

11

15

13

14.5

11

15

10

15.69

0.1
5.4
11.2
12
2.9

5.4

9.6

12.4

16

18.6

22.7
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7 e+SFE, > SF,+F+e 1.5x107 exp(-9.0/T, ) °
3 ¢+SF, >SE+F+e 6.2x10™ exp(~9.0/T.) 8
3 e+SE, >SE+F+e 8.6x10™ exp(~9.0/T) °
%0 e+SF, >SF+F+e 4.5x10" exp(-9.0/T,) 8
41 e+SF—>S+F+e 6.2x10" exp(-9.0/T,) 7.9
42 ¢4F, »>2F+ec 1.2x10" exp(-5.8/T,) Lo
43 S+F->SF 2x107'° 0
4 SF+F—SF, 2.9x107" 0
% SFE,+F—SF, 2.6x107" 0
46 SF,+F —SF, 1.6x107" 0
47 SF,+F - SF, 1.7x107" 0
% SF,+F —SF, 1.0x10™" 0
% SF, +SF, - SF, +SF, 2.5x107" 0
>0 SF, +SF, — SF, +SF, 2.5x107" 0
>l SF+SF—S+SF, 2.5x107™" 0
°2 SF +F, >SF_, +F® 7.0x107"° 0
B XT+Y 5> X+Ye 5.0x107 0
Z+Y > Z+Y+ed 5.27x107" 0
% Ars+Ars —>e+Ar+Ar’ 6.2x107"° 0
56 Ars+Ar — Ar+ Ar 3.0x107" 0
>’ Ar"+SF, > SE’+F+Ar 9.0x107" 0
! SE"+SF, > SE’ +SF, +F, 6.0x107" 0
“The unit of the rate coefficient is cm’s™,
® x stands for the number 1-5.
X=SF.. SF,. SF,. SF,. SF. F. SorF,andY =SF. SF.. SF,. SF,. SF,. ForF,
47 = SF,. SF.. SF,. SF,. SF,. SF. F. SorF,andY =SF,. SF. SF,. SF. SF,. ForF,
Table 2: Surface reaction set considered in the model
No. Surface reaction Sticking coefficient
! e+Ar—e+Ari ¥=1-5 '
2 e+F —>e+FE 1
’ e+F—>e+F !
4 e+ Ar —> e+ Ars 1
5 0.02
e+Ars > e+ Ar
6 Ar"+wall — Ar 1
7 Arst+wall —> Ar 1

7 @ Global Open Access Journal of Science
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Table 3: The symbols and their corresponding physical quantity names of Figure 2 and the detail of analogy method used.

Assumptions

n,, ﬁ+
Axial symmetric,
infinitely long cylinder
10 ony 1 3%n, _ Go
ar\" or ) T r2 902 2 ~ 2D,
(a)

Symbol Physical quantity Notes
2D, Simplified ambi-polar diffusion coefficient
k Ionization rate coefficient
Go Generation rate of cation
S ‘ For the continuity equation
I, Flux of cation
Ny Density of cation
Independent variables of continuity equation in
r,0,z, o :
cylindrical coordinate
Po Constant charge density Solving the Poisson’s equation by means of the
£ Dielectric constant Gaussian’s law.
S, = 2nrdr - dl,
qiinterior | Charge amount surrounded by enclosed surface Qi interior = mr? - dl,
S Area of enclosed surface # E-ds= E.-S, (E,=0).
f+ N E’ Similarity:
_ _Po >
Analogy F"‘,?’NET' - 4 re+ Aconst!
method Go~po Go
n, =— _?,,2 + Bconst'
P~y 8D,
—2D,V?n, = nokng = G,
Po

N
/

Assumptions

Axial symmetric,
infinitely long cylinder
= 5 de  po
E=E,.e.,E,=———=—

S dr 2¢

Po
P = _ETZ = Aconst
(b)

Figure 2: Our polar parabola theory. In panel (a), the cation continuity equation is given, at the assumption of an axial
symmetric, infinitely long cylinder. At the assumption, only the polar component of cation flux exists. In panel (b), the
Poisson’s equation with the same expression as the continuity equation is displayed.
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us in Reference (Zhao, 2021), at axial symmetry. The
simulation shows a strong accumulation of anion at the
top of ambi-polar diffusion potential, and the chemical
source of anion there is negative for the recombination
is dominated. The free-diffusion and negative source of
anion continuity equation are sampled to construct the
quasi-Helmholtz equation. The test solution of equation
is given by the method of separation of variable. It is
just a spatially independent delta function, which
mathematically interprets well the occurrence of
self-coagulation process. Besides, we added a detailed

discussion on deducing the self-coagulation theory, in

(a) Summed cations density (m'E)

cm T T T
17r 1A 1.16x10%
161 j x10%®
15F
14 0. n J
'RV jojey aapsodonoa;y L .
o 1lf N -
5 10F o } 0.8
o 9 |- > d
o S
9 8- 6 1 0.6
= T+ Q 4
5 ol S
PSS Electropositive halo! & l 0.4
4+ o B
3+ m - 0.2
zf .
l_ -
o | | L] V3.51x1013
5. 10 15 cm
Radial coordinate
(b) Electrons density (m™)
cm T T T
17r 1A 2.36x10%
1F j x10'6
15F
14+ 0N J
13+ A
2
% 12r .
°  1lf -
3 10r ; 1 t11s
o IS Electronegative corel g
S 8 1
— T+ 4
M
2 6k | 1
< S5k .
4 L -
i 1 Wos
2 G .
1_ .
o | | | ) 3.43x10%
15 ¢cm

5 10
Radial coordinate

Figure 3: Density profiles of the summed cations (a) and
electron (b) in the Ar/SF_ inductively coupled plasma
given by fluid simulation, at the discharge condition of
300W, 10mTorr and 10% SF, content.
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of the present article and in the Figure S2

and Table S2 of pupplementary material] The behind

physics of self-coagulation is further searched by
means of one equivalent spring oscillator that works
at a dispersing force (not retrieving), e.g., gravitation.
More detail of the model can be found in Reference
(Zhao and Li, 2021).

RESULTS AND DISCUSSION

Discharge Separation

In Figure 3, the two dimensional profiles of simulated

cation density sum and electron density are plotted,

(a) Axial profiles

)(].018 = T T T =
Parabola profile core
0.9r B
. osr 1
m

£ 07r 1
> L 3

= a6 —¥%- Cations 3
E 0.5¢ -6~ Anions S 1
w  04f —o— Electrons E i
o 03r =—

2 S
9 0.2+ 0 -
0.1f / 5
OLI 1 . Il 2 | 1 ]

4 6 o8 10 12
Axial coordiante (cm)
b) Radial profiles ;
(b} P Self-coagulation
xlOlB T T

11F 4/ I_

0.9r
0.8

b - lons
0.61 | o~ Anions

0.5r | —o— Electrons
04+

0.3r
0.2r
0.1
0w .

L 1 ] 1

Parabolic|basis

Species densities (m™>)

<

5 ) 10
Radial coordinate (cm)

Figure 4: Axial (a) and polar (b) profiles of the summed
cations and anions densities, and the electron density in
the Ar/SF_ inductively coupled plasma simulated by the
fluid model, at the discharge condition of 300W, 10mTorr
and 10% SF, content.
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at the discharge condition of 300W, 10mTorr and the
9:1 Ar vs. SF, gas content ratio. In Figure 4, the axial
and polar density profiles of summed cations, summed
anions and electron are given, at the same discharge
condition. In Figure 5, the charge density of this Ar/SF,
plasma is shown. Clear border is seen from the profiles,
where the summed cation and anion densities are both
truncated and meanwhile the strong non- electric
neutrality is appeared. In the region surrounded by
the border, both of the cation and anion densities are
high and meanwhile the electron density (more or less
two orders lower than the two ions) profile is flat. The
electron density in the exterior of the border is smoothly
descended, which is neutralized by the cations. The
border separates the discharge into two parts, i.e.,
Electronegative Core that consists basically of cation
and anion in the interior of border and Electropositive
Edge that consists mainly of electron and cation
(edge can be re-named as halo upon thinking of the
cylindrical shape of chamber) in the exterior of border.
The discharge separation was early revealed by the
analytical theory, called as the discharge stratification
in the history (Lichtenberg, 1994; Lichtenberg, 1997;
Economou, 2007; & Lampe, 2004). In the present article,
it is first reported by means of a fluid simulation.
Meanwhile, we renamed it as a discharge separation
phenomenon, aimed at distinguishing it from the

discharge striations that happen in the capacitively

@2025 Zhao SX, et al.

coupled electronegative plasma (Liu, 2016). These two
mechanisms are clearly not the same and hence better

to be named distinguishingly.
Parabola Profile and Theory

As seen in Figure 4 (a), the axial profile of summed
cations density in the core plotted at the discharge
center is basically a parabola profile. As stated, the
parabola profile simulated is determined by the

parabola theory given in the Eppendix Z| and in the
Figure S1 and Table S1 of fupplementary material| In

the parabola theory, the recombination loss in the
continuity equation is assumed to be negligible. This
is verified by the fluid simulation. The net sources of
cation at both the 10mTorr and 90mTorr are shown
in Figure 6. At 10mTorr, the net source is indeed
dominated by ionizations, while at 90mTorr the
ionizations are counteracted by recombinations (where
a flat-top model other than the parabola prevails
(Lichtenberg, 1997)). One more approximation of the
parabola theory is captured by the fluid simulation,
i.e., the anion Boltzmann balance, given in Figure 7. In
the figure, the potential of core is seen to be flat at a
macroscopic level (i.e., observed within the range of
ambi-polar diffusion potential), but is spatially varied
upon being zoomed into (see Figure 7(b)), at the anion
room temperature magnitude. The Boltzmann relation

is proven via the curve similarity of normalized anion

Net charge density (m™)

cm T T T T
%g: 14 2.77x10%®
%106
15} -
14| I -
= 2
1 13 2
& 12| - 1
B 11 N i - 0
s 10| -
= oL Anion-ion double layer! ] -1
e = - ] -2
o - —m —
= 6r ] -3
5 5 1 _4
[1+] 4 - |
o«
3 - -5
2 B o -
1 i 6
o 1 1 1 1w -6.61x10°

o -

.5 . 10
Axial coordinate (cm)

[}
w
n
3

Figure 5: Charge density profile of the Ar/SF_ plasma given by the fluid simulation. The discharge condition is the same as

in Figures. 3 and 4.
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(a) Net source of cations at 10mTorr (1/(m?.s))
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Figure 6: Net source of cation in the Ar/SF6 plasma at (a) 10mTorr and (b) 90mTorr, given by the fluid simulation at the
other discharge condition, 300W and 10% SF, content.

(a) Global potential (c) Spatially truncated anions density (normalized)
16F i T - S 1F : : - : -
15+ [ ———— J g 0.95F i
14+ Spatially truncated segment! B 0.9} i
13+ 1 B :
- ] £ ossft -
= 11 ] § 0.8f g
s 10F g W 075f 1
< 9r . § o7 1
g 8r g S 0.65f -
= T 1 0.6F g
° i
© 6F H Q
£ °r ] N 0.55¢ .
8 al ] g o5k g
> 3+ i 5 045 J
ok 1} z  o04f 4
1+ B 0.35F B
0 Lo 1 1 L L ] 0.3p L 1 L 1 ]
4 8 10 12 7 8 9 10
Axial coordinate (cm) Axial coordinate (cm)
(b) Spatially truncated potential (d) Boltzmann relation of anions in the core
15.514 T T T T T T T T
15.512f 1 3.8 1
15.51F 1 3.6 &
15.508| B 3.4} 4
15.506 1 32} J
S 15.504 B = 5
— 15.502 4 = 3F o
T issp 1 & a8 1
€ 15.4981- 1 X 26f 1
£ 15.4961 . S oab g i
a 15.4941- E > ook V: Potential ]
o 154921 ] g Sb V,: Potential minimum ~15.478V 1
@ 15'49: ] 3 K: Boltzmann constant
© 15.488 ) 18} &
o 15.486f 4 16F T.: lons temperature ~ 300K i
15.484 i 1.4F e: Element charge i
15.482 B :
15.48| g 121 g
15.478 L L 1 L 7 1t L 1 L 1 7

8 < 9 8 .9
Axial coordinate (cm) Axial coordinate (cm)

Figure 7: The Boltzmann'’s relation of anion in the electronegative core when the basic discharge structure is separated, at the same
discharge condition as in Fig. 3. In (a), the global axial plasma potential is exhibited. In the central flattened part, i.e., the core, a path of
potential is segmented. In the segment, the tiny variation of potential (b), normalized anion density (c) and the Boltzmann equilibrium
of anion with potential (d) are sequentially shown. The discrepancy in the magnitudes of (c,d) is ascribed to the robust truncation
operation, and it is believed to not influence the reasonability of the anion Boltzmann equilibrium. In the present fluid model, the
temperatures of cations and anion are both assumed to be room temperature.
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density and exponential function of the potential
difference over anion temperature, as shown in Figure
7(c,d). Theoretically, it forms a Boltzmann balance, just
exhibited by means of the simulation. Since both the
electron and anion satisfy the Boltzmann balance, the
core electron density simulated in Figure 3(b) is flat, as
determined also by the parabola theory in the Eéﬁendig

& and in the Figure S1 and Table S1 of Eupplementari

‘material]

Self-coagulation of Anion and Density Bump

As seen in Figure 4(b), along the polar direction,
the anion density profile simulated exhibits the
superposition of parabola basis (determined by the
parabola theory of polar direction shown in the Figure 2
of Sec.1I) and a density bump. As told before, the density
bump is given by the self-coagulation process and the

related theory is introduced in the Appendix B jand in

the Figure S2 and Table S2 of supplementary material.
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In the self-coagulation theory, the transport of free
diffusion and the chemical source of recombination
dominance are needed. The two requirements are
met in the Ar/SF_plasma. As seen in Figure 8, the
negative source of anion at the density bump position
is produced in the simulation. In addition, the flat
potential profile of core shown in Figure 7(a) ensures
the free diffusion transport of anion. Although the
anion is still Boltzmann balanced, the free diffusion
is talked about in the scope of ambi-polar diffusion
potential level (rather higher than ions temperature),
and so this balance over the room temperature does
not influences the self-coagulation behavior. In a word,
the Boltzmann-balanced anion assists the cation to
generate the parabola basis, while the freely-diffusing
anion directly generates the density bump. The
interesting dual character of anion discussed here,

we believe, is a result of the non-thermal equilibrium

(b) Net source of anions at 5.6X10™* s (1/(m>.s))
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Figure 8: Summed anions density (a) and their net source (b) in the Ar/SF_ plasma, given by the fluid model at the

discharge condition of 300W, 10mTorr and 10% SF, content.

Figure 9: The equivalent ellipsoid capacitor of dielectric-type double layer, discovered in fluid simulation of the Ar/SF,

inductively coupled plasma
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property of laboratory plasma.

Dielectric-type Double Layer
In Figure 5, the two layers of charge with different

polarities are seen at the interface of electronegative
core and electropositive edge, called as double layer.
Early works define the double layer as potential step
(Quon, 1976; Coakley, 1978; Knorr, 1974; Chan, 1984;
& Chan, 1986). 1t is described as a result of two thin
layers with different polarities, given by the Poisson’s
equation in Reference (Quon, 1976). It is noted that the
potential step and the two layers are both predicted by
the fluid simulation. See Figure 7(a) for the potential
step and Figure 5 for the two charge layers.

Next, we address why the double layer is appeared
and its essence. Laboratory plasma is bounded plasma,
and the building of steady-state laboratory plasma
from the gas-breakdown initial state is a very fast
process. Strong source exists in the short duration.
In a plasma medium, the source induces the ambi-
polar diffusion mode and in the transport means,
electron is the Boltzmann balanced. Furthermore, in
the electronegative laboratory plasma at low pressure,
anion is also the Boltzmann balanced (Lichtenberg,
1997) (see before). This implies that the electron and
anion of laboratory plasma hardly flow at the above
equilibrium. So, there are no charge carriers and
electric current is thereby not easily formed, which
indicates the dielectric property of laboratory plasma.
On contrast, space plasma is unbounded plasma and
always evolves at large time scale. The source is not
important and ambi-polar diffusion is not existed. So,
space plasma is full of free charge carriers and it is
therefore treated as conductor. Due to this distinction,
the space plasma double layer is always triggered by
stream instability. Correspondingly, the double layer of
laboratory plasma is one dielectric-type. Concretely, At
the discharge initial, the ambi-polar diffusion potential
is formed at the chamber border, and then at high
enough electronegativity, the pair plasma of cation
and anion is faced with the potential difference. Due to
its dielectric character, the pair plasma is polarized to
form a capacitor. Considering the chamber and plasma
structure, the formed capacitor is more like an ellipsoid,

asshowninFigure9.Inductively coupled plasmabehaves
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more like a direct current (DC) plasma, so the dielectric
double layer blocks the inward movement of ambi-
polar diffusion potential of exterior which carries the
electric current of cation (cation is drifted in the ambi-
polar diffusion). The interior plasma part surrounded
by the capacitor therefore has to find its own way to
get to the balance. So, the discharge is separated, by the
double layer. It is noted that the formation of dielectric
double layer requires high enough electronegativity to
ensure the existence of dielectric pair plasma of ions.
This probably can explain why Hershkowitz et al failed
to find the double layer in a mixed Ar-02 plasma (with
the low electronegativity) in Reference (Kim, 2009).

CONCLUSION
In this work, the discharge structure of an Ar/SF6

inductively coupled plasma is investigated by means
of both the fluid simulation and analytic theory, at
low pressures. The discharge separation revealed by
the analytical theory (previously called as discharge
stratification) is the first time reported by a self-
consistent simulation. The separation is led to by the
dielectric-type double layer, which makes it possible
to realize two types of transport mode in one plasma
source. The parabolic profile simulated is in good
accordance to the parabola theory. Anion holds the
double identities due to the non- thermal equilibrium
property of laboratory plasma. The Boltzmann’s balance
of anion is necessary for the parabola theory, and
meanwhile the self-coagulation needs the attendance
of anion that is freely diffused. The two processes give
rise to the case of discharge profile superposition.
To fully recognize the discharge structure, the more
experimental validation of simulation and theory
discovery is still needed and being carried out.

The discharge separation is more predominant at
relatively low pressures because the diffusion and
mobility coefficients of plasma species, i.e., electron,
cation and anion, are high and hence the ambi-polar
diffusion potential is easily built, which, once executed
on the pair plasma of ions, will polarize it and generate
the double layer. At increasing the pressure, the
separating border is moved to the chamber periphery,
almost connecting to the chamber border sheath. The

simulated trend is again in accordance to the theory
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prediction of Reference (Lichtenberg, 1997). The more detail of inductively coupled plasma discharge structure with

high electronegativity at high pressures will be given in a future work.
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