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Abstract:

In the present work, plasma surface interaction for constant mean free path has been investigated
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1. Introduction

When a plasma comes into the contact of a surface, a thin
layer of charged species called a sheath form near the sur-
face. This happens because plasma’s charged particles, like
negative ions, positive ions, and electrons, interact with the
surface. The whole geometry has been classified into three
parts: sheath region, pre-sheath region and bulk plasma
region. Sheath region is closest to the surface. Most of the
charge particles it contains are the positive ions because
they are strongly attracted to the surface. Hence, this region
is rich in positive ions density only. Presheath region is
next to the sheath region and goes further into the plasma.
Here, the positive ions are accelerated towards the surface
of the wall/probe by an electric field. This creates a flow
of positive ions towards the surface. In bulk plasma region,
charged particles exist in approximately equal numbers,
which makes the overall charge of the plasma close to neu-
tral.

Depending upon the variety of charged particles available
in the plasma, it can be classified into two categories: elec-
tropositive plasma and electronegative plasma. Electroposi-
tive plasma contains two charged species, namely positive

ions and electrons, are present along with the neutral atoms.
Electropositive plasmas can be created in different ways
such as by using DC discharge, radio-frequency discharge,
micro-wave discharge, etc. Electronegative plasma is a spe-
cial kind of plasma where in addition to positive ions and
electrons, third charged species namely negative ions are
also present in the plasma system. In order to produce elec-
tronegative plasma, we are using gases that have a strong
electron capture capability so that negative ions can be pro-
duced. Examples of gases that can create electronegative
plasma include oxygen, fluorine, and chlorine.

The Bohm criterion says that ions can enter the sheath and
reach the surface if their speed is higher than or equal to
a certain speed designated as ion acoustic speed. Under-
standing of the Bohm criterion helps us to determine the
conditions under which ions can effectively interact with
the surfaces in plasma-based material processes. It is im-
portant in applications such as plasma etching, where ions
are used to modify materials surface properties, and it helps
us to optimize such processes. Mathematically, the Bohm
criterion can be expressed as:

Uy >Cp
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where, Cp = /(KpT,)/Mp is the ion acoustic speed with T,
as electron temperature and Mp as mass of the positive ions.
If the ions are with velocities below the Bohm criterion,
then they will be reflected into the plasma, and the surface
remains shielded from the ion bombardment.

Researchers have successfully optimized the parameters for
plasma nitriding by growing thin films of titanium using
DC sputtering on the substrate of the glass. These films
are then subjected to nitriding in a plasma system produced
by hot cathode arc discharge [1, 2]. Scientists have suc-
cessfully generated Co-like and Ni-like X-rays by trans-
mitting laser-induced tin plasmas. The highest conversion
efficiency of X-rays reached 3.54% when the power den-
sity was 5 x 10'2 Wem™2, covering a range of 27 steradian
[3]. Scientists have utilized oxygen and nitrogen plasmas to
improve the surface of Poly methyl methacrylate (PMMA)
polymer [4, 5]. Abe et al. [6] have explored the applications
of isotropic etching, reactive ion etching (RIE), and plasma
etching/cleaning techniques.

During these interactions, a layer called sheath is formed on
the surface of the material. This sheath is greatly influenced
by the presence of negative ions [7, 8]. In order to generate
negatively charged particles, nitrogen gas has been used as
an electronegative gas in a discharge process. The negative
ions presence has a noticeable impact on this process [9].
In a different type of plasma called cylindrical DC glow
discharge plasma, it has been observed that the plasma po-
tential, electron temperature, and floating potential exhibit
significant differences between constant current mode and
constant pressure mode. In this context, the electron den-
sity of the plasma plays a crucial role in determining these
differences [10]. Researchers have conducted an analysis
to determine the sheath thickness formed on the surface
of conducting spherical probe [11]. When space vehicles
travel at supersonic speeds, the formation of a sheath also
occurs on their surfaces [12, 13] and also in thruster devices
[14]. In space propulsion devices such as magnetic nozzle,
a separation of plasma species leads to acceleration of ions
where concepts such as controlled divergence [15], detach-
ment of plasma [16], enhancement of thrust [17] and role of
density and pressure gradients as obtained in sheaths [18]
are important. In simpler terms, such concepts are helpful in
optimizing the propulsion performance. In space propulsion
devices, the plasma used for propulsion is often unstable
due to variations in plasma density and magnetic field across
the system [19, 20]. This instability can also be observed
in other types of plasmas with a cross-field configuration
[21]. The concept of sheath formation is not limited to spe-
cific plasma systems [22-24]. It has also been applied in
other plasma systems, such as microwave-generated plasma.
In these systems, the instability is primarily caused by the
energetic ions [25]. In electronegative plasmas like CF4,
0O,, and Cgq plasmas, the sheath plays a significant role. As
a result, the thickness of the sheath becomes an important
factor to consider in these plasma systems [11, 26, 27].
The negative ions presence in various situations has been
found to cause distinct changes in the plasma parameters.
These changes in plasma parameters have been observed
and studied in different contexts [7, 26—34]. In several the-
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oretical models, the distribution of negative ions has been
described by fluid behavior [26, 27, 30] whereas in some
studies negative ions are employing Boltzmann distribution
[7, 28, 29, 31-33]. These behaviors are entirely depending
upon the choice of plasma parameters [35].

In macroscopic equilibrium states, the Maxwellian distribu-
tion for electrons has been observed to be valid. However,
in certain plasma systems, the long-range interactions can-
not be adequately described by the Maxwellian distribution.
The population of electrons in such systems, as observed
in theoretical investigations and space plasma observations,
deviates from their thermodynamic equilibrium [36, 37].
When it comes to the gravitational and plasma systems,
which involve long-range interactions, the Boltzmann statis-
tics fail to provide an accurate description both theoretically
and experimentally. To address this issue, a new statisti-
cal framework has been proposed by Tsallis [38]. This
new statistics, known as Tsallis statistics, offers an alterna-
tive approach for the better understanding of such complex
systems. Non-extensive statistics, based on non-extensive
entropy, is a statistical framework that has been developed
to accurately describe systems with particle distributions
that deviate from the Maxwellian distribution. This frame-
work, proposed by Tsallis [38], introduces a parameter q to
account for the non-extensive behavior observed in these
systems. The non-extensive statistics can also be applied
to positive and negative ions to investigate dust acoustic
double layers in opposite polarity dusty plasma. The non-
extensivity of ions influences the behaviour of dust acoustic
double layers [39].

Considering the previous research conducted by other sci-
entists in related fields, this work primarily focuses on the
plasma-surface interactions for the case of constant mean
free path. To ensure a comprehensive analysis, we have
taken into account certain imperative factors such as the
ion-neutral collisions, and temperature of all species in a
three-component plasma where both positive and negative
ions are being described by fluid behavior whereas electrons
are described by non-extensive statistics. The plasma sheath
profile has been investigated for the very first time using
this combination of charged species distribution.

2. Mathematical model

2.1 Continuity equation
2.1.1 For positive ions:

ap
V-J+§—O ()

where J is the current density and p is the charge den-
sity. Since we are considering steady state sheath, therefore
dp/dt = 0. The Eq. (1) yields

V.J=0 )

V. (nev) =0 3)
al’lPVP -

ox 0 @

Here np and vp are the density and velocity of the positive
ions, respectively. Using Np = np/npy, Up = vp/Csp , and
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& = x/A4. with Np as normalised density of positive ions,
npo as density of positive ions in plasma, Up as normalized
velocity of the positive ions, Csp as sound velocity of posi-
tive ions, A4, as Debye length, & as normalized distance and
x as un-normalized distance from the sheath edge. Eq. (4)
will read as follows.

d
== (NpUp) =0 5
JE (NpUp) &)
Now integrate above equation from sheath edge (&) to the
probe position ({p), we get

UpoNp
Up
where Npg and Up are density of positive ions in the plasma

and velocity of the positive ions at the sheath edge, respec-
tively.

Np= (6)

2.1.2 For negative ions:
8anN -
ox
where ny and vy are density and velocity of the negative
ions. Using Ny = nN/nN() ,Uy = VN/CSP , é :x/lde with
Ny as normalised density of the negative ions, nyg as density
of the negative ions in the plasma and Uy as velocity of the
negative ions.

0 @)

d
== (NMNvUn) =0
JE (NnUN)
Now integrate above equation from sheath (&) to the probe
position (Ep), we get

_ UnoNno
Un
where Nyo and Uyg are density of negative ions in the

plasma and velocity of the negative ions at the sheath edge,
respectively.

Ny

®)

2.2 Momentum transfer equation
2.2.1 For positive ions:

Mp[dvp/dt+(vp-V)vp] = force due to electric field + force
due to thermal motion + force due to collisions

dv 1
Mp[ip + (Vp ~V)Vp] = ZpeE — fVPp — MpvpD
ot np
where VPp = kgTp(dnp/dx is pressure gradient term, v =
ngovp is collisional frequency term, Zp is charge on the
positive ions, Mp is positive ion mass, and Tp is positive ion
temperature.

aVP 8(13 1 (

kBTpaarZ)) 7Mpr(ngGVp)

)
where n, is neutral density, @ is electric potential, and o =
{os(vp/Csp)"}vp is momentum transfer collisional cross
section with oy as momentum transfer collisional cross-
section at ion sound speed. Here, y is a dimension-less
parameter, taking values -1 to 0.

MPVpi

= Tpe—— —
ox Peox np

(9VP 8CI> 1 anp (Vp)y+2
Mpyvp—— = —Zpe— — —Kglp— — M —
PVP x pPe ox  np Blp ox PNg Oy Cgp

(10)
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We are interested to investigate the case of constant mean
free path, therefore Y = —1 has been adopted in further cal-
culations. Momentum transfer equations appear as follows.

d P KpT,
Mpl/pj = —Zpe— —MpngGs% — spP
SP

an, 1
ox ox ox (In

Using Np = np/npy, Up = vp/Csp, N = —e®@/(KpT,), & =
ngOyAge and & = x/A4, in Eq. (11), we get

MpUpC3p Up
)Lde aé
ZpKgT, dn aUpC3p KT, v K

Ade  9& F Ade Np Age

here Tp/T, = yp denotes the temperature ratio of positive
ions to electrons. 7 is normalized electric potential and
is collisional parameter. Using relation Np = —(NpUp) /Up,

we get
dUP Yp - <ZP &T] )
— =14+ = — = 12
d§ < U%) Up 9¢ (12
2.2.2 For negative ions:
d P KpTy 0
Mywy 2N ZZNef—MNngO'sval— BN OOV (13)
ox Jx Csp ny  ox

Using Uy = vy /Csp, 1 = —e®/ (KT, ), Ny = ny /nno, & =
ngOyAge and & = x/ A4, in Eq. (13), we get

MyUNC3 dUy  ZyKgT, dM a 2
=— — — My—UNCeip+
)Lde aé Ade aé )Lde sp
KeTn W NyUy
Ny A¢e Un

Using Ty /T, = v denotes the temperature ratio of negative
ions to electrons. Using relation Ny = (NyUy) /Uy, we get

2.3 Poisson equation
V2p = —% (15)
9P e 16)

W = —?0 [anp — ZNnN — l’le]
Using Np = np/npy, N = —e®/(KgT.), Ny = nn/nno,
N, = n,/n.0 with nyo and ne as background negative ion
density and electron density, respectively, we get
9°n _, UpoNzy ., UpoNi
1 =27 — 7y —
&2 Up Uy

N, 7)

here, Npo and Nyg, respectively, are normalized electro-
positivity and electro-negativity.
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2.4 Non-extensive statistics

Using non-extensive statistics, the distribution of electrons
can be written as follows.

& 120
2(g+1
e ] q (18)

Ne = e [l +(q— I)KBT
e

In normalized form, electron density will be read as follows.

q+1

N, = {1 -n(g— 1)] e

3. Boundary conditions

19)

The aforesaid differential equations are coupled in terms
of Up, Uy, and 1. Therefore, a numerical method must be
employed to solve these coupled equations. In the present
work, Runge-Kutta (RK) method of fourth order which
employed routine ODE-45 in MATLAB has been adopted.
There are some more numerical methods to solve such non-
linear equations that have proved to be significant in other
areas of research as well [40—43]. In the given problem,
to apply RK method initial values of positive and negative
ions’ velocity, electric potential, and electric field must be
specified. Electronegativity, finite temperature of charged
species, i.e., electrons, positive ions and negative ions are
the other imperative parameters requisite for the solution
of coupled equations. At & = 1073 or 107#, the point of
plasma-sheath boundary or sheath edge has been considered.
The magnitude of electric field and electric potential are
0.1 and 1073, respectively, at the sheath edge. Upy = 1 and
Uno = —1 have been employed at the sheath edge [26, 27].
The quasi-neutrality holds perfectly at the sheath edge. The
point, where floating wall condition is attained, will cor-
respond to the probe position. Consequently, the distance
between the points of attainment of floating wall condi-
tion and quasi-neutrality condition correspond to the sheath
thickness. & > 0 is the sheath regime, whereas & < 0 is the
plasma regime.

4. Results and discussions

4.1 Impact of electronegativity

Negative ions density plays a crucial role in the process
of sheath formation, therefore, in this section, we have
investigated the impact of electronegativity (Nyg) on sev-
eral imperative plasma parameters like electric potential
(M), positive ion density (Np), and net space charge density
(Npet)-

The impact of Ny on 1) has been depicted in Fig. 1. The
quasi-neutrality holds perfectly at the sheath edge. The
point, where floating wall condition is attained, will cor-
respond to the probe position. Consequently, the distance
between the points of attainment of floating wall condition
and quasi-neutrality condition correspondence to the sheath
thickness. When the system’s electronegativity increases
with a constant negative ion temperature, then having more
negative ions near the sheath edge causes the starting point
of quasi-neutrality conditions to move closer to the wall’s
surface. This means that for a denser background of nega-
tive ions, a smaller sheath magnitude is observed.
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Figure 1. Impact of electronegativity (Nyo) on normalized
electric potential (1) when My /Mp =0.275, y=—1, 9 =
0.1, W = 0.1, f[o =0.1, Upp =1, Uyo = —1, oo = 0.05,
q=0252Zy=1,and Zp=1.

N at the wall or probe surface is not significantly changed
by different Nyo because of a strong retarding force within
the sheath for negative species. In sheath regime, therefore,
n rises quickly for higher Nyg. Consequently, for higher
Npo, higher potential values are observed as we move from
the sheath edge towards the wall or probe surface.

The impact of Nyo on Up has been shown in Fig. 2. When
the electronegativity increases, there is a steeper change
in the electric potential, which results in stronger potential
gradient. Consequently, acceleration experienced by the
positive ions in the sheath region is increased considerably.
Hence, when the electronegativity is higher, positive ions
gain speed quickly in the sheath regime.

The impact of Nyo on N,.; has been depicted in Fig. 3. Ny,
is defined as the difference between the densities of posi-
tive species and negative species, i.e., Ny = Np — Ny — N,.

w

g
(2]

Normalized Positive lon Velocity
n N

-

0 0.5 1 1.5 2
Normalized Distance

Figure 2. Impact of electronegativity (Nyo) on normalized

positive ion velocity (Up) when My /Mp = 0.275, y= —1,

Yp =0.1, YNZO.l, ﬁo =0.1,Upg=1,Uno=—1, x =0.05,

q=025Zy=1,and Zp=1.
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Figure 3. Impact of electronegativity (Nyp) on net space
charge density (N,./) when My /Mp =0.275, y=—1, yp =
0.1, w=0.1, 99 = 0.1, Upg = 1, Uyg = —1, a = 0.05,
q=025Zy=1,and Zp = 1.

The profile of Ny, is requisite to investigate so that the real

nature of sheath formed can be analyzed. If Ny, is positive,
then positive ions will form a sheath, and if Ny, is negative,
then negative species will form a sheath. In our present

model, a positive Ny, is obtained, confirming the formation

of a sheath of positive ions only.

Since stronger potential gradient is recorded for higher elec-
tronegativity, de-acceleration (acceleration) experienced by
the negative species (positive ions) in the sheath region
is increased considerably. Consequently, a decreased (in-
creased) density of negative species (positive ions) in the
sheath region will be observed. With the increase (decrease)
in positive ion density (negative species density), Ny, also
goes up.

Impact of Nyo on normalized density (V) has been shown in
Fig. 4. One can clearly see that density of positive species
is much more than that of negative species throughout the
sheath regime which confirms the formation of sheath of
majority of positive ions. Here, solid line portrays the posi-
tive ion density whereas dashed line portrays the negative
species density.

4.2 Impact of positive ion temperature

The influence of yp on the plasma sheath profile is impera-
tive to analyse while dealing with plasma-surface interaction
problems. This is due to the fact that positive ions’ tempera-
ture imposed on material surface may lead to considerable
alterations in its surface properties. Therefore, the choice of
material and their sustainability is important to investigate
[44—47]. Impact of yp on N has been depicted in Fig. 5.
There are two kinds of forces:

Electrostatic force: These forces are arisen because of the
negative potential at the probe, which pushes the charge
particles in a specific direction.

Thermal force: This force happens because of finite tem-
perature of charged species, making them move around
randomly.
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Figure 4. Impact of electronegativity (Nyo) on normalized
density (N) when My /Mp =0.275,y=—1,% =0.1, y =
0.1, ﬁo =0.1, Upp =1, Uyo = —1, a = 0.05, q= 0.25,
ZN = 1, ande =1.

When the temperature of positive ions goes up, their random
movement dominates over movement in a specific direction.
Consequently, the number of positive ions reaches in sheath
regime get reduced and as a result, the magnitude of 1 in-
creases with a minimal rate.

The impact of yp on Np has also been entertained herewith
and portrayed in Fig. 6. When 7p is higher, the electric
potential changes with a minimal rate. This smooth change
in potential leads to a smaller potential gradient. Addition-
ally, the positive ions move around more randomly as their
temperature rises. As a result, fewer positive ions are able
to reach the sheath region. So, when 7p is increased, the
number of positive ions that can enter the sheath region
reduces owing their relatively enhanced random movement.
With increasing yp, an enhanced sheath thickness magnitude
has been recorded. It has been seen that sheath thickness
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Figure 5. Impact of positive ion temperature (p) on normal-
ized electric potential () when My /Mp = 0.275, y= —1,
Yp =0.1, YNZO.l, ﬁ() =0.1,Upg=1,Uno=—1, x =0.05,
q=025Zy=1,and Zp=1.
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Figure 6. Impact of positive ion temperature (Yp) on nor-
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magnitude increases from 1.91 to 2.023 when 7yp increases
from 0.01 to 0.4.

The impact of yp on N, has been shown in Fig. 7. When }p
increases, ions start to move around more randomly. This
increased randomness means that fewer positive ions can
make their way into the sheath regime. When positive ions
are fewer in the sheath then N, decreases. It is like the
positive ions are less able to gather there because of their
energetic movements caused by their higher temperature.
Impact of yp on normalized density (N) has been shown in
Fig. 8. In the sheath, there are immense positive ions in
comparison with that of negative species. This means that
the sheath is mostly made up of the positive ions majorly.
The positive ions are the dominant ones in this region.
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Figure 7. Impact of positive ion temperature (p) on net
space charge density (N,.;) when My /Mp =0.275, y= —1,
’}/p:O.l, YW =0.1, f]o =0.1,Upg=1,Uno = —1, a =0.05,
q=025Zy=1,and Zp = 1.
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q=025Zy=1,and Zp = 1.

5. Conclusion

From the present work, we can conclude that increasing
electronegativity results in relatively higher acceleration
for the positive ions, electric potential profile shows
abrupt increment, reduced sheath thickness, and higher net
charge density. Higher positive ions temperature results
in lesser potential gradient profile and smaller net space
charge density owing increased randomness in positive
ions motion. Also, higher magnitude sheath thickness is
reported for higher positive ions temperature.

Higher potential gradients are favoured in plasma-based
material processing [48] because they lead to improved
thin-film development since positive ions are collecting in a
relatively smaller area.
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