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Abstract. The present study considers a three-component electronegative
warm plasma to examine plasma—surface interactions under the assumption
of a constant collision frequency. Both positive and negative ions are treated
within a fluid framework, whereas electron population is modelled using
non-extensive statistical mechanics. To better represent realistic plasma
conditions, the analysis incorporates ion—neutral collisional effects along
with the concentration of negative ions, the mass of negative ions, and the
temperatures of positive and negative ions. We have selected two different
electronegative plasmas, Ceo and CFa plasmas, where the predominant
species generated are CJy and Cgy, and CF3 and F~, to study the impact of
the mass ratio of ions. They are equivalent to mass-ratio values of 1 and
0.275, respectively. The influence of collisional parameters and mass ratios
on the velocity, net space charge density, electric potential, and density of
positive ions has been analyzed to understand the realistic situation.
Keywords: Plasma surface interaction, electronegative sheath, collisional
plasma, non-extensive statistics, fluid approach.

1. Introduction

Plasma is a quasi-neutral gas consisting of charged particles (electrons and ions) and
neutral species that illustrate collective behavior. Depending upon the variety of charged
particles available in the plasma, it can be distinguished into two varieties: electropositive
and electronegative plasma. Positively charged ions and electrons are the main charge
carriers in electropositive plasma. Such plasmas are created when neutral atoms or molecules
lose their electrons, which leads to a higher positive ions concentration. The predominance
of negative ions, on the other hand, defines electronegative plasma. In this kind of plasma,
negative ions are also present in a significant amount in addition to the positively charged
ions and electrons. In order to produce electronegative plasma, a gas with high electron
affinity, like fluorine or oxygen, must be added to a neutral gas. Such plasmas are frequently
employed in processes like plasma etching, where the presence of negative ions helps to
remove material from a surface. Nowadays, plasma physics has been adopted in almost all
fields of material science and engineering [ 1-4].
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Sheath [5—7] is described as a thin layer or portion of charged species that forms at
the interface where the plasma and solid object meet. The sheath has unique characteristics,
including a strong electric field that accelerates ions towards the surface and decelerates
electrons, rapid electric potential drops from the plasma potential, and a statistically low
density of ions and electrons compared to the bulk plasma. Within the sheath, the positive
ions density is much greater than that of negatively charged species. The Debye length,
represented by the symbol 4, is a scale of characteristic length that establishes the size of the
Debye sheath. Temperature, density, and plasma species are the prime factors that affect the
Debye length. The sheath may have a structured or diffuse profile depending on the electrode
design, plasma conditions, and surface characteristics. For many applications, including
plasma processing, plasma rockets, and plasma-based material deposition, understanding the
Debye sheath is essential. For plasma-based technologies to be as effective as possible and
to produce the appropriate surface alterations or material interactions, the Debye sheath must
be controlled and manipulated.

The term "pre-sheath" in plasma physics is a zone of transition among the sheath and
the bulk plasma. The electric field in bulk plasma is normally very low. The area where the
electric field starts to intensify is known as the pre-sheath. In this regime, the electric field,
however, makes sure that the ion and electron fluxes are equal, maintaining the plasma's
overall charge neutrality.

The "Bohm criterion" is a concept associated with plasma physics. The transport of
the charged particles over a plasma sheath is theoretically described by the Bohm criterion.
The Bohm criterion is utilized to establish the boundary conditions for charged particle travel
across the plasma sheath. It asserts that for a charged particle to cross the sheath potential
barrier and reach the material surface, the velocity of the charged particle at the sheath edge
must be identical to or greater than the ion sound speed. This relation is known as Bohm’s
criterion. Mathematically, the Bohm criterion can be expressed as:

VJ_ = Cg
where, V, is ion velocity perpendicular to material surface and c; is ion sound speed, given

1/2
KpT, . .
by ¢ = (—:Z e) with T, as electron temperature and m; as ion mass.
i

Numerous researchers [8—10] have observed a notable influence on the probe
properties when low-frequency sheath processes have been investigated. The sheath is known
as the electronegative sheath when negative ions are also present in a typical plasma. This
sheath has a wide range of uses, including the semiconductor industry [11], plasma-surface
interaction [12—16], thin film deposition [17], microelectronic industries [18], spacecraft
propulsion [19-21], as well as plasma chemistry. An ion sheath has been produced in a
reactive ion etching (RIE) sample. A wafer or other material is positioned on the RF-driven
electrode, and the ion sheath layer eventually covers its surface. One of the crucial variables
that affects directional reactive ions energy is ion sheath thickness, and, consequently, ion
sheath width will control the RIE etcher [11].

Stoffels et al. [22] have demonstrated that the predominant ions generated in oxygen
plasma are O~ and O . Their study has shown the electronegative nature of oxygen plasma.
Electronegative plasma sheaths are used in the semiconductor industry. Owing negative ions
presence in the system, it has been observed that plasma parameters show a distinctive nature
[23-26]. In order to produce a plasma, when an electronegative gas is adopted, an enhanced
plasma conductivity and reduced electron temperature are recorded [23]. The rising
electronegativity of oxygen is accompanied by an increment in the plasma potential and a
reduction in the floating potential [27]. When the negative ions' finite mass has been taken
into account, the absence of oscillatory behaviour in the potential profile has been observed.
On the other hand, it has been discovered that the non-linear structure growth rate accelerates
with rising negative ion concentration [28].
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In the present work, positive ions have been considered to obey their fluid
behaviour, electrons obey non-extensive statistics, and negative ions also obey fluid
behaviour. Here, we have investigated plasma-surface interactions for the constant collisional
frequency case under the impact of several plasma parameters such as ion-neutral collisions,
negative and positive ions' finite temperature, and different mass ratios of ions.

In electronegative plasmas, positive ions can be described by fluid behaviour,
negative ions either by fluid approach [13] or Boltzmann distribution, and electrons either by
Boltzmann distribution [13] or non-extensive statistics [29,30]. The plasma sheath profile has
been investigated by many researchers, where positive ions have been described by a fluid
approach, negative ions by Boltzmann distribution, and electrons either by Boltzmann
distribution or non-extensive statistics. So far, no one has investigated the plasma sheath
profile under the situation of fluid approach for negative ions along with non-extensive
distributed electrons. To the best of our knowledge, this is the first study to examine the
plasma sheath structure using a model that combines non-extensively distributed electrons
with fluid descriptions for both positive and negative ion species under constant collisional
frequency. Here, we have investigated plasma-surface interactions for the constant collisional
frequency case under the impact of several plasma parameters, such as ion-neutral collisions,
negative and positive ions’ finite temperature, and different mass ratios of ions.

2. Mathematical Model

2.1 Continuity equations

v.Jr%=0 M
where, | is current density and p is charge density. Since we are considering a steady state
sheath, therefore z—‘: = 0. The above equation yields

V. (nev)=0 (2)
where n is density, e is the electronic charge, and v is velocity of the ions.
e For Positive lons:

3
o (pev,) =0 3)
where v, and n,, are positive ion velocity and density, respectively. Using N, = :—p, U, =
Po
:S—’;, &= i with N, as the normalized density of positive ions, n,, as the density of the

positive ions in plasma, U, as normalized positive ion velocity, ¢, as the sound velocity of
positive ions, A4, as Debye length, € as normalized distance, and r as an un-normalized

distance from the sheath edge. Using normalization parameters, we get
Np Up

Np== = Q)
Now, integrate the above equation from the sheath edge (§; = 0) to the probe position (&),
we get
_ UpoNpo
N, = Ee ®)

where Uy, and Ny, are the normalized velocity and density of the positive ions in the plasma
region, respectively.
e For Negative lons:

2 (nyevy) = 0 ©)
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where vy and ny are velocity and density of the negative ions, respectively. Using Ny = —i

MNg

, Uy = . —,&= T with Ny as the negative ions normalized density, ny, as the density of
Sp de

the negative ions in plasma, and Uy as the negative ions velocity. Using normalization
parameters, we get

, Ny Uy
Nj= =" )
Now, integrate the above equation from &; = 0 to &, we get
_ UnoNno
Ny == " ®

Un
where Ny, and Uy, are the electronegativity and velocity of the negative ions at the sheath
edge, respectively.
2.2 Momentum transfer equations
e  For Positive lons:

M, [avl’ + (v,.7) vp] is the force due to electric field + force due to temperature + force
due to collisions. So,
M, [22 + (,.7) ] = 2, eE ~ - VB, — Myuyv )

where VP, = kT, —= is the pressure gradient term, v = n,ov, is the collisional frequency

term, and Z, is the charge on the positive ions.
vy o 1 onp
Mpvp?— —ZPEE—E (kBTp ?) — Mpvp(ngcvp) (10)

Y
where ng is neutral density and o = {O‘S (:_;;) }vp is the momentum-transfer collisional-
sp

cross section with g5 as momentum transfer collisional cross-section at ion-sound speed.
Mo, 22— —7 2%~ Lp,m T gy g OO 1
L e pe5, e pNgOs T (11
We are interested in investigating the case of constant colhslonal frequency; therefore, y =0
has been adopted in further calculations. Momentum transfer equations appear as follows.

v, 6(15 ony
M vp —L=—Z,e— or g kT »or M pNg0s(Vp)? (12)
i = y =2 =L.:_£i - S
Using N, = mo U, = osp” & P pecatl Ng0sA4e, the above equation yields
-1
Up _|1_Yo| |&on _
5 ll U{ﬁl [Up a¢ O‘U?"l (13)
e For Negative lons:
a(‘UN) alP kT Ony _ V?\I,-l-z
Myvy =Zye Fr—— Myngo; _CZN (14)
Here, Zy is the charge on the negatlve ions. Put y = 0, the above equation yields
a(vy) a®  KpTyon
Myvy arN = ZNe;_ z—NNa_rN_ IVII\IngO's(UN)2 (15)
; = W N g _ T o __ ¢
Using Ny = e Uy = e &= P n e 4 NgOsAge, We get
9N _[1_ My |7V(_ZnMp on _
¢ [1 Yy MN(UN)Z] ( MyUy 0§ aUN) (16)
2.3 Poisson equation
Vip=—L (17)
€0
%o 1
i —;[ZpeN Zn,eny — en,] (18)
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. ny np Ne r _ ep . .
Using Ny =— N, =— N, = — = —,n=———, the above equation yields
&y nNo’ p Npo e neg 6 Ade’ n KpTe’ q y
92 ZpUpo(Npo)?  ZNUpno (NNo)?
n _ ZpUpoWNpo)”  ZnUno (NNo) —N, (19)
&2 Up Un

2.4 Non-extensive statistics

Using non-extensive statistics, the density distribution of electrons reads [13]

q+1
@ 12(¢-1)
Re =Neg |1+ (a = 1) or | (20)
Using N, = 1:1—; andn =— % with 1, as the electron density in the plasma region, we get
q+1
Ne =[1—(q— DnJx@> 21

3. Boundary Conditions

The differential equations (Egs. (3)—(5)) are coupled in terms of positive ion
velocity (Up), negative ion velocity (Uy), and electric potential (n)). Therefore, a numerical
method must be employed to solve these coupled equations [31,32]. In the present work, the
Runge-Kutta (RK) method of fourth order, which employs the routine ODE-45 in MATLAB,
has been adopted. On the given problem, in order to apply the RK method initial values of
the 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. The sheath boundary, or plasma—sheath interface, is considered to occur at &
=10"3 or 10™*. At this point, the electric field has a value of approximately 0.1, while the
electric potential is around 1073, The singularities present in Eqgs. (3) & (4) are removed by
considering 1 — % >0, ie., Uyp>,Y, and 1 —yy —MN(I:I]I:VO)Z >0, ie. Uyg > \/%.
Upy = 1 and Uy, = —1 have been employed at the sheath edge.

The sheath region is defined at £ > 0, whereas the plasma region is defined at £ <0. The
boundary between the plasma and the sheath region corresponds to & = 0. Numerical
integrations start from the point § = 0 and terminates at the point where the floating-point
condition is achieved, and the distance between these two points is designated as Sheath.

4. Results and Discussions
4.1. Impact of collisional parameter («a)

The influence of @ on U,, has been depicted in Fig. 1. The positive ions are subjected
to two forces: the collisional force, which decelerates the particles, and the electric force,
which accelerates them due to the probe's negative potential. With an increment in «, the
number of collisions among neutrals and positive ions also increases. Therefore, the positive
ions' energy loss also gets increased. It results in a more decelerating force. Hence, the overall
acceleration experienced by the positive ions will be lowered for higher collisional
parameters. Also, a sheath of lower thickness is formed for a higher collisional parameter.
The normalized sheath thickness magnitude reduces from 1.94 to 1.75 when « increases from
0.05 to 0.4.
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Fig. 1. Impact of collisional parameter (@) on normalized positive ion velocity (U,) when %
p

=0275,y=0,y,=0.1,yy =0.1,n5 = 0.1, Upg = 1, Uyo = =1, Nyo =1, = 025, Zy = 1,
and Z,, = 1.

The influence of ¢ on 1 has been shown in Fig. 2. The magnitude of the electric
potential increases abruptly with an increase in @. In other words, a larger collisional
parameter leads to a higher potential gradient. It causes positive ions to gather in a smaller
area, which causes a lower-magnitude sheath to form. Higher potential gradients are favoured
in plasma-based material processing because they lead to improved thin-film development
since positive ions are collected in a relatively smaller area.

3.5 .

3

2.5

2

15

Normalized Electric Potential

0 0.5 1 1.5 2
Normalized Distance

Fig. 2. Impact of collisional parameter (@) on normalized electric potential () when % =
p

0275,y =0,¥,=0.1,yy =0.1,75 = 0.1, Upg = 1, Uyo = =1, Nyo = 1,q = 0.25, Zy = 1,
and Z, = 1.
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The influence of @ on N, has also been investigated and portrayed in Fig. 3. As shown
in Fig. 2, a larger collisional parameter leads to a higher potential gradient. Therefore, for
higher a, there will be a higher density of positive ions in the sheath region due to relatively
stronger accelerating force towards the surface of the probe. Additionally, the rate at which
N, decreases in the sheath region will be lower for greater a.

Normalized Positive lon Density

0.5

0 0.5 1 1.5 2
Normalized Distance

Fig. 3. Impact of collisional parameter (a) on normalized positive ion density (N,) when %
2

=0.275,y=0,y,=0.1,yy =0.1,19 = 0.1, Upg = 1, Uyo = =1, Nyg = 1,4 = 0.25, Zy = 1,
ande=1.

The influence of @ on Ny,; has been shown in Fig. 5.4. Ny, is defined as the difference
among the densities of positive species and negative species, i.e., Nyoe = N, — Ny — N,. The
profile of Ny, is requisite to investigate so that the real nature of the 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 larger collisional parameters
lead to a higher potential gradient, negative species will encounter a significant retarding
(repulsive) force that reduces their density in the sheath area, leading to higher Ny, in the
sheath regime.

Additionally, a constant Ny, is reported as approaching towards probe surface. It
physically means that a constant flux will have resulted near the probe surface, provided that
ionization has been neglected in the plasma system.
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Fig. 4. Impact of collisional parameter (@) on normalized net space charge density (Ny,;)

when 22 =0.275,7 = 0,7, = 0.1, yy = 0.1, 75 = 0.1, Upg = 1, Uyo = =1, Nyg = 1,4 = 0.25,

P
Zy=1,and Z,, = 1.

4.2. Impact of mass ratio (#)
p

We have selected two different electronegative plasmas, Ceo [33] and CF4[34] plasmas,
where the predominant species generated are Cy and Cgy, and CF3 and F~, in order to study
the impact of mass-ratio of ions on the sheath profile. Because of their ability to produce high
electronegativity, these plasmas have been taken into consideration. They are equivalent to

mass-ratio values of 1 and 0.275, respectively. The impact of % on U, has been portrayed
P

in Fig. 5. It has been observed that a sheath of higher magnitude forms as the mass ratio rises.
The sheath thickness magnitude (in normalized units) increases from 1.93 to 2.46 as the mass
ratio of ions increases from 0.275 to 1. Higher mass ratios result in higher U,, at the probe

surface. U, magnitude (in normalized) increases from 2.69 to 3.04 as mass ratio of ions

increases from 0.275 to 1.
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Fig. 5. Impact ofM—: on U, wheny =0, y, =0.1, yy = 0.1, « = 0.05, ng = 0.1, Upo = 1,

Uyo=—=1,Nyo=1,4g=025,Zy=1,and Z, = 1.

The impact of % on 1 has been depicted in Fig. 6. It has been observed that higher
Y4

mass ratios result in higher 7 magnitude at the probe surface.  magnitude (in normalized)
increases from 3.34 to 4.46 as the mass ratio of ions increases from 0.275 to 1. Additionally,
there are fewer positive ions entering the sheath region (result not shown here), due to which,
the increment in potential is at a slower rate when the mass ratio is higher. Due to the larger
potential gradient profile, the smaller mass ratio should be chosen in the plasma nitriding
process.

Normalized Electric Potential

0 0.5 1 1.5 2 2.5
Normalized Distance
Fig. 6. Impact of% on normalized electric potential (n) wheny =0,y, =0.1,yy =0.1,a =
P

0.05,mp = 0.1, Uyg =1, Uyo = =1, Nyo=1,q = 0.25, Zy = 1,and Z,, = 1.
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The impact of AIZ—N on normalized density (both positive and negative) has been

p

shown in Fig. 7. One can clearly see that the density of positive species is much greater than
that of negative species throughout the sheath regime, which confirms the formation of the
sheath of the majority of positive ions. Here, the solid line portrays the positive ion density,
whereas the dashed line portrays the negative species density.
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Fig. 7. Impact ofM—N on normalized density (N) wheny =0, y, = 0.1, yy = 0.1, a = 0.05,

p

My =0.1,Up=1,Uyy=—1,Nyo=1,q =025, Zy=1,and Z, = 1.

5. Conclusions

From the present study, we can conclude that increasing the collisional parameter
results in comparatively lower acceleration for positive ions, an abrupt enhancement in the
electric potential profile, a reduced sheath thickness, and a higher net charge density. Higher
mass ratios result in higher positive ion velocities and electric potentials at the surface of the
probe. However, the enhancement in both profiles is at a slower rate. Also, the sheath
thickness of higher magnitude is reported for higher mass ratios. Higher potential gradients
are favoured in plasma-based material processing because they improve thin-film
development, as positive ions are collected in a smaller area. From the present study, we can
say that lower mass ratios and higher collisional plasmas should be preferred.
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