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Abstract

An electronegative collisional plasma having warm and massive positive ions, non-extensive
distributed electrons and Boltzmann distributed negative ions is modelled for the plasma-surface
interaction process that is used for the surface nitriding. Specifically the sheath formation is
evaluated through the Bohm’s criterion, which is found to be modified, and the variation of the
sheath thickness and profiles of the density of plasma species and the net space charge density in
the sheath region in addition to the electric potential. The effect of ion temperature, non-
extensivity and collisional parameter is examined in greater detail considering the collisional
cross-section to obey power-law dependency on the positive ion velocity. The positive ions are
found to enter in the sheath region at lower velocities in the collisional plasma compared to the
case of collision-less plasma; this velocity sees minuscule reduction with increasing non-
extensivity. The increasing ion temperature and collisional parameter lead to the formation of
sheath with smaller thickness.

Keywords: electronegative sheath, ion temperature, non-extensivity, sheath thickness, power-law
dependency, collisions

(Some figures may appear in colour only in the online journal)

1. Introduction

Nowadays, plasma-based surface treatments [1, 2] are widely
adopted to enhance the mechanical and tribological properties
of the materials which are widely used in the automobiles,
semiconductors and microelectronics industries [3—7]. When
a conducting material comes in the contact with plasma, then
there is a formation of a thin layer of the charged species at
the interface of the plasma and material’s surface. Such a thin
layer is termed as sheath that plays a momentous role in
analyzing the plasma-surface interactions [8]. The invest-
igation of sheath characteristics in different plasma systems
has been carried out by several researchers [9-28]. The sheath
characteristics have been found to show a distinct nature,
when negative ions are introduced in the system [23, 29-32].
Many researchers have observed noteworthy influence on the
characteristics of the probe in the cases of low-frequency
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sheath processes [33-35]. X-ray emission has also been
observed, when the laser light is launched on tin slab forming
a sheath of ions that radiate [36-38]. Langmuir probe analysis
permits to measure the behaviour of plasma parameters in
distinctive plasma systems [39].

The impact of ion temperature on the sheath character-
istics in electropositive plasma has been studied by Crespo
[16]. The analysis of sheath formation in the presence of
negative ions and warm positive ions has been carried out by
Dhawan and Malik [9, 29]. Hatami [40] and Moulick et al
[17] have investigated the presence of two varieties of posi-
tive ions in the electropositive and electronegative plasma,
respectively, under the collisional environment. The impact of
ionization rate on the sheath transition from electropositive to
electronegative plasma has been examined by Crespo et al
[18]. Yasserian et al [26] have investigated the influence of
the magnetic field in electronegative discharge.
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It has been validated both experimentally and theoreti-
cally that for the low-pressure electronegative plasmas, the
behaviour of the negative ion density is appropriated to
illustrate with the Boltzmann distribution [41, 42]. A low-
pressure electronegative plasma (Ar—O,) has been experi-
mentally investigated by Ghim and Hershkowitz [41] through
Langmuir probe analysis. They observed that the distribution
of the negative ions follows Boltzmann relation with a
temperature of 0.06 &= 0.02 eV, while the resulting parameters
were n, = 3.8 x 10°cm™3 and T, = 0.69 eV. Here, positive
and negative ions of Ar™ and O~ were formed. Franklin and
Snell [42] have also shown for low-pressure electronegative
plasmas that the spatial distribution of the negative ions is in
well agreement with the Boltzmann distribution.

In space plasmas, the existence of high energy tail
velocity distribution of the particles has been validated by
distinct satellite measurements. Such particle distributions,
which are deviated from the Boltzmann distribution, have
also been implemented successfully on the stellar plasmas and
solar winds [43, 44]. Moreover, the deviation in the dis-
tribution of the electrons from their well-known Boltzmann
distribution has even been seen in the various laboratories
measurements also. In 1994, Liu er al [45] have provided a
strong confirmation of the presence of non-Maxwellian
velocity distributions of electrons in a particular plasma
experiment, where low-pressure argon gas (neutral density
Nargon ~ 1083 ¢cm™ and P ~ 0.3 mTorr) was exposed to
pulsed discharges. Langmuir probe data, i.e. probe current
Iyrobe as a function of probe voltage Vione agreed with a non-
Maxwellian distribution. Plasma density (electron density)
ne = 4 x 10" cm—3 and electron temperature T, = 0.69 eV
were the resulting parameters. Tsallis [46], therefore, has
introduced new statistics which is labelled as non-extensive
statistics or Tsallis statistics to investigate such systems where
the distribution of the particles is far away from their Boltz-
mann distribution. Then in 1997, Tsallis and Souza [47] have
demonstrated that the same experimental data can be well
fitted with non-extensive thermo-statistical formalism. The
impact of non-extensive distributed electrons and thermal
positive ions has been investigated by Hatami [48] on elec-
tropositive sheath structure. Borgohain and Saharia [13] have
introduced the g non-extensive electrons in electronegative
plasma with cold positive ions. Safa et al [15] have studied
the velocity distribution of non-extensive electrons in mag-
netised electropositive plasma sheath. The inspection of
Debye length and floating potential in electropositive plasmas
with non-extensive distributed electrons has been carried out
by Sharifian et al [49]. The examination of two non-Max-
wellian electrons in unmagnetized electropositive plasma has
been carried by Hatami and Tribeche [12]. Basnet and Khanal
[11] have analyzed the Maxwellian and non-Maxwellian
electrons in magnetized electropositive plasma. The impact of
ionization on sheath characteristics with two-temperature
non-extensive distributed electrons has been investigated by
Dhawan et al [21].

Researchers, while examining the impact of non-exten-
sive distributed electrons on the sheath structure, have either
neglected the temperature of positive ions or collisions or

both, though the plasmas used for processing or plasma-sur-
face interaction carry finite temperature ions and the ions may
also have collisions with the neutral particles in addition to
the usual collisions of electrons with the neutrals. Moreover,
negative ions are intensely introduced for achieving better
processing. Therefore, in the present work, we have modelled
a collisional plasma which has negative ions and positive ions
along with the electrons. This is done for understanding the
plasma-surface interaction process via the generation of
sheath on a metallic probe. For developing this model, posi-
tive ions, negative ions and electrons are respectively
described by fluid approach, Boltzmann distribution and non-
extensive distribution.

2. Basic equations for modelling

The basic equations required to investigate the collisional
electronegative plasma with warm positive ions as fluid, g-
non-extensive distributed electrons and Boltzmann distributed
negative ions are stated as follows

d
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dx( +S4) (D
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where T, ¢,, m, and 7, are the density, velocity, mass and
temperature of the positive ions, respectively. T_, Y, and T,
are the densities of negative ions, electrons and neutrals,
respectively. T, o, T_( and Y, are the background densities of
the positive ions, negative ions and electrons, respectively. 7—
and T, are the temperatures of the negative ions and electrons,
respectively. ¢ is the electric potential and e is the electronic
charge. g defines the non-extensivity of the system and o (s,)
is a momentum-transfer collisional cross-section, which has
power-law dependence on the velocity of the positive ions
and is given by

p
o(sy) = o(é—*) @

S+

together with Cg, = l% as the positive ion sound velocity,
t

oy as the collisional cross-section at Cs. and p as a dimen-
sionless parameter, defined as
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p = 0, Constant mean free path (collisional cross-section)
p = —1, Constant collisional frequency '

®)

We have considered the case of the constant mean free path or
constant collisional cross-section, i.e. p = 0. Equations (1)-(7)
are normalized with the help of the following dimensionless
parameters

Qo= s 0, =250 =25 0= 2,
Te() TeO Te() Te()
e X S
v - e L =2 0 = To e
kpTe Ade S+
and §; = Te.
Ti
ok Te

Here Age = T is the Debye length, 2  is electro-
e0€”

negativity, i.e. background density ratio of negative ions to
electrons and (; is the temperature ratio of electron to positive
ions (i = +) and negative ions (i = —). « defines the colli-
sionality of the system, which is the ratio of the Debye length
to ion mean free path. Equations (1)—(6) in the dimensionless
form appear as follows
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(13)
Qo=+ 1, (14)

where €1, is the electropositivity, i.e. background density ratio
of the positive ions to electrons of the system. The prime (')
and double prime (") depict the first and second-order deri-
vates, respectively, with respect to &.

3. Boundary conditions and modified Bohm’s
criterion

Equations (10) and (13) are coupled differential equations
which will be solved with the help of appropriate numerical
methods. In this paper, we have adopted the Runge—Kutta
(RK) method of fourth-order. We must enumerate the initial
conditions to apply the RK method on the given problem. The
starting point of the numerical integration is assumed at the
sheath edge, i.e. £ = £ = 0 and the numerical integration
would terminate at the point of zero electron density. The
wall/probe position, i.e. £ = & is located at the point of zero
electron density. The distance between the sheath edge and
the wall /probe position is designated as the sheath thickness,
ie. § — &. The initial value of the normalized electric

potential at the sheath edge is assumed approximately equal to
zero, i.e. 19 = 0.0001. However, the initial value of the
normalized electric field at the sheath edge is assumed to non-
zero to avoid the divergence of the numerical solutions, i.e.
g = 0.1 is chosen. The allowed values of the positive ion
velocity at the sheath edge, i.e. x, for a given set of para-
meters is calculated using the Sagdeev potential approach.
Using the Sagdeev potential approach, the expression for the
allowed values of x_ is determined as

@+ 1) +20 5

+2(1 + Q)
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(15)
For 7,— 0 = (,— oo, equation (15) appears as
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This is agreeing with the results of Borgohain and
Saharia [13].
For Q2_¢ — 0, equation (15) looks as

(61+1)Jr2

L < 20 (17)
2c «
(q + 1)+ v
Yo
This is agreeing with the results of Hatami [50].
For 2_¢ — 0 and a— 0, equation (15) appears as

T._ 2
B g+ T
For Q_¢y— 0, a— 0 and 7,— 0 = (3, — o0, equation (15)
appears as

(18)

_2
g+ 1

This is agreeing with the results of Tribeche et al [51] and
Gougam and Tribeche [52].

For Q@ y— 0, a— 0, ;,— 0 = (B;— o0 and g— 1,
equation (15) appears as

< Xeor (19)

1< Xapr 20)

This is agreeing with the results of Chen [53].

4. Results and discussions

The behaviour of the minimum allowed values of positive ion
velocity at the sheath edge, i.e. x,,, as a function of non-
extensive parameter (g) for different collisional parameter o
(figure 1(a)), electronegativity 2_q (figure 1(b)), negative ion
temperature G_ (figure 1(c)), and positive ion temperature (3,
(figure 1(d)), is portrayed in figure 1. A significant reduction
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Figure 1. Behaviour of as a function of the non-extensive parameter for (a) different values of the collisional parameter («r) when
g X+0 P (@) p (@)
¢6 =0.1,2¢=5, 6, = 10 and 5. = 10; (b) for different values of electronegativity (£2_,) when 77/16 =0.1,a =0.1, 8, = 10 and
. = 10; (c) for different values of negative ion temperature (3_) when 1), = 0.1, @ = 0.1, 3. = 10 and Q_y = 5; and (d) for different
0

values of positive ion temperature ((3,) when w:) =0.1,a=0.1, 4

in x,, with an increased Q_ , 3_ and 3, is observed. Also, a
minuscule reduction in x_, is detected with the increased «
and g. From figure 1(a), we can conclude that in the colli-
sional environment, positive ions can enter in the sheath
regime even at lower velocities than the usual Bohm velocity.
Figure 1(b) validates the fact that the negative ions help
positive ions to get in the sheath regime. The temperature of
electrons is appearing in the collisional parameter through the
definition of the Debye length. In our study, the electron
temperature is assumed to be constant and in order to see the
effect of electron-to-positive (negative) ion temperature ratio
By (6-), we have varied the corresponding ion temperature
and kept the other parameters fixed. We have seen the effect
of non-extensive and collisional parameters just by changing
their values (one at a time) and keeping all the other para-
meters fixed. Therefore, in our study with constant electron
temperature and varying ion temperature, ¢ and « do not
change with the temperature of electrons, positive ions and
negative ions. This also explains the almost linear behaviour
of the minimum allowed value of the positive ion velocity
(x_) at the sheath edge with ¢ and o in figure 1(a). The value
of x,o is reduced from 0.469 to 0.369 with an increased
collisional parameter () from 0 to 0.5. With an increase in
the collisional parameter, the percentage reduction in . is
observed to be reduced, i.e., the effect of collision on the
variation of Bohm velocity is more prominent for lower
values of «. The magnitude of x,, cannot continue to

=10and Q_(=5.

decrease because of the upper limit of the positive ion velo-
city at the sheath edge (please see equation (15)). This
behaviour is in agreement with the results of other researchers
also [13, 54].

The distribution of all the charged species densities, i.e.
positive ions, negative ions and electrons, in the sheath
regime is depicted in figures 2(a) and (b) for different positive
ion temperature (3,). The densities of negative species are
reduced with a considerable rate and approximately approach
to zero near the probe/wall position. This is due to a nega-
tively biased probe/wall. Moreover, because of the higher
mass of the negative ions, their density is reduced approxi-
mately to zero even at a significant distance from the wall/
probe position towards the sheath edge. Higher density of the
positive ions is found near the probe for the increased value of
(B,. Also, the sheath of larger thickness is formed for higher
value of (.. This is due to almost perfect shielding of the
probe surface/voltage for lower 3, values.

The profile of net space charge density (Qnef = 24 —
Q_ — Q) for different electron-to-positive ion temperature
ratio (3.) is also seen in figure 2(c). The positive magnitude
of Qe indicates that the sheath is composed of the majority
of the positive ions. For both the values of 3, = 5 and 25, a
steep rise and then the reduction in the space charge density
are seen. This nature of the graph can be understood as fol-
lows. In the proximity of the sheath edge, a peak is appeared
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Figure 2. Behaviour of charged species densities, i.e. ., 2 and €, as a function of distance from the sheath edge to probe/wall position for
different values of (a) 3, = 5 and (b) 8, = 25 when 1% =0.1,a =0.1, 5 =10, g = 0.5 and Q_y = 2. Behaviour of net space charge
density, Qe () as a function of distance from the sheath edge to probe/wall position for different values of 3, with the similar aforesaid

parameters.
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Figure 3. Behaviour of (a) electric potential (1)) and (b) positive ion velocity () as a function of distance from the sheath edge to probe/
wall position for different values of collisional parameter («v) when 1/)6 =01, =10,5,=15,¢=05and Q (= 5.

which is the main characteristic of the sheath regime; positive
ions might accumulate here in a huge number. Then the net
charge decreases due to the presence of some negative ions
and electrons. Since the ions become more energetic for their
higher temperature and can reach near the probe in higher
number, the magnitude of the net space charge is expected to
increase, which is the case in the figure (compare the cases
with 3, =5 and 25). Since the positive ion flux is an
invariant quantity (please see equation (9)), the number
density of these ions, a little away from the peak region,

decreases due to their acceleration (higher velocity) into the
sheath regime. Hence, for the higher temperature of the ions,
here the space charge decreases and also a dip in the net
charge occurs as a result of imbalance of the pressure gra-
dient, collisional and accelerating forces.

The profiles of the electric potential ¢ (figure 3(a)) and
the positive ion velocity x, (figure 3(b)) for different colli-
sional parameter « are shown in figure 3. With an increase in
«, the number of collisions between positive ions and neutrals
is also increased and so the energy loss. Therefore, the energy
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Figure 4. Comparative study of charged species densities as a
function of distance from the sheath edge to probe/wall position for
electropositive (thin lines) and electronegative plasma (thick lines)
when ¢y = 0.1, 8- = 10, 3, = 5, ¢ = 0.5 and & = 0.1. Here,
Q_o = 0 corresponds to electropositive plasma.

gain by the positive ions as they move toward the probe/wall
surface is relatively lesser for higher «. The magnitude of % is
increased with a slightly rapid rate for higher «. Also, a lower
sheath thickness is recorded for higher a.

A comparative study of the charged species densities for
electropositive and electronegative plasma is depicted in
figure 4. Here, (2_y = 0 and £2_, = 2 correspond to the cases
of electropositive and electronegative plasmas, respectively.
The densities of the charged species are reduced with a
considerable rate in the case of electronegative plasma,
whereas for the case of electropositive plasma, sheath thick-
ness of higher magnitude is resulted.

We can discuss the validity of the range of electron-to-
negative ion temperature ratio 5 keeping in mind the exper-
imental studies of Ghim and Hershkowitz [41] who investigated
a low-pressure electronegative plasma (Ar—O,) through Lang-
muir probe. They observed the Boltzmann distribution of the
negative ions for the temperature range of 0.06 £ 0.02 eV with
the resulting parameters n, = 3.8 x 10°cm > and 7, = 0.69 eV.
Corresponding to this experimental data, the temperature
ratio 3_ in our calculations lies in the range of 8.625-17.25. In
figures 24, the value of 5_ was chosen as 10, which lies in the
desired range obtained experimentally. On the other hand,
Borgohain and Saharia [13] have considered the range 0 <
B_ < 20 in electronegative plasma with g non-extensive elec-
trons and cold positive ions. In order to further explore the
process, we had chosen the range 1 < 3_ < 30 only in figure 1.
This might be justified for the low-pressure plasmas, where the
temperatures of ions and electrons less than 1 eV (with electron
temperature even a little more than 1eV) are generally attained
for both the cases, i.e. when negative ions have similar and
miniatured temperature in comparison to that of the electrons.
Since we discussed all the results keeping 5 = 10, the con-
clusions drawn in the manuscript are well-meant.

In the present theoretical model, the sheath thickness has
been normalized with the Debye length (\g.). In un-normalized
form, for collisional electronegative plasma, the sheath thick-
ness has been calculated and found to be of the order of

1.26 mm for the non-extensive distributed electrons and of the
order of 0.217 mm for the Boltzmann distributed electrons. For
collision-less electronegative plasma, the sheath thickness
amounts to 1.3 mm and 0.222 mm for the non-extensive dis-
tributed electrons and the Boltzmann distributed electrons,
respectively. The sheath of 0.5 mm thickness is found to be
formed for the Boltzmann distributed electrons in collision-less
plasma that does not have negative ions (electropositive
plasma). Han er al [55] have experimentally determined the
sheath thickness of the order of 0.36 mm for the electropositive
plasma. Hence, the calculated values of the sheath thickness
based on our modelling and the experimental value are close.

The magnitude of the Debye length will reduce with an
increment in the plasma density, this in turn results in the
reduction of the magnitude of the sheath thickness. In our
theoretical model, when the plasma density is increased from
2.5x 10" to 9.5x 10" cm >, the value of the sheath
thickness is found to be reduced from 1.26 to 0.64 mm for the
non-extensive distributed electrons, whereas 0.217 to
0.11 mm for the Boltzmann distributed electrons. Consistent
to our observation, Han et al [55] also have experimentally
determined the reduction in the value of the sheath thickness
from 0.36 to 0.28 mm when the plasma density was increased
from 2.5 x 10'* to 9.5 x 10'* cm ™.

We can discuss qualitatively the effect of temperature
gradient (spatial variation of the temperature of charged
species) on the sheath formation. The behaviour of the sheath
is expected to be modified once we consider the temperature
gradient. For example, we may observe more dips in the net
space charge profile (figure 2(c)) and also the sheath thickness
may vary. However, the effect of temperature gradient on the
sheath thickness may not be significant in view of the smaller
temperature-gradient-driven drift (force) in comparison to the
one driven by pressure-gradient/thermal pressure.

Finally, this is worth mentioning that our results shall
play an advantageous role in plasma systems where the
temperature of the positive ions and the presence of collisions
between the ions and neutrals have a significant effect on the
sheath formed at material’s surface; hence, the plasma pro-
cessing and plasma-surface interaction can be understood.
These results will also be beneficial in the plasma systems like
fusion [56] and astrophysical plasmas where the distribution
of the particles is far away from their usual Boltzmann
distribution.

5. Conclusions

The dependence of minimum allowed positive ion velocity at
the sheath edge (for the formation of sheath) on the positive
and negative ion temperatures, electronegativity, collisional
parameter and non-extensivity was understood. When colli-
sions between the positive ions and the neutrals are con-
sidered, then these ions are found to enter in the sheath regime
even at lower velocities than the usual Bohm velocity, which
means the Bohm’s criterion is modified. The sheath thickness
is reduced with an increment in the temperature of the posi-
tive ions and the collisional parameter. The energy gain by the
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positive ions during their movement towards the probe/wall
position is relatively lesser for the case of higher collisional
parameter. The distribution of all the charged species den-
sities for the cases of electropositive and electronegative
plasma was also compared and noteworthy modifications
were observed, proving the role of negative ions in plasma-
surface interaction process.
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