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Current–Voltage Characteristics
in a Helium–Argon Gas Mixture Glow Discharge
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In this work, the current–voltage characteristics in a 90%helium–10%argon gas mixture glow discharge at low
pressure have been studied. Three pressures values are considered 1.5, 2, and 2.5 Torr. The range of voltage is
between 150 and 500 V. The model of our system is a fluid of two ordered components, in which the metastable state
of the atoms and the radiation effects are included. The parameters of particle transport and their rate coefficients
strictly depend on mean electron energy, and they are calculated by using the BOLSIG+ software. The range
of the mean electron energy is taken between 0.04 and 133 eV, and the electron energy distribution function is
taken in non-Maxwellian form. The results show that the argon ion density is more important than the helium
ion density, despite the presence of more constant background helium gas density in the mixture. The normal and
abnormal glow discharge modes appear on the electric characteristics. The obtained results are compared to both
experimental data and numerical results which exist in the literature.
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1. Introduction

The technology of the glow discharge [1–7] is an impor-
tant domain in the microelectronic industry such as the
etching or the deposition of thin solid films, and a spec-
troscopic analytical for metallic and sputtering treat-
ments. This technology is carried out a lot in pure gas,
and in mixture gases. The current–voltage characteristics
in the gas mixture were studied by several authors such
as Kiselev et al. [8], who used nitrogen, carbon dioxide,
and helium in the ratio 1:1:8, helium with carbon dioxide
in the ratio 8:1, and also nitrogen with carbon dioxide in
the ratio 1:1 flowing in narrow long tubes with various
diameters. Although in a mixed gas, which includes only
rare gas, is few in the literature. For this reason, in this
paper, we propose a study in a helium–argon DC glow
discharge at low pressure. By utilizing fluid model order
two (containing the continuity and the momentum trans-
fer equations and energy equation, and the set of these
equations are coupled with Poisson’s equation) we can
find the electrical and energetic characteristics in each
mixture gas, but the problem is related to the type and
the percentage of gas in their mixture. To give best
results by fluid model which are in good agreement to
the experimental results, it is necessary to know several
conditions, i.e., the electron energy distribution function
(EEDF) is in a non-Maxwellian form and the percentage
of the gas in the mixture is 90%He–10%Ar.

In our previous research [9–11], we have found that
the EEDF is non-Maxwellian for a threshold value of
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pressure, and again, it is related to the type of gas.
The percentage of gas in the mixture is related to the ion
mass. Note that the present study is carried out in a 1 cm
inter-electrode spacing.

The objective of this paper is to determine the phys-
ical proprieties of a DC glow discharge at low pres-
sure in 90%He–10%Ar in 1 cm inter-electrode spacing.
In Sect. 2, kinetic scheme of processes and their mod-
eling are detailed. Firstly, the different processes, which
are intervening into the discharge mechanism are defined.
Secondly, the mathematical model is described. Thirdly,
the solution of the present model is discussed again.
In Sect. 3, the results are analyzed. The conclusions are
given in Sect. 4.

2. Kinetic scheme of processes
and their modeling

In the helium–argon gas mixture DC glow discharge
at low pressure, we can consider the chemical reaction
processes and describe them separately with character-
istic parameters. Determination of these parameters,
known as the rate coefficients, is one of our purpose of
our studies. The reactions for each gas component X in
the mixture are the following:

• the elastic collision, i.e., X+ e− → X+ e−

• ionization, i.e., X+ e− → X+ + 2e−

• excitation, X+ e− → X
∗
m+e−

• de-excitation, X∗
m + e− → X+ e−

• chemoionization, X∗
m +X∗

m → X+ + e− +X

• radiation process, X∗
m → X+ hν

• stepwise ionization, e− +X
∗
m → X+ + 2e−

(855)
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The elastic collision processes are characterized
by the rate coefficient P gas

ec (eV/s). We compute
them for argon and helium according to Refs. [12]
and [13]. The ionization, excitation, and de-
excitation processes are defined by the rate coefficients
Kgas

io (cm3/s), Kgas
ex (cm3/s), and Kgas

dex (cm3/s),
respectively, and we compute them with
BOLSIG+ [14, 15]. To determine the chemoion-
ization rates Kgas

ci (cm3/s) we follow approach in
Ref. [16]. We obtain then KAr

ci = 5.2× 10−10 cm3/s and
KHe

ci = 9.2× 10−10 cm3/s. The radiation process in turn
is well described by the rate coefficient τgasm . For helium
gas we follow Ref. [17] and obtain τHe

m = 1.7× 10−6 s.
In case of argon gas we follow Ref. [18] and obtain
τAr
m = 1 × 10−7 s. The stepwise ionization processes
Kgas

m_io (cm3/s) are calculated according to the approxi-
mation given by Vriens and Smeets [19].

By taking these chemical reactions, the fluid model in
90% He–10% Ar is written as follows:

∂ne
∂t

+
∂Γe

∂x
= Se, (1)

∂nHe
+

∂t
+
∂ΓHe

+

∂x
= SHe

+ , (2)

∂nAr
+

∂t
+
∂ΓAr

+

∂x
= SAr

+ , (3)

∂nHe
m

∂t
+
∂ΓHe

m

∂x
= SHe

m , (4)

∂nAr
m

∂t
+
∂ΓAr

m

∂x
= SAr

m , (5)

∂εene
∂t

+
∂Γeε

∂x
= Seε. (6)

At low pressure, the destruction of the positive ions is
negligible, and we can calculate the quantities SHe

m and
SAr
m as follows [9–11, 20]:
SHe
+ = ne(0.9ngK

He
io + nHe

m KHe
m_io) + nHe

m nHe
m KHe

ci , (7)

SAr
+ = ne(0.1ngK

Ar
io + nAr

mKAr
m_io) + nAr

m nAr
mKAr

ci , (8)

Se = SHe
+ + SAr

+ , (9)

SHe
m = ne(0.9ngK

He
ex − nHe

m KHe
dex − nHe

m KHe
m_io)

−2nHe
m nHe

m KHe
ci −

nHe
m

τHe
m

, (10)

SAr
m = ne(0.1ngK

Ar
ex − nAr

mKAr
dex − nAr

mKAr
m_io)

−2nAr
m nAr

mKAr
ci −

nAr
m

τAr
m

, (11)
∂2ϕ

∂x2
= −eo

εo
(nHe

+ + nAr
+ − ne), (12)

where ne, nHe
+ , nAr

+ , nHe
m , nAr

m , and Γe, ΓHe
+ , ΓAr

+ ,
ΓHe
m , ΓAr

m are particle densities, and particle flux of

the electrons, helium, and argon ions, metastable atoms
of helium and argon, respectively. ng denotes the neu-
tral gas density. Se, SHe

+ , SAr
+ , SHe

m , and SAr
m represent

source term of electrons, helium ion, argon ion, helium
metastable atom, and argon metastable atom, respec-
tively. εe is the mean electron energy, Γeε is the electron
energy flux. Seε is the electron energy source term. ϕ is
the electrostatic potential, E = −∂ϕ/∂x is the electric
field strength. εo and e are the permittivity of free space
and elementary charge, respectively.

The source term of energetic electrons represents
the loss and product of electron energy, and it is com-
puted from the multiplication of the source term of kinds
of species and the corresponding energetic processes.
As a result, we find the following expression:

Seε = −eΓeE + εAr
m nen

Ar
mKAr

dex + εHe
m nen

He
m KHe

dex

+εAr
ci n

Ar
m nAr

mKAr
ci + εHe

ci n
He
m nHe

m KHe
ci − nePAr

ec

−nePHe
ec − ne(εAr

m 0.1ngK
Ar
ex + εAr

io 0.1ngK
Ar
io

+(εAr
io − εAr

m )nAr
mKAr

m_io + (εHe
io − εHe

m )nHe
m KHe

m_io

+εHe
m 0.9ngK

He
ex + εHe

io 0.9ngK
He
io ), (13)

where εHe
m = 19.8 eV and εAr

m = 11.55 eV are the cor-
responding energy of the excitation and de-excitation
processes of helium and argon atoms, respectively.
εHe
io = 24.58 eV and εAr

io = 15.76 eV are the energy
losses by ionization processes of helium and ar-
gon atoms, respectively. The chemo-ionization pro-
cesses relate to the energy gains by εHe

ci = 2εHe
m − εHe

io ,
and εAr

ci = 2εAr
m − εAr

io of helium and argon atoms,
respectively.

The particle flux of electrons, ions, metastable atoms,
and electron energy are determined according to Becker
et al. [20], Alili et al. [9] and they read

Γe = −neµeE −
∂Dene
∂x

, (14)

ΓHe
+ = nHe

+ µHe
+ E −

∂DHe
+ nHe

+

∂x
, (15)

ΓAr
+ = nAr

+ µAr
+ E −

∂DAr
+ nAr

+

∂x
, (16)

ΓHe
m = −DHe

m

∂nHe
m

∂x
, (17)

ΓAr
m = −DAr

m

∂nAr
m

∂x
, (18)

Γeε = −neEµeε −
∂neDeε

∂x
. (19)

Here µe, µHe
+ , µAr

+ , and De, DHe
+ , DAr

+ denote the mo-
bilities and diffusion coefficients of electron, helium,
and argon ions in the mixture gas, respectively.
The diffusion coefficient of metastable helium atoms is
DHe

m = 460/p cm2 s−1 Torr, where p is the gas pressure
given in Torr [21]. The metastable argon atom diffusivity
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is ngDAr
m = 1.7 × 1018 cm−1 s−1 [22]. The helium ion

mobility (µHe
+ ) in a helium–argon mixture is supposed to

be equal to helium ion mobility in pure helium. Then,
the drift velocity of a positive ion of helium in a pure
helium gas [23] is given by

wHe
He+ =

29.6E/ng

(1 + 0.01288E/ng)
0.5

The argon ion mobility (µAr
+ ) in a helium–argon

mixture is calculated using Blanc’s law [24]. Therefore,
for the argon ion mobility in pure argon the drift velocity
of positive ion of argon in pure argon [25] is

wAr
Ar+ =

(4E/ng)(
1 + (0.007E/ng)1.5

)0.33 .
The drift velocity of positive ion of argon in a pure
helium gas is approximated by

wHe
Ar+ =

56E/ng

(1 + 0.01239E/ng)
0.4 ,

which is in good agreement with experimental
results [26].

Einstein’s relation [27] is used to determine the he-
lium ion diffusivity in a helium–argon mixture (DHe

+ )

as well as the argon ion diffusivity (DAr
+ ) in a helium–

argon gas mixture. Deε and µeε represent the diffusion
coefficient and mobility of electron energy, respectively
and Deε = Deεe5/3; µeε = µeεe5/3. The parame-
ter transports of electrons in 9%He–10%Ar strictly de-
pend on mean electron energy, and are calculated by
BOLSIG+ software [14, 15].

2.1. Initial and boundary conditions

Figure 1 represents the geometry of the reactor of
plasma, which is used in our study. The initial and
boundary conditions employed in He–Ar gas mixture are
detailed below.

Initial densities of electron, argon ion, and helium ion
as well as argon and helium metastable atoms and mean
electron energy are given as follows:

ne = nHe
m = nAr

m = 103 cm−3,

nHe
+ = nAr

+ = 0.5× 103 cm−3,

εe = 1 eV.

(20)

The boundary conditions at the cathode are
Γe = −γHeΓ

He
+ − γArΓ

Ar
+ ,

nHe
m = nAr

m = 0,

εe = 5 eV.

(21)

where γgas represents the secondary electron emission
coefficient corresponding to each gas. The bombardment
of the positive ions of each gas (helium and argon)
under the electric field will extract electron number from
material cathode, where this probability of the release is
represented by γgas.

Fig. 1. Electrodes geometry for He–Ar gas mixture
glow discharges.

The boundary conditions at the anode are
∂nHe

+

∂x = 0,
∂nAr

+

∂x = 0,

nHe
m = nAr

m = ne = 0.

(22)

The Neumann boundary condition of the ion densi-
ties is used for the numerical reasons, with which our
calculation is carried out from 2 to Nx − 1 (Nx rep-
resents the maximum number of the grid discretiza-
tion), and this condition has no influence on the physical
discharge. The discretizations of the differential equa-
tions (Eqs. (1)–(19)) are carried out by Scharfetter and
Gummel method [28].

3. Results and discussion

The results show that the argon ion density is more
important than the helium ion density despite the pres-
ence of more constant background helium gas density in
the mixture. This observation is right for all gas pres-
sures considered and all applying voltages. For exam-
ple, Fig. 2 shows the spatial distributions of the electron,
helium ion, and argon ion densities in a 90%He–10%Ar
gas mixture in the stationary state of the discharge
at p = 1.5 Torr, VDC = 250 V and at p = 2.5 Torr,
VDC = 325 V. This figure confirms our ascertainment,
i.e., the argon ion density is more significant compared
to the helium ion density (see Fig. 2).

Figure 3 represents the current–voltage characteristics
in 90%He-10%Ar gas mixture glow discharge at low pres-
sure. Note that the current density values are processed
by “log” function. The inter-electrode spacing is taken to
be constant and it is equal to 1 cm. The gas tempera-
ture is equal to 300 K. The secondary electron emission
coefficient is supposed to be constant, and it is equal
to 0.3 for positive helium ions [29] and it is equal to
0.06 for positive argon ions [25]. Note that all points in
Fig. 3 are taken from the spatial distributions of the cur-
rent densities, which are strictly constants in all space
in inter-electrode, i.e., for the variable spatial distribu-
tions of current densities not being considered. Note
also that these distributions are taken in the stationary
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Fig. 2. Spatial distributions of the electron, helium ion
and argon ion densities in a 90%He–10%Ar gas mixture
in the stationary state, (a) at 1.5 Torr and VDC = 250 V,
(b) at 2.5 Torr and VDC = 325 V.

Fig. 3. Current–voltage characteristics in 90%He–
10%Ar gas mixture. With T1 = 7 × 10−5 s, and
T2 = 2.5 × 10−5 s, which represent the maximum time
of simulation, and it again represents the study state of
the discharge.

state of the discharge. The stationary state of the dis-
charge depends of the gas pressure and applying poten-
tial of the electrodes. For example, the point (1.5 Torr,
200 V) converges at T1 = 7 × 10−5 s, and the point
(1.5 Torr, 500 V) converges at T2 = 2.5 × 10−5 s. We
remark that the applied potential plays an important
role to accelerate the discharge convergence. In order
to examine these curves, i.e., the current–voltage char-
acteristic at different pressures (see Fig. 3), we observe
that these curves are characterized by two modes, i.e.,
the normal and abnormal glow discharge modes. For ex-
ample, the abnormal glow discharge mode is defined in
the range (superior of 300 V) at 1.5 Torr. The same
curves have been observed by several experimental stud-
ies in pure gas. Note that the spatial distribution of the
argon ion density is important to the helium ion density
despite the presence of important percentage of the he-
lium in the mixture. This is due to the value of threshold
ionization, which is smaller for argon (εAr

io = 15.76 eV)
than for helium (εHe

io = 24.58 eV). Therefore, the pro-
duction of argon ions is more efficient than of helium
ions during the ionization process. This phenomenon is
also observed in the case of Ne–Xe gas mixture [10], and
Ne–Ar gas mixture [11]. To conclude, the current–voltage
characteristics in 90%He–10%Ar gas mixture approach
the current–voltage characteristics in pure argon gas for
a certain range of the electric potential, which are shown
in Fig. 3 comparing experimental results obtained in pure
argon gas [30].

Figure 4 represents the maximum values of the helium
and argon metastable atom densities as a function of
electric potential in a 90%He–10%Ar gas mixture at
three pressures 1.5, 2, and 2.5 Torr. We note that the he-
lium metastable atom density is superior to the argon
metastable atom density because of the presence
of an important percentage of the helium in the mixture.

Fig. 4. The maximum values of the helium and argon
metastable atom densities as a function of electric po-
tential in a 90%He–10%Ar gas mixture at the pressures
1.5, 2, and 2.5 Torr.
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Fig. 5. Electric field at the cathode as a function of
electric potential in a 90%He–10%Ar gas mixture at
the pressure 1.5, 2, and 2.5 Torr.

We remark that the pressure and applying voltage have
strong consequences on the metastable atom densities for
each gas in the mixture, where the metastable atom den-
sities increase with pressure and the electric potential,
too. These are due to the decrease of the free path and
augmentation of the electric field, which causes a lot of
excitation collisions, respectively.

Figure 5 represents the electric field at the cath-
ode as a function of electric potential in a 90%He–
10%Ar gas mixture at the pressures 1.5, 2, and 2.5 Torr.
We observe that the electric field increases with augmen-
tation of the electric potential, which is absolutely evi-
dent when the formulation of the gradient of the electric
potential is utilized. Note that the electric field increases
with pressure due to the augmentation of the particle
densities.

Figure 6 represents the maximum values of the mean
electron energy as a function of electric potential in
a 90%He–10%Ar gas mixture at the pressure 1.5, 2,
and 2.5 Torr. We note that the maximum value recorded
in this study is approximately 100 eV. This strong value
is due to the effect of the helium gas in the mix-
ture. In view of this figure, we conclude an impor-
tant remark, which is that the mean electron energy de-
creases with increase of the pressure for an range volt-
age, and the mean electron energy increases with increase
in the pressure for another range voltage. As example
for the range (> 300 V), we remark that the mean elec-
tron energy at the pressure 1.5 Torr is slightly superior
to the mean electron energy at the pressure 2.5 Torr.
For the range (< 300 V), the mean electron energy at
the pressure 2.5 Torr is superior to the mean electron en-
ergy at the pressure 1.5 Torr. These observations are
related to the type of the glow discharge mode, i.e.,
in the normal glow discharge mode, the mean electron
energy increases with pressure, and in the abnormal glow
discharge mode the mean electron energy decreases with
augmentation of the gas pressure.

Fig. 6. The maximum values of the mean electron en-
ergy as a function of the electric potential in a 90%He–
10%Ar gas mixture at the pressures 1.5, 2 and 2.5 Torr.

These results are compared to the results obtained
by extended fluid model in pure argon gas [18]
with p = 1 Torr. We note that the mean electron energy
increases with pressure, but this increase stops at 2 Torr
due to the decrease of the mean free path.

4. Conclusion

The fluid model has been used to calculate the current–
voltage characteristics in a He–Ar gas mixture glow dis-
charge at low pressure. The Scharfetter and Gummel
scheme has been used to discretize differential equations
of the transport particles, and Thomas’s scheme has
been used for resolution of each equation. The transport
parameters and the rate coefficients strictly depend on
mean electron energy, which leads to make the situation
of the discharge very correct and the results are close to
the experimental results. The normal and abnormal glow
discharge modes have appeared in the current–voltage
characteristics. These results present good reference
in the literature.
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