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In this work, we study the argon dielectric barrier discharge with metastable atom density on a capacitive
coupled radio frequency at a pressure of 1-6 Torr. The transport parameter of argon depends on the
mean electron energy, and its range is about 0.04—42 eV. The one-dimensional fluid model and the drift-
diffusion theory were utilised to describe the argon dielectric barrier discharge. The effect of pressure
on the properties of argon dielectric barrier discharge is presented on the cycle-averaged diet, especially
on particle density, electric potential, and metastable atom density. Consequently, the values of these
quantities increase with increasing pressure. In addition, the surface charge concentration and the gap

voltage also increase.
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1. Introduction

Glow discharge plasma [1-8] produced by a pow-
ered direct current (DC) or radio frequency (RF)
source has a wide range of applications in industrial
technologies and medical therapy. These include
improved discharge by substance vapour deposi-
tion, surface adaptation with different materials,
and plasma etching. Furthermore, the capacitive ge-
ometry can enhance these technologies [9]. Plasma
etching is a progression technique for controlling the
discharge by means of a dielectric barrier [10-13]
at low and high pressure gases. In the medical
domain, we can find dermatology treatments us-
ing coherent and incoherent ultraviolet (UV) and
vacuum ultraviolet (VUV) radiation from a glow
source.

Apart from the experimental tools [14], the math-
ematical model is the best technique for describing
and optimizing the discharge behaviour, mainly at
the sides of the electrodes and in the bulk plasma.
Samir et al. [15] investigated the effect of gas pres-
sure on the capacitive coupled radio frequency ar-
gon gas discharge. Thus, the electric potential in-
creases and the electron temperature decreases with
increasing gas pressure. Liu et al. [16] studied the
effect of the secondary electron emission coefficient
(SEEC) on the capacitive coupled radio frequency
(CCRF) argon glow discharge. Authors demon-
strated that increasing SEEC consequently changes
many parameters, such as net power absorption,
electron power dissipation and thermal conductive

249

term. Becker et al. [17] presented a comparative
study between argon and helium CCRF discharge
using an advanced fluid model and particle-in-
cell/Monte Carlo code.

Barjasteh and Eslami [18] described the discharge
behaviour in dielectric barrier discharges in a low-
pressure 90%Ar—-10%Cl, gas mixture. It has been
shown that the electronegativity properties and the
radiation process grow when voltage amplitude in-
creases. However, when the frequency increases, the
electronegativity properties decrease. Barjasteh et
al. [19] studied the effect of voltage parameters on
dielectric barrier discharge (DBDs) at low-pressure
argon gas. They have shown that an increase in the
applied voltage and frequency causes a considerable
increase in the radiation process and current dis-
charge.

In this manuscript, we provide a detailed descrip-
tion of the behaviour of argon glow discharge oper-
ating in CCRF and controlled by a dielectric bar-
rier in the presence of a metastable atom density.
Moreover, the effect of gas pressure on plasma char-
acteristics was investigated.

2. Physical model and boundary condition

The description of our discharge, depicted
in Fig. 1, is modelled in a one-dimensional geome-
try. This assumption is due to the fact that the side
of the electrode is larger than the inter-electrodes
spacing. The fluid model is then used to account for
the RF argon plasma. This is valid when we utilize
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Fig. 1. Discharge configuration; ¢!, is the electric
potential at the dielectric side.

the frequency set to 13.56 MHz, and the argon gas
pressure is supplemented to 1-6 Torr. Therefore, the
RF driving frequency is less than the momentum
transfer collision frequency.

For an ample explanation of low-pressure argon
plasma, atomic and argon ions and excited atomic
ions were taken into account. Therefore, the ki-
netic scheme of the processes includes five electron
collision reactions, named elastic collision, ionisa-
tion, excitation, de-excitation, and stepwise ionisa-
tion. These processes are related to rate coefficients,
which are dependent on the mean electron. The co-
efficients are labelled as follows: P.., kio, kez, Kdex,

and K, respectively.

In addition, the chemo-ionisation (K,;) [20] and
the radiation processes (7,,) [21] are considered.
Table I abstracts these reactions and their refer-
ences [20-25]|. The processes kio, ker and Kge, are
calculated using BOLSIG+ software [22, 23|, and
the process K] is determined according to the
expression given by Vriens and Smeets [24]. The
model [6, 7] is then given by relations
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Synonyms of the different notations utilized in the
above equations are mentioned in Table II.

2.1. Boundary conditions

In this subsection, we will present the initial
and boundary conditions. There are many bound-
ary conditions, and they are established in different
written expressions, as quoted by Samir et al. [15]

TABLE I

Kinetic scheme of processes and their rate coefficients
with units ([eV/s], [cm®/s], [s], and [em®/s]).

Processes Rates Refs.
coefficients
Ar+e” > Ar+e” P [eV 571 [25]
Ar+e” — Art + 2~ kio [cm3 sfl] [22, 23]
Ar+e” — Ar), + e kex [cm3 s_l] [22, 23]

Ar;, +e” = Ar+e” Kaes [em® s71| [22, 23]

Arl,4+Ars, — Art4e” +Ar Ky [em® s7' | [20]

Arl, — Ar + hv Tm=10"" [s] 21]

e” + A, = Arf +2e7 K[ [em® 57 | [24]
TABLE II

Description of the different notations utilized in our
model. The subscript (s) can stand for: electron (e),
positive ions (4), metastable atoms (m), electron en-

ergy (ee).

Notations Description
ns particle density of species (s)
€e mean electron energy
I particle flux of species (s)
b electrostatic potential
ng neutral gas density
Ss source term of species (s)
Dy diffusion coefficient of species (s)
E electric field
€o free space permittivity
€o elementary charge
s mobility of species (s)
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TABLE IIT
Discharge configuration and argon physical characteristics applied in CCRF dielectric barrier discharge with E/ng
in [Td].
Symbol Definition Value Refs.
d electrode distance [cm)] 1 -
Tsas gas temperature [K] 300 -
D pressure [Torr] 1,3 and 6 -
U, voltage amplitude [V] 250 -
I frequency [MHz] 13.56 -
Ngflle electron mobility [V~ 'em™'s™!] BOLSIG+ [22, 23]
ngDe electron diffusivity [cm™'s™?] BOLSIG+ [22, 23]
W ion drift velocity [m/s] - 5/ng = [28]
\/1+(0.007E/n4) 2
D, ion diffusivity [m~'s™!] L4¥pTgee -
K, electron recombination coefficient [cm/s] 1.19 x 107 [16]
y electron emission coefficient 0.06 -

and Liu et al. [16]. The boundary conditions in the
presence of the dielectrics can be arranged accord-
ingly:

e The ion flux and electron temperature
at each electrodes are I'y =niuiE and
T.=0.5, and at ground electrode (z =d) as
Ie=—n Ks—I.

e The discharge reactor is powered at (z = 0)
by a sinusoidal voltage U(t) = U, sin(2x ft),
and at ground electrode (x = d) by U(t) =

e Initial densities are chosen in Gaussian form,
ie., ne=ny=10"4+10° (1 — %)2 (%)2 [em~3].

In order to discover the accumulation of surface
charges on dielectrics, the Gauss law [10] is applied

er€o Baiel(x,t) v — €0 E(z, ) v = 04(x,t), (13)
where Eqgjel(, t) is the electric field inside the dielec-
tric and e, is its relative permittivity, and E(x,t) is
the electric field related to the gas discharge.

To compute the electric potential on dielectrics
(pf and ¢h), we have employed (13). The temporal
evolution of the surface charge density (o4(z,t)) be-
gins from the breakthrough of particle currents by
dielectrics and is expressed by Becker et al. [14] as

8asxt ZFxt

The set of partlal differential equations is dis-
cretized using the finite difference method. More
clearly, the transport particle and energy equations
have been discretized according to an exponential
scheme [26, 27]. Poisson’s equation has been spa-
tially discretized by means of the central difference
technique. Both steps in the time and space grids
are taken as uniform and constant. The number of
grid points in space was equal to 250, and the time
period was equal to 4 x 103. The argon transport
parameters are reported in Table III.

(14)
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3. Results and discussion

Figure 2 shows the profiles of the electric poten-
tial as a function of the electrode distance d for
different pressure values during the 2000th cycle
CCREF argon dielectric barrier discharge, and these
profiles are given in the cycle-averaged diet. Note
that the electrical potential is greater when the gas
pressure is 6 Torr than when the gas pressure is
3 Torr. And the electric potential of the latter is
greater than that of the gas pressure of 1 Torr. We
knew that the augmentation of the gas pressure
extends the plasma region, and then the electric
potential extends too, i.e., the width occupied by
the plasma region of the electric potential increases
with increasing the gas pressure. The behaviour of
the electric potential is characterized by two sheath
thicknesses between which the bulk plasma region
is located. This behaviour is again characterized by
the maximum and minimum values of the poten-
tial. We can then know the landing potential as
the difference between the maximum and minimum
values of the electric potential. Consequently, the
landing potential is equal to 122.47, 111.37, and
104.37 V when the pressure is 1, 3, and 6 Torr,
respectively. We remark that the landing potential
decreases with increasing pressure.

Figure 3 represents the metastable atom density
as a function of d for different pressure values dur-
ing the 2000th cycle CCRF argon dielectric barrier
discharge. Figure 3 shows the cycle-averaged values.
We remark that the typical metastable atom den-
sity has a symmetric form compared to the density
profile shown in Fig. 3 in the middle of the inter-
electrode spacing. Consequently, the metastable
atom densities are characterised by two summits.
We can see that the metastable atom density in-
creases with increasing pressure. This is due to the
augmentation of the gas density and, subsequently,
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Fig. 2. Electric potential profiles as a function of

electrode distance d for different pressure values in
the 2000th cycle CCRF argon dielectric barrier dis-
charge, and these profiles are provided in the cycle-
averaged diet.
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Fig. 3. Metastable atom density curves in the

2000th cycle CCRF argon dielectric barrier dis-
charge as a function of d for different pressure val-
ues. These curves are cycle-averaged.

the augmentation of the excitation processes. Obvi-
ously, the maximum of the metastable atom density
evolves from 2.09 x 10'° to 1.34 x 10'" cm ™3 when
the pressure evolves from 1 to 6 Torr.

Figure 4 outlines the electron temperature as
a function of the electrode distance for different
pressure values during the 2000th cycle CCRF ar-
gon dielectric barrier discharge, and these results
are computed based on a cycle-averaged diet. As
one can see, the electron temperature is char-
acterized by two peaks between which the tem-
perature is decreased. This distribution is caused
by a higher gradient of potential at both elec-
trodes. Then the strong electron fluxes are pre-
sented. Therefore, a heating phenomenon occurs at
both electrodes, which seems to contrast with the
cooling phenomenon created by the electron den-
sity and argon ground state and threshold ionisa-
tion or excitation. In the bulk plasma region, the
cooling phenomenon is greater due to the pres-
ence of a higher electron density. We remark that
the electron temperature decreases with increasing
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Fig. 4. Electron temperature outlines the depen-
dence on the pressure in the 2000th cycle CCRF ar-
gon dielectric barrier discharge. These outlines are
computed based on a cycle-averaged diet.

TABLE IV

Summary of the plasma density and the electric
field as a function of pressure in 2000 cycle-averaged
CCRF argon dielectric barrier discharge.

Pressure Plasma density Electric field
[Torr] [em™?] [V/cm]
1 6.62 x 10° 997.26
3 1.52 x 10*° 1451.83
6 2.56 x 10'° 1844.13

pressure. This is due to the diminution of the mean
free path, which leads to diminishing the energy of
the electron. As a result, electron temperatures di-
minish in both the sheath and in the bulk plasma.

Obviously, the electron temperature decreases
from 9.17 to 5.95 eV at the sheath thickness and
decreases from 3.93 to 3.67 eV in the bulk plasma
region when the pressure increases from 1 to 6 Torr.

In order to show the discharge behaviour, we
summarized the plasma density and electric field
as a function of pressure in the 2000 cycle-
averaged CCRF argon dielectric barrier discharge
in Table IV. As one can see, plasma density increase
with pressure from 6.62 x 10° to 2.56 x 100 cm—3.
This is due to the augmentation of chemical pro-
cesses. These collision processes are ionisation, step-
wise ionisation, and chemo-ionisation, which lead to
an increase in the densities of particles. As a con-
sequence, the electric field increases with pressure
from 997.26 to 1844.13 V/cm.

In order to validate our numeric code, we have
investigated our discharge without dielectrics and
compared our results to those given by Park and
Economou [29], Meyyappan and Govindan [30],
Hwang et al. [31], Surendra and Vender [32], and
Surendra et al. [33]. We obtained a reasonable agree-
ment.

Figure 5 shows the effect of pressure on the gap
voltages as a function of reduced periodic of CCRF
argon dielectric barrier discharge during the 2000th
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Fig. 5. Effect of pressure on the gap voltages

as a function of the reduced periodic of CCRF ar-
gon dielectric barrier discharge during the 2000th
cycle. Here, U(t) is the applied voltage.
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Fig. 6. Effect of pressure on the surface charge
concentrations o,(d,t) as a function of the reduced
periodic of CCRF argon dielectric barrier discharge
during the 2000th cycle.

cycle. To examine this effect, we plotted the ap-
plied voltage (U(t)). We defined the gap voltage as
Uy(t) = ¢l — ¢f. Consequently, the gap voltage is
lower than the applied voltage. It is worth noting
that the resulting form of the gap voltage is sinu-
soidal. This is due to the source voltage, which has
a sinusoidal form. The amplitude of the gap volt-
age is decreased to 224.41, 212.42, and 203.49 V
when the gas pressure is 1, 3, and 6 Torr, respec-
tively. As a result, the difference between the ap-
plied voltage and the gap voltage is about 25.59,
37.58, and 46.51 V. We remark that the voltage dif-
ference increases with increasing pressure.

Figure 6 shows the effect of pressure on the
surface charge concentrations (o4(d,t)) as a func-
tion of the reduced periodic of CCRF argon di-
electric barrier discharge during 2000th cycle. The
morphology of os(d,t) strictly follows the struc-
ture of the gap voltage. The surface concentra-
tions reflect the precipitation of the particle charged
on the dielectrics, and this precipitation increases
with time. As one can see, the surface concentra-
tion o4(d,t) increases with increasing pressure. For
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Fig. 7. Effect of pressure on the surface charge
concentrations o,(0,t) as a function of the reduced
periodic of CCRF argon dielectric barrier discharge
during the 2000th cycle.

example, the maximum evolves from 8.11 x 107°
to 15.01 x 107% nC/cm? when the pressure changes
from 1 to 6 Torr, which is due to the augmentation
of the electric field at the electrodes.

Figure 7 shows the effect of pressure on the sur-
face charge concentrations o;(0,t) as a function of
the reduced periodic of CCRF argon dielectric bar-
rier discharge during 2000th cycle. As one can see,
the morphology of o4(o,t) has the same behaviour
as 0s(d, t) and has a reversed polarity, i.e., the sur-
face charge concentration o,(d, t) has the maximum
value, the surface charge concentrations o (o, t) has
the minimal value, and vice versa. Also, this mor-
phology is conserved in each period. The effect of
pressure on o (0, t) is similar to the effect described
for o4(d,t), and the amplitude of o4(o,t) evolves
from 8.10 x 1075 to 14.99 x 1075 nC/cm? when the
pressure evolves from 1 to 6 Torr. This result is due
to the augmentation of the electric field at the elec-
trodes.

Figure 8 shows the effect of pressure on the elec-
tron current during the 2000th cycle CCRF argon
dielectric barrier discharge at the phase wt = 7. We
remark that the electron current is characterized by
two sheath thicknesses located at both electrodes
and the plasma region. As one can see, the effect of
pressure is independent of both sheath thicknesses.
However, in the plasma region, the electron cur-
rent increases with increasing pressure due to the
augmentation of the electron density being present.
Moreover, we notice that the electron current is
quasi-constant in the plasma region. The maximum
of the electron current is 4.32, 6.3, and 7.78 mA /cm?
when the pressure is equal to 1, 3, and 6 Torr, re-
spectively.

Figure 9 shows the effect of pressure on the ion
current during the 2000th cycle CCRF argon di-
electric barrier discharge at the phase wt = .
We remark that the spatial distribution of the ion
current is symmetric in the middle of the inter-
electrode spacing d. This situation is due to the
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during the 2000th cycle CCRF argon dielectric bar-
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Fig. 9. Effect of pressure on the ion current dur-
ing the 2000th cycle CCRF argon dielectric barrier
discharge at the phase wt = 7.

impact of the electric field on the ion current. As
one can see, the ion current increases as pressure
increases due to the expansion of the plasma re-
gion. The maximum of the ion current evolves from
0.1 to 0.26 mA/cm? when the pressure evolves
from 1 to 6 Torr.

Figure 10 shows the effect of pressure on the dis-
placement current during the 2000th cycle CCRF
argon dielectric barrier discharge at the phase wt =
m. We remark that the spatial distribution of the
displacement current is characterized by two sheath
thicknesses located at both electrodes, and there is
a plasma region between them. However, as one can
observe, the behaviour of the displacement current
is different from that of the electron current. On
the one hand, the profile of the displacement cur-
rent does not change regardless of the pressure. On
the other hand, the displacement current value in-
creases with increasing pressure. It is obvious that
the maximum displacement current is 4.47, 6.55,
and 8.17 mA/cm? when the pressure is equal to
1, 3, and 6 Torr, respectively. In the plasma re-
gion, the displacement current is null regardless of
pressure.
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Fig. 11. Effect of pressure on the total current dur-

ing the 2000th cycle CCRF argon dielectric barrier
discharge at the phase wt = 7.

Figure 11 shows the effect of pressure on the to-
tal current during the 2000th cycle CCRF argon
dielectric barrier discharge at the phase wt = .
The total current represents the sum of the electron,
ion, metastable atom, and displacement currents.
Furthermore, the current of the metastable atom
is negligible and, therefore, not shown. Hence, the
fall in both the electron current and displacement
currents fades away between them, and the total
current is constant at inter-electrodes spacing. The
total current at the phase wt = 7 is —4.37, —6.37,
and —7.89 mA /cm? when the pressure is equal to
1, 3, and 6 Torr, respectively.

4. Conclusion

Three moments of Boltzmann’s equation (1)—(4)
with Poisson’s equation (12) are taken to describe
capacitive coupled argon glow discharge, driven by
radio frequency power at low pressure with di-
electrics. In addition, the metastable atom density
was reintroduced in the model. We have used the
particle flux expression to describe the model be-
cause it can explain the electrons and ions kinetic
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in both electrodes. Furthermore, Gauss’s law ex-
plains the accumulation of a charged particle on
dielectrics. The effect of the boundary conditions
in the presence of dielectric is well defined by the
spatial distribution of surface charge concentrations
and the gap voltage over time. The effect of pressure
on the discharge characteristic is presented within
the cycle-averaged. The increase in pressure leads
to the following results:

e particle densities, electrical field, and electri-

cal potential increase;

e surface charge concentration and gap voltage

increase;

e clectron temperature decreases;

e current increases.

With an electrode spacing of 1 cm, a voltage am-
plitude of 250 V, a frequency of 13.56 MHz, a gas
pressure of 3 Torr, and a SEEC of 0.06, the charac-
teristic discharge causes that

e the
1.52x10'° em™3;

maximum particle density is

e the maximum electron temperature is 6.95 eV;

e the
—6.37 mA /cm?;

current at the phase wit=7m is

e the electrode electric field is 1451.83 V/cm.
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