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In this work, we study the argon dielectric barrier discharge with metastable atom density on capacitively coupled radio
frequency at a pressure of 1 Torr. The parameter transports of argon are depending on the electron energy and their range is
about of 0.04-42 eV. A one-dimensional fluid model and the drift-diffusion theory are used to describe the argon dielectric
barrier discharge. The effect of the amplitude voltage on the properties of argon dielectric barrier discharge is presented on
the cycle-averaged regime. Especially the electron temperature, electric potential and metastable atom density illustrate our
results on figures of merits. Consequently, these quantities increase with the increasing of the amplitude voltage. Besides

surface charge concentration and the gap voltage increase too.
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1 Introduction

Glow discharge plasma®*® produced by a powered
DC or RF source has extendedly various applications
in industrial technologies and medical therapy.
Among which, an improved discharge by substance
vapour deposition, a surface adaptation by different
material and plasma etching. Furthermore, a
capacitive geometry can enhance these technologies™.
The latter is a progression technique to control the
discharge by means of dielectric barrier™™® at a low
or a higher-pressure-gas. In the medical domain, we
find the dermatology treatment by means of coherent
and incoherent ultraviolet (UV) and vacuum
ultraviolet (VUV) radiation from glow source.

Beside the experimental tools', the mathematical
model is the best approach to describe and to optimize
the discharge behaviour mostly at the electrodes sides
and in the bulk plasma. Samir et al?® have
investigated the effect of gas pressure on the
capacitively coupled radio-frequency (CCRF) argon
gas discharge. Thus, the electric potential increases
and the electron temperature decreases with
increasing gas pressure. Liu et al.** have studied the
effect of secondary electron emission coefficient
(SEEC) on the capacitively coupled RF (CCRF) argon
glow discharge. They have demonstrated that
increasing SEEC changes consequently many
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parameters such as net power absorption, electron
power dissipation and thermal conductive term.
Becker et al.”* have presented a comparative study
between argon and helium CCRF discharge by means
of advanced fluid model and particle-in-cell/ Monte
Carlo code.

Barjasteh & Eslami®® have described the behaviour
discharge in DBDs at a low-pressure for gas mixture
(90%Ar-10%Cl,). They have shown that the
electronegativity properties and the radiation process
grow when the voltage amplitude increases. However,
when the frequency increases, the electronegativity
properties decreases. Barjasteh et al.* have studied
the effect of the voltage parameters on the
characteristics of the dielectric barrier discharge
(DBDs) at a low-pressure argon gas. It has been
shown that an increase in applied voltage and voltage
frequency lead to grow both the radiation process
within the plasma and the discharge current.

In this work, we have interested to give a detail
description for the behaviour of argon glow discharge
operated in CCRF and controlled by dielectric barrier
in presence of a metastable atom density. Moreover,
we have investigated the amplitude voltage effect on
the plasma characteristics.

2 Physical model and boundary condition
A description of the adopted discharge scheme is
depicted in Fig. 1. As we assume that the electrode
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Fig. 1 — Discharge configuration, (pi is the electric potential at
the dielectric side.

side is greater than the inter-electrodes spacing the
model has been computed in a one-dimensional
geometry. Then, the fluid model is utilized to
modelling the RF argon plasma. Where the frequency
of the RF power supply is set to 13,56 MHz, and the
argon gas pressure is equal to 1 Torr. Therefore, the
RF driving frequency is less than the momentum
transfer collision frequency.

In order to get a complete explanation of the low-
pressure argon plasmas, both argon atoms and ions as
well as excited atomic ions have been taken in
account. The kinetic scheme of processes takes into
account five electron collision reactions: elastic
collisions, ionization, excitation, de-excitation and
stepwise ionisation related to rate coefficients
depending on the mean electron. These reactions are

labelled as follows:P.., k k K, andK"

ec’ dex o’

respectively. In addition, chemo-ionisation (K)*

io? ex !
and radiation processes (t,,) *° are considered. Table 1
summarizes these reactions and their references. The
processes K., k.,and K, are calculated using

dex

BOLSIG+ software”?®, and the process Ki is

determined according to the expression given by
Vriens & Smeets®.

Then, the model®* is described as follows:

on, oI,
= Ce s, ()
n L d s, @

ot ox "

Table 1 — Kinetic scheme of processes and their rate coefficients
((eVsY), em®™), (s) and (cmPs™))

N°  Processes Rates Refs.
coefficients
PL Ar+e > Ar+e Pec 30
P2 Ar+e” > Art +2e ki, 27-28
Ps  Ar+e > Ar +e Koy 27-28
Pa Ar +e" >Ar+e K dex 27-28
Ps A +AD A +e + A Ky =81x1010 25
Ps A > Ar+hy 1, =107 26
Pr e +ArL > A +2e KD 29
on or
mym_g .. (3)
ot OX
os.n, oI
Teegeog, )
ot OX
Se=S+:nengKio"'r1eﬂml<ir2"‘nmanci (5)

n
— m m
Sm = NeNgKex = NNy Koy = NNy Kig =200 K —

e''m" Ndex m''m" Nci
m
.. (6)
ob,n
Fo=-nuE- e (D)
ob,n,
ro=np E- . (8)
on
ry=-D, 2" . (9)
oD,.n
Mo = E - ... (10)
Sea = _ereE + &N Ny, Kdex + &N Ny Kci — N Pec
_gmneng Kex _gioneng Kio - (gio - 8m)nenm Kircr)]
. (1)
o _ &
—=——(n_—-n)) , .. (12
P 0( =) (12)

where (n,), (I'y) and (S, ) are the particle densities,

particle flux and source term with the subscript (s)
electrons (e), positive ions (+) and metastable atoms

(m). (n, ) denotes the neutral gas density. (&,) is the
mean electron energy, (I',.) is the electron energy



BOUCHIKHI & BOUCHIKHI: ARGON’S DIELECTRIC BARRIER DISCHARGE 935

flux, and the corresponding source term is (S, ). (¢)
is the electrostatic potential, and (E) is the electric
field strength. () and (Ds), denote the mobility and

diffusion coefficients of species (s). (&,) and (e,) are
the permittivity of free space and elementary charge,
respectively.

(D,,) and (., ) represent the diffusion coefficient

and mobility of the electron energy, respectively; and;
(D, =D.,5/3); (p,, =H.e,5/3). and electron

temperature is defined per Te =2¢,/3e, .

2.1 Boundary conditions

In this sub-section, we will present the initial and
boundary conditions. There are a lot of boundary
conditions and there are established in a different
expressions. As ones given per Samir et al.?° & Liu et
al.*. Those boundary conditions are given hereafter:

The ion flux and electron temperature at each
dielectric surfaces are given as follow:
I'=np,Eand T, =05eV

At dielectric surface (x=d): I', =-n K, —yI",

The discharge reactor is powered at (x=-A) by
sinusoidal voltage U(t)=U, sin(2nft) and at ground
electrode (x=d+A) U(t)=0 .

The initial densities are chosen as Gaussian form;
ne =n, =107 +107(L—x/d)?(x/d)* cm*Fer392),

Other boundary conditions cited per Hagelaar
et al.*®. Where the boundary conditions are given as

follows:
The particle flux of electron and ion are written:

1-r otth
I .v= =inp, B[+ —*, ... (13
= )
1-r u“’nj 2
r,.v= e(n El+—=—= |- max(T", .v),
e 1+reIeuel 2> )T ! (T,.v)
. (14)

where (v) is equal to -1 at (x=0), and (v=1) at
x=d, and (re.) is the reflection coefficient of electrons
or ions and their values are given in Table 2.

The thermal velocity of electrons or ions is given

by:

th _ 8kae,+
Ue,+ -
nme,+

... (15)

Table 2 — Dielectric parameters and their references

Dielectric parameters Value Reference
Thickness A =1mm 15
Reflection Metallic _ -1 34
coefficient of electrons ) T, =3x10

Dielectric r, = 7%107! 34
Reflection Metallic I, = 5x 1074 34
coefficient of ions ) )

Dielectric 1, =5x 1073 34
Relative permittivity Borofloat g, =46 15
of dielectric glass

Alumina g, =10 15

Reflection coefficient of

r,=3x10" 19
metastable argon atoms m

The Gauss law *° is applied in the presence of the
dielectrics, to compute the accumulation of surface
charges on the dielectrics as follow:

€,8 Egia (X, 1).v—g E(x,t).v=0,(x,t) , ... (16)

where (Eg.(x,t)) is the electric field inside the
dielectric and (&, ) is their relative permittivity (see
Table 2), and (E(x,t)) is the electric field related to
the gas discharge. To compute the electric potential at
the dielectrics (o, and ¢'), we have employed Eq. 16.
The temporal evolution of the surface charge density
(o4(x,t)) begins from particle currents breakthrough
the dielectrics. This density is expressed by Becker et al.*

M:eozr.(x,t).v ..(A7)
ot ~
The set of partial differential equations is

discretized using the finite difference method.
Moreover, the transport particle and energy equations
have been discretized according to an exponential
scheme®*?. The Poisson’s equation has been
discretized spatially by central difference technique.
Both steps in time and within space grids are uniform
and constants. The number of grid points in space is

equal to 250 and per period time is equal to (4x10°).
The argon parameter transport are given in Table 3.

3. Results and discussion

Figure 2 shows the profiles of the electric potential
as a function of the amplitude voltage at 3000th cycle
CCRF argon dielectric barrier discharge. Those
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Table 3 — Discharge configuration and argon physical
characteristics applied in CCRF dielectric barrier discharge,

E/ Ngin Td
Symbol Definition Value Refs.
D Dielectric surfaces 1 (cm) 8-9
distance
Toas Gas temperature 300 (K) 8-9
p Pressure 1 (Torr) 8-9
u, Voltage amplitude 250, 350 and 450 (Volt) 8-9
f Frequency 13.56 (MHz) 8-9
n_p, Electron mobility — BOLSIG+ 27-28
gie
N, D, Electron diffusivity BOLSIG+ 27-28
W, lon drift velocity 4E/n, 38
(1+(0.007E /ny)+*)**
D, lon diffusivity b = £, TgasKy 8-9
+ e,
K Elecon 119x107 ems? 2
recombination
coefficient
Y Electron emission  0.06 8-9
coefficient
210
3
=
= 140
=
=
2
[=]
o
2 — U_=250V
B 70 ?
<o — U =350V
wl a
— U_=450V
0 L
0.0

d(cm)

Fig. 2 — Electric potential profiles as a function of the amplitude
voltage at 3000th cycle CCRF argon dielectric barrier discharge,
and those profiles are provided in the cycle averaged diet.

profiles are given within the averaged cycle. We
notice that the electrical potential is greater when the
voltage amplitude is equal to 450 V than for the
voltage amplitude of 350 V. And, the electric
potential of the later is bigger than the one of the
voltage amplitude of 250 V. When the voltage
amplitude increases the chemical processes are
amplified. Then, consequently the electric potential
increases. Indeed, Fig. 2 illustrate this phenomenon:
The electrical potential maximum values are 144.14,
180.76 and 216.57 V when the voltage amplitudes are

5x101° RS
4x10%° é
3x101° E
2x10'° é

100 [

Metastable atom density (cm‘s)

d (cm)

Fig. 3 — Metastable atom density curves at 3000th cycle CCRF
argon dielectric barrier discharge as a function of the amplitude
voltage. This picture provides the cycle averaged.

equal to 250, 350 and 450 V, respectively. The
behavior of the electric potential is characterized by a
bulk plasma region between two sheaths thicknesses
where a maximum and minimum value of the
potential are observed, respectively. Then, the landing
potential is computed as a difference between the
maximum and the minimum values of the electric
potential. Thereby, the landing potential is equal to
122.46, 15152 and 179.94 V when the voltage
amplitude is equal to 250, 350 and 450 V,
respectively. We notice that the landing potential
increases with the increasing of the voltage amplitude.

Figure 3 represents the curve of the metastable
atom density as a function of the amplitude voltage at
3000th cycle CCRF argon dielectric barrier discharge.
This figure provides during a cycle-averaged. We
remark that the metastable atom density has a
symmetric form compared to the middle of the inter-
electrode spacing. Consequently, the metastable
atoms density is characterised by two maximum
values. We can see that the metastable atoms density
increases with increasing amplitude voltage. This is
due to the increased excitation process. The maximum
of the metastable atoms density evolves from

(2.09x10") to (4.86x10") (cm®) when the
amplitude voltage evolves from 250 to 450 V.

Figure 4 confers on the outlines of the electron
temperature as a function of the amplitude voltage at
3000th cycle CCRF argon dielectric barrier discharge,
and these profiles are computed on a cycle-averaged
regime. As one can see, the electron temperature
profile is characterized by two peaks between them
decreasing temperature. This distribution is caused by
a higher gradient of potential at both electrodes and
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then a strong electron flux. Thereby, a heating
phenomenon occurred at both electrodes. In contrary,
the cooling phenomenon created by the electron
density and the argon ground state, as well as
threshold ionisation or excitation which are weakling
in the sheath thickness. In the bulk plasma region the
cooling phenomenon is greater due to the presence of
a higher electron density. We remark that the electron
temperature increase with the increasing of the
amplitude voltage. Moreover, this augmentation is
concentrated only in the sheath thickness. The
electron temperature is independent of the amplitude
voltage in the bulk plasma region. As results, the
heating phenomenon is that the most dominant in the
behaviour argon DBD's discharge.

In Fig. 4, the maximum of the electron temperature
increases from 9.16 to 19.72 eV when the amplitude
voltage changes from 250 to 450 V.

Table 4 illustrate the discharge behaviour, where
the plasma density and the electric field are given as a
function of the amplitude voltage at 3000 cycle
averaged in CCRF argon dielectric barrier discharge.
As one can see the plasma density increase with

amplitude voltage from (6.61x10°) to (139x10")

Table 4 — Summary of the plasma density and the electric field
as a function of the amplitude voltage at 3000 cycle averaged in
CCREF argon dielectric barrier discharge

Amplitude voltage Plasma density Electric field
(V) (cm?3) (Vicm)
250 6.61x10° 997.08
450 139x10% 1685.10

18
s
K
g
g 12 — U,=250V
g — U,=350V
SE_J —— U,_=450V
S
£ 6
@
w
0...11....1&.1.11...!.
0.0 02 0.4 06 0.8 1.0
d (cm)

Fig. 4 — Electron temperature profiles as a function of the voltage
amplitude at 3000th cycle CCRF argon dielectric barrier
discharge. These profiles are computed in the cycle-averaged
regime.

(cm®). This behaviour can be explained by an
increase of chemical processes due to the
augmentation of the amplitude voltage. Where
collisions processes (ionisation, stepwise ionisation
and the chemo ionisation) occurring then, inducing-to
raise the particle densities. As consequence, the
electric field increase with amplitude voltage from
997.08 to 1685.10 V/cm.

In order to valid our numeric code, we have
investigated the discharge without dielectric and have
compared our results to those given by Park &
Economou®, Meyyappan & Govindan®, Hwang
et al.**, Surendra & Vender*, and Surendra et al.*.
The results are coherent.

Figure 5 represents the effect of the amplitude
voltage on the applied and gap voltages as a function
of reduced periodic of CCRF argon dielectric barrier
discharge at 3000" cycles. As one can see the applied
voltage (U(t)) for different amplitude has still same
observed behaviour at each period. This is noticeable
due to the expression form of the (U(t)). The gap
voltage (U,(t)) is as follow: (U,(t)=qf-o})-

Consequently, gap voltage is less than applied
voltage. In one hand, we notice that the resulting form
of the gap voltage is sinusoidal because the source
voltage has sinusoidal form. Consequently, the
amplitude of gap voltage is reached to 224.42, 311.69
and 398.76 V when the amplitude voltage equal to
250, 350 and 450 V, respectively.

As a result, the difference voltage between them is
about of 25.58, 38.30 and 51.23 V. We remark that
the difference voltage increase with the increasing of
the amplitude voltage.

400 [

—_U(t)

200 | ——= Ug(t

Voltage (Volt)
o

Ug(t)
u(t)
—=—=Ug(t)

-200 |

-400 |
1 1 L1 1 1

0.0 0.2 0.4

1 I R S '

06 0.8 1.0

Reduced periodic

Fig. 5 — Effect of the amplitude voltage on the applied and gap
voltages as a function of reduced periodic of CCRF argon
dielectric barrier discharge at 3000™ cycles.
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Fig. 6 — Effect of the amplitude voltage on the surface charge
concentrations o(d,t)as a function of reduced periodic of
CCRF argon dielectric barrier discharge at 3000™ cycles.

Figure 6 shows the effect of the amplitude voltage
on the surface charge concentrations (o (d,t)) as a
function of reduced periodic of CCRF argon dielectric
barrier discharge at 3000™ cycles. The morphology of
the surface charge concentrations (o.(d,t)) strictly
follows the gap voltage structure. The surface
concentrations reflect the precipitation of the charged
particle on the dielectrics. Furthermore, this
precipitation increases in the time. As one can see the
surface charge concentration (o, (d,t)) increases with
the increasing amplitude voltage. Where the
maximum increases from 8.11 x 10 to 16.14 x10°
(nC/cm?®) when the amplitude voltage change from
250 to 450 V. This is due to the augmentation of the
electric field at the electrodes.

Figure 7 shows the effect of the amplitude voltage
on the surface charge concentrations (o.(o,t)) as a
function of reduced periodic of CCRF argon dielectric
barrier discharge at 3000™ cycles. As one can see the
morphology of the surface charge concentrations
(o,(o,t)) has the same behaviour as (o (d,t)), with
reversed polarity, i.e., while the surface charge
concentration (o (d,t)) is at maximum value,

(o4(o,t)) is at minimum value, and vice versa.
The effect of the amplitude voltage on the surface
charge concentration (o, (o,t)) is similar to the effect
on (o.(d,t)). The amplitude of (o,(o,t)) evolves

from 8.10x10° to 16.11x10®° (nC/cm?) when the
amplitude voltage changes from 250 to 450 V. The
observed increase on the amplitude of o (o,t) is due

20
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0.2 04

PR T S S T T
06 0.8 1.0

Surface charge concentrations X 10° (nC.’cmz)
o

P R L L B e e e

Reduced periodic
Fig. 7 — Effect of the amplitude voltage on the surface charge
concentrations G (0,t) as a function of reduced periodic of
CCRF argon dielectric barrier discharge at 3000" cycles.
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Fig. 8 — Effect of the amplitude voltage on electron current at

3000th cycle CCRF argon dielectric barrier discharge at the phase
Wt=rm.

to the augmentation of the electric field at the
electrodes.

Fig. 8 illustrates the effect of the amplitude voltage
on electron current at 3000th cycle CCRF argon
dielectric barrier discharge at the phase (Wt =1). We
remark that the electron current is characterized by
two-sheath thickness located at both electrodes, and
plasma region. As one can see that the effect of the
amplitude voltage is independent of both sheath
thickness, but in the plasma region the electron
current increase with the increasing of the amplitude
voltage because of the augmentation of the electron
density that is present. Moreover, we notice that the
electron current is quasi constant in the plasma region.

One can notice, that the maximum of the electron
current is 4.31, 6.47 and 8.65 (mA/cm?) for the
amplitude voltage 250, 350 and 450 V, respectively.
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Fig. 9 — Effect of the amplitude voltage on the ion current at
3000th cycle CCRF argon dielectric barrier discharge at the phase

wWt=m.
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Fig. 10 — Effect of the amplitude voltage on displacement current
at 3000th cycle CCRF argon dielectric barrier discharge at the

phase WL =TT

Figure 9 shows the effect of the amplitude voltage
on the ion current at 3000th cycle CCRF argon
dielectric barrier discharge at the phase (Wt =1). We
notice that the spatial distribution of the ion current is
symmetric at the middle of the inter-electrode
spacing. This is due to the electric field behaviour on
the ion current. As one can see the ion current
increases when the amplitude voltage increases due to
the augmentation of the ion density and the electric
field. The maximum of the ion current increases from
0.09 to 0.24 (mA/cm?) when the amplitude voltage
changes from 250 to 450 V.

Figure 10 shows the effect of the amplitude voltage
on displacement current at 3000th cycle CCRF argon
dielectric barrier discharge at the phase (wt=m).
We remark that the spatial distribution of the

0 r T T T T
i — U250V
2 i
~ 2 —— U=350V
5 —— U.=450 V
2 | a
E 4L .
=
s
3 Bf i
=
3
-
8l ]
| e —
-10 [ | L | 1 | 1 | 1 |
0.0 02 04 06 08 1.0
d (cm)

Fig. 11 — Effect of the amplitude voltage on total current at
3000th cycle CCRF argon dielectric barrier discharge at the phase

wt=1.

displacement current is characterized by two-sheath
thickness located at both electrodes, between them a
plasma region. However, as one can observe the
behaviour of the displacement current is different to
that of the electron current. On the one hand, the
effect of the amplitude voltage on the displacement
current in the plasma region is independent, i.e.,
regardless of the amplitude voltage the displacement
current does not change. On the other hand, the
displacement current increase with the increasing of
the amplitude voltage. It is obvious that the maximum
of the displacement current is 4.28, 6.38 and 8.50
(mA/cm?) for the effect of the amplitude voltage 250,
350 and 450 V, respectively. In the plasma area the
displacement current is null regardless of the
amplitude voltage.

Figure 11 shows the effect of the amplitude voltage
on total current at 3000th cycle CCRF argon dielectric
barrier discharge at the phase (Wt=m). The total
current represents the sum of the electron, ion and
metastable atom as well as displacement currents.
Furthermore, the metastable atom current is
negligible, and it is not show. Therefore, the current
fall of both electron and displacement currents is
faded away between them and the total current is
constant in inter-electrodes spacing. It is obvious that
the total current at the phase (Wt =mt) is -4.37, -6.54
and -8.73 (mA/cm?) for the amplitude voltage 250,
350 and 450 V, respectively.

4 Conclusions
Although, three moments of Boltzmann’s equation
with Poisson’s equation describe capacitively coupled
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argon glow discharge driven by radio frequency
power at low pressure with dielectrics. In addition, the
metastable atom density is introduced again in the
model. Mainly to describe the model, we have used
the particle flux expression explaining the electrons
and ions kinetic in both electrodes. Furthermore, the
Gauss law explain the accumulation of the charged
particle on the dielectrics. The effect of boundary
conditions in the presence of dielectric is well defined
from the spatial distribution of the surface charge
concentrations and the gap voltage in time. The effect
of the amplitude voltage on the discharge behaviour is
presented within the cycle-averaged. As a result, the
metastable atom density, electron temperature and
electric potential increases when the amplitude
voltage increases. From there the surface charge
concentration and the gap voltage increase again.
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