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Abstract

In this study, effects of the variation in the dielectric barrier discharge’s (DBD) gap distance and the nature of dielectric
layers which cover both of the reactor electrodes on the electron density, mass fraction of excited argon atoms across the
discharge gap, mean electron energy, ion and electron current density, and electron temperature are investigated at atmos-
pheric pressure. In order to find the optimal reactor gap, the DBD’s average power consumption is studied. The achievements
show that when the value of dielectric constant is increased from 7.6 to 10, discharge gap of 1 mm still demonstrates the
maximum power consumption, which can be considered as the optimum discharge gap. To optimize the characteristics of
one-dimensional modeling of DBD system for material treatment, various types of materials with different values of the
permittivity [aluminum, glass (quartz) and silicon] are embedded in the discharge gap between the two electrodes. In this
case, the reactor gap is changed from 0.5 mm to 2 mm, while the dielectric constant of the dielectric layers which cover both
of the metallic electrodes is assumed to be 10. Compared to the other examined materials, our numerical results illustrate
that the treated material with higher value of the relative permittivity (silicon) has greater influences on the variations in the
electron density, argon ion density and also total plasma current density than in the values of excited argon atom density,

mass fraction of excited argon atoms and also average power consumption.

Keywords Dielectric barrier discharge simulation - Atmospheric pressure - Reactor gap - Relative permittivity - Surface

treatment - Average power consumption

Introduction

To enhance the surface energy of such substrates as pol-
ymers or dielectrics, their surface should be activated by
plasma treatment. Plasma treatment is one of the most ver-
satile techniques in surface modification and growing such
nanostructures as silicon nanoparticles on a surface [1-3].
The plasma is usually generated by ionization of a feed gas
that produces positive and negative ions, energetic electrons,
UV photons, along with active free radicals. Atmospheric
plasma treatments are especially attractive due to the elimi-
nation of expensive vacuum equipment, easier handling of
the samples and so on [4-8]. Therefore, in recent years, a lot
of efforts have been directed into the development of non-
thermal plasma reactors working at atmospheric pressure.
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One promising technology for producing cold atmospheric
plasmas (CAP) is based on the use of dielectric barrier dis-
charge (DBD), sometimes referred to as a barrier discharge
or a silent discharge, a type of discharge where at least one
of the electrodes is covered with a dielectric material [2-9].
This dielectric layer acts as a current limiter and prevents
the formation of an arc discharge. The electrical energy cou-
pled into a DBD plasma is mainly transferred to energetic
electrons, while the neutral gas remains closest to ambient
temperatures. Cold atmospheric plasma (CAP) is known as
non-thermal because it has electrons at a hotter temperature
than the heavy particles that are at room temperature. Appli-
cations of CAP include sterilization of medical equipment,
packaging in the food industry, wound healing, and such
dental applications as dental caries, elimination of biofilms
and bleaching [7-9]. DBD has many applications including:
sterilization of living tissue, bacteria inactivation, surface
treatment and activation, and excimer formation [4, 10-12].
The width of the discharge gap can range from less than
0.1 mm to about 100 mm, and applied frequency from below
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line frequency to several MHz. Depending on the composi-
tion of the working gas, the voltage and the frequency excita-
tion, the discharge can be either filamentary or glow. Moreo-
ver, one key issue of DBD employed for material processing
is the distribution of micro-discharges as a function of time
over the dielectric surface [1].

In order to produce powerful, efficient and mercury-free
UV sources, researchers have modeled a promising DBD
lamp for UV production. This lamp was usually made of
silica glass chamber, including the gas or gas mixture at a
pressure between 10* and 10° Pa with outer electrodes [13].
Recently, a DBD system with additional porous ceramic seg-
ment as a flowing water guide has been introduced to purify
the polluted water [14]. The significance of the investigation
of DBD’s characteristics appears especially in medical appli-
cations [12-15]. In order to optimize the design of a DBD
reactor, it is important to calculate the power consumed over
a wide range of discharge conditions [16—18]. To clarify
that there is an optimal discharge gap for material treatment;
researchers have investigated the influences of varying the
applied voltage and discharge gap on the power consump-
tion using a simplified model of the reactor equivalent elec-
trical circuit [19]. Many works have been focused on the
simulation of DBDs at atmospheric pressure. For example,
Sohbatzadeh et al. studied time-dependent one-dimensional
model of a DBD in a nitrogen—oxygen—water vapor mixture
at atmospheric pressure using COMSOL Multiphysics [20].
One of the most important parameters in nanotechnology
and thin films is surface and its roughness, since it is the first
interface of material which may interact with other materi-
als and with environment. More recently, atmospheric pres-
sure plasma treatments, such as a DBD in helium [21] and
a homogeneous DBD in nitrogen [22], were used for modi-
fication of polycarbonate (PC) surface properties. Nastuta
et al. used two different configurations of atmospheric DBD
plasma for the surface modification of polyethylene tereph-
thalate (PET) and polyethylene with TiO, additives [23]. In
addition, some early papers have experimentally studied the
interaction of the plasma plume emitted by an atmospheric
pressure plasma jet with different substrates, i.e., a dielectric
and a metal substrate [24, 25]. In our early work, the influ-
ence of non-thermal plasma jet (He and Ar) was studied
to improve the antibacterial activity, surface roughness and
hydrophilic property of Ag thin films [26]. However, as far
as we know, none of previous studies have given comprehen-
sive numerical insight into finding the optimal DBD reactor
gap when the effects of variations in the nature of dielectric
layers or gap distance on the properties of the system are
studied. Employing COMSOL Multiphysics v5.0 software,
the present work investigates the design and analysis of a
DBD reactor with both of the circular flat electrodes covered
with dielectric materials to optimize various characteristics
of the proposed system, such as average power consumption,
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for surface processing. Indeed, the main aim of the research
described in this work is to obtain an optimal value of reac-
tor gap for average power consumption in the proposed DBD
system where different materials are treated. Therefore, the
work is organized as follows: A detailed description of the
DBD structure without any materials in the gap region
and the corresponding numerical analysis are presented in
“Design Guidelines for the DBD without any material in the
discharge gap” section. Please note that in “Design Guide-
lines for the DBD without any material in the discharge gap”
section, two structural parameters of the DBD system, the
nature of the dielectric layers that cover the metallic elec-
trodes and also the reactor gap are varied. The influence of
the presence of different materials with various relative per-
mittivities on the characteristics of one-dimensional mod-
eling of DBD is investigated in “Design guidelines for the
DBD including materials with different dielectric constant in
the discharge gap” section. In this section, the reactor gap is
the only structural parameter of the DBD which is assumed
to vary (from 0.5 mm to 2 mm); however, the dielectric con-
stant of dielectric layers is fixed on 10. Finally, conclusion is
explained in “Conclusions” section. Numerical results show
the DBD with dielectric constant of 10 for dielectric layers
(without any materials across the discharge gap) offers the
power consumptions higher than the DBD with dielectric
constant 7.6, particularly in the gap distances of 0.5 mm
and 1 mm. Moreover, compared to the other materials [alu-
minum and glass (quartz)], silicon (the material with higher
value of relative permittivity) has greater effect on the vari-
ations in the electron density, argon ion density and also
total plasma current density than in the values of excited
argon atom density, mass fraction of excited argon atoms
and power consumption as the reactor gap is varied from
0.5 mm to 2 mm.

Simulation results and discussions

Design guidelines for the DBD without any material
in the discharge gap

COMSOL Multiphysics v5.0 software is employed to model
a DBD reactor with both of the circular plane electrodes
covered by dielectric layers (with two different values of
dielectric constant, which are assumed to be 7.6 and 10,
respectively). In our modeling technique, it is supposed that
the DBD system is designed in one dimension due to the fact
that reactor gap (mm) is much smaller than the plate area
of electrodes (cm?) [27]. Please note that in the following
sections, the discharge volume of the simulated DBDs is
filled with argon gas (the gas pressure is 1 x 10° Pa) [28].
The initial value for the electron density is assumed to be
10° 1/m> which refers to the fact that the gap is truly acting
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as an insulator initially, and the gas temperature and also
the reduced electron mobility are supposed to be 400 k and
1x10% [1/v.s.m], respectively. In the following “Evalua-
tions of the electron densities across the discharge domain,”
“Evaluations of the mass fraction of excited argon atoms
(Ar*) created in the discharge domain,” “Evaluations of the
electron temperature and the mean electron energy in the
discharge domain,” “Evaluations of the total plasma cur-
rent density in the discharge domain” and “Calculations
of the DBD’s average power consumption for determina-
tion of the optimal reactor gap without the presence of any
material in the gap region” sections, the effects of varia-
tions in both of the reactor gap (from 0.5 to 2 mm; with step
0.5 mm) and the nature of the dielectric layers that cover the
metallic electrodes on the properties of our proposed DBD
system are studied, while there is no material for treatment
in the discharge gap. Moreover, the values of the applied
voltage, frequencies, diameter of the round electrodes and
thickness of the dielectric layers which cover both of the
reactor electrodes are assumed to be constant and are intro-
duced in Table 1. As can be seen in Table 1, the applied
voltage amplitude and frequency are assumed to be 750 V
and 50 kHz, respectively, which are greater than 500 V and
10 kHz in [29]. The reactions of electron impact with argon
atoms are depicted in Table 2. The surface reactions are also
shown in Table 3. The collision cross sections and electron
energy for elastic and ionization reactions R,, and R,, R, and
R; are, respectively, depicted in Tables 4 and 5.

Figure 1a illustrates the one-dimensional (1D) discharge
geometry of the simulated DBD, and the three-dimensional
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Table 3 Surface reactions [27, 28, 30]

Reaction Formula Type Sticking
coeffi-
cient

R, e+Ar=>e+Ar Elastic 1

R, e+Ar=>e+Ar* Excitation 1

(3D) structure of our designed DBD is also demonstrated
in Fig. 1b. The distance between the points B and C corre-
sponds to the discharge domain. The boundaries are conse-
quently at these points. Point A is connected to the voltage
source, and point D is supposed to be fixed at O (the electri-
cally grounded plate).

Considering a Dirichlet boundary condition on the out-
side of the dielectrics, the plasma is driven by a sinusoi-
dal alternating voltage—power supply with a frequency of
50 kHz (Table 1). When the applied voltage which must
exceed the breakdown voltage of the gases is attained, the
gases lose their dielectric properties and turn into conduc-
tors [31]. Based on the electric equivalent network model,
the system equations governing the discharge can be easily
obtained in a simplified manner to investigate and examine
the electrical behavior of a DBD [32-34]. In the case of the
parallel plate configuration of DBD system, the equations
used to estimate the real value of equivalent capacitances of
the dielectric barrier (Cy) and discharge gas gap (C,), are,
respectively, given as [34]:

gokA
Cg T d (H
g
Table 1 Values of applied voltage, frequency, diameter of the elec-
trodes and thickness of the dielectric layers
gokrA
Constant parameters Value Cy= 4 2)
b
Frequenc 50% 10 (Hz) , , . . .
Ap;?lie d vyoltage _ 750 sin ot (V) where k; is the dielectric constant of the working media
. used in the gas discharge, k, is the dielectric constant of the
Diameter of the electrodes 0.1 (m) d dielectric barri terial. A i 11 disch ]
Thickness of the diclectric material 1.5 (mm) use 1€lectric bparrier material, A 1S overa 1scharge area;
Table 2 Tl_le reactions of . Reaction Formula Type AE (ev) Rate con-
electron with argon gas (excited stant (m%/s
argon atoms Ar*: all of the mol) '
excited atoms in 4 s level, argon
atom Ar, singly ionized argon R, e+Ar=e+Ar Elastic m/M=0.0000136 -
atom Ar™) [30] R, e+Ar=e+Ar* Excitation 11.5 -
Ry e+Ar*=>e+Ar Superelastic —11.5 -
R, e+Ar=2e+Ar" Tonization 15.8 -
R e+Ar*=2e+Ar* Tonization 4.427 -
Ry Ar* +Ar*=e+Ar+Ar* Penning ionization - 3.3734x 108
R, Ar*+Ar= Ar+Ar Metastable quenching - 1807
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Table 4 Collision cross sections and electron energy for elastic and
ionization reactions (R,) in Table 2 [27, 28, 30]

Ri:e+Ar=e+Ar

Electron energy Collision
cross sections

Electron energy  Collision
cross sections

(x1071%) (x10719)
0.00 0.7500 2.8 0.3800
0.001 0.7500 3 0.4100
0.002 0.7100 33 0.4500
0.003 0.6700 3.6 0.4900
0.005 0.6100 4 0.5400
0.007 0.5400 45 0.6100
0.0085 0.5050 5 0.6700
0.01 0.4600 6 0.8100
0.015 0.3750 7 0.9600
0.02 0.3250 8 1.170
0.03 0.2500 10 1.500
0.04 0.2050 12 1.450
0.05 0.1730 15 1.370
0.07 0.1130 17 1.100
0.1 0.05900 20 0.9200
0.12 0.04000 25 0.6800
0.15 0.02300 30 0.5500
0.17 0.01600 50 0.3200
0.2 0.01030 75 0.2150
0.25 0.009100 100 0.1600
0.3 0.01530 150 0.1100
0.35 0.02350 200 0.08800
0.4 0.03300 300 0.06000
0.5 0.05100 500 0.03700
0.7 0.08600 700 0.02600
1 0.1380 1000 0.01700
1.2 0.1660 1500 0.009800
1.3 0.1820 2000 0.006600
1.5 0.2100 3000 0.003500
1.7 0.2300 5000 0.001500
1.9 0.2500 7000 0.0008800
2.1 0.2800 10,000 0.0004900
22 0.2900 1,000,000 0.0004900
25 0.3300

gy = 8.854x 10712 N“:, and d,, and d,, are the thickness of
the dielectric barrier and discharge gap, respectively. The
gas voltage (Vg(t)), which is the response of plasma to the
applied voltage, is calculated from Eq. 3 [34]:

Cd
V() = Ve(t)CdTCg 3)

where V,_(?) signifies the external excitation voltage.
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Figure 2 shows the V-I characteristics of the electrical
discharge across the gap when the dielectric constant of die-
lectric layer is 10 and the gap distance is varied from 0.5 mm
to 2 mm. In this figure, the change in current depicts break-
down of the gas gap. As a result, the breakdown is started
when the gas voltage reaches above the breakdown voltage
which for various gap distances: 0.5 mm, 1 mm, 1.5 mm and
2 mm, Vg(t) is obtained 576.9 V, 299.87 V, 681.77 V and
428.43 V, respectively. Moreover, the maximum of discharge
current in different gap distances 0.5 mm, 1 mm, 1.5 mm and
2 mm is 62.52 mA, 66.57 mA, 54.29 mA and 49.39 mA,
respectively.

Evaluations of the electron densities across the discharge
domain

Spatiotemporal evolutions of the electron density versus
the gap spacing are depicted in Fig. 3 when the dielectric
constant of dielectric layers is 7.6 and the reactor gap is
varied from 0.5 mm to 2 mm. The evolutions for the electron
density across the reactor gap for different dielectric layers
(dielectric constant 7.6 and 10) are shown in Fig. 4. It can
be seen in Fig. 3b, c that after approximately 4 RF cycles,
the electron density in the discharge gap illustrates a peri-
odic steady state when the reactor gap is 1 mm or 1.5 mm,
respectively.

According to the mechanism of a DBD system, electrons
created via electron impact ionization move toward one of
the dielectric plates, in the opposite direction to the electric
field. An equal number of ions are generated during electron
impact ionization, as well. The ions rush toward the opposite
dielectric plate in the same direction as the electric field. As
a result, surface charge densities with opposite sign localized
on both dielectric plates at the interface dielectric/plasma led
to the breakdown electric filed. This surface charge strongly
depends on such parameters as the nature of the dielectric
[13]. Accordingly, as dielectric constant of the dielectric lay-
ers is increased to 10, the electron density rises remarkably
for all of the gap distances. Varying the reactor gap from
1.5 mm to 2 mm (Fig. 2d) leads to a disturbance in the plot
of electron density. This is due to the fact that by increas-
ing the reactor gap to 2 mm, the produced plasma in the
discharge region becomes unstable. According to Fig. 4, the
corresponding electron density plots show approximately the
same alternative behavior as the gap is varied from 0.5 mm
to 2 mm.

From Fig. 4, it clearly illustrates that by increasing the
reactor gap from 0.5 mm to 2 mm, the density of electrons
rises considerably. This is due to the fact that as the reactor
gap is increased, the possibility of existence of electrons
created via electron impact ionization near to the dielec-
tric layers which cover the metallic electrodes is decreased.
This leads to the reduction in the recombination of electrons
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Table 5 Collision cross sections and electron energy for elastic and ionization reactions R,, R4, Rs introduced in Table 2 [27-30]

Ry e+Ar=>e+Ar* Ry e+Ar=2e+Ar"

Rs:e+Ar=>2e+Art

Electron energy Collision cross sections Electron energy

Collision cross sections Electron energy Collision cross

(x1071%) (x1071%) sections (x 1071%)
0.00 0.00 0.00 0.00 0.00 0.00
11.50 0.00 15.80 0.00 4.427 0.00
12.70 0.00700 16.00 0.002020 4.628 0.1849
13.70 0.0141 17.00 0.01340 5.00 0.3100
14.70 0.02280 18.00 0.02940 6.00 0.5800
15.90 0.03800 20.00 0.06300 7.00 0.6900
16.50 0.04800 22.00 0.09300 8.00 0.7600
17.50 0.06100 23.75 0.1150 9.00 0.8000
18.50 0.07500 25.00 0.1300 10.00 0.8200
19.90 0.09200 26.50 0.1450 11.50 0.8350
22.20 0.1170 30.00 0.1800 15.50 0.7800
24.70 0.1330 32.50 0.1990 20.00 0.7000
27.00 0.1420 35.00 0.2170 30.00 0.5400
30.00 0.1440 37.50 0.2310 50.00 0.3800
33.00 0.1410 40.00 0.2390 100.00 0.2050
35.30 0.1340 50.00 0.2530 200.00 0.1200
42.00 0.1250 55.00 0.2600 1000.00 0.03500
48.00 0.1160 100.00 0.2850 10,000.00 0.006100
52.00 0.1110 150.00 0.2520 1,000,000.00 0.001080
70.00 0.09400 200.00 0.2390 10,000,000.00 0.001080
100.00 0.07600 300.00 0.2000
150.00 0.06000 500.00 0.1450
200.00 0.05050 700.00 0.1150
300.00 0.03950 1000.00 0.08600
500.00 0.02800 1500.00 0.06400
700.00 0.02250 2000.00 0.05200
1000.00 0.01770 3000.00 0.03600
1500.00 0.01360 5000.00 0.02400
2000.00 0.01100 7000.00 0.01800
3000.00 0.008300 100,000.00 0.01350
5000.00 0.0005800 1,000,000.00 0.01350
7000.00 0.0004500
10,000.00 0.0003500
1,000,000.00 0.0003500

coming from the plasma with positive argon ions or excited
argon atoms which are around the surface of dielectric layer.

Evaluations of the mass fraction of excited argon atoms
(Ar*) created in the discharge domain

Figure 5 shows the mass fraction of Ar* produced in the dis-
charge region for the proposed DBD with dielectric constant
7.6 as the gap is varied from 0.5 mm to 2 mm. Accordingly,
increasing the reactor gap causes a delay time to form mass
fraction of Ar*. As an example, when the gap is 0.5 mm,
the startup cycle can be observed at 0.5 ms (see Fig. 5a).

Additionally, the discharge reaches a periodic steady-state
solution after only one RF cycle (Fig. 5a). However, this
startup cycle for the gaps of 1 mm, 1.5 mm and 2 mm occurs
for 1 ms, 2 ms and 2 ms, respectively. Hence, the discharge
in these gaps reaches a periodic steady state after two RF
cycles (Fig. 5Sb—d). The plots of mass fraction of excited
argon atoms as a function of gap distance are depicted in
Fig. 6 for the DBDs with dielectric constant 7.6 and 10,
respectively. As shown in this figure, we can see that the
mass fraction of Ar* decreases almost linearly when the
reactor gap increases from 0.5 mm to 2 mm. Addition-
ally, the mass fraction of Ar* reduces remarkably for the
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Fig. 1 a The 1D discharge (a) Dielectric

geometry of the simulated >

DBD, b the 3D structure of the

designed DBD Power Electrode
(b)

Dielectric Layers

To the voltage
generator

dielectric layers with dielectric constant of 10, as the reac-
tor gap distance increases to 2 mm. This is due to the fact
that the excited argon atoms have a much longer lifetime
in the gap than the electrons or ions. Moreover, the excited
argon atoms need to obtain lower value of ionization poten-
tial (about 20 eV) to reach the state of singly ionized argon
atom Ar*, compared to the argon atoms in the stable state
with ionization potential of 36 eV. As can be seen in Fig. 4,
varying the reactor gap from 0.5 mm to 2 mm results in the
remarkable increment of electron density (shown in Fig. 4,
for example from 7 x 10'7 1/m3 to 14 x 10'7 1/m? for the die-
lectric layers with dielectric constant 10). Therefore, more
number of excited argon atoms in the discharge domain can
obtain around 20 eV energy from these electrons to produce
argon ions; hence, the mass fraction of Ar* reduces. Such
linear decrement can be seen more considerably for the DBD
with dielectric layers with higher values of dielectric con-
stant which is 10.

Evaluations of the electron temperature and the mean
electron energy in the discharge domain

In Fig. 7, time evolutions of the electron temperature are
illustrated for the DBD with dielectric constant 7.6 as the
gap is 0.5 mm and 2 mm, respectively. The electron tem-
perature grows and reduces corresponding to each discharge
event. According to Fig. 8, it greatly remarks that the elec-
tron temperature plots of the two DBDs with different val-
ues of dielectric constant (7.6 and 10) demonstrate approxi-
mately the same linear behavior as the gap is varied from
0.5 mm to 2 mm. This is a consequence of the fact that the
reactor gap cannot affect the electron temperature remark-
ably. Additionally, the DBD with dielectric constant 10
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possesses the higher values of electron temperature (about
4.5 eV) compared to the DBD with the lower dielectric con-
stant 7.6, which is nearly 4 eV. However, we can see that
variation in the nature of dielectric layers cannot influence
noticeably the electron temperature (the increment is only
0.5eV).

Spatiotemporal simulation results of mean electron
energy are displayed in Fig. 9 for the DBD with dielectric
constant 7.6 for the gap distances of 0.5 mm and 2 mm.
Moreover, the corresponding plots as a function of the reac-
tor gap are illustrated in Fig. 10. Accordingly, it can be seen
that not only the electron temperature (Fig. 8) but also mean
electron energy plots (Fig. 10) show approximately the same
behavior.

Figure 10 also implies that variation in the nature of the
dielectric layer which covers both of the electrodes cannot
influence the mean electron energy significantly. This is a
consequence of the fact that the DBD with dielectric con-
stant of 10 offers mean electron energy about 6.5 eV for all
of the examined gaps (from 0.5 mm up to 2 mm); however,
the other DBD possesses the values of 6 eV.

Evaluations of the total plasma current density
in the discharge domain

In Figs. 11 and 12, the current density of electrons and ions
for the DBD with dielectric constant 7.6 in the gap distances
of 0.5 mm and 2 mm is depicted, respectively. As expected,
in 1D simulation of a DBD reactor, the total current density
is constant across the gap at any point in time (see Fig. 13).
The electron current density plots in Fig. 14 show approxi-
mately the same alternative behavior as the gap is varied
from 0.5 mm to 2 mm. Compared to Fig. 4, variation in the
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Fig.2 Current—voltage waveform and the gas voltage for discharge with the applied voltage amplitude of 750 V and frequency 50 kHz for the
DBD with dielectric constant 10 for various gap distances: a 0.5 mm, b 1 mm, ¢ 1.5 mm and d 2 mm

electron density and electron current density can be consid-
ered similarly as the gap is increased. According to simula-
tion results, it can be seen that the increase in the reactor
gap from 0.5 mm up to 1.5 mm leads to the variation in
the electron and ion current densities approximately within
the range of 4-10 A/m? for both of the dielectric constants
7.6 and 10. However, in the gap of 2 mm for the DBD with
dielectric constant 10, the electron current density increases

even more than 14 A/m?, while the maximum values of ion
current density cannot exceed 14 A/m? (see Figs. 14 and
15). For example, the DBD with dielectric constant 10 at
the gap 2 mm offers about 18 A/m? for the electron current
density; however, the value of ion current density cannot
exceed 13 A/m?. Total plasma current density against the
reactor gap for different values of dielectric constant is also
depicted in Fig. 16.
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Fig.3 Spatiotemporal evolu-

tions of the electron density (1/ . -3 x 10 1)
m?) versus the gap spacing for x10 . (a) X 10% x10 (b)
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Fig.4 Electron density plots (1/m?) against the reactor gap for differ-
ent values of dielectric constant: 7.6 and 10 at the last point in time

Calculations of the DBD's average power consumption
for determination of the optimal reactor gap
without the presence of any material in the gap region

In the following step, the influence of variations in the

dielectric constant of the dielectric layers which cover both
of the electrodes on the average power consumption is

@ Springer

investigated in different reactor gaps. At this step, the main
focus is to determine the gap that delivers the maximal elec-
tric power to the discharge, which is advantageous for mate-
rial processing applications [19]. For further comparability,
the average power consumption within the range of 10 us to
100 ps needs to be calculated.

The plots of average power consumption for the DBDs
with different values of dielectric constant (7.6 and 10)
are displayed, respectively, in Fig. 17a, b, as a function of
the discharge time in different reactor gaps 0.5 mm, 1 mm,
1.5 mm and 2 mm. Accordingly, at the gap of 0.5, varying
the dielectric constant from 7.6 to 10 increases the average
power consumption from 0.7 w to 1.1 w. However, slope of
the plots illustrates approximately a linear behavior. Such
linear behavior can be due to the stability of the plasma
created in the gap of 0.5 mm for a wide range of discharge
time (10 pus—100 ps). Furthermore, it can be seen that as
the gap is assumed to be 1 mm, both of the DBD reactors
with different values of dielectric constant possess the maxi-
mum values of average power consumption. Therefore, this
distance can be considered as optimal gap. From Fig. 17a,
b, it is clearly illustrated that by increasing the dielectric
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constant of dielectric layers from 7.6 to 10, the maximum
values of average power consumption are obtained in the
lower gap distances (0.5 mm and 1 mm). For the reactor gaps
of 1.5 mm and 2 mm, we can see the remarkable fluctuations
in the plots of average power consumption. It is due to the
fact that the produced plasma in the range of discharge time

0 us—40 ps is still unstable. However, for the minimum reac-
tor gap (0.5 mm), the produced plasma shows stability in a
wide range of discharge time (10 pus—100 ps).

Design guidelines for the DBD including materials
with different dielectric constant in the discharge

gap

It is a challenging task to investigate numerically the influ-
ence of embedding material in the gap distance of a DBD
reactor for the surface processing. Thus, in all of the fol-
lowing “Evaluations of the electron densities across the dis-
charge domain,” “Evaluations of the mass fraction of excited
argon atoms (Ar*) created in the discharge domain,” “Evalu-
ations of the electron temperature and the mean electron
energy in the discharge domain” and “Evaluations of the
total plasma current density in the discharge domain” sec-
tions, three materials with various values of the dielectric
constant: aluminum, glass (quartz) and silicon, are embed-
ded in the gap region (between the two electrodes which
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are covered by dielectric layers with dielectric constant 10),
respectively.

To analyze the effect of variation in the relative permittiv-
ity of the treated material, thicknesses of the examined mate-
rials are assumed to be constant and are equal to 0.2 mm in

all of the following sections. The values of dielectric con-
stants of these treated materials are given in Table 6.

Moreover, values of the applied voltage, diameter of
the electrodes and thickness of the dielectric layers which
cover both of the electrodes are assumed to be constant
and are given in Table 1. However, in this section, the
value of frequency is considered to be 30 kHz. The one-
dimensional (1D) discharge geometry of the proposed
DBD with material in the gap region is shown in Fig. 18a,
and its 3D structure is also demonstrated in Fig. 18b.

Evaluations of the electron density, ion density and total
plasma current densities (J,) for the DBD with material
in the discharge domain

To investigate the effect of different materials in the gap
distance on the electrical discharge properties, the V-I char-
acteristics of the discharge across the gap in different dis-
tances (0.5 mm and 2 mm) are shown in Figs. 19, 20 and
21, respectively, at frequency of 30 kHz. Accordingly, the
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Fig. 10 Mean electron energy against the reactor gap for different val-
ues of dielectric constant: 7.6 and 10 at the last point in time

maximum of discharge current at gap 0.5 mm is 15.647 mA,
19.328 mA and 20.285 mA for aluminum, glass and sili-
con, respectively. Also, at the highest gap distance 2 mm,
the maximum of discharge current is still decreased to

Fig. 11 Spatiotemporal electron

5.422 mA, 5.832 mA and 5.913 mA for aluminum, glass and
silicon, respectively. Therefore, compared to Fig. 2, it can be
seen that the maximum of discharge current is remarkably
decreased with embedding materials across the gap, due to
recombination of charged particles on the material surfaces.
Figures 22, 23 and 24 illustrate the evolutions for the elec-
tron density, ion density and total plasma current density
across the gap of the DBD with dielectric constant 10 as the
three materials with different values of relative permittivity
(aluminum, glass and silicon) are embedded in the reactor
gap 2 mm, respectively. It can be seen in Fig. 22 that the
discharge occurs twice in each cycle: one in the positive and
the other in the negative half cycle of the voltage. Figure 25a
shows that the electron density increases considerably as
a function of reactor gap, when the treated material in the
gap is silicon with the highest value of dielectric constant
compared to the other examined materials, especially alu-
minum. Indeed, as the reactor gap is varied from 0.5 mm
to 2 mm, the electron density illustrates approximately
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an increasing linear behavior for aluminum. However, as
the treated material is replaced with glass (a material with
higher value of dielectric constant than aluminum), slope
of the corresponding plot increases drastically. Also, in this
section, with increasing the gap distance, we can see that the
maximum of electron density is increased about 108 times
lower than for the DBD without any material across the gap
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in time

due to recombination of charged particles on the material
surfaces.

From Fig. 25a, b, it is easily notified that with increasing
gap distances, both of the argon ion density and electron
density plots show the same behavior. Moreover, it is shown
in Fig. 25b that embedding material with higher dielectric
constant than the dielectric layers which cover both of the
DBD electrodes (the presence of silicon across the discharge
gap) leads to the increment in argon ion density remarkably.

Compared to Fig. 13, it is easily notified that the pres-
ence of examined materials in the gap region decreases
considerably the values of total plasma current density (see
Fig. 25c: for example, at the gap of 1 mm, the DBD with-
out any material across discharge gap offers J,=10.1 A/
m?; however, the DBD with silicon in the gap possesses
J,=0.858 mA/m?). Also, the total plasma current density
increases linearly for aluminum as the gap is varied to
2 mm. However, it should be noted that by varying the
material across the gap from aluminum to glass or silicon,
the maximum of both electron and argon ion densities is
obtained at the reactor gap of 1.5 mm. On the other hand,
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Fig. 17 Plots of the average power consumption against the discharge
times (10 pus—100 ps) for the DBDs with dielectric constant a 7.6 and
b 10

Table 6 Properties of examined materials

Treated materials Dielectric Unit Refractive index
constant

Aluminum 1 1 -

Glass (quartz) 4.2 1 1.45

Silicon 11.7 1 1.5

the maximum of total plasma current density (0.858 mA/
m?) is obtained in the gap of 1 mm for silicon. Further-
more, the remarkable variations in the total plasma cur-
rent density are obtained for silicon with higher dielectric
constant than the dielectric constant of aluminum, glass
and also dielectric layers. Consequently, it should be high-
lighted that the variations in the electron, argon ion and
total plasma current densities as a function of reactor gap
depend noticeably on the nature of the treated material.

Evaluations of number density and mass fraction
of the excited argon atoms (Ar*) for the DBD with material
in the discharge domain

Figure 26 depicts the evolutions for mass fraction of
the excited argon atoms across the gap of the DBD with

dielectric constant 10 as the three materials with different
values of relative permittivity (aluminum, glass and silicon)
are embedded in the reactor gap 2 mm, respectively.

According to Fig. 27a, b, the variation in the mass frac-
tion and density of the excited argon atoms across the reactor
gap illustrates nearly the same behavior for all of the treated
materials. Also, the presence of aluminum (the examined
material with the lowest dielectric constant) cannot change
not only mass fraction but also density of the excited argon
atoms remarkably, as the gap is increased. However, similar
to the plots of electron density and argon ion density (see
Fig. 25a, b), the maximum values of the mass fraction and
density of Ar* are achieved for silicon

Furthermore, Fig. 27a shows that the DBD with different
materials across the discharge gap (particularly aluminum)
decreases the mass fraction of Ar* compared to the DBD
without any materials between the two dielectric layers.

Evaluations of the electron temperature for the DBD
with different materials in the discharge domain

According to Fig. 28, as the reactor gap is increased from
0.5 mm up to 2 mm, the electron temperature plots decrease
exponentially (with a slow slope) for all of the treated mate-
rials. Therefore, the variation in the nature of the examined
material cannot affect the electron temperature considerably.

Calculations of the DBD’s power consumption
for determination of the optimal reactor gap of the DBD
with different materials in the gap region

Figure 29 depicts the variation in the average power con-
sumption within the range of 10 ps to 100 ps, for the DBD
without any material in the discharge gap 0.5 mm at fre-
quency of 30 kHz. From this figure, it is clearly shown that
the average power consumption reaches its minimum value
in the half cycle of the discharge time.

In Fig. 30a—c, the plots of average power consumption
for the reactor gap distances of 0.5 mm, 1 mm, 1.5 mm and
2 mm, respectively, are illustrated to analyze the effects of
variation in the nature of the treated materials on the average
power absorbed by the plasma. According to Fig. 30a, b, by
increasing the gap up to 1 mm, the average power consump-
tions for the three examined materials increase nearly 10
times greater than the results obtained at the gap of 0.5 mm.
Moreover, from Fig. 30a—c, it can be seen that the maximum
value of average power consumption is achieved for silicon
with the maximum relative permittivity. Also, the variations
in the average power consumption within the range of 10 us
to 100 ps, for the three treated materials, illustrate a sinu-
soidal behavior as the reactor gap is chosen to be 0.5 mm,
1 mm and 1.5 mm, respectively. As a result, the proposed
DBD reactor offers much greater values of average power
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Fig. 18 a The 1D discharge
geometry of the simulated DBD
with material in the discharge
gap. b The 3D structure of the
designed DBD system for mate-
rial treatment
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Fig. 19 Current—voltage waveform for discharge with the applied voltage amplitude 750 V and frequency 30 kHz of the DBD with dielectric
constant 10 when aluminum is across different gap distances a 0.5 mm, b 2 mm

consumption for not only aluminum but also silicon at the
gap 1.5 mm compared to the other gap distances. For glass,
the average of power consumption at the gap distance of
1 mm is increased nearly 10 times greater than the gap of
0.5 mm. However, the average power consumption cannot
change remarkably when the gap distance is increased to
1.5 mm. Consequently, the power absorbed by plasma in the
discharge gap (the average power consumption) depends on

@ Springer

the nature of the different materials across the gap region for
the material treatment.

Conclusion

In this study, using COMSOL Multiphysics v5.0 software,

the characteristics of an argon DBD system at atmospheric
pressure under two conditions are investigated. Firstly, the
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Fig.21 Current—voltage waveform for discharge with the applied voltage amplitude 750 V and frequency 30 kHz of the DBD with dielectric

constant 10 when silicon is across different gap distances a 0.5 mm, b 2 mm

influence of variations in the reactor gap and the nature of
the dielectric layers which cover the metallic electrodes
on the electrical characteristics of the DBD reactor are
studied. As a conclusion, when the reactor gap exceeds
1 mm, a reduction or disturbance in the electron density
in the discharge region can be seen due to the instability

of the plasma. The values of mass fraction of Ar* across
the discharge region diminish as the gap is varied from
0.5 mm to 2 mm. Additionally, the electron temperature
depends on the nature of the dielectric layers which cover
the electrodes compared to reactor gap distance. Moreo-
ver, it is obtained that the electron temperature and the
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mean electron energy plots against the reactor gap illus-
trate the same behavior for the two DBDs with various
dielectric constants (7.6 and 10). The evaluations of the
power consumption plots present that the variation in the
nature of the dielectric material of the two electrodes can-
not influence significantly the optimal reactor gap (1 mm).
The DBD with dielectric constant 10 offers the maximum
power consumption, particularly in the gap distances of

’ o0
0 L(....--

1 1.5 2
Reactor Gap (mm)

0.5 mm and 1 mm compared to the DBD with dielectric
constant 7.6. Furthermore, variation in the nature of the
dielectric material which covers both of the electrodes
cannot influence significantly the behavior of the power
consumption plots versus the discharge time (10-100 ps)
in all of the examined gaps. To optimize the proposed
system for the material treatment, secondly, the influence
of embedding different materials with various dielectric
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Fig. 27 Plots of a mass fraction and b density of the excited argon
atoms (1/m>) against the reactor gap of the DBD with dielectric con-
stant 10 for the three treated materials at the last point in time

constants (aluminum, glass and silicon) on the character-
istics of the proposed DBD is analyzed. It is concluded
that embedding the material with higher value of dielectric
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constant (silicon: 11.7) across the discharge gap enhances
the electron, argon ion and total plasma current densities
remarkably compared to aluminum and glass as the reactor
gap is varied from 0.5 mm to 2 mm. Moreover, the vari-
ations in the electron, argon ion and total plasma current
densities as a function of reactor gap depend on the nature
of the treated material noticeably. However, the variation
in the nature of the examined material cannot affect the
electron temperature considerably. The presence of alu-
minum does not change remarkably not only mass fraction
but also density of the excited argon atoms, as the gap is
increased. However, the maximum values of both mass



Journal of Theoretical and Applied Physics (2018) 12:271-291 289
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Fig. 30 Plots of the average
power consumption against the
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constant 10 for the three treated
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fraction and density of Ar* are obtained for silicon. Fur-
thermore, the presence of the three examined materials at
the gap of 0.5 mm leads to the remarkable reduction in the
average power consumption compared to the DBD without
any material across the discharge gap.
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