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Abstract

A homemade RF capacitive coupled discharge system operating in wide range of pressures (from low pressure up to
atmospheric pressure) was constructed. Electrical and optical characteristics of the constructed system were measured for
argon discharge operated at wide range of pressure (from low pressure up to atmospheric pressure) and RF power up to
150 Watt. The discharge was operated using two bare metallic copper electrodes with separation distance of 5 mm and it
was kept constant in all discharge conditions. Discharge current and discharge voltage were measured for various power
and argon gas pressure conditions. The electrical characteristics of the discharge revealed that the discharge is operated
in glow mode for all the discharge conditions of the current work. Asymmetric effect was not observed in moderate and
high-pressure conditions. Consumed power, phase angle, and plasma impedance were deduced. Optical emission
spectra were acquired, and they were used to estimate electron excitation temperature (Texc) using Boltzmann plot
method. Rotational (Trot) and vibrational (Tvib) temperatures were evaluated by comparing the experimental observation
of nitrogen second positive system (N2[C

3Pu]→N2[B
3Pg]) with simulated spectra. Evaluated values of Texc, Trot and Tvib

proved that the discharge of the current work is nonthermal discharge which is good candidate to deposit different
materials from gas phase of discharge operated with different gases.

Keywords: Electrical characteristics, Electron excitation temperature, Optical emission spectroscopy, RF capacitive
coupled discharge, Rotational & vibrational temperatures

1. Introduction

D ue to their numerous applications like thin-
film deposition, etching, and plasma cleaning,

Capacitive Coupled radio frequency discharges are
widely studied in a variety of pressure ranges,
ranging from a few mTorr to atmospheric pressure
[1]. Low pressure plasma has various applications
in materials processing especially in the production
of semiconductor devices. The temperature of the
gas is typically less than 150 �C, ensuring that
thermally sensitive substrates are not harmed. Ions

generated by the plasma can be accelerated toward
a substrate, resulting in the directional etching of
nano features [2]. Atmospheric-pressure gas
discharge plasmas have more benefits in practice
than low-pressure gas discharge plasma sources.
Lower capital costs for the entire plasma genera-
tion and processing system, no size restrictions on
the treated materials, more flexible operations, and
the costly and complex vacuum system has been
removed as a result [1,2]. The atmospheric-pres-
sure glow discharge plasma (APGD) using bare
metallic electrodes driven by radiofrequency (RF)
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power supply which is called RF APGD has
developed in recent years and attracted much
attention from researchers in the world [1]. In the
literature, there are two types of RF APGD. The
first type is RF APGD using two metallic bare
electrodes and the second type is RF APGD using
dielectric material between the two electrodes. The
first type gives a homogeneous discharge, and it
has a lower discharge voltage compared with the
second type [2]. Most of RF APGD sources are
employing helium as a carrier gas. But when argon
tries to take the place of helium as a carrier gas to
drastically cut operating costs associated with gas
use, problems with its ignition and maintaining
stability, as well as its constrained chemical and
physical operation windows when reactive gas (like
O2 or N2) is added, become acute. Therefore, the
argon capacitive APGD operated by RF power
supply at atmospheric pressure is given a lot of
attention to increase its performance [3,4]. How-
ever, the majority of the authors concentrate on low
or atmospheric pressure with little work in the
range from moderate to atmospheric [5]. Capaci-
tively coupled plasma (CCP) systems can be
divided according to the geometry of the two
electrodes into symmetric discharge when includes
two identical electrodes area whilst asymmetric
when plasma formed between two unequal elec-
trode areas at low pressure produces a dc voltage
as a result of differences in electron and ion
mobility, Due to this bias, the smaller electrode
experiences high sheath voltages and high ion en-
ergies [6]. RF APGD plasma may thus be used in a
larger range of applications, like, deposition,
decontamination of chemical and biological war-
fare agents, water treatment, safety, etching, etc,
and even create new applications [7]. One of these
applications is to synthesis a graphene oxide (GO)
using plasma-assisted reaction and deposition at
low temperatures [8,9]. A large scale of GO can be
produced by preparation of a single layer of gra-
phene and then using oxygen plasma to generate
GO.
GO is mainly synthesized by low pressure ICP

discharge [10,11]. And by a microwave atmospheric
pressure plasma jet [12].
In the current work, we designed and built a

homemade RF capacitively coupled RF plasma source
operated with bare metallic electrodes (having a sep-
aration distance of 5 mm) to generate argon plasma at
a wide pressure range (from 25mbar up to 1 bar) with
the intention touse it in synthesizing a grapheneoxide
usingargonandmethanegasesmixture. Theelectrical
and the optical characteristics of the built source were
studied for different RF power and gas pressure.

2. Experiment setup

The experimental setup is shown in Fig. 1, the
discharge was produced between two circular cop-
per metallic electrodes. The upper electrode was
one centimeter in diameter cooled by water and the
lower electrode was six centimeters in diameter. The
upper electrode is connected to the RF power sup-
ply (13.56 MHz) via a homemade p type matching
network and the lower electrode was connected to
the ground. The matching network was made of an
inductor and two variable air-gap capacitors. The
reflected power was minimized by tuning the ca-
pacitors of the matching network. Both electrodes
were enclosed in a stainless-steel vacuum chamber
and the chamber was connected to the ground. The
gap between the two electrodes was fixed at 5 mm.
The discharge voltage was measured using a
homemade ResistoreCapacitive voltage probe (1:24)
and the discharge current was measured using a
commercial current probe (Pearson Current
Monitor 2877). A GWINSTEK digital oscilloscope
(model GDS2000) was used to record the voltage
and the current waveforms. The optical emission
spectroscopy (OES) at the discharge region was
monitored using a UVeVIS Avantes spectrometer.
The base pressure which was mainly air, was fixed
at 1.3 torr and an argon gas is flowed in the chamber
to the desired pressure. It should be mentioned here
that, all the argon gas pressures used in the current
study are a mixture of argon gas and air with the
ratio of pressure minus base pressure to the base
pressure.

3. Result and discussion

3.1. Electrical characteristics

The electrical characteristics of the discharge sys-
tem were studied by measuring the discharge
voltage and the discharge current waveforms for a
wide range of argon gas pressure and consumed RF
power. Figure 2 shows the currentevoltage wave-
forms at different pressures. It is noticed that both
current and voltage waveforms are close to be sinu-
soidal at low pressure and they became sinusoidal
with increasing the pressure. The current lead the
voltage at all conditions which indicates that the
discharge type is capacitive coupled plasma (CCP).
The current is smoother than the voltage and hasn't
any spike. The asymmetric effect cannot be seen in
moderate and high pressure as shown in Fig. 2bed,
on the other hand, the effect of asymmetric discharge
can be observed clearly in the voltage waveform at a
pressure 3.5 mbar as can be seen in Fig. 2a. Because
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the discharge is always in the midplane between the
two electrodes in moderate and high pressure, the
effect of asymmetric is not seen in the waveform;
however, in low pressure, the discharge occupies the
entire chamber and asymmetric discharge is visible
clearly [13]. A fast Fourier transform was calculated
for the discharge voltage for argon gas pressure of
3.5 mbar and 0.8 bar and it is shown in Fig. 3. At
argon pressure of 0.8 bar, the amplitude of the third
and fifth harmonics of the voltage waveforms are
around 1 % and 4 % of the main frequency respec-
tively but at 3.5 mbar, the second, third, fourth, and
fifth harmonics are around 3 %, 5 %, 4 % and 1%
respectively.
Figure 4 shows the root mean square value of

voltage (Vrms) against the root mean square value of

the current (Irms) for argon discharge generated at
different input RF power and pressure. Figure 4a is
depicted for moderate & low argon pressure
(3.5 mbare30 mbar) while Fig. 4b is depicted for
high argon pressure (0.2 bare0.8 bar). In the range
of 0.2e0.8 bar the discharge voltage increases by
increasing the argon pressure at constant discharge
current which indicates that the discharge imped-
ance increases with increasing the discharge
voltage. The voltage at 0.8 bar starts at 120 V and
decreases to 100 V and stays almost unchanged. The
current at low pressure is larger than that at mod-
erate and high pressure which might be ascribed to
the increase of both of electron density and electron
temperature with decreasing the gas pressure.
Where with increasing the gas pressure, the electron

Fig. 2. Current-voltage waveforms of argon discharge at different pressure.

Fig. 1. Schematic diagram of the experimental setup.

D. Ibrahim et al. / Al-Azhar Bulletin of Science 34 (2023) 115e125 117



mean free path is decreasing and the electrons will
gain less energy from the electric field between
successive collisions. This implies that the electron
temperature will decrease and as a result the ioni-
zation will decrease too. For all discharge conditions
shown in Fig. 4, the discharge voltage remains
constant with increasing discharge current which
indicates that the discharge is operating in normal
glow mode for the whole pressure range used in the
current work [8].
Dissipated power in the discharge P, discharge

impedance Z and phase between the discharge
voltage and discharge current waveforms can be
estimated by the following equations [14]:

P¼ Irms Vrms cos q ð1Þ

Z¼Vrms

Irms
ð2Þ

q¼ 2�p� f�Dt ð3Þ
Where Vrms and Irms are the RMS value of the

discharge voltage and the discharge current, is the
phase difference between them, is the frequency
and is the time shift.
The consumed power calculated from equation 1

as a function of input power for different argon

pressure is shown in Fig. 5. The consumed power
changes linearly with the input power and it was
found that it was about 40e50 % of the delivered
power by the RF source. Due to ‘The maximum
power theorem principle‘ the maximum power
transfer to the discharge cannot be higher than 50 %
of the input power that happens when the imped-
ance of the matching network matched with the
load impedance [15].
The currentevoltage phase angle was less than

90� as shown in Fig. 6 and it was decreasing by
increasing the input power which indicated that the
plasma became more resistive. The phase angle was
never reached zero at all pressures used in the
experiment. As a result, the capacitive element in
the rf plasma generated in our experiment was al-
ways significant. These results suggest that the
discharge is not an arc plasma in low, moderate, and
high pressure, because arc plasmas are more resis-
tive and their current waveform deviates signifi-
cantly from sinusoidal [16]. For argon pressures of
25 and 30 mbar and for high RF power, the phase
angle is less than 10�. This shows that the discharge
shows more resistive in these pressure and powers.
Figure 7 shows the relation between the input

power and impedance at argon pressure of 0.2 bar.
It is noted that the impedance is linearly decrease

Fig. 3. Fast Fourier transform for voltage at 0.8 bar and 3.5 mbar.

Fig. 4. The root mean square (RMS) value of voltage and current at different pressure.
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with increasing the input power. This is expected
since the degrees of ionization of the discharges of
argon increases as the discharge current increases
and the discharge voltage stay almost unchanged
resulting in a decrease in the impedance of the
discharge. Similar results were reported before in
argon and nitrogen discharges [7].

Figure 8a & b shows a series of Lissajous figures of
voltageecurrent at different RF power for argon
pressure of 30 mbar & 0.2 bar respectively. It is
noticed that the area of the figures decreases as the
input power increase due to the decreasing of the
phase angle between the current and voltage sig-
nals. The plot also shows distortions, as opposed at

Fig. 5. Consumed power as a function of input power at different pressure.

Fig. 6. Phase angle as a function of the input power.

Fig. 7. Plasma impedance as a function of input power at argon pressure of 0.2 bar.
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0.2 bar to the smooth profile seen in the case at
30 mbar. The dissertation in the Lissajous pattern is
due to the higher conductivity of the discharge, at
high power where the discharge becomes more
resistive [17].

3.2. Visualization of the discharge

Figure 9 shows photographs of the discharge at
different pressure and for RF power of 100 Watt at a
constant gap. It is noted that with increasing the
argon pressure, the discharge be more localized
between the two electrodes. At low pressure
(25 mbar) the discharge is faint and covers the two
electrodes. For discharge at argon pressure of
0.2 bar, clear discharge regions are observed where
shiny positive column is sheen which covers the
whole electrodes area. The positive column radius is
clearly decrease with increasing the argon pressure.
The discharge channel between the electrodes be-
comes narrower and narrower with increasing the
argon pressure from 0.6 bar to 1 bar. Positive col-
umn can be seen clearly at the middle between the
electrodes. The bright layer on the electrodes can be
seen in the region from 0.4 to 1 bar. At 0.8 and 1 bar
the discharge usually moves between the electrodes.
Symmetric discharge pattern is seen at region
0.6e1 bar with a bright negative glow near the
electrodes and a weak positive column in the mid-
dle. The maximum emitted light's intensity is so
near to the electrodes that the distance between
them cannot be calculated [18]. The presence of a
pure ɣ mode of an RF discharge is shown by

comparing the discharge pattern to the literature for
medium-pressure discharges. This type of emission
profile was observed before not only in high-pres-
sure discharges [19] but also in moderate pressure
discharges [20]. g-Mode of RF capacitively coupled
discharge is a discharge in which electron avalanche
is mainly due to the emission secondary electron
from the electrode surface by ion bombardment.

3.3. Optical emission

Optical emission was also measured at different
pressure using Avantes spectrometer. Figure 10
shows the spectrum at 0.2 bar and 1 bar for an input
power of 150 W. Optical emission spectra can be
classified into three regions UV, VIS, and IR.

3.3.1. UV region
UV regions are shown in Fig. 11 for 0.2 bar and

1 bar. It is noted that the emission of nitrogen 2nd
positive system is seen clearly in a range from 350
to 400 nm (N2[C

3Pu]/N2[B
3Pg] emission bands,

with emission (0,1) band head at 357.8 nm, emis-
sion (2,4) band head at 370.7 nm, emission (1,3)
band head at 375.2 nm emission (0,2) band head at
380.3 nm, emission (2,5) band head 394.1 nm, and
emission (1,4) band head 399.5 nm. This emission is
attributed to the presence of residual air in the
chamber [21].

3.3.2. Visible region
N2 second positive system of Nitrogen is also seen

in the visible region from 400 to 700 nm. Emission (0,

Fig. 8. Lissajous figures of voltageecurrent at different RF power.

Fig. 9. Photographs of the discharge at different pressure.
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3) band head at 405.5 nm, emission (4, 8) band head
at 4.9.4 nm, emission (2, 6) band head at 419.9 nm,
and emission (1, 5) band head at 427.7 nm. Lines of
atomic and ionic argon are also existed, as can be
seen in Fig. 12 and Table 1.

3.3.3. Near IR
Strong argon lines and atomics oxygen were

observed in the region from 700 to 950 nm as shown
in Fig. 13. Oxygen lines of 777 nm and 844 nm were
found in the spectrum due to the residual air in the
chamber. For all the discharge conditions in the
current study it was noted that the emission in-
tensity of the argon lines increases with the
increasing discharge pressure while the emission

intensity of the nitrogen second positive system
decreases with increasing discharge pressure.

3.4. Excitation temperature

The electronic excitation temperature Texct is
determined by fitting a thermal distribution to the
appropriately weighted intensities of a set of atomic
transitions for a specific atomic species in the
plasma [22]. In the case of RF CCP discharge, the
atomic species used is Argon (Ar). The emitted
Argon atoms are excited in the plasma and the
excited Argon atoms will emit spectra when they are
de-excited. The intensity Iij of Ar I atomic emission
lines when Ar -atoms are de-excited from an initial

Fig. 11. Emission of 2nd positive system of Nitrogen in argon discharge at RF power of 150 Watt.

Fig. 12. (a) Emission of 2nd positive system of Nitrogen (b) Emission of Argon lines.

Fig. 10. Optical emission of argon discharge at 0.2 bar and 1 bar.

D. Ibrahim et al. / Al-Azhar Bulletin of Science 34 (2023) 115e125 121



excited state i to final state j is given by the following
equation.

ln
�
Iijlij

�
giAij

�¼� 1
KBTexct

Ej þC

Where lij is the wavelength of the emitted line.
The plot of ln(Iijlij/Aijgi) as a function of Ei for each of
selected emitted Ar lines, gives points which would
be perfectly aligned in the case of plasma in local
thermal equilibrium (LTE). The slope of this line is
�1/Texct leading to Texct which is a good approxi-
mation for Te in the case of LTE. This plot is called
Boltzmann plot [23] Each observed Ar II line
wavelength has an associated energy level Ej, a
statistical weight gi, and atomic transition probabil-
ity Aij As given in Table 2. In our experiment, we get
Ej,gi, and Aij from the NIST Atomic Spectra Database
[24].
Figure 14 shows Boltzmann plot for argon

discharge at pressure 0.8 bar and at RF power of 150
Watt. The data was fitted well with a straight line
giving Texc of 3.1 eV. Figure 15 shows electron
temperature as a function of argon pressure at RF
power of 150 Watt calculated from Boltzmann plot.
The electron temperature decreases from 3.5 eV to
2.5 eV with increasing the pressure. This can be

explained as follows: the mean free path and the
energy gained by the electron decrease as the
pressure increases, decreasing the ionization pro-
cess with increasing the pressure, the number of
atoms and molecules increases, so instead of the
electron gaining energy from the electric field, more
and more energy is transferred from electron to
plasma species (atoms, molecules.., etc.) during in-
elastic collisions, the mean free path decreases, the
collision rate of electrons with atoms increases, and
the electron's acquired energy decreases, resulting
in an increase in electron density and a decrease in
electron temperature [25].

3.5. Rotational and vibrational temperatures

Measuring the plasma temperatures (electron
temperature (Te), vibrational temperature (Tvib),
rotational temperature (Trot), and gas temperature
(Tg) gives access to information concerning the
chemical reactivity of the medium and the thermal
energy produced. At atmospheric pressure, colli-
sions between the neutral and excited molecules are
more effective and Trot tends to equilibrate with the
kinetic temperature of the heavy species Tg. Tvib is
indicative of vibrationally excited species that is
chemically reactive. Thus, Trot & Tvib are important
parameters to consider in any plasma applications.
Emission of OH band and bands of N2 second
positive system, are widely used in estimating. Trot

Fig. 13. Emission of argon discharge in region 700e950 nm.

Table 2. Spectroscopic parameters of selected Ar atomic and ionic
emission lines.

Ej(ev) Wavelength (nm) intensity gi (s�1)

22.51 �23.50513635 441.03 10109.12 6 1.20Eþ08
21.14 �25.30588416 460.9 14007.3 8 7.89Eþ07
19.8 �23.83515388 476.50 23916.7 4 6.40Eþ07
19.8 �23.67225261 454.5 18905.2 4 4.10Eþ07
19.22 �25.70475244 480.6 6683.9 6 7.80Eþ07
19.68 �25.14568661 487.8 12152.8 6 8.23Eþ07

Table 1. Lines of atomic and ionic argon.

Wavelength (nm) Species

441.5 Ar II
448.7 Ar II
454.4 Ar II
460.9 Ar II
465.7 Ar II
476.5 Ar II
480.9 Ar II
488.14 Ar II
513.17 Ar II
518.5 Ar I
527.4 Ar I
557.7 Ar I
588.8 Ar I
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& Tvib in low-pressure and atmospheric pressure
discharges [26]. Among the methods for measuring
the rotational and vibrational temperatures the most
widely used is that Boltzmann plot. Other methods,
however, can be quoted which is based on com-
parison between experimentally measured lines and
normalized theoretically generated curves for
different temperatures; this method was adapted in
the current research. The emission spectrum of N2

second positive system due to the transition
C3Pu�B3Pg could be obtained with sufficient in-
tensity in nitrogen discharge and in some cases of
air discharge. To determine the state vibrational
kinetics of the nitrogen molecules in the discharge
and to understand vibrational temperature, we
measured the relative population density of vibra-
tional excited states of N2C

3Pu with a vibrational
quantum numbers n ¼ 0�4 by emission spectros-
copy. As mentioned above that the gas temperature
is well approximated with the rotational tempera-
ture of N2 under atmospheric discharge. Rotational
and vibrational temperature is obtained from a
comparison of N2 second positive system spectra
observed experimentally with simulated ones using
software (spectrasim) developed at Technical Uni-
versity of Eindhoven [27].
Figure 16 shows a comparison between experi-

mentally observed spectra of nitrogen second

positive system and simulated spectra for discharge
generated at argon pressure of 0.8 bar and Rf power
of Watt, where Trot & Tvib are fitting parameters.
From this figure it is clearly seen that there is a nice
agreement between the measured and simulated
spectra. The best fitting was obtained for Trot of
1645 K and Tvib of 3500 K. The dependence Trot &
Tvib deduced from nitrogen second positive system
on argon pressure is shown in Fig. 17. From Fig. 17,
it can be seen that Trot is less than Tvib for all pres-
sure conditions used in the current study. Both of
Trot & Tvib are much lower than Texc deduced from
Boltzmann plot method in all the work of the

Fig. 14. Boltzmann plot for discharge obtained at argon pressure of 0.8 bar and RF power of 150 Watt.

Fig. 15. Electron temperature as a function of argon pressure at RF power of 150 Watt.
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Fig. 16. Comparison of experimental spectrum with simulated one for
discharge generated at argon pressure of 0.8 bar and RF power of 150
Watt.
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current study which indicating that the discharge is
nonthermal discharge. The nonthermal discharge is
useful for deposition of graphene oxide from the gas
phase because it can easily break most of the
chemical bonds and overcome of the disadvantage
of using high temperature in conventional chemical
vapor deposition methods [28].

4. Conclusion

In this study, we present the electric and optical
characteristics of CCP system that was constructed
with the intention of using it to deposit graphene
oxide at frequency 13.56 MHz. The system can run
at wide range of pressures from 3.5 mbar to 1 bar
using bare metallic copper electrode with power up
to 150 W at constant gap 5 mm. The behaviour of
glow discharge was observed by IeV waveform in
all conditions. Electric characteristics like IeV wave
form, the consumed power was calculated and
found to be 40e50 % of input power, phase angle,
impedance and Lissajous figures were recorded. ɣ
mode was observed at all conditions. The existence
of nitrogen second positive system, atomic and ionic
argon emission lines, and atomic oxygen emission
lines were found during discharge species identifi-
cation. The exaction temperature was calculated
using Boltzmann plot method and found to be the
range 2.5 eve3.5 ev depend on the pressure. Rota-
tional (Trot) and vibrational (Tvib) temperatures were
demonstrated that the discharge system in current
work is nonthermal plasma making it a good
candidate to deposit different material especially
carbon materials from the gas phase of the
discharge when operated with a mixture of argon
and methane gas or argon acetylene mixture.
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