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In this work, the breakdown and Langmuir characteristics of dc glow discharge
plasma employing dual-magnetron assembly were studied. The electrical
characteristics of this system are optimized to use it for reactive sputtering
applications. The plasma was generated by electric discharge of argon gas at
pressures ranging from 0.1 to 0.8 mbar. Also, a mixture of argon and oxygen was
used to generate plasma since oxygen is used as the reactive gas. First, the Paschen’s
curves for both cases (argon only and argon/oxygen mixture) were plotted as the
variation of breakdown voltage with the product of gas pressure (p) and interelectrode distance (d) (i.e., p.d). The minima of these curves were ranging in 145208V for different inter-electrode distances. The minima were also determined for the
glow discharge of oxygen only to be ranging in 185-320V. In case of argon/oxygen
mixture, the minima were ranging in 100-208V. The resistance of the gaseous
medium was determined from the I-V characteristics and the argon showed higher
resistance when compared to oxygen and argon/oxygen mixture. The plasma
parameters, mainly electron and ion temperatures and densities, were determined
from the Langmuir probe measurements for argon only and argon/oxygen mixture.
Electron and ion temperatures in argon/oxygen mixture were higher than those in
only argon. The densities showed contradictive behaviors as the electron density was
lower in argon/oxygen mixture, while the ion density was higher in the same mixture.
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1. Introduction
Cold plasma technologies have found wide-range
of applications in material processing for over 30
years and they are now widely used in the
preparation of thin film materials, magnetic media,
special glasses, metal coatings, etc. [1-5]. In the last
decade, great attention has been devoted to the
reactive dc magnetron sputtering technique as it has
covered a vast range of industrial applications [6,7].
The most commonly used method of generating and
sustaining a low-temperature plasma for technical
applications is the application of an electric field to a
neutral gas [8,9]. Any volume of a neutral gas is
always electrically neutral before applying electric
field and the gas at room temperature will contains a
few electrons and ions [10]. However, a free
electron may be released from a molecule by the
interaction of cosmic rays or other radioactive
radiation or a random high energy collision with
another particle [11,12].
The use of plasma for material deposition is
widely used in technological and industrial
processes. Sputtering is the most popular method for
thin film deposition [13,14]. Noble gases are
commonly used to generate the plasma because they
are almost chemically inert. Generally, plasma is
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characterized by external parameters such as direct
current (dc) input power, substrate bias, gas pressure
and flow rate. However, knowledge of these external
parameters does not provide adequate understanding
of the sputtering process [15,16]. More insight
relating to the film composition and growth rate, for
example, is provided by investigating the internal
plasma parameters. Many diagnostic techniques,
such as Langmuir probe [17] are used to measure the
electron plasma density (ne), the space potential (Vsp)
and the electron temperature (kBTe) in cold lowdensity plasmas [18].
The Langmuir probes are one of the different
electric probe diagnostics that are employed today.
In a broader sense, the electric probes measure the
local plasma parameters by using stationary or slowtime varying electric (and/or magnetic) fields to emit
or to collect charged particles from the plasma
[19,20]. These measuring techniques constitute an
active field of research and are particularly well
suited for low-density cold plasmas, such as low
pressure electric discharges, ionosphere and space
plasmas [21].
The plasma parameters are deduced from the
current (Ip), which, in accordance to the bias voltage
V=Vp−Vsp is composed of ions, electrons or both
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[22]. The attracted charges are collected by through
the electric field between the bulk plasma and the
metallic surface of the probe. This undetermined
spatial potential profile extends in the plasma along
distances in the order of few Debye lengths (λD) and
is denominated plasma sheath [23]. In addition, this
local electric field also may be altered according to
the magnitude of the current (Ip) collected [24].
Therefore, the charge collection process depends on
different characteristic lengths, such as the probe
size (rp) and the thickness (or spatial extension) of
the plasma sheath attached to the collecting surface,
which related to λD [25]. In magnetized plasmas, the
Larmor radii of electron (re) and ion (ri) also
introduce additional lengths, as well as the mean free
path (λ) for collisions between electrons and/or ions
and neutral atoms in collisional and weakly ionized
plasmas [26,27].
In this work, the breakdown and Langmuir
characteristics of dc glow discharge plasma
employing close-field unbalanced dual-magnetron
assembly are studied. The electrical characteristics
of this system are optimized to use it for reactive
sputtering applications. The plasma is generated by
electric discharge of argon gas at different gas
pressures. Also, a mixture of argon and oxygen is
used to generate plasma since oxygen is used as the
reactive gas.
2. Experimental Part
A homemade dc reactive magnetron plasma
sputtering system was designed and constructed for
thin film deposition purposes. The details of
construction will be briefed as follows. Firstly, we
started with the main and most important part in the
system, the plasma chamber, which is made as a
cylinder of stainless steel with 3 mm thickness and
30 cm height. The top and bottom sides of this
chamber are closed with stainless steel flanges. The
top flange contains three ports for gas supply,
pressure gauge and high-voltage electrode (cathode).
The bottom flange has two ports for electrode
(anode) and vacuum pump. Both electrodes are
made from stainless steel and can be cooled by
circulating a cooling fluid through a channel inside
the electrode to avoid the heat generated due to
electric discharge that may affect the growth process
of thin films on the substrates.
The dc power supply consists of a high-voltage
transformer (220/6kV), a variac (0-220Vac), a
current-limiting resistor (15kΩ), high-voltage diodes
(10kVdc), and charging capacitor. The gas mixing
unit is made of stainless steel to mix the argon and
oxygen gases before pumped into the vacuum
chamber throughout a needle valve at flow rate of 0160 sccm.
The vacuum unit contains of a two-stage Edward
rotary pump of 24 m3/h pumping speed to reach base
pressure of about 0.01 mbar. An Edward Pirani
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gauge was used to measure the pressure inside the
chamber.
The plasma parameters in low-pressure
discharges can be introduced and determined by
Langmuir probe, which is relatively simple and
cheap, and acceptably accurate. A homemade
Langmuir probe consists of tungsten wire of 0.2 mm
in diameter inside a capillary glass tube to protect
and isolate the wire from the electrical effects in the
surrounding. The tip of the wire is bare (~4mm) and
immersed in plasma column for diagnostics.
The fabricated probe was used to measure the
electrical characteristics (I-V) of plasma generated
by dc discharges of argon, oxygen, and argonoxygen gas mixtures. The I-V characteristics were
measured by varying the probe voltage slowly
between -100V and +100V to scan as much as large
regions of the plasma column.
3. Results and Discussion
3.1 Paschen’s Curve
A plasma column is often generated by applying
voltage between the electrodes inside an evacuated
chamber containing low-pressure gas. When the
applied voltage exceeds a certain value known as
“breakdown voltage”, the gas discharge is converted
from non-sustaining into a self-sustaining type. The
charged particles (ions and electrons) are produced
by the collisional ionization processes of the neutral
atoms (argon atoms). The migration of electrons and
ions towards the anode and cathode, respectively,
leads to pass current throughout the plasma column
and form the glow discharge. Figures (1) and (2)
show the variation of breakdown voltage between
the electrodes as a function of the product of gas
pressure (p) by inter-electrode distance (d), which is
known as Paschen’s curve.
The voltage is initially decreasing with the
product p.d from 460V at p.d of 1 mbar.cm to reach
a minimum at a product of 6 mbar.cm. Then, the
breakdown voltage slowly increases to reach its
highest value of about 240V. Similar behavior was
observed as different inter-electrode distances were
used. The minimum value of breakdown assigns the
breakdown voltage.
The mean free path of electrons in a low pressure
gas is longer than that in high-pressure gas,
therefore, the probability of the collisions is lower
and the ionization process is weaker. Since the
probability of secondary electron emission is low,
then the number of collisions of electrons with
neutral atoms during their migration from the
cathode to the anode is relatively few. This is why
the voltage is decreasing before the breakdown
point.
Beyond the breakdown point, the voltage
increases slowly with the increase of gas pressure at
constant inter-electrode distance, i.e., the ionization
cross section increases with the increase of the p.d
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product. Therefore, electrons need more kinetic
energy to ionize the neutral atoms [28].
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Fig. (1) Paschen’s curves for argon gas discharges
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Ar:O2 were characterized at inter-electrode distance
of 4 cm, as shown in Fig. (4), to determine the
mixing ratio at which the optimum samples are
prepared. Using mixing ratio of 1:1, an increase in
the discharge current was observed, which is higher
than that observed when only argon is used to
generate the plasma, while it is lower than that
observed when only oxygen is used to generate
plasma. The difference in voltage between the 1:1
mixing ratio (185V) and oxygen only (208V) is
relatively small (~23V), which is attributed to the
major contribution of oxygen molecules due to the
ionization by primary electrons. At discharge
voltages higher than 250V, the difference is clearly
observed because the secondary electrons are
accelerated by higher electric field (V/d) and then
the ionization rate of oxygen molecules by collisions
with these electrons is consequently increased.
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Fig. (2) Paschen’s curves for O2 gas discharges
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Fig. (3) Paschen’s curves for different Ar/O2 gas mixtures
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From these results, it can be noted that the
oxygen gas has breakdown voltage greater than that
of argon gas as the collisional cross section of the
gas depends on its secondary electron coefficient
and electronegative. In general, the gases of larger
atoms or molecules have larger collisional cross
sections [29].
It is well-known in the plasma sputtering systems
that two or more gases are used; at least one of them
is working gas, such as argon, which is ionized to
produce plasma column as well as the ions to hit the
target to be sputtered. The other gas (or gases) is the
reactive gas, such as oxygen, to react with the
sputtered atoms and form the required compound
(oxides when oxygen is used). For this reason, the
ratio Ar/O2 in gas mixture is considered as an
important parameter in thin film deposition
processes. Figure (3) shows the variation of the
breakdown voltage as a function of gas pressure at
constant inter-electrode distance (4cm) for Ar:O2
mixture with ratio of 1:1 when compared to the same
variation for discharge of argon only and oxygen
only. The minimum of the Ar:O2 mixture (~185V) is
higher than that of argon only (~100V) and lower
than that of oxygen only (~208V).
The electrical characteristics of discharge plasma
are very significant to introduce the homogeneity of
the generated plasma. Different mixing ratios of
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Fig. (4) Discharge current-voltage characteristics for argon
only, oxygen only, and argon/oxygen mixture of 1:1 ratio

Figures (5) and (6) show the Langmuir probe
current variation with voltage discharge of argon gas
and argon-oxygen gas mixture. The homogeneity of
plasma column was reasonably affected by the
presence of oxygen in the gas mixture as the plasma
column has large dimensions when compared to the
mean free path of electrons. Also, there is an inverse
relationship between the collision probabilities of
electrons with their mean free path. The plasma
diagnostic was carried out at low pressure (0.1 mbar)
and it was found that the mean free path of electrons
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is long but definitely shorter than the inter-electrode
distance. The electron density, ion density, and the
variation of electron temperature as functions of gas
pressure were determined as shown in the table (1).
Electron temperature (Te) was obtained by plotting
the logarithm of the collected probe current versus
probe voltage for the electron retardation region.
The slope of the linear behavior of Ln(Ie) versus V
curve gives the electron temperature [30].

Figure (7) shows the variation of electron and ion
temperatures with gas pressure for the argon only
and argon/oxygen mixture. It is clear from Fig. (7a)
that the electron temperature (Te) is decreased as the
gas pressure is increased for both cases. Electron
temperature in the argon/oxygen mixture is higher
than that in argon discharge and this is attributed to
the decrease in the mean free path as oxygen
molecules are added to the argon atoms. At low gas
pressures (<0.3 mbar), the difference in electron
temperature is larger than that at higher gas
pressures, which is also ascribed to the reduction in
mean free path with increasing gas pressure.
As shown in Fig. (7b), ion temperatures (Ti) are
reasonably lower than electron temperatures for all
values of gas pressures. Ion temperature in the
argon/oxygen mixture is higher than that in argon
discharge due to the reduction in mean free path and
hence the ions acquire much more energy by
collisions.

Fig. (5) The I-V characteristics of Langmuir probe for argon
discharge plasma at different gas pressures

(a)

Fig. (6) The I-V characteristics of Langmuir probe for Ar:O2
discharge plasma at different gas pressures

As indicated in table (1), the electron and ion
densities are varied as functions of gas pressure in
both cases: argon only and argon/oxygen mixture.
Similar behaviors are observed when the Langmuir
probe is positioned at the center point of the interelectrode distance.
Table (1) Parameters of Ar only and Ar:O2 plasmas at
discharge voltage of 3kV

6

Pressure
(mbar)

Te (eV)

0.1
0.4
0.8

2.156
1.956
1.012

0.1
0.4
0.8

3.909
2.507
1.425

ne x1016
Ti (eV)
(m-3)
Argon only
2.629
0.523
2.492
0.523
2.203
0.705
Ar/O2
1.52
1.568
1.347
1.917
1.301
1.944

ni x1016
(m-3)
1.754
1.842
1.864
2.762
2.861
2.883

(b)
Fig. (7) Variation of electron and ion temperatures with gas
pressure for plasma produced by electric discharge of (a)
argon only and (b) argon:oxygen mixture

From both figures, the electron temperatures are
four times higher than ion temperatures at argon gas
pressure of 0.1 mbar and this difference is decreased
with increasing gas pressure. The same behavior is
observed in the argon/oxygen mixture but the
maximum difference between electron and ion
temperatures is about 250%. It is obvious that the
ability of electrons to move through the applied
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electric field is higher than that of ions due to their
lower mass. Accordingly, the decrease in the mean
free path results in corresponding increase in
collisions between the particles in the discharge
volume as they traverse shorter distances before
collide with other neutral particles (atoms) and
acquire much more energy due to the inelastic
collisions [31].
Figure (8) shows the variation of electron and ion
densities with gas pressure for the argon only and
argon/oxygen mixture. Electron density is
reasonably decreased due to the addition of oxygen
to the argon in the gas mixture, as shown in Fig.
(8a). The difference between the two conditions is
slightly reduced at higher gas pressures because the
production of more electrons at higher pressures of
argon gas is restricted by the fact that the molecular
gas species (O2) cause high energy loss due the
excitation of vibrational states [32]. Electrons suffer
from collisions with the neutral particles, then they
ionizing them. Furthermore, the electronegativity of
gas (O2) decreases the electron density with
increasing the oxygen percentage due to the
attachment of the electron.

(a)

(b)
Fig. (8) Variation of electron and ion densities with gas
pressure for plasma produced by electric discharge of (a)
argon only and (b) argon:oxygen mixture

Contradicting to the behavior of electron density
with gas pressure, the ion density is increased in the
argon/oxygen gas mixture because the oxygen
molecule is separated into two atoms. This results in
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lower mean free path and hence higher collisional
ionization and production of more electrons to be
used for sustaining the glow discharge.
Consequently, more ions (O+) are available in the
discharge volume and not participating to the current
flowing through the plasma column and consuming
electrons but not ions [8].
4. Conclusions
According to the results obtained from this work,
the homemade dc magnetron plasma sputtering
system was characterized to introduce its
performance
in
accordance
to
electrical
characteristics, Paschen’s law and governing
properties of such deposition systems. The I-V
characteristics of gas discharges were determined as
plasma system was operated in the abnormal glow
discharge region, which is very important parameter
for sputtering technique. The Paschen’s curves for
different gas discharges were determined both
experimentally
and
theoretically
and
the
experimental results were in agreement to those of
theoretical treatments with some deviation due to the
experimental restrictions included. As well, this
system was found to satisfy the requirements of
deposition of high-quality thin films from different
materials.
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