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The response of a probe with varying applied potential was studied at various operating pressures and
the effect of magnetic field strength on the characteristics of argon plasma was investigated. Using
a single Langmuir probe, the temperature and density of electrons were measured in both the presence
and absence of a magnetic field. Sheath thickness was determined and the fluctuation of the density of
ion current with working pressure was also examined. The results show that the electron temperature
and sheath thickness vary inversely with the gas pressure and magnetic field strength, but the values
of electron density increase with increasing pressure and magnetic field. In addition to that, when
a magnetic field is applied, two groups of electrons are observed. Here, the values of the ion current
density in the absence of magnetic field are greater than the ion current density in the presence of
an applied magnetic field.
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1. Introduction

Over the past four decades, the use of ionic tech-
nologies for layer deposition has developed rapidly.
Sputtering magnetrons are among the most used
methods in this area. One major application is the
deposition of functional films produced with ma-
terial sputtered from cathodes [1]. When a mag-
netic field is applied behind the cathode, electrons
move in a helical path around the magnetic field
lines and traverse a significantly longer track in the
plasma than in a traditional glow discharge, produc-
ing more ionizing collisions and, as a result, greater
ion fluxes [2, 3]. This provides several advantages.
For instance, due to the plasma confinement close
to the surface of the target, a high degree of sputter-
ing can be achieved [4]. Reducing electron bombard-
ment of the substrate and increasing the ionisation
efficiency of the plasma gas leads to significant low-
ering of the voltage of the plasma and to improved
pressure performance. This technique is chosen be-
cause it allows the ions to travel towards the mate-
rial of the target without colliding with the region
of the sheath, preserving the kinetic energy of the
ions. Lower pressure means fewer collisions between
neutral gas and sputtered atoms, which lowers scat-
tering of the sputtered atom on the system’s walls or
its return to the surface of the target. Understand-
ing of the plasma parameter profile will allow us
to optimize the plasma chemistry, nucleation, and
thin-film growth in the system [7].

There are many methods of measuring the pa-
rameters of the plasma, for example, microwave in-
terferometry, analysis of ion energy, and electrical
probe diagnostics. Electrical probes are essential di-
agnostic instruments in plasma research, particu-
larly in cold plasma and at low gas pressure. These
probes have the advantage of being able to perform
local plasma parameter measurements [8, 9]. The
perturbation of the plasma across the position of
the probe caused by the space charge sheath in front
of the surface of the probe and the extraction of
charged particles is detected by the immersed elec-
trical probe. Despite the relatively simple technique,
particular conditions must be satisfied in order to
accurately analyze the plasma parameters derived
from the probe I–V characteristic [10]. These pa-
rameters are related to external parameters of the
plasma system, such as the gas flow rate, dissipated
power, and gas pressure.

By controlling the external parameters of the
plasma system one can control the plasma param-
eters and consequently improve the film proper-
ties [8]. Over the last few years, extensive research
has been conducted on thin film growth and char-
acterisation. For example, Kotp et al. [11] used sin-
gle Langmuir probe measurements to determine the
plasma parameters (Te, ni) of hollow cathode dis-
charge of argon plasma. Chiad et. al. [12] studied
the current–voltage characteristics of the Langmuir
probe in the glow discharge at an operating pres-
sure of 0.7 mbar for three different cases without
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Fig. 1. The Langmuir probe voltage–current curves for various argon gas pressures: (a) B = 0 Gauss, (b)
B = 50 Gauss and (c) B = 90 Gauss.

magnetron, with a single magnetron, and with
dual magnetrons. Ding et al. [13] utilised a com-
bination of machine learning and Langmuir probes
to determine the electron density in the positive
electrode.

In the present paper, the plasma diagnostics of
a magnetron is examined using Langmuir probes.
The electron temperature Te, electron density ne,
ion current density, and sheath thickness were cal-
culated from the I–V characteristics of the probe at
various magnetic field strengths, including those in
the absence of magnetic field. Measurements were
conducted at different gas pressures.

2. Materials and methods

The experiments with use of a home-made DC
magnetron sputtering apparatus were performed in
a vacuum chamber made of stainless steel with a di-
ameter of 30 cm and a length of 40 cm. Two paral-
lel circular electrodes with diameters of 10 cm were
used, of which one (the anode) was movable and
the other one (the cathode) was fixed. Both elec-
trodes were enclosed in the vacuum chamber. The
cathode magnetron assembly, which contains cool-
ing water beneath the cathode plate, was designed
and built by the researcher. The magnetic field was
generated by electromagnetic coils with an outside
diameter of 8.5 cm, an inner diameter of 2.8 cm,
and a height of height of 2 cm, allowing the mag-
netic field to be changed from 50 to 90 gauss when
the current was changed from 0.5 to 0.75 A. The
magnetic field was measured using a Digital Gauss
Meter SJ200. A rotary pump (Edward, with a flow
rate of 12 m3/h), and a diffusion pump (Alcatel,
with a rate of 380 L/s) were used to pump the vac-
uum chamber. Argon gas was fed into the chamber
through a needle valve and was monitored with a Pi-
rani gauge (Edward, controller 1105). The required
partial pressure was set and permitted to stabilize.
Different argon pressures were used, in the range
from 0.087 to 0.45 mbar. The distance between the
substrate and the target was 4.5 cm.

The glow discharge was generated by a DC power
supply, and the discharge current and voltage were
measured using digital multimeters. A voltage was
supplied between the anode and the magnetron
cathode, conserving the anode’s ground. The break-
down voltage could be adjusted in a wide range of
discharge values by altering the pressure. As a result
of breakdown, plasma was formed between the two
electrodes, causing current to flow rapidly through
the system.

The tungsten probe tip was 0.5 mm in diameter
and 2 mm in length. A thin glass tube isolated the
wire. Variable voltage was supplied to the probe to
measure the I–V characteristic curves. The electron
temperature Te was calculated from the slope of the
semilogarithmic plot according to [14]

Slope = − E

kBTe
, (1)

where Te and kB represent the electron tem-
perature [K] and Boltzmann’s constant [eV/K],
respectively.

The electron density ne is given by

ne = 3.73× 1013
Isat

A
√
kBTe

, (2)

where Isat is the saturation electron current, and
A is the probe area. The sheath width S can be
calculated from Child’s law [14, 15]

S =

√
2

3
λD

(
2eV0
kBTe

)3/4

, (3)

where λD represents the Debye length, and V0 is
cathode potential.

3. Results and discussion

The voltage–current curves of the Langmuir
probe are presented in Fig. 1 for argon gas pres-
sures ranging from 0.087 to 0.45 mbar. It can be
observed that the probe current increases with the
increase of applied pressure. The increase of argon
gas pressure leads to greater probe currents due to
the growing density of neutral gas atoms, which are
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Fig. 2. Semilogarithmic plot of the probe cur-
rent vs. probe voltage: (a) B = 0 Gauss, (b)
B = 50 Gauss and (c) B = 90 Gauss.

subject to collisions with the available charged par-
ticles. In order to calculate various plasma param-
eters the I–V curves were divided into 3 regions,
i.e., (i) the ion saturation region, where the probe
current is primarily due to the attraction of pos-
itive ions to the probe, (ii) the transition region,
which demonstrates that there is diffusion of elec-
trons to the probe and where the current fluctu-
ates exponentially with the probe voltage, and (iii)
the electron saturation region, where the probe cur-
rent is primarily due to the attraction of electrons
to the probe.

In the electron retardation region the logarithm
of the recorded probe current is plotted against
probe voltage to obtain the electron temperature,

Fig. 3. (a) Electron plasma temperature Te

as a function of gas pressure in the presence and
absence of magnetic field. (b) Electron density
as a function of pressure in the presence and ab-
sence of magnetic field.

as shown in Fig. 2. The slope then gives the electron
temperature. In Fig. 2, one can see that the electron
temperature increases with increasing gas pressure,
which is consistent with prior studies [16]. After ap-
plication of a magnetic field, the probe signature
shows the presence of two types of electrons fast and
slow electrons. It is evident that the magnetic field
confines the electrons to a region near the cathode,
causing an increase in fast electron density, since
these fast electrons would be much more energetic.
Thereafter, they lose their energy through collisions,
causing ionisation, and join the group of slow elec-
trons. Subsequently, slow electrons are generated by
ionization processes.

The fall in electron temperature with increasing
argon pressure may be attributed to the following
phenomenon when the argon pressure within the
chamber raises, the number of collisions that oc-
cur between electrons and gas atoms increases, as
seen in Fig. 3. As a result of the energy exchange
between electrons and gas particles, the gas temper-
ature rises, while the temperature of electrons is re-
duced. Also, Fig. 3a shows that in the same pressure
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Fig. 4. The variation of sheath thickness as a func-
tion of working pressure at different magnetic field
strengths.

range, the electron temperature in the presence of
a magnetic field is smaller than that without a mag-
netic field, which is connected to the impact of mag-
netic fields on electrons. When the magnetic field
is increased, the number of electrons confined at
the cathode surface increases and the electrons lose
their energy due to ionizing collisions while drifting
in motion, as described by the E × B effect. This
causes the electron temperature to decrease with
the increase in the strength of the applied magnetic
field. When the pressure and magnetic field increase
the collisions between the electrons and the atoms,
the ionization rate becomes higher. As a result of
this higher ionization rate, the electron density at
the cathode rises dramatically, as seen in Fig. 3b.

Figure 4 depicts the variation in sheath thick-
ness (S), calculated by using (3) for various mag-
netic fields and different pressures. The creation of
a sheath is the plasma’s means of maintaining net
charge neutrality inside the plasma. A positively bi-
ased electrode collects the electron cloud, limiting
the electric field’s penetration into the plasma to
a distance roughly equal to the Debye length of the
electron λD. When the magnetic field and pressure
both increase, the cathode sheath is observed to
contract. The plasma will be contained in a decreas-
ing volume as the operating pressure rises. Also, the
decrease in the sheath thickness of the cathode is
due to the increase in the overall plasma density as
well as the magnetic field’s improved confinement of
electrons at the cathode. The effect of the plasma
density on the cathode sheath thickness dominates
over that of the electron confinement factor.

The variation in the ion current density as a func-
tion of argon pressure is shown in Fig. 5. The ion
current density in the absence of a magnetic field
is higher than in its presence. At first, raising the
negative bias voltage for the probe increases the
observed ion current density. Since the frequency
of collisions increases with higher gas pressure, the
ion current density in the Ar plasma increases. Elec-
trons collide with gas particles more often, causing

Fig. 5. The ion current density as a function of
gas pressure at different applied magnetic fields and
probe voltages: (a) B = 0 Gauss, (b) B = 50 Gauss
and (c) B = 90 Gauss.

them to ionize. Because of the enormous number
of ion–atom and ion–ion collisions, the ion cur-
rent density falls with increasing pressure once it
achieves its maximum value. As a result, the ion
scattering ratio increases.

4. Conclusions

In this study we observed two different electron
temperatures based on the I–V curves of the Lang-
muir probe in the presence of an applied magnetic
field. The electron temperature increased when the
magnetic field and argon pressure decreased, while
the electron density increased when the pressure
and magnetic field increased. The sheath width cal-
culated with Child’s Law, showed that the thick-
ness increases with decreasing magnetic field and
pressure. The ion current density in the presence of
a magnetic field is lower than in its absence.
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