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Abstract: This study experimentally investigates the fundamental characteristics of glow
discharge plasma, including electron temperature, electron density, and plasma potential,
which are crucial for optimizing sputtering operations. Optical emission spectroscopy
(OES) was utilized to examine spectral lines produced by the plasma, offering a direct
assessment of the electron energy distribution. The integration of various diagnostic
techniques provides a precise and reliable evaluation of plasma characteristics, enhancing
sputtering performance and improving control and efficiency in thin-film deposition. Our
findings underscore the synergy between OES and Langmuir probe diagnostics in plasma
analysis, while the planar magnetron demonstrates effectiveness in monitoring and
optimizing sputtering operations. Furthermore, our findings indicate a significant
relationship between gas pressure and the characteristics of glow discharge plasma. Lower
pressures facilitate electron transport and increase the plasma potential gradient, whereas
higher pressures promote a stable and spatially uniform plasma distribution.

Keywords: Glow discharge, Optical emission spectroscopy, Langmuir probe, I-V curve,

Plasma parameters, Beta value.

1. Introduction

Plasma is produced by energizing an inert
gas, thereby facilitating energy transfer. High-
energy electrons or photons generate electrons
and ions when colliding with neutral atoms and
molecules in a gas. Plasma generation in a
vacuum can be achieved through various
methods that supply the requisite energy [1-6].
Magnetron sputtering is a widely used technique
in thin-film deposition, providing high-quality
coatings for a variety of industrial and scientific
applications including semiconductors, optical
coatings, and protective layers in industrial
applications. Understanding these parameters is
important for optimizing the sputtering process
and achieving the desired film properties [7-14].
Glow discharge in the sputtering mechanism
plays an important role in the plasma discharge
process. Key plasma properties that directly
affect the total ionization rate, energy
distribution among ionized particles, and the

deposition rate are electron temperature, electron
number density, and plasma potential [15-19].
Two powerful diagnostic techniques for
determining plasma properties in dispersion
devices are optical emission spectroscopy (OES)
and Langmuir probes. OES is a non-destructive
approach to observe the emitted light from atoms
and ions resulting from plasma excitation.
Various plasma parameters like electron
temperature and density can be characterized
based on the spectral lines. This enables real-
time analysis capabilities, which is suitable for
dynamic process control. On the other hand,
Langmuir probes measure plasma properties by
inserting a small probe into the plasma. These
probes are capable of measuring electron energy
distribution function (EEDF), electron density,
and plasma potential [20-22]. Although
intrusive, Langmuir probe analysis combined
with OES provides highly localized and realistic
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plasma measurements. Application of OES and
Langmuir  probe  analysis provide a
comprehensive approach to study the complex
behavior of glow discharge plasma in the
magnetron sputtering system [23-25].

The novelty of this work lies in the
integration of optical emission spectroscopy
(OES) and Langmuir probe diagnostics to
accurately assess glow discharge plasma
properties. This approach optimizes sputtering
processes by offering direct measurements of
electron temperature, density, and potential.
Additionally, the study highlights how varying
argon pressure impacts plasma behavior,
improving electron transport at lower pressures
and stabilizing the plasma at higher pressures,
enhancing thin-film deposition efficiency.

2. Theoretical Considerations
2.1 Optical Emission Spectroscopy Method

Electron temperature (T.), electron density
(ne), Debye length (Ap), and plasma frequency
(wpe) can all be determined using optical
emission spectroscopy (OES). The Boltzmann
plot method is particularly effective when the
electron  excitation temperature (T.) is
considered. This method is widely used in
spectroscopic measurements, particularly under
the assumption of local thermodynamic
equilibrium (LTE), where the Boltzmann
distribution is satisfied [26, 27].

where gjis the statistical weight, h is Planck's
constant, kg is Boltzmann’s constant, Ejis the
energy of the upper level j, N is the number
density of the emitting species, ¢ is the speed of
light, and U is the partition function. Ij;, A;;, and
Aji represent the intensity, wavelength, and
transition probability associated with the
transition from level j to level i, respectively.
The electron density (n.) was determined using
the Stark broadening effect, which requires a
spectral line unaffected by self-absorption [28]:

ne(cm=3) = [%] N, (2)

where N, = 10" cm™ is the reference electron
density, wg is the theoretical line full-width Stark
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broadening parameter, and AA is the full width at
half maximum (FWHM) of the spectral line.

The plasma frequency is expressed as [3]:

2
0pe = 1 3)

where g, denotes the permittivity of free space,
m, is the electron mass, and e is the electron
charge. The Debye length can be determined
using the following expression [3]:

Te (°K)

_ |toksTe
Ap = \/ e2ne 69 ne (m—3)
Te (eV)
743 /—ne ) “4)

2.2 Langmuir Probe Method

IR

The I-V characteristics of a probe describe
the relationship between the current (I) flowing
through the probe and the applied voltage (V), as
shown in Fig. 1. The electron retardation region
is characterized by a gradual increase in current
with increased voltage. For a Maxwellian
distribution, the electron current is given by [29]:

e(VB_Vp)]

[ = les €xp [ KkpTe Q)

Taking the natural logarithm of Eq. (5)
yields:

dinle e
dvV ~ kgTe (6)

Equation (6) demonstrates that the slope of
the (Inl, —V)is equal to 1/T.(eV), which
provides an accurate estimate of the electron
temperature. Where: Io, les, €, Vg, Vp, kg,
and T,, represent the electron current, electron
saturation current, electron charge, bias voltage,
plasma potential, Boltzmann constant, and
electron temperature, respectively.

Consequently, the electron density (ne) can be
calculated as follows [29]:

n :4’Ies TiMe (7)
€ eAp 4/8kgTe

where e, n., A,, kg, Tc , and m. denote the
electron charge, electron density, probe surface
area, Boltzmann constant, electron temperature,
and electron mass, respectively.
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FIG. 1. Typical current-voltage characteristics of Langmuir probe in plasma.

2.3 The concept of B

Analytical evaluation is also performed on
the plasma parameter B, which measures the
ratio of heat pressure (kinetic energy) to
magnetic field pressure (magnetic energy) [30]:

B = Particle or heat pressure/ Magnetic field
pressure

nekgTe

B = 8220 ®

where B? /2y, is the magnetic field pressure.
High plasma density generally increases plasma
pressure relative to magnetic pressure. The
diamagnetic current reduces the magnetic field
strength within the plasma. The magnitude of the
diamagnetic effect is represented by the ratio of
the two terms in Eq. (6). A high plasma beta (§ >
1) indicates that plasma pressure becomes
comparable to or exceeds the external magnetic
pressure thereby reducing the effectiveness of
magnetic confinement and allowing greater
plasma expansion. In particular, when § > 1, the
plasma pressure exceeds the external magnetic
pressure, resulting in weak or unstable
confinement. Conversely, when B < 1, the
plasma dynamics are primarily governed by the
magnetic field, as observed in magnetic
confinement systems where strong magnetic
fields are required for plasma confinement [31].

3. Experimental Part

A diagram of the system is presented in Fig.
2. A cylindrical segment of Pyrex glass, 37 cm in
length and 30 cm in diameter, was utilized to
fabricate the vacuum chamber. The pumping
system was connected to one of the two small

pipes located at the mid-top and bottom of the
chamber, while the other line was employed to
inject Argon gas. The two planar electrodes were
made of aluminum, each with an inner diameter
of 6 cm and an inner length of 3 cm. They were
equipped with Teflon to prevent contact with the
chamber walls, preserving a 10 cm separation
between them. The glow discharge occurring
between the electrodes underpins the device's
functionality. Applying a continuous DC voltage
of around 4 kV across the electrodes induces the
formation of an Argon plasma discharge,
resulting in a decrease in electrode voltage and
the emergence of a characteristic glow discharge.
The emission intensity of discharge regions was
analyzed using Imagel] software, which enabled
precise  quantification of pixel intensity
variations across the plasma region. The analysis
process began with image acquisition, where
high-resolution discharge images were captured
under controlled experimental conditions. These
images were then imported into Imagel, and
background subtraction was applied to eliminate
noise and enhance contrast. A region of interest
(ROI) was selected to focus on specific
discharge areas, ensuring consistent
measurements. The software’s intensity profiling
tool was utilized to extract grayscale values
along defined axes, allowing for the visualization

of emission distribution. The German-
manufactured Thorlabs  Optical Emission
Spectrometer analyses spatially integrated

plasma light emissions throughout the 320-740
nm wavelength range to determine plasma
characteristics. The spectrometer was positioned
at a 45-degree angle relative to the plasma
column. The NIST database software was
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employed to calibrate spectral results and
ascertain plasma characteristics. Cylindrical
probes were also designed to investigate the
plasma characteristics along the cathode in a
singular probe arrangement. The probes included

tungsten wires with a diameter of 0.3 mm,
insulated save for a brief exposed tip length of 3
mm, and these were placed into a glass tube with
a diameter of 4 mm.

. 4
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FIG. 2. Schematic of the DC planar magnetron sputtering system.

4. Results and Discussion
4.1 I-V Characteristics

Electrical discharge characteristics in gases
are commonly represented by [-V curves, as
seen in Fig. 3. In glow-discharge plasma, the
current generally increases with applied voltage
because higher voltages accelerate electrons to
energies sufficient for ionizing gas atoms,
thereby increasing the number of charged
particles available for conduction. Consequently,
the discharge current rises with voltage.
However, this relationship is strongly influenced

by operating conditions such as gas pressure.
The experimental results showed that the I-V
curves decreased as the gas pressure increased
from 0.04 to 0.4 Torr in the planar magnetron
sputtering system. This behavior indicates that
gas pressure significantly affects plasma
characteristics. At higher pressures, the density
of gas particles increases, resulting in more
frequent collisions between electrons and gas
atoms. Although this can enhance ionization,
excessive collisions also reduce electron
mobility and mean free path, thereby decreasing
the discharge current.
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FIG. 3. Effect of variation in working pressure on the current-voltage characteristics.

190



Plasma Characterization in Planar Magnetron Sputtering Systems Using Optical Emission Spectroscopy and Langmuir Probe Diagnostics

4.2 Magnetic Field Distribution

Figure 4 depicts the radial distribution of
magnetic field dispersion over a flat cathode
target. The magnetic field intensified towards the
center of the target surface and progressively
diminished to a minimum at the cathode edge.

6.00 T T T

This suggests that magnetic confinement was
more pronounced in the center portions of the
electrode, and the radial magnetic field
distribution over the electrode surface is non-
uniform.
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FIG. 4. The magnetic field distribution as a function of radial position (cathode diameter).

4.3 Plasma Emission Intensity

The Image J program is utilized to analyze
the areas of discharge emission intensity inside
this system. An increase in gas pressure
correlates with a rise in the number of discharge
zones seen. Fig. 5 illustrates the distribution of
light emission intensity throughout the electrode
surface (cathode diameter). This figure presents
several notable features, including a peak light
intensity in the center region of the cathode that

gradually decreases toward the cathode edges.
Furthermore, the emission intensity was
observed to decrease as the gas pressure
increased from 0.04 to 0.4 Torr. This behavior is
associated with increased gas pressure, which
increases the frequency of inelastic collisions
between electrons and Ar atoms. Consequently,
the reduction in the internal electric field
weakens the space-charge effect, thereby
reducing the emitted light intensity.
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FIG. 5. The variation of plasma emission intensity against radial position.
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4.4 Optical Emission Spectroscopy (OES)
Method

An optical emission spectrometer detects the
emission spectra of argon (Ar) plasma, which is
subsequently utilized to analyze the spatially
integrated plasma light emissions within the
320-740 nm wavelength range to ascertain
plasma parameters. Figure 6 illustrates the Argon
(Ar) plasma emission spectrum in a planar
magnetron sputtering system at various gas
pressures (0.04, 0.06, 0.08, 0.2, and 0.4 Torr).
The image delineates many peaks associated
with argon neutral atom (Arl) lines, located at

wavelengths 549.58730, 591.20850, 603.21270,
617.30960, 656.4224, 675.28340, 696.54300,
706.8730, and 738.39800 nm within the
spectrum. Ionic emission lines of Arll were
discovered at wavelengths of 337.09150,
357.66150, 380.31720, 391.15760, 419.79458,
427.75280, 434.80640, 460.95670, 476.48640,
and 486.13637 nm. The strength of each peak
escalates as the gas pressure climbs from 0.04 to
0.4 Torr. This is due to an increase in electron
number density, which accelerates the collision
rate between electrons and gas atoms, resulting
in greater excitation.
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FIG. 6. The optical emission spectra of Argon (Ar) plasma at various gas pressures.

To comprehend the excitation, dissociation,
and ionization processes carried out in the
plasma, one must be aware of T,. The slope of
the best-fitting line may be used to calculate T,
which is derived by plotting ln()\jilji /hc giA;
versus surface energy (E;). This approach
requires data from the NIST database and peaks
that come from the same atomic species. Eq. (1),
which uses the Boltzmann plot approach, was
used to calculate the T, wvalue using the
information given in Table 1. Exploiting the
spectral lines released by the atoms and ions in

the plasma is one of the most accurate methods
for calculating the electron number density (ng).
The Saha-Boltzmann Eq. (2) is used to compute
the electron density. The electron number
density and the plasma frequency (wpe) may be
computed using Eq. (3). Eq. (4) may be utilized
to obtain the Debye length (Ap), which denotes
the shielding distance or the thickness of the
plasma sheath. A planar magnetron sputtering
system at different gas pressures is shown using
the Boltzmann plot method with chosen atomic
argon lines (Arl) in Fig. 7.

TABLE 1. Arl standard line characteristics used to determine electron temperature [32].

A(nm) Aji X gj E;(eV) E;(eV)
549.58730 152x10° 13.07571571 15.3310400
603.21270 221x10° 13.07571571 15.13054437
617.30960 34x10° 13.15314387 15.1610486
656.42224 7.7x10° 13.07571571 14.97152236
706.87350 60x10° 13.09487256 14.84836899
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FIG. 7. Boltzmann plot of Arl peaks for a magnetron sputtering system at varying gas pressures.

The relationship between gas pressure and  Torr. At lower gas pressures, electrons exhibit
electron temperature (T,) in a planar magnetron  longer mean free paths, allowing them to travel
sputtering system is shown in Fig. 8. The data  greater distances without undergoing frequent
demonstrates a decrease in electron temperature  collisions with gas atoms. This results in higher
as the gas pressure increases from 0.04 to 0.4  electron temperatures, as the electrons retain
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more energy. As the gas pressure increases, the
electrons have a diminished mean free path
between collisions with gas atoms, bringing
about a lower electron temperature. This loss is
due to the energy consumed in such collisions,

demonstrating the negative correlation between
electron temperature and gas pressure that is
important in plasma property control during
sputter processes.
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FIG. 8. The variation of T, with gas pressure in planar magnetron sputtering.

Figure 9 also illustrates the variation of
electron density (n.) with gas pressure in the
same planar magnetron sputtering system. The
data show that electron density increases as gas
pressure rises. Under low gas pressure, the
ionization rate is relatively low, resulting in low
electron density. However, as gas pressure
increases, the frequency of ionization collisions
increases due to the high density of neutral gas

9.70E+18 ————1————

atoms. This enhanced ionization process
increases the number of free electrons, which
increases the electron density. The increased
collision frequency at elevated pressures
therefore  improves ionization efficiency,
promoting higher electron density that is
essential for enhancing the sputtering process
and maintaining efficient plasma confinement.
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FIG. 9. The variation of n, with gas pressure in planar magnetron sputtering.
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The effect of operating pressure on the Debye
length (Ap) in a magnetron sputtering system is
shown in Fig. 10. The results show a clear trend
where the Debye length decreases as the gas
pressure increases, ranging from 0.04 to 0.4
Torr. A very important parameter of plasma
physics, the Debye length characterizes the
distance over which electric fields can be
screened by the plasma; this depends on both
electron temperature and density. With a rise in

1.30E-07 ——————1——

gas pressure, there is an increase in the number
of ionizing collisions, thereby raising the energy
of electrons. This increased electron density
reduces the Debye length, thereby enhancing the
ability of the plasma to screen electric fields over
shorter distances. Such a reduction is important
for plasma stability and control in sputtering
processes because it influences the efficiency of
electric field penetration within the plasma.
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FIG. 10. The variation of A with gas pressure in planar magnetron sputtering.

Figure 11 presents the effect of operating
pressure on plasma frequency (wpe) in the
magnetron sputtering system. It follows from
this data that the rise of gas pressure
automatically involves the growth of plasma
frequency. Plasma frequency is determined by
electron density and it characterizes the natural
frequency of oscillations of electrons in the
plasma. As gas pressure increases, more neutral
gas atoms and, as a consequence, the probability

of ionization collisions increases. These
ionization collisions increase the electron
density, thereby increasing the plasma

frequency. This relationship demonstrates the
important role of gas pressure in determining
plasma dynamics, since a high plasma frequency
indicates an enhanced ability to sustain energetic
plasma interactions and thus contributing to high
ionization efficiency and overall sputtering
performance.
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FIG. 11. The variation of wp, with gas pressure in planar magnetron sputtering.
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4.5 Langmuir Probes Method

The slope of the In(I) —V characteristic
curve of the probe was used to calculate the
electron temperature, according to Eq. (6). Fig.
12 illustrates the influence of gas pressure on
electron temperature behavior at different radial
positions. The findings revealed a decrease in
electron temperature as gas pressure rose from
0.04 to 0.4 Torr at all radial points (across the
cathode diameter). This behavior may be
attributed to changes in the gas-discharge
characteristics with increasing gas pressure. In
particular, inelastic collisions transfer electron
energy to gas atoms, thereby reducing electron

temperature as gas  pressure increases.
Consequently, gas temperature rises, while
electron temperature and mean electron kinetic
energy decrease.

In summary, gas pressure affects electron
temperature by altering the collision frequency
between electrons and gas molecules. Low-
pressure conditions facilitate increased collision-
free energy transfer mechanisms, resulting in
possible spatial changes in electron temperature.
Conversely, collision processes dominate at
elevated pressures, resulting in a more uniform
electron temperature throughout the gas volume.
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FIG. 12. Variation of electron temperature in plasma with different gas pressures at the cathode diameter (radial
position).

An analysis of the relationship between the
applied energy and the measured current can
provide significant insights into the properties of
plasma, including the electron number density.
Eq. (7) can be employed to ascertain the stable
electron number density. Figure 13 illustrates the
impact of gas pressure on electron density at
various places. The electron density rate
evidently rises with increasing gas pressure at all
radial places within the cathode diameter. This
may be explained by the fact that an increase in
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gas pressure results in a greater number of
electrons due to enhanced ionization caused by
inelastic collisions between electrons and Ar
atoms.

In summary, argon pressure influences the
plasma density within the sputtering chamber.
Elevated pressures often yield denser plasmas,
hence augmenting ionisation and enhancing
sputtering efficiency. Excessively high pressures
may induce plasma instabilities and nonuniform
deposition.
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FIG. 13. Variation of electron number density in plasma with different gas pressures at the electrode diameter
(radial position).

4.6 Beta Value

The effect of work pressure on the f
parameter is determined by Eq. (8) and is
calculated in Fig. 14. The results indicate that 3
exhibits a nonuniform distribution across the
electrode surface, with values consistently
remaining below 1 at all radial positions. This
behavior signifies enhanced plasma confinement,
as lower B values are associated with reduced
charged particle losses and improved retention of
energetic species within the discharge region.
This electrode configuration maintains plasma
stability by suppressing diffusion and enhancing

particle trapping, thereby contributing to
sustained ionization processes. Furthermore, the
observed variation in  with rising gas pressure
is a direct consequence of the enhanced electron
number density, which promotes higher
ionization rates and reinforces plasma
containment. These results demonstrate the
importance of operational parameters in
governing plasma behavior and emphasize the
need to optimize discharge conditions for
effective confinement and improved
performance in plasma-based applications.
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FIG. 14. The variation of B-value as a function of radial position (cathode diameter).
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5. Conclusions

In this work, optical emission spectroscopy
(OES) was employed to investigate DC
discharges in a planar magnetron sputtering
system at various gas pressures. The findings
showed that electron number density and plasma
frequency increased with rising gas pressure,
whereas electron temperature and Debye length
decreased.

Langmuir probe diagnostics performed at
different gas pressures and radial positions
revealed that the light intensity peaked in the
central region of the cathode and gradually
decreased toward the cathode edges. The
measurements also confirmed that electron
temperature (T,) decreased while electron
number density (n.) increased as gas pressure
increased.

Furthermore, the influence of magnetic field
configuration on plasma confinement was
evaluated through the plasma beta parameter (j3).
The measured B values remained below unity
throughout the investigated pressure range,
indicating effective magnetic confinement
despite their gradual increase with gas pressure.
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