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Spectroscopic Analysis of Aluminum
Plasma Produced by DC Magnetron
Sputtering Technique

This study explores the influence of argon pressure and applied voltage on plasma
characteristics in a DC magnetron sputtering system. The discharge was created at working
vacuum pressures ranging from 0.05 to 0.4 mbar using different applied voltages from 400 to
1200 V to investigate the relations between these parameters and emission intensities to
predict the optimum point of sputtering efficiency of aluminum. The optimal working pressure
was 0.3 mbar at the highest emission intensities of both sputtering gas and metal atoms,
indicating maximum sputtering rate. Increasing the applied voltage caused higher emission
intensity due to increasing energy delivered to the charged particles, leading to more ionization
and excitation collisions. Plasma parameters comprising electron number density, electron
temperature, plasma frequency, Debye length, and Debye number appeared to be related to
working pressure and voltage. These study outcomes offer a valuable strategy for adjusting
sputtering processes by fine-tuning working pressure and applied voltage while observing the

characteristics of induced plasma.
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1. Introduction

DC magnetron sputtering is a physical vapor
deposition method for depositing high-quality thin
films. In this technique, a metal or semiconductor target
is bombarded with high-energy positive ions, often
argon ions, in a low-pressure ejecting the target
material and deposited onto a substrate [1-3]. DC
magnetron sputtering has a wide range of applications
in electronics and optics [4,5]. Nanoparticles can be
prepared using plasma by different techniques such as
pulsed laser ablation [6-8], plasma jet, and magnetic
sputtering [9-11].

The properties of the sputtered films can be tuned
by controlling the plasma characteristics related to
these properties. Optical emission spectroscopy (OES)
is one of the most critical monitoring techniques due to
its ease and the possibility of applying it outside the
chamber without affecting the plasma properties [12].
OES provides real-time monitoring of the changes that
occur during the sputtering process by analyzing the
light emitted from the plasma, which allows
adjustments to the operating parameters and adjusts the
deposition process [13]. This technique provides
detailed spectral information, such as the plasma
components of the species and their ratios, which
ensures optimal film properties [14]. Using OES, the
interactions among atoms and ions can be explained,
giving details about their energy, concentrations, and
compositions [15].

Held et al. [16] investigated sputtering from solid
and liquid phases to prepare Al films. The deposition
rates of sputtering with pulsed power were studied. The
OES shows the composition of the sputtered ions in the
gas phase. The reliance on grain sizes and sputtering
factors was investigated. Sidelev et al. [17] studied the
ionization manner of sputtered atoms in magnetron
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sputtering of Ti, Cr, and Al targets using optical
emission spectroscopy of spatial emission to trace the
optimum ionization location. Most Ti atoms were
ionized within 0.5 mm from the target, whereas
sputtered Al or Cr travel further before ionization
happens [18-22].

This article explores the advantages of employing
OES as a robust in DC magnetron sputtering, exploring
how different working conditions, including working
pressure and applied voltage, influence plasma
parameters and, consequently, the optimum working
parameter for deposited aluminum films using DC
magnetron sputtering and efficiency of thin film
deposition processes.

2. Experimental Setup

A DC magnetron sputtering system with an
aluminum target of 8 cm in diameter and a 5 cm inter-
electrode distance with a closed-field magnetron is
utilized. The sputtering system is illustrated
schematically in Fig. (1). The discharge produced
inside a vacuum glass chamber, as shown in Fig. (1),
was evacuated firstly to a base pressure of 106 mbar,
using rotary and diffusion pumps, and then to working
pressure at different levels of 0.05, 0.1, 0.2, 0.3,and 0.4
mbar through injection of argon gas by a needle valve.
The vacuum level was monitored using Pirani and
Penning gauges. The discharge was achieved using
different applied voltages across the electrodes. A
Thorlabs CCS100/M spectrometer was employed to
diagnose the plasma characteristics, employing the
spectral within the 200-1000 nm range for a point near
the cathode. The data on plasma characteristics with
varying vacuum pressures and applied voltages were
analyzed to study plasma behavior at these conditions.
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Fig. (1) Scheme of DC magnetron discharge system and the optic
fibre location of spectrometer

3. Results and Discussions

Figure (2) shows the spectroscopic patterns of
plasma emissions generated throw breakdown in argon
using a DC-magnetron sputtering system from an
aluminum target at varied working pressures of 0.05,
0.1, 0.2, 0.3, and 0.4 mbar and maintained applied
voltage of 1200 V. According to the NIST database,
The observed emissions correlated with standard
emissions corresponding to electronic transitions in
atomic and ionic Al and Ar [23]. Most emissions of
atomic species corresponding to ionic ones suggest low
ionization levels within the plasma environment [24].
Notably, different emission lines displayed varying
intensity ratios between different emissions at various
pressures, where the difference in pressure causes a
difference in plasma temperature. This difference in
temperature causes a difference in particle population
into energy states, consequently yielding more intense
emission lines. This trend is consistent with the
Boltzmann distribution [21].

Moreover, the variation in working pressures
revealed variation in general emission intensities. The
emission line intensities were increased with increasing
working pressure from 0.05 mbar up to 0.3 mbar. This
increment in intensity is due to the increase in the cross-
section of excitation collisions and subsequent
emission processes [22]. However, the operational
pressure increased to 0.4 mbar, and an inverse trend
was observed. Increasing electron collision within the
plasma with a process called “collisional quenching”.
In this process, highly energetic electrons come upon
collisions that result in energy dissipation, preventing
reaching the excitation or ionization threshold [23]. The
higher collision rate causes an inverse trend of reducing
the excitation and ionization process.

Figure (3) displays the emission spectra from
breakdown plasma in argon using DC magnetron
sputtering using an aluminum target at fixed working
pressures of 0.3 mbar at different applied voltages 400,
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600, 800, 1000, and 1200 V. The spectral lines were
related to atomic and ionic emissions for gas and the
sputtered metal species (Ar I, Al I, Ar 1, and Al II) with
the NIST database. Also, the atomic more distinctive
than ionic emissions suggests low ionization levels
[20]. Generally, increased applied DC voltage led to
enhanced emission line intensities due to the
acceleration of charged particles. Consequently, higher
electron energies increased the probability of excitation
collisions, resulting in a high population rate of
particles of high energy and, afterward, higher emission
line intensities.
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Fig. (4) Variation of intensity with working pressures for (a) Ar-
I (763.51 nm) and (b) Al | (309.27)

Figure (4) illustrates the variation in emitted line
intensities of Ar I (763.51 nm) and Al | (309.27 nm) in
response to working pressures. The variation of line
intensity for the discharge gas atoms indicates the
excitation process within plasma and plasma density,
which appeared at its optimum point at 0.3 mbar
pressure as a result of increasing the probability of the
excitation process. However, at high pressure with a
high collision rate, there is insufficient path for
electrons to attain the required energy for the ionization
process. The intensity of the line corresponding to the
Al line increased at 0.3 mbar pressure but decreased at
0.4 mbar pressure, enhancing the sputtering efficiency
at the optimum point of 0.3 mbar. More sputtered atoms
within the gas phase increased the probability of
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The electron temperature (Te) at different sputtering
conditions was determined by Boltzmann-Plot for
plasma induced at different working pressures and
different applied voltages, using atomic emission lines
of aluminum, as shown in figures (6) and (7),
respectively. Te equals the inverse of slope values of the
linear plot of In(4;i I;i/ hcA;i. g;) against the energy of
upper-level (Ej). Note that calculations were not
performed at 500 V due to the low intensity of the
spectral lines and not being recognized.
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Figures (8) and (9) depict Lorentzian fit for the Ar |
(763.51 nm) emission line for DC sputtering from the
Al target at different working pressures and applied
voltages. The behavior of the emission line and its
broadening concerning working pressure is intricate. It
is evident that line broadening increases up to 0.3 mbar
pressure and then decreases with increasing working
pressure. This phenomenon is ascribed to fluctuations
in plasma density, reaching an optimum pressure of 0.3
mbar, as discussed in previous sections. On the other
hand, a direct correlation is observed between applied
voltage and line broadening, which is attributed to an
increase in electron number density, indicating a
significant effect of wvoltage on the plasma's
characteristics. The formed sheaths around ions at high
electron density induce an electric field that causes line
broadening.
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Figure (10) illustrates the variation of electron
temperature and electron number density with the
working pressure and applied voltage in Argon
discharge. Figure (10a) displays the maximum values
of Te and ne at 0.3 mbar working pressure. At lower
pressure levels, electrons can travel longer distances
before colliding, as different types of inelastic
collisions lose some of their energy. So, the electrons
have a low number density and energy at this level.
Consequently, more emissions are produced with the
increasing pressure to reach their optimal value [25].
However, both T. and ne increased directly with the
increase in applied voltage due to increasing the energy
delivered to electrons by the higher electric field
causing more ionization collision donate more electron
to plasma.

Table (1) lists the plasma parameters of the
breakdown across Ar by the DC sputtering system
using the Al target at different applied voltages and
working pressures. The trend of T and ne variation with
changing vacuum pressures increased with increasing
working pressure from 0.05 to 0.3 mbar, while, at 0.4
mbar, Te and ne exhibited a decrease. This phenomenon
can be attributed to increased electron-atom ionization
collisions at specific pressures, leading to an elevation
in ne. Further increases in pressure beyond the optimal
value reduced both Te and n. due to intensified
collisions and energy transfer within the plasma. A
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direct relationship was observed between T and ne with
the applied voltage. The plasma parameters fulfill the
plasma criterion as high plasma frequency, short Debye
length, and a large Debye number.

5 - 2
135 a 20
18
13.0
L6
o 125 14 o
= )
2 Fl12 73
o120 -
E 1.0
#* 5
= 13 08
11.0 | 0.6
0.4
10.5
F o2
10.0 ; ; . . 0.0
0.00 0.10 0.20 0.30 0.40 0.50
P (mbar)
13.5 - b r20
13.0 1.8
L. 16
s, b=
o 12.0 =
) 1.2
#11s
= L0
11.0
L 08
10.5 o
10.0 . : : : 0.4
400 600 800 1000 1200 1400
Vv)

Fig. (10) Variation of n. and Te corresponding to working
pressure (a) and applied voltage (b)

A shorter Debye length indicates a more efficient
screening of the electric fields. As a result, a shorter Ap
could produce more energetic ions and affect the
sputtering rate. The plasma frequency correlated to the
square root of the electron number density, so it has the
same variation behavior with its optimal value at 0.3
mbar vacuum pressure. It seems that Ap increased with
increasing applied voltage and has a maximum value at
0.3 mbar pressure. The sputtering rate is affected by the
trajectories and energies of positive ions due to the
presence of the Debye sheath, which is related to the
electron Debye length [26]. A shorter Debye length
forms a locally dense plasma near the cathode. So, ions
reach the cathode and are accelerated by the sheath,
enhancing the cathode's sputtering [27]. Therefore, a
shorter 1p enhances the sputtering rate [28].

4. Conclusions

The effects of working pressure and applied voltage
on plasma discharge characteristics in argon using an
aluminum target in a DC magnetron sputtering system
were investigated using the OES technique. The results
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show a clear association between operational
conditions and plasma parameters. These variations can
be noticed using emission intensities corresponding to
each species, which indicate sputtering efficiency. The
results showed that the optimal operating vacuum
pressure was 0.3 mbar. The emission intensity of both
the sputtering gas and the metal atoms was at its
maximum intensity at this pressure, which indicated a
higher plasma density and more sputtered atoms in the
gas phase, which showed an increase in the sputtering
process. The intensity of the Ar-1 and Al-l species'
emitted lines increased with the applied voltage due to
the increased energy supplied to the charged particles,
which enhanced the probability of ionizing and
excitatory collisions, increasing the emission lines'
intensity. Moreover, other plasma parameters,
including ne, Te, Ao, fp, and Np, were found to change
significantly with the change of vacuum pressure and
applied voltage. These parameters significantly affect
the efficiency of the sputtering process and thin film
properties.
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Table (1) Variation of plasma parameters of the DC sputtering with working pressures and applied voltages

p(mbar) V(V) Te(eV) AA(nm) nex10%(cm?) fx 102(Hz) Ao x10%(cm) No
0.05 0649  1.700 1149 9.624 5585 838
0.10 0.769  1.800 1216 9.903 5.907 1050
020 1200 0851 1850 1.250 10.040 6.130 1206
0.30 1665  1.950 1318 10.308 8.351 3215
0.40 1376 1.850 1.250 10.040 7.794 2479
600 1029  1.750 1182 9.765 6.930 1648

03 800 1193  1.800 1216 9.903 7.358 2030

: 1000 1292 1.900 1.284 10175 7.454 2227
1200 1.665  1.950 1.318 10.308 8.351 3215
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Fig. (2) Emitted spectra from DC sputtering system in Ar under different vacuum pressures using Al target
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Fig. (3) Spectra of Ar discharge in DC sputtering system by different applied voltages using Al target
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