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Abstract

In this paper, the effect of iron oxide nanoparticles dust (Fe,Os; NPs) on the
parameters of DC electric discharge plasma under vacuum in argon gas was studied
with the presence of a mirror magnetron behind the electrodes (cathode and anode)
at constant pressure and with different amounts of Fe,O3 nanoparticles. Calculations
presented a reduction of the plasma emission intensity with the NPs content. Both
the plasma density (calculated by Stark's broadening method) and the mean electron
temperature (calculated using Boltzmann's equation) decreased with increasing the
Fe,O3 nanoparticles dust content, which indicates clearly the effect of dust density
on restricting the movement of charge carriers, which in turn reduces inelastic
plasma collisions.
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1. Introduction

In sputtering systems, the properties of deposition films can be significantly modified by
controlling the flow of ions [1]. This process provides additional energies, which can
modulate the nucleation process, and increase the deposition rate [2]. The energy and flux
ions inside the plasma are intensely affected by the technique configuration. Generally, the
plasma intensity is weak using the dc sputtering technique. So a skillful control is needed [3].
Magnetron sputtering technique has grown quickly in the last two decades, in response to the
increased need for superior efficient films in many fields [4]. Magnetron sputtering now
frequently outperforms alternative processes for coatings [1]. A magnetic field lines at
specific design is exploited in magnetron sputtering to trap secondary electrons. This trapping
effect raises plasma density between electrodes, causing the increase of the amount of ions
hitting the target and, thus, obtaining faster deposition rates. Unbalanced magnetrons have a
"leaky" magnetic field, which means that not all of the field lines between the center and outer
poles are closed. Thin-film deposition can be controlled by changing the used magnetron
design. By changing the composition of the magnetic field, the growth can be controlled with
either low ion and/or electron attack, or by ions and/or electrons [5].

Dusty plasma, or complex plasma, contains micron-particles or nanoparticles suspended in
it [6], which can be grown-up by the sputtered particles [7]. These large particles, compared
with other plasma species, are hanging in plasma and charged with hundreds or thousands of
electrons. So, due to the large surface charge of these large particles, they dominate the bulk
plasma[8], they have a high influence on the plasma's behavior by changing charge
distribution[9]. and also cause magnetic distortion [10]. These plasmas have the additional
difficulty of diagnosing the effect of this charged dust. Depending on the electrostatic
coupling between the particles, the state of a dusty plasma changes from a weakly bound state
to a liquid-like state and then to a crystalline state[11]. This plasma is of interest as a system
for researching the general fundamental physics phenomena such as self-organization and
phase transitions. [12]. Plasma with dust is investigated, in many types of research that have
both physics studies and technological benefits. [16,17], to understand numerous phenomena
as it is a component of the Earth's magnetosphere, cosmic plasma, and others [13-15].

Plasma diagnosis using emission spectroscopy is the famous, and most significant method to
provide the plasma parameters [18].

The spread of dusty plasma concepts in many fields requires finding methods of
diagnosing and controlling their parameters. In this study, the influence of Fe,O3 NPs dust on
plasma behavior and plasma parameters of dc discharge in argon under vacuum in mirror-
magnetron configurations system at different NPs contents was investigated.

The Debye length in the plasma can be obtained as follows [19]:

okBTe
Ap = /— (L)

Where: ¢, is the permittivity of free space, kg is Boltzmann’s constant, T, is the electron
temperature and e is the electron charge.

The plasma frequency is defined as [20]:
_ nee? 2
Wpe = E ( )
Where m,, is the electron mass.
2. Experimental setup

The dc discharge configuration for this work is illustrated Figurel and Figure 2 shows the
laboratory set-up. Two aluminum electrodes of 6 cm diameter were used. The two electrodes
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were fixed perpendicularly to each other. A mirror magnetron of circular magnets was placed
behind each electrode. The discharge was initiated with a DC high voltage of 3 kV in Ar
under vacuum pressure of 0.4 Torr. Different amounts of Fes0, NPs were dusted into the
plasma from a duster attached to the chamber ceiling to investigate its effect on plasma
behavior and parameters. Optical emission spectroscopy was employed to identify the plasma
parameters at different dust contents.
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Figure 1: Schematic diagram of DC discharge with mirror magnetron.
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Figure 2: DC discharge system of dust plasma set-up with mirror magnetron.
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3. Results and Discussions

Figure 3 illustrates the plasma glow in argon gas of DC discharge with mirror
configuration at 0.06 Torr pressure for the dust free and with different amounts of Fe,O3 NPs
(100, 150 and 200 mg). It clearly shows the suspended NPs within the plasma, which
increases in clarity with increasing the Fe,O3 NPs content. On the other hand, a decrease of
plasma glow intensity was noticed with increasing the Fe,O3; NPs content.

Figure 3: The effect of Fe,O3 NPs on the plasma glow in DC discharge with mirror
magnetron (A) without dust (B) with 100mg Fe,03, (C) 150mg Fe,Ozand (D) 200mg Fe;0s.

The emission spectra of dust-free plasma and dusted with different amounts of Fe,O3 from
dc discharge at 0.06 Torr argon pressure with mirror magnetron are exposed in Figure 4. Both
atomic and ionic lines of argon appeared in the spectra indicating a partially ionized gas state.
These lines vary in intensity according to the plasma temperature, the transition probability
and the statistical weight of the upper levels, as described by the Boltzmann plot. A distinct
line appeared at 656.7 nm corresponding to Ha line for residual hydrogen atoms after vacuum
process. Additional peaks appeared corresponding to atomic iron lines. These lines increased
in intensity, while the line intensity of argon decreased, with increasing the Fe,O3; NPs
contents.
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Figure 4: DC discharge at 0.06 Torr argon pressure with mirror magnetron dusted with (a)
100mg Fe,03, (b) 150mg Fe,03and (c) 200mg Fe,Os.

The parameters of the selected argon lines used to measure the electron temperature (Te)
are listed in Table 1, which shows wavelength, Aj.g;, upper and lower level energies (E;j, E;),
and their level configurations from NIST site [21].

Table 1: Wavelength Zi;, Aij.0;, upper level energy E;, and lower level energy E; for Arl lines
and their level configurations [21].

7.10E+06 12.90702 15.136848 35°3p°(*P°32)4p 35°3p°(*P°3,)5d
6.60E+06 12.90702 15.117746 35%3p°(*P°3,)4p 35%3p°(*P°3,)5d
2.21E+07 13.07572 15.130544 35%3p°(*P°3,)4p 35%3p°(?P°5,)5d
1.90E+07 11.54835 13.327857 35°3p°(°P°31)4s 35°3p°(*P°11)4p
1.90E+07 11.54835 13.302227 35%3p°(®P°515)4s 35%3p°(*P°112)4p
7.44E+06 13.30223 15.022088 35%3p°(*P°1,)4p 35%3p°(*P°1,)65s
5.49E+06 11.62359 13.327857 35%3p°(®P°515)4s 35%3p°(*P°112)4p

Plasma temperature (T,) was calculated using Boltzmann plot for the discharge at different
Fe,O3 NPs contents (as revealed in Figure 5) according to the relation [22]:

n ( Liikji ): (— Ej )+Constant @)

h ngAji kpTe
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Where: lj;, is the intensity, A;; is the probability of transition from i to j, g;j is a statistical
weight of upper j level, h is Planck’s constant, 4;i is the wavelength. The plasma temperature
is equal to the inverse of the slope for the best linearly fit of the plot between Ln(ljAij/hcg;A;;)
against the upper-level energies (E;).
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Figure 5: Boltzmann plots using eight of Arll lines for plasma at different Fe,O; NPs dust
content.

The Stark broadening phenomena was used to calculate plasma density ( n,) at different
Fe,O3 NPs contents using line broadening 4/ according to the following formula [23]:

_ AL
ne(em™) = | 72| N, (4)
Where: w; is the electron-impact value and Nr is the reference density.

The line broadening (44) For the ionic argon species at 476.49 nm for different Fe,O3NPs
content were weighed by standard Lorentzian matching as illustrated in Figure 6. It appeared
that the line width decreased slightly according to the Fe,O3NPs content indicating the
reduction of the plasma density. Where the number of charges collected around the ion
immersed into plasma is directly proportional to the density of the plasma. The decrease of
plasma density leads to a reduction in the thickness of plasma shield thus reducing the applied
electric field on the ion, which causes a change in the lines broadening of the plasma
emission. The n, was calculated using the Ar 11 476.49 nm line parameters [24].
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Figure 6: Lorentzian matching for the Ar Il line at 476 nm for plasma at different NPs dust

contents (dotted liens represent the standard Lorentzian curves).

Figure 7 displays the variation of plasma temperature and density with the Fe,O3;NPs
content. Both parameters decreased with the increase the Fe,O3NPs content from dust free up
to 200 mg. ne decreased from 5.4x10% to 3.9 x10*" cm®, while T, decreased from 8.94 to 4.13
eV. Increasing the dust content results in increased collisions with these particles causing the
electrons to lose some energy which in turn reduces the possibility of ionizing collisions that
perpetuate the density of the plasma, hence decreasing the plasma density [25].
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Figure 7: Variation of T, and n. with Fe,O; NPs dust contents for mirror magnetron dc
discharge plasma.
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Table 2 displays the parameters of dust plasma at different Fe,O3NPs contents. It is clear
that the Debye length (1) (calculated from Eq. (1)) was reduced as a result of the reduction
of plasma shielding effect with reducing density. The plasma frequency (f},) (calculated from
Eqg. (2)) was also reduced with increasing the dust content as it is directly related to the
plasma density.

Table 2: Plasma parameters at different NPs dust Fe,O3 contents for mirror magnetron dc
discharge plasma.

4. Conclusions

In this study, the effect of different contents of Fe,O; NPs dust on the DC discharge
plasma across argon gas with mirror magnetron configuration was investigated. It was
observed that the glow of plasma decreased with increasing the dust content due to the space
charge carried by the dust particles that cause plasma complexity by distribution of electric
field which cause to variation of plasma parameters. The plasma temperature and density
were reduced with increasing the Fe,O3 NPs content.
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