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Abstract

In a planar sputtering system, the effect of the magnetic field on plasma characteristics (with and
without magnetic field) According to the findings presented in this paper, when argon pressure rises,
the discharge current in the mirrored-field configuration rises at a quicker rate than in the absence of a
magnetic field. The magnetic field has the same effect as gas pressure. The neutral lines (Ar I) and ionic
emission lines (Ar II) that occur with and without magnetic fields were found in the emission spectra of
argon plasma. As the gas pressure rises, the Ar I and Ar II lines become more intense. The electron
temperature was determined using the Boltzmann plot method. Increases in gas pressure reduce
electron temperature and Debye length faster in the mirrored-field configuration than in the without
field configuration. The Strak broadening method was used to calculate the number density. Depending
on the field configurations, an increase in gas pressure resulted in a larger electron number density.
Plasma confinement is significantly better in the mirrored-field arrangement than in the without-field
configuration.
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1. Introduction

Magnetron sputtering is a high-rate vacuum
coating process used to deposit metals, alloys,
and compounds onto a variety of substrates
with thicknesses up to roughly 5pm. It has a
number of significant benefits over other
vacuum coating processes, leading to the
development of a variety of commercial
applications ranging from microelectronics
production to simple ornamental coatings.

The magnetron works by applying a
precisely tailored magnetic field to a sputtering
diode target. The cathode surface is bathed in a
magnetic field, causing electron traps to form
and causing E x B drift currents to close in on
themselves. Penning came up with the theory in
the 1930s, but magnetron coating has only been
using it for about fifteen years [Swann , 1998].
The vacuum coating industry now uses Chapin's
planar magnetron sputter deposition
technology, which he came up with in the 1970s

[Nakano et al, 2017 ]. These systems are based
on the excitation of an electric discharge in a
rarefied gaseous medium by electric and
magnetic fields that cross [Solov’ev et al, 2009].

The balanced and unbalanced magnetrons are
the two types of planar magnetrons. The pole
strengths of the outer and inner magnets are
identical in a balanced planar magnetron, but
they are different in an unbalanced planar
magnetron. Unbalanced planar magnetrons are
used to reduce electron loss to the chamber
walls when the outside magnet's pole strength
is higher than the inner one [Kakati et al, 2007].

Window and Savvides were the first to
develop unbalanced magnetron sputtering. The
UBMS discharge plasma can spread over a
larger region in the discharge room by
adjusting the magnetic field configuration,
allowing more ions to reach the substrate. The
magnetic field contribution in a UBMS system
can be adjusted so that the magnets' center pole
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is stronger than the outside pole. Because of the
low ion current at the substrate, this design
isn't often employed [Yang et al, 2009].

A ring of magnets surrounding the target's
outside edge generates one pole, while a ring of
magnets surrounding the target's central axis
generates the second pole [Kelly and Arnell ,
2000]. The employment of an unbalanced
magnetron configuration enables for the
transport of strong ion currents to the
substrate, allowing for the deposition of high-
quality coatings. However, utilizing a single
magnetron source, it is still challenging to
deposit homogeneous coatings onto
complicated components. As a result, numerous
systems have been created to commercialize
this technology [Arnell and Kelly, 1999].

When two unbalanced magnetrons are put in
parallel, they could be polarity-matched
opposite magnets or polarity-matched opposite
magnets with the polarity reversed. The first
configuration is referred to as' mirrored, 'while
the second is referred to as' closed field [Kelly
and Arnell, 2000, Arnell and Kelly, 1999]. The
field lines of the mirrored casing are aimed at
the chamber's walls. As a result of the loss of
secondary electrons along these lines, the
plasma density in the substrate region is low. In
the closed-field configuration, the magnetic
field lines between the magnetrons, on the
other hand, form a closed trap for electrons in
the plasma. As a result, few electrons escape
through the chamber walls, and the substrate
region maintains a concentrated plasma. As a
result, the expanding film is subjected to
intense ion bombardment .

In 1993, I. Ivanov etal. designed an
unbalanced DC magnetron system to operate
with an external magnetic field created by DC
current passing through a coil. By Langmuir-
probe measurements, it was found that the
superimposed magnetic field causes significant
changes in the magnetron plasma parameters
at distances as long as 75 mm from the cathode
without affecting the discharge voltage and
current [Ivanov et al, 1994].

In 2001 M.A. Hassouba . A cylindrical DC
magnetron discharge tube produces low-
density plasma. The radial and axial
distributions of magnetic field strengths are
illustrated. At pressures ranging from 0.5 to
4.0Torr, Langmuir probe data is acquired

towards the border of the cathode fall area of
Ar gas discharge. The electron temperature T. is
lower in the presence of a magnetic field than in
the absence of one. Plasma density increases by
a factor of two in the presence of a magnetic
field. The electron density rises as the magnetic
field rises due to electron magnetic
confinement. The magnetic field has been
shown to increase collision, lowering mean
electron energy while increasing plasma
density. The applied magnetic field captures
electrons by ionizing the neutral gas atoms,
increasing their number density [Hassouba,
2001].

In 2009, P. Yang etal. A research study
compared the new magnetic field configuration
to the traditional unbalanced magnetic field
configuration. The study found that adding an
extra magnetic field increased plasma density,
decreased plasma potential, and enhanced
sputtering Cu ionization degree. The new
magnetic field configuration had a significant
impact on the properties of the deposited Cu
film. Three more magnet rings were added to
the traditional unbalanced magnetron to boost
the magnetron discharge. According to the
findings, adding a magnetic field to the equation
aids in the optimization of the plasma
parameter. As the additional magnet is
employed, V, decreases from positive to
negative, and T. decreases [Yang et al, 2009].

In 2021, M. Rudolph etal. In a HiPIMS
discharge, They researched how the magnetic
field influences electron density and
temperature, how the discharge voltage is
divided between the cathode sheath and the
ionization region, and how electrons heat up.
We examine our findings in terms of the target
species' ionization probability and how it
relates to the discharge's energy efficiency. The
energy efficiency of a discharge is determined
by the fraction of pulse power absorbed by
electrons. The energy efficiency of electron
energization in the sheath is lower than that of
ohmic heating of electrons in the ionization
region. The discharge current affects the
electron density and ionization probability of
sputtered species [Radolph et al, 2021].
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2. Experimental part

Figure (1) illustrated the Planar magnetron
sputtering system that used in this work. A
needle valve was used to control the Argon gas
flow, and a Pirani gauge was used to keep track
of the gas pressure (Edward model). The
electrodes are also composed of aluminum and
have a 6 cm inner diameter and a 3 cm inner
length with a 6 cm gap between them. A Teflon
tube covers the edges of the electrodes. A two-
stage rotary pump combination (CIT-ALCATEL
Annecy type) is also used to evacuate the
vacuum cylindrical glass chamber with an
internal diameter of 30 cm and a length of 37
c¢m through a cylinder pipe to provide a residual
pressure of 10-3Torr. A small pipe connected to
the top fed the gases into the chamber. A steady
and low-intensity B-field of 34 G was
established using two permanent magnets and
a digital tesla meter along the discharge axis
(BEM-5032 model).

The device's working principle is a glow
discharge between the electrodes. When a DC
constant voltage of around 10kv is put between
the two electrodes, a normal glow discharge is
produced. The type-Thorlabs optical emission
spectrometer (manufactured in Germany)
monitors the plasma's emission spectrum in
order to analyze plasma parameters using
examinations of spatially integrated plasma
light emissions in the wavelength range of 320-
740nm. The spectrometer was angled at a 45-
degree angle towards the plasma column. The
plasma properties to electrodes were calculated
using NIST database software after the

spectrum of this device was calibrated.

g

Vacuum chamber

Aluminumm

Outlet
Ar gas

Control Resistance

Fig. 1. Schematic of an unbalanced planar
magnetron sputtering system.

3. Result and Discussion
3.1. Basic discharge parameters

Figure (2) illustrates The effect of argon
pressure on the normal glow discharge (NGD)
region in a planar magnetron sputtering
system. The current density in the center of the
current spot remains virtually static as the
overall current through the glow discharge
increases [Surzhikov and Shang, 2014].

0.06 Torr 0.08 Torr

0.08 Torr

. . 0.06 Torr

0.2 Torr 0.4 Torr 0.2 Torr 0.4 Torr

Fig. 2. Photographs of glow discharge in post
planar magnetron sputtering device at
different pressure,(A-without magnetic field
B-with magnetic field)

Figure (3) illustrates the effect of argon
pressure on the (I-V) curve in two cases: In the
presence and absence of a magnetic field. The
normal glow discharge was achieved with
constant voltage and minor increases in
discharge current in all gas pressures examined
for all field configurations. The discharge
current for Argon is lower in the presence of a
magnetic field than in the absence of one. As a
result, the slopes of the (I-V) curves are less in
the presence of a magnetic field than in the
absence of one [Hassouba and Dawood, 2011].
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Fig. 3. V-I curves of Argon gas for planar
magnetron sputtering systems in two cases:
without and with magnetic field.

Figure (4) illustrates the Paschen curve in a
planar magnetron sputtering device in two
cases, with and without a magnetic field. The
discharge voltage is negative and decreased
rapidly with an increase in argon pressure in
both cases. As a result, when electrons are
confined effectively, plasma floating potential
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will decrease, followed by plasma potential. The
plasma density rises as the gas pressure rises,
allowing many electrons to be trapped and
causing Vgs to drop more noticeably,
comparable to the reference case [Yang et al,
2009].

3000

—o—Without Magnetic Field
2500 =C=Mirrored-Field Configurations

2000

v|:l|s V)

1500

1000

500

0

0 02040608 1 1.2 1416 18 2 22 24126
Pd (Torr . cm)

Fig. 4. The Paschen curve of unbalanced
magnetron configurations.

3.2 Optical Emission Spectra

The emission spectra of the Ar plasma have
been detected using an optical emission
spectrometer for a wavelength range of 320-
740nm. One can observe from figure (5) that
there are ten peaks of the argon neutral atom
(Arl) lines that emerge in this spectra at
wavelengths  of 434.51680, 522.12700,
568.18990, 616.51230, 659.61130, 675.28340,
687.95830, 710.74770, 715.88390, and
735.08140 nm. There were also nine argon (Ar
II) ionic emission lines identified. As the gas
pressure is increased, the intensity of all Ar I
and Ar Il emission peaks increases.

Figure (6) illustrates the emission spectra of
argon plasma with and without a magnetic field
at various pressures in the 320-740 nm
wavelength range. The spectra show eleven
neutral argon (Ar I) emission line peaks with
wavelengths of 434.5168, 471.0824, 522.1270,
568.1899, 616.5123, 659.6113, 675.1668,
687.9583, 710.7477, 715.8839, and
735.0814nm. There are eight ionic emission
lines of argon (Ar II) in this spectra. We also
noticed that Ar I has a substantially higher
emission intensity than Ar II.

Fig. 5. Emission spectra of argon plasma
from mirrored-field configuration.
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Fig. 6. The optical emission spectra of Ar
plasma at different gas pressure, in two
cases: without and with magnetic field.

3.3 Plasma parameters

The electron temperature is one of the most
essential characteristics used to define the
plasma state (Te).The following is how the
Boltzmann plot method can be used to estimate
the electron temperature: [Ohno et al, 2006,
Idris et al, 2018] The Boltzmann distribution is
satisfied in a state of local thermodynamic
equilibrium [Conrads and Schmidt, 2000].

ln(/lmnlmn / hC gm Amn)
= —E,,/ KT,

+ In(N/U) (1)
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Without B

Fig. 7. Boltzmann plot for Arl peaks using
the planar magnetron sputtering system at
different gas pressures, without magnetic
field.

Mirrored-Field Configurations (Vertically Opposed)

0
0.06Torr 0.08Torr

0.2Torr 0.4Torr

146 148 15 152 154 156 146 148 15 152 154 156

E (eV)

Fig. 8. Boltzmann plot for Arl peaks using
the planar magnetron sputtering system at
different gas pressures.

Figure (9) illustrates the fluctuation in
electron temperature T. versus gas pressure
with and without a magnetic field. The data
revealed that the T. decreased as the gas
pressure increased (from 1.7 to 0.7ev) and then
decreases steadily (from 0.7 to 0.5ev) in both
situations, It is, however, lower in the presence
of a magnetic field than in the absence of a
magnetic field. The mean free path of electrons
will grow shorter as the Ar gas pressure rises.
As a result, more electronic un elastic collisions
will occur, causing electron energy to be lost.
When a magnetic field is used to confine fast
electrons in Ar plasma, their Kinetic energy is
lowered, and they are likely cooled due to an
increase in the number of un elastic collisions.
As a result, electron energy will be lost, and Te
will drop. This conclusion is consistent with the
[Yang et al, 2009].

Table 1- Ar I Spectroscopic parameters obtained from NIST.

A(nm) Amn X 8m E;(eV) E;(eV) Ion
i522.127 8.8x105 13.07571571 15.4496531 Arl
568.1899 14x105 13.17177770 15.3532632 Arl
616.5123 | 4.95x105 13.30222747 15.31272913 Arl
659.6113 1.1x105 13.07571571 14.95485204 Arl
675.2834 | 96.5x105 12.90701530 14.74254085 Arl
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Fig. 9. The variation of T. against the gas
pressure in two cases: without and with the
magnetic field.

The n. was calculated using the Stark
broadening effect, which requires a line that is
free of self-absorption [Kadhim and Abbas,
2021]:

ne(cm™3)=[A1/ 2w Ny (2)

Figure (6) illustrated the effect of gas
pressure on electron number density without
and with magnetic field. the impact of gas
pressure is the same impact of magnetic field
on electron density, n. increases by increasing
the gas pressure from (0.9) to (2.4) with
magnetic field and from (0.5) to (0.9) in without
magnetic field. When gas pressures rise, the
number of electron-atom collisions increases,
resulting in a higher ionization rate and, as a
result, a higher n. [Hassouba, 2001].The
decreasing density ratio with increasing
pressure can be explained by considering the
behavior of the electron density with higher
pressure in case without magnetic field. These
results can be obtained in reference [Mazzaglia
etal, 2018].
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Fig. 10. Values of n. as a function of Ar gas
pressure without and with magnetic field.

According to equation (1) and (2) One can
determine the Debye length (Ap),The Debye
length refers to the thickness of sheaths that
form between a plasma and an electrode, or
between a plasma and a wall.

If the electron temperature T. is expressed in
electron volts, and the number density (n,) in
electrons per cubic meter, the Debye length
(Ap) is given by [Chen, 1984]:

Ap 27430 \/Z: (3)

Figure (11) represented the variation of the
Debye length (Ap) with gas pressure in two
situations: with and without magnetic field. In
both cases the data shows the Debye length
decreased (from 12.1x 106 to 4.9x 106 cm)
with increasing gas pressure. and (from 9.9x10-
16t0 4.9x 10-16cm ).
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Fig. 11. The difference of 1, against the gas
pressure in two cases: without and with the
magnetic field.

3. Conclusion

In the presence work, the impact of various
of the magnetic field on the plasma
characteristics in planar sputtering
system(with and without magnetic field). The
basic discharge parameters noted that the
Paschen curve of both cases decreased rapidly
with an increase in argon pressure. The
emission spectra of argon plasma of both cases
noticed that Ar I has a substantially higher
emission intensity than Ar II. On the electron
temperature the data revealed that decreased
as the gas pressure increases. The electron
density show the decreasing with increasing
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pressure, Can be explained this decreasing by
considering the behavior of the electron density
with higher pressure in case without magnetic
field.
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