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Magnetic Field Distribution of
Closed-Field Unbalanced Dual
Magnetrons Employed in
Plasma Sputtering Systems
In this work, the spatial distribution of the magnetic field between two magnetrons
in a closed-field unbalanced dual magnetron system was studied. The magnetic field
was measured as a function of the position along the circumference of the circular
surface of one magnetron. As well, the variation of magnetic field intensity along the
vertical distance separating the two magnetrons was determined. A strategy was
proposed for the measurement of the variation of magnetic field intensity at 4 cm
away from the electrode surface along four axes. The spatial distribution of the
magnetic field intensity over the magnetron surface at 4cm was determined and
analyzed.
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1. Introduction
It still difficult to uniformly coat complex
components at acceptable rates from a single source
despite the advantages of unbalanced magnetrons
[1]. Therefore, multiple magnetron systems were
supposed to solve such difficulty in order to exploit
this technique at commercial levels [2]. In a multiple
magnetron system, the magnetic arrays in adjacent
magnetrons can be configured with either identical
or opposite magnetic polarities [3]. In the first case
(identical polarities), the configuration is described
as “mirrored” while in the second case (opposite
polarities), the configuration is described as “closedfield” [4]. Both configurations are shown in the
figure (1).

Figure (1) Different closed-field unbalanced magnetron
configurations [5]

In the mirrored configuration, the lines of
magnetic field are directed to the walls of the
vacuum or deposition chamber and the secondary
electrons following these lines are lost, which
causes to reduce the plasma density in the substrate
region [6-9]. In the closed-field configuration, the
lines of magnetic field are linked between the
magnetrons, therefore, losses of secondary electrons
towards the walls of chamber are low and the
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substrate is immersed in the high-density plasma
region [10]. The advantage of this configuration
compared to the mirrored one is realized by the ionto-atom ratio incident at the substrate (2-3 times
greater) at the same conditions [11]. This advantage
is observed when comparing to single unbalanced
magnetron configuration as well as when the
distance from the target is increased [12-15].
Accordingly, the major advantages of closedfield unbalanced magnetrons are high uniformity of
the deposited film thickness, high stability of
deposition rate for >100 hours uninterrupted
production, good reproducibility of layer properties
for long periods of time, good adhesion and high
density of deposited coatings, the ability to deposit
all kinds of metals including high melting-point
metals, metal alloys and compounds with precise
control of coating composition, the ability to deposit
metal oxides, nitrides, carbides, etc. with precise
control of layer stoichiometry, and the ability to
deposit
tailored
design
coatings
like
multicomponent, multilayer, gradient, composite
coating, etc [16-30].
For mode comparison of conventional
magnetron, unbalanced magnetron, traditional
electromagnetic coil and also with results obtained
for other magnetron designs, some additional
parameters characterizing the degree of magnetic
field unbalance are necessary [31]. For a
quantitative estimation of the degree of magnetic
field unbalance we have introduced a coefficient of
unbalance and a coefficient of geometrical
unbalance, characterizing the configuration of the
magnetic field above the target surface and, hence,
the value of ion current drawn at the substrate [3235].
For a UBM with a single magnetic system, the
coefficient of unbalance K is the ratio of magnetic
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fluxes from the central and peripheral magnets on
the target surface [36]:
K=

Φ1
Φ2

=

∫S B⊥1 dS
1

∫S B⊥2 dS

(1)

2

where B⊥1 and S1 are the component of the
magnetic field perpendicular to the target surface
and the cross-sectional area of the outer magnets,
respectively, B⊥2 and S2 are the component of
magnetic field perpendicular to the target surface
and the cross-sectional area of the central magnets.
In case of equality of magnetic fluxes of outer and
central poles (K=1) all lines of the magnetic field
are closed between the poles. For K<1; the magnetic
flux at the central pole exceeds the magnetic flux at
the outer pole and some of the magnetic lines flow
via the central side of the magnetic system [37,38].
The unbalance level of a magnetron can be
estimated using a coefficient of geometrical
unbalance KG; according to [39]
Z
KG =
(2)
2R
where R is an average radius of the erosion zone,
and the distance Z can be determined by numerical
simulation of the magnetic field distribution using
the finite-element method.
The introduction of spatial distribution of the
magnetic field in closed-field unbalanced magnetron
(CFUBM) system is important in determining the
optimum condition when employing two
magnetrons in plasma sputtering technique as the
fundamental goal of using magnetron is to increase
the path length of sputtering electrons near the
cathode (target). The proposed measuring setup is
low-cost, reliable and applicable at working
environment of such techniques [39-41].
2. Experimental Part
The magnetron sputtering system used in this
work was designed to include vacuum chamber,
discharge electrodes and magnetron assembly,
vacuum unit, dc power supplies, gas supply system,
cooling system and measuring instruments. The
system is schematically shown in figure (2).
The vacuum chamber was constructed from
stainless steel. It is a cylinder with internal diameter
of 35cm, outer diameter of 45cm, and height of
37.5cm. There were four side holes of 10.8cm in
diameter on the circumference of the cylinder; one
of them was closed with a quartz window, while the
other three were closed with glass windows. These
windows were mounted by stainless steel flanges
each of 21cm in diameter and four screws. They
were used for monitoring the discharge and events
inside the chamber. Each window was far from the
discharge region by a neck of 7.5cm diameter to
avoid the effects of heat developed by the glow
discharge.
The vacuum chamber was sealed from lower end
with a stainless steel flange of 40cm in diameter
containing a feedthrough for electrical connections
36

required for experiment. The upper end was sealed
with a similar flange but containing two
feedthroughs; one for gas inlet and Pirani gauge and
the other for the Penning gauge. Both flanges
include a central hole for the electrode hollow
holder. Rubber O-rings and silicon vacuum grease
were used in all sealing points.
Both discharge electrodes were constructed from
stainless steel (St. St. 304) hollow disks of 80mm in
diameter and 8.5mm in thickness. The electrode was
joined to holder of 295mm in length and outer and
inner diameters of 16.2mm and 11.6mm,
respectively, to include a stainless steel channel of
78.5mm in length and 5.6mm in diameter through
which the cooling water was flowed to the inside
volume of the electrode. The holder tube includes a
1mm-step screw thread of 25.88mm in length to
connect the cooling channel tightly. Figure (3)
shows the assembly of the closed-field unbalanced
magnetron electrodes.
Two permanent ring magnets were placed at the
back side of each electrode to form the magnetron,
as shown in figure (3), with a separating distance of
1cm. The inner magnet was 12.5mm in height and
31.5mm in diameter with a central hole of 17.5mm
in diameter, while the outer magnet was 15.2mm in
height and 80mm in diameter with a central hole of
40mm in diameter. Therefore, the two magnets were
separated by a distance of 10mm around their
opposing surfaces. A metallic disk of 69.7mm in
diameter and 2.5mm in thickness was used to choke
the outer magnet to prevent the magnetic field lines
from extending to the backside of the electrode.
The design of dual magnetrons proposed in this
work provides two concentric regions of high
magnetic field intensity on electrode surface. At
these regions, the charged particles are totally
confined because the particles escaping from the
inner region towards the walls of vacuum chamber
will lose some energy and then be trapped by the
outer region. In conventional configurations, a
fraction of charged particles can escape from the
confinement region and hence decrease the
ionization rate near the cathode.
The advantage of magnetron on the anode is
observed in the film deposition of ferromagnetic
materials because the magnetic field intensity forces
the deposited particles to distribute on the substrate
according to its distribution. This makes possible to
produce films with selective optical densities to
serve multipurpose devices as in the optical data
storage applications [42].
In order to prevent any variation in the
arrangement of internal components, a teflon host of
100mm diameter and 44.5mm height with a central
groove of 84.75mm diameter and 26.3mm depth
was used to maintain the magnetron from the
backside of the electrode. This piece was locked
from movement by cylindrical teflon piece of
37.5mm in diameter and 35.25mm in height
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containing an M5 screw driven towards the holder
tube.
A single-stage rotary pump (Leybold-Heraeus)
of 9 m3/hr pumping speed was used to get pressure
down to about 10-3 mbar inside the vacuum
chamber. A water-cooled diffusion pump was
available for use in this work for lower vacuum
pressure and connected to the vacuum chamber via a
trap. However, all results presented were obtained
using the rotary pump only as vacuum pressure of
10-2 mbar was easily reached. The minima of
Paschen’s curves for the inter-electrode distances 26 cm were achieved at pressures higher than 10-3
mbar. Pirani gauge (down to 10-3 mbar) was used.
The electrical power required for generating
discharge inside vacuum chamber was provided by a
5 kV dc power supply (Edwards 2A) through hightension cables. A current-limiting resistance (3.25
k, 1 kW) was connected between the negative
terminal of the dc power supply and the cathode
inside the vacuum chamber, while the positive
terminal of the dc power supply was connected
directly to the anode. The output voltage of the
power supply could be varied precisely over 0-5 kV
to control the current flowing between discharge
electrodes. However, the maximum supply voltage
did not exceed 800V. Another dc power supply (0250 V PHYWE-7532) was used to provide bias
potential for Langmuir probe measurements. In
addition, a third dc power supply (DHF-1502DD,
1.5-15V, 0.6-2A) was used for electrical
measurements performed on the samples prepared
as photodetectors.
Gas supply unit consists of argon and nitrogen
cylinders, flowmeters, gas flow regulators, needle
valves and connections and joints. Argon gas of
96% purity and nitrogen gas of 90% purity were
used.
A compact unit was used to cool and circulate
the room-temperature water through a channel in
discharge electrodes. This unit can cool more than
51 liters of distilled water down to about 4°C and
circulate it with maximum flow rate of 30 L/min.
The temperature inside the chamber was measured
by a thermometer located near the wall of the
chamber while the temperatures of both electrodes
were measured by thermocouples connected to
digital instruments. The maximum surface
temperature of the substrate placed on the anode
was 40-45°C with uncooled circulating water and
reasonably reduced with cooled circulating water.
The operating conditions of the system were
classified into two groups; constant and variable.
The constant operating conditions include interelectrode distance, vacuum pressure, current
limiting resistance, discharge voltage, discharge
current, cooling temperature, cooling water flow
rate and deposition time. The variable operating
conditions include gas pressure and gas flow rate.
Varying discharge voltage was almost possible
All Rights Reserved

during the operation. In addition, turning the cooling
system off would raise the temperature of either
electrode to 40-45°C with circulating water, while
stopping the circulation of water would raise
electrode temperature more (up to 150°C).
3. Results and Discussion
Two teslameters (NV621 and ECOS models)
were used to determine the spatial distribution of
magnetic field for each magnetron as well as for
both magnetrons simulated to their configuration
inside the vacuum chamber. These measurements
were performed with with Altay ECOS teslameter.

Figure (4) The experimental setup used for magnetic field
distribution measurements

An experimental setup, schematically shown in
figure (4) for measuring the magnetic field
distribution, was arranged. This experimental setup
can simulate the magnetic field distribution between
two magnetrons as it makes possible to measure in
three dimensions. Results of magnetic field
distribution were employed in a modeling process to
simulate the spatial profile of the closed-field
unbalanced dual magnetrons configuration, which
represents a point of novelty over similar works in
Iraq.
In this section, the spatial distribution of the
magnetic field between two magnetrons in a closedfield unbalanced configuration (CFUBM) was
determined. CFUBM’s are widely used to generate
the discharge plasma employed in sputtering
deposition technique to produce low-cost highlyuniform thin films and nanostructures. The spatial
distribution is necessary to be introduced in order to
optimize the design and operational conditions of
such techniques. The experimental setup of this
work was reasonably simple, reliable and applicable
at working environment. Our results show that the
maximum value of the magnetic field due to the
interference between the fields of two magnetrons
separated by 4 cm was 256 G at the midpoint
between them. The design of the magnetron
presented in this work showed high uniformity in
the configuration of the proposed CFUBM.
The magnetic field of one magnetron was
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Figure (5) The magnetic field as a function of the position
along the circumference of the circular surface of one
magnetron
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measured as a function of the position of the Hall
probe along the circumference of the circular
surface of electrode, as shown in figure (5). The
magnetic field is at its maximum at the
circumference and decreasing when moving inside
and nulling at the gap between the outer and inner
magnets. Again, the magnetic field grows to reach
secondary peak and drops to zero at the central hole
of the inner magnet. This uniform behavior is
important to ensure the required configuration of the
magnetron. If the inner magnet is replaced by a solid
one, then the central minimum will disappear and
the magnetic field may have a peak comparable to
that at the circumference.
In order to determine the optimum distance
between two magnetrons, the magnetic field
intensity was measured at the midpoint along the
distance between the two magnetrons and at 2.2 cm
from the edge of the electrode and the results are
shown in Figure (6). The maximum was observed at
4 cm, which can be considered as the optimum
distance, while the minimum was measured at ≥ 8
cm. The diameter of the measuring probe is 0.8 cm,
therefore, the minimum distance was 2 cm in order
to locate the measuring probe at the midpoint. The
behavior shown in figure (6) is attributed to the
interference between the lines of the magnetic field,
i.e., the maximum interference at the midpoint of 4
cm separation, whereas this interference decreases
as the two magnetrons move away from each other
reaching to “no interference” condition at ≥ 8 cm
separation.
The electrons are unable to travel perpendicular
to the magnetic field lines over distances greater
than Larmor radius, therefore, they are confined.
The electric field on the other hand causes the
electrons to move in the direction perpendicular to
⃗
both the electric field and the magnetic field (𝐸⃗ × 𝐵
or Hall drift).
The combination of the electron confinement
⃗ drift ensures that the electrons have a
and the 𝐸⃗ × 𝐵
much longer mean free path in the plasma than in
conventional glow discharges, giving rise to more
ionization collisions, and consequently higher ion
fluxes. These ion fluxes are highest in between the
magnets where the regions of maximum sputtering
are located. This gives a characteristic feature of
conventional planar magnetrons called the racetrack.
This racetrack generally limits the complete target
utilization, resulting in higher working costs. This
problem can be overcome by using rotatable
magnetrons. Instead of a cylindrical inner magnet
and an outer magnet ring, these magnetrons consist
of a central bar shaped magnet surrounded by a
rectangular shaped magnet configuration around
which a cylindrical target rotates. This greatly
enhances the utilization of the target and is therefore
much more interesting for industrial applications.
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Figure (6) Variation of magnetic field intensity along the
vertical distance separating the two magnetrons

The electrons are assumed to be trapped near the
cathode by the magnetic field of the magnetron in
order to increase the path length of these electrons.
Therefore, the maximum interference between the
two fields is not preferred for such purpose because
the electrons would not be seized near the cathode.
Instead, these electrons may be drifted by the
interfered lines away from the cathode.
Figure (7) shows the variation of magnetic field
intensity at 4 cm away from the electrode surface
along four axes, assigned by 0°, 90°, 180° and 270°,
respectively, i.e., each axis is rotated by 90° with
respect to the adjacent ones. The profiles shown in
the included figures are identical with small
differences in the magnetic field intensities.
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However, the overall profile shows primary maxima
at 2.2 and 5.8 cm from starting point at the outer
edge of the electrode, while the secondary maxima
are shown at 0.6 and 7.4 cm distances. The central
part of the profile (1.7cm diameter) show the
minimum intensities due to the ring shape of the
magnetron. This figure shows uniformity in
magnetic field distribution over the magnetron
surface.

due to E×B effect. This leads to the decrease in the
electron temperature value with the increase in the
applied magnetic field strength. The electron
temperature is higher near the cathode that is within
the magnetic trap, and it goes on decreasing radially
away from the cathode as the electrons lose their
energy in collision and ionization while travelling
radially outward. Near the cathode surface, the
electron temperature is high and it decreases away
from it. The high value of electron temperature
within the E×B trap is due to the confinement of
the energetic electrons by the magnetic field.
Electron temperature decreases towards the bulk
plasma region when one moves away from the
cathode surface.

Figure (8) Spatial distribution of the magnetic field intensity
over the magnetron surface at 4cm

Figure (7) Variation of magnetic field intensity at 4 cm away
from the electrode surface along four axes and the considered
strategy of measurement

Sputtering electrons lose their energy to a greater
extent due to ionizing collisions during their drift
All Rights Reserved

It is importance to understand the fundamental
phenomena in magnetron discharge. There are a
number of models of the magnetron discharge [4346]. However, most of these models are too
complicated to explain the physical meaning, since
they deal with the rather special structure of
discharge in commercial magnetron devices.
The measurements on magnetic field intensity
over the volume between the two magnetrons were
modelled and simulated to produce a 3D profile of
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the magnetic field distribution using Grapher 9.0
and MATLAB 2010 software.
Figure (8) shows the spatial distribution of the
magnetic field over the magnetron shown and the
gradient in magnetic field is represented by the
intensity. Therefore, one can read that, along the
radius from the edge to the center of electrode, the
intensity is gradually increased to reach its first
maximum at about 1cm from the edge, and then
gradually decreased to reach its second maximum at
about 3cm from the center. The second maximum is
higher than the first one as the field lines of the
inner magnet is closer to each other when compared
to those of the outer one, however, the sputtering
electrons are captured by both regions and forced to
move with longer paths near the electrode. Values of
the magnetic field intensity in this figure represent
average of four measurements considered in figure
(7).
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Figure (2) Schematic diagram of the system used in the present work

Figure (3) The assembly of magnetron on each discharge electrode
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