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Abstract. A Monte Carlo model has been developed for investigating the
electron behavior in a dual-magnetron sputter deposition system. To describe
the three-dimensional (3D) geometry, different reference frames, i.e. a local
and a global coordinate system, were used. In this study, the influence of both
closed and mirror magnetic field configurations on the plasma properties is
investigated. In the case of a closed magnetic field configuration, the calculated
electron trajectories show that if an electron is emitted in (or near) the center
of the cathode, where the influence of the magnetic field is low, it is able to
travel from one magnetron to the other. On the other hand, when an electron is
created at the race track area, it is more or less trapped in the strong magnetic
field and cannot easily escape to the second magnetron region. In the case of a
mirror magnetic field configuration, irrespective of where the electron is emitted
from the cathode, it cannot travel from one magnetron to the other because the
magnetic field lines guide the electron to the substrate. Moreover, the electron
density and electron impact ionization rate have been calculated and studied in
detail for both configurations.
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1. Introduction

Magnetrons have found wide applications in the sputter deposition of different types of
industrially important coatings, such as metals, oxides and nitrides [1]. In a magnetron
discharge, in addition to an electric field, a magnetic field is also present, causing the electrons
to be trapped close to the cathode. This leads to a more efficient use of the electrons for
ionizing the gas atoms, resulting in enhanced sputtering of the target in comparison with
a non-magnetized discharge. Moreover, the pressure can be lower. Hence, by adjusting the
pressure, one can control the level of thermalization of the sputtered atoms to tune the thin film
properties.

In the last three decades, many types of magnetrons have been developed and the
characteristics of magnetron discharges have been studied intensively (see e.g. [2]–[4]).
Each of these magnetrons has its own specific advantages and applications. Two single
magnetrons can also be combined into a dual configuration. Different reasons can be
found for using this configuration. One application of the dual-magnetron configuration
is to enhance the process stability in industrial coaters, where the power is switched
between two cathodes consisting of the same material [5]. Another application of dual
magnetrons is the so-called facing target sputtering. In this setup, two cathodes, mostly
consisting of the same material, are facing each other. In this way, a well-defined
plasma is generated between the two sources. The substrate is placed outside this region to
eliminate substrate bombardment with high energetic species and substrate heating [6]. For
this reason, this configuration is widely used for depositing sensitive materials, such as high-
temperature superconductors [7, 8]. Recently, this configuration was studied for sideways
deposition of thin films using dual-HiPIMS [9]. A final, but perhaps most important, reason
for using a dual-magnetron configuration is related to materials research of complex materials.
Indeed, to modify the stoichiometry in a flexible way, a dual-magnetron configuration is
often chosen. By changing the target–substrate distance and/or the target power for both
cathodes independently, a large range of compositions can be investigated [10]–[13]. This
flexibility comes at a cost, especially in reactive magnetron sputtering. Indeed, both cathodes
will react independently on addition of the reactive gas, resulting in possible target poisoning
for one target. Nevertheless, using this configuration can speed up materials research by the
combinatorial deposition of thin films. This is not limited to two sources but sometimes
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extended to a multisource approach [14–16]. Some companies are offering this kind of
setup4.

An important issue in a dual-magnetron configuration is the magnetic field design. Two
designs are possible, i.e. closed field and mirror field. In the mirror-field configuration, the
magnets of both magnetrons are mounted in the same way (i.e. two magnetrons with the same
magnetic polarity). On the other hand, in the closed-field configuration, the magnets of both
magnetrons are mounted in the opposite way, so that the field lines close in across the chamber.
Electrons following these field lines can give rise to ionizing collisions and, thus, maintain a
high plasma density in the vicinity of the substrate. In the mirror field, the electrons are directed
towards the chamber walls, resulting in a lower plasma density. This is nicely demonstrated by
Musil and Baroch [17, 18]. As such, the choice of the magnetic field design can have a strong
influence on the thin film growth.

A certain amount of experimental work on the plasma characterization of these
configurations has already been performed, but there is still a lack of a detailed description.
As dual-magnetron configurations are becoming more popular in materials research of complex
materials, there is a need to deeply investigate this configuration. Modeling can assist in
understanding this configuration. However, to the authors’ knowledge, no modeling has been
performed so far on dual-magnetron configurations.

There are different modeling approaches in the literature for properly describing the
processes in a magnetron discharge. In an analytical model [19], mostly semi-empirical
formulae describe the relation between certain plasma quantities and macroscopic parameters
(e.g. voltage, current and pressure). This method can rapidly predict the plasma behavior, but it
is only an approximation, valid for a limited range of conditions.

A fluid model [20] is based on the continuity equations of particle density, momentum and
energy, usually coupled to Poisson’s equation to calculate the electric field distribution self-
consistently. It is also rather simple and fast, but it assumes that the plasma species are more
or less in equilibrium with the electric field, i.e. the energy gain from the electric field is more
or less balanced by the energy loss due to collisions. This is not always true, e.g. at low gas
pressure (where the mean free path of charged particles exceeds the characteristic length of the
discharge) and for the fast electrons in regions characterized by a strong electric field.

A Boltzmann model takes into account the non-equilibrium behavior of the plasma species
by solving the Boltzmann transport equation. However, this method can become mathematically
complicated, certainly when solving in more than one dimension. In the works of Porokhova
et al [21, 22], this model has been used for cylindrical postmagnetrons, where the magnetic field
is one dimensional (1D) and constant in the largest part of the discharge region, which simplifies
the Boltzmann equation.

Monte Carlo (MC) simulations [23], on the other hand, are mathematically simple and
account for the non-equilibrium behavior of the plasma species correctly. Indeed, they describe
the trajectories of individual particles by Newton’s laws, and treat the collisions by random
numbers. However, in order to reach statistically valid results, a large number of individual
particles need to be simulated. Hence, MC simulations can be quite time consuming, especially
for slow-moving particles. Moreover, an MC model on its own is not self-consistent because it
requires a certain electric field distribution as input.

4 See www.ajaint.com (‘Stiletto Series: High vacuum magnetron sputtering source cluster flanges’). See
www.lesker.com (‘Torus cluster sources’).
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This problem can be overcome by the particle-in-cell/Monte Carlo collisions (PIC/MCC)
model that couples MC simulations for the behavior of ions and electrons, to the Poisson’s
equation for a self-consistent electric field calculation. The PIC/MCC model does not need
many a priori physical assumptions except for the classical nature of particle trajectories, being
very useful for non-equilibrium processes. Hence, it is the most accurate technique applied to
2D [24, 25] or 3D [26] simulations. A drawback of the PIC/MCC model, however, is that
it requires a much longer computational time, certainly for larger reactors, such as a dual-
magnetron configuration.

Finally, hybrid models combine different modeling approaches, achieving more reasonable
computation times. For instance, in [27, 28], fast electrons (such as electrons, emitted at the
cathode), which are not in equilibrium with the electric field, are treated by an MC model,
whereas for slow electrons and ions, which can be considered in thermal equilibrium, the fluid
equations are used.

Based on the above-mentioned considerations, in this work, we develop an MC model
to investigate the behavior of the fast electrons in an Ar/O2 direct current dual-magnetron
discharge. Indeed, the calculated electron properties will already give an idea of the plasma
behavior near the target. Moreover, in the future, the electron MC model will be combined
with other models to be developed (e.g. MC models for other species and surface models for
the plasma–surface interactions) into a hybrid modeling approach, in order to describe all of
the plasma species in a dual-magnetron configuration and to investigate the sputter deposition
processes of complex oxide layers. The results from the electron MC model (e.g. electron impact
ionization rate) can then be used as input values in the other models. At this stage, we assume
that both targets are made of titanium. Later on, when the models for sputtering are included,
this will be changed to different targets in order to describe the deposition of complex oxide
films.

2. Description of the model

The behavior of fast electrons in the dual-magnetron discharge is studied by the MC method.
The term ‘fast electrons’ is used here for those electrons with kinetic energies above the
threshold for inelastic collisions (3 eV), which are present in the discharge at positions where
the absolute value of the electric field is above 1000 V m−1; the latter is done to prevent
electrons with a kinetic energy below 3 eV from being removed from the simulation, as they
can be accelerated again. A detailed overview of the MC collision algorithm can be found
in [29]–[31]. In this paper, only a brief description is given, but special attention will be paid
to the use of different reference frames. The presented model is 3D in both the coordinate and
the velocity space. The real particles in the discharge are represented by a limited ensemble of
superparticles (SPs), with a certain weight corresponding to the number of real particles per SP.
In our simulations, the initial number of electron SPs, emitted from the cathodes is taken as
40 000.

During successive time steps, the SPs’ trajectory under the influence of both the electric
and magnetic fields is calculated by Newton’s equations of motion, based on the Lorentz force,

m
dv
dt

= q(E + v × B), (1)
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Figure 1. Schematic representation of the dual-magnetron configuration with
the LCS and GCS indicated. Diameters of the target (yellow) and the cylindrical
magnet (blue) are 50 and 12 mm, respectively. The inner and outer diameters
of the ring magnet (red) are 34 and 49 mm, respectively. The thicknesses of
the target and the magnets are 3 and 9 mm, respectively. The distance between
the substrate (gray) center and the target center is 70 mm. The boundary of the
simulation area is indicated by the dashed lines.

where q is the elementary charge, v is the velocity, m is the electron mass and E and B are the
electric and magnetic fields, respectively. The equation is discretized using the central finite-
difference method (the so-called leap-frog method) [32]. The v×B rotation term is treated
according to the algorithm suggested by Boris [33].

In the middle of each time step, the collisions are treated by random numbers; that is, the
total collision probability, summed over all possible collision processes, is calculated based on
the collision cross sections and the target species densities, and compared with a random number
uniformly distributed between 0 and 1. If the probability is lower than this random number, no
collision occurs. If it is higher, a collision takes place, and the new energy and direction after
the collision are determined.

The following collisions are considered in this work: collisions with argon atoms (elastic
collision, excitation to metastable and radiative state and ionization), ionization of titanium
atoms, collisions with argon metastable atoms (transfer to a radiative state and ionization),
collisions with oxygen molecules (ionization, excitation to a radiative state, dissociative
attachment, ion pair formation, dissociative ionization and dissociation) and collisions with
oxygen ions (recombination, neutralization and dissociative recombination). All of the reactions
and their corresponding cross sections have been adopted from [31]. The effect of Bohm (or
anomalous) diffusion is also included in the model [34, 35].

The dual-magnetron setup is schematically represented in figure 1. Both magnetrons are
positioned at angles of 45◦ with respect to the substrate. For convenience, we use two different
frames of reference: the collisions are treated in the local coordinate systems (LCS), the position
(i.e. the trajectory) and the velocity of the electrons are calculated in the LCS as well, but they
are also transferred to the global coordinate system (GCS), so that the electrons are able to move
from one magnetron to the other (in other words, from one LCS to the other). The transformation
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from the LCS to the GCS is performed in the following way:
Left magnetron:
Coordinates

xglobal = xcenter1 + (cos ω1 xlocal + sin ω1 zlocal),

yglobal = ycenter1 + ylocal,

zglobal = zcenter1 + (− sin ω1 xlocal + cos ω1 zlocal).

Velocity components

vx,global = cos ω1 vx,local + sin ω1 vz,local,

vy,global = vy,local,

vz,global = − sin ω1 vx,local + cos ω1 vz,local.

(2)

Right magnetron:
Coordinates

xglobal = xcenter2 + (cos ω2 xlocal − sin ω2 zlocal) ,

yglobal = ycenter2 + ylocal,

zglobal = zcenter2 + (sin ω2 xlocal + cos ω2 zlocal).

Velocity components

vx,global = cos ω2 vx,local − sin ω2 vz,local,

vy,global = vy,local,

vz,global = sin ω2 vx,local + cos ω2 vz,local,

(3)

where xglobal, yglobal, zglobal (vx,global, vy ,global, vz,global) and xlocal, ylocal, zlocal (vx,local, vy,local, vz,local)
are the coordinates (velocity components) of the electron in the GCS and LCS, respectively;
xcenter1, ycenter1, zcenter1 and xcenter2, ycenter2, zcenter2 are the global coordinates of the origins of
the LCS (or in other words the global coordinates of the target centers) of the left and right
magnetrons, respectively; and finally, ω1 and ω2 are the angles (ω1 = ω2 = 45◦) between the
LCS and the GCS of the left and right magnetrons, respectively (see figure 1).

The electric and magnetic fields are needed as input in the model. The electric field
has been adopted from PIC–MCC simulations [31] in one magnetron; hence, it is defined
in the LCS. Accurate values of the magnetic field can be obtained from experiments, but
can also be calculated analytically (see e.g. [36]–[38]) or by using finite-element models
(see e.g. [39]–[41]). The analytical models are fast and give a smooth variation in the
magnetic field, but they can only be applied in relatively simple magnetic configurations.
On the other hand, finite-element models can deal with very complex magnetic configu-
rations. There exist several packages in the literature (e.g. [40], [42]–[44]). In the present
work, we use the open-source finite-element solver GetDP [45] to calculate the magnetic
field distribution in a full 3D configuration, together with the finite-element mesh genera-
tor Gmsh [46]. Hence, the magnetic field is calculated in the GCS and transferred to the
LCS.

In this paper, we study both a closed (i.e. the magnetic field lines go from one magnetron
to the other) and a mirror magnetic field configuration (i.e. the magnetic field lines are reflected
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from each other) (see [47] and see below). The polarity of the magnetron configuration becomes
important when several magnetrons are combined in one vacuum chamber. In a closed-field
configuration, where the magnets within the magnetrons are arranged such that alternating poles
are next to each other, resulting in the linkage of the field lines, the electrons are prevented from
escaping to the chamber walls, resulting in much higher ion current density. This can result
in much denser, harder and well-adhered thin films [48]. The mirror-field configuration is not
so widely used, but in larger systems it is sometimes combined with two sources in closed-
field configuration. In this way, electrons can be guided towards the center of the deposition
chamber.

3. Results and discussion

3.1. Operating conditions

The direct current dual-magnetron configuration under study is a sputter deposition device
with Ti targets with a radius of 25 mm. It operates in an Ar/O2 gas mixture at 300 K with
partial pressures of 1 Pa Ar and 0.24 Pa O2. Under these conditions, the targets are completely
poisoned. The electric field is calculated self-consistently with a PIC/MCC model [31] and
taken as input in the MC simulation. This electric field gives rise to a cathode current of 0.2 A
and a cathode voltage of −312 V. The distributions of the components of the electric fields (Ex

and Ez) are presented in figure 2. In the sheath in front of the cathode, Ez is approximately ten
times higher than the corresponding Ex (and Ey) values, which is logical because of the strong
potential drop from the cathode to the bulk plasma. Since the cathode is powered by a negative
voltage, the cathode sheath is much more pronounced than the sheath in front of the substrate
(= anode). Indeed, the maximum value of Ez (figure 2(a)) in front of the cathode is
−400 kV m−1, whereas in the substrate sheath it is at maximum 10 kV m−1, hence two orders
of magnitude lower. The same is true for the distribution of Ex (figure 2(b)). Moreover,
the values in the bulk area are still much lower both for Er (where E2

r = E2
x + E2

y) and Ez

(∼ 100 V m−1). Note that the values of the electric field were only calculated in the PIC–MCC
model till 24 mm in the z-direction and 28 mm in the r-direction of the LCS. Since the
reactor under study here is 70 mm in the z-direction and 55 mm in the r-direction (or in the
x- and y-directions, r 2

= x2 + y2) in the LCS, the electric field values in the bulk plasma are
extrapolated based on the PIC–MCC values. This approach is justified as the electric field
values in the bulk do not influence the processes in the magnetron a lot, since most of the
plasma processes occur in the regions near the cathodes. However, in the sheath in front of the
substrate, the exact values as calculated from the PIC–MCC simulations were used as input
values.

As mentioned above, the magnetic field distributions are calculated with the open-source
finite-element solver GetDP [45] and presented in figure 3. Figure 3(a) presents a closed
and figure 3(b) a mirror magnetic field configuration. It is clearly observed in figure 3(a)
that the magnetic field lines go from the left magnetron to the right one (characteristic for
a closed magnetic field configuration), whereas in figure 3(b) the magnetic field lines are
reflected from each other in the center of the dual-magnetron configuration (characteristic for
a mirror magnetic field configuration). Furthermore, in both magnetic field configurations,
the maximum radial magnetic field strength in front of the cathode is around 0.1 T, as is
found at a radial position of 14 mm from the center of the target. In the bulk area of the
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Figure 2. Electric field distribution, calculated with a PIC/MCC model [31].
Panels (a) and (b) are presented in the xz-plane of the GCS. Here the line between
the centers of the target and substrate corresponds to the z-axis of the LCS (see
figure 1).

magnetron device, the values of the magnetic field are approximately two orders of magnitude
lower.

3.2. Calculated trajectories for one electron

3.2.1. Closed magnetic field configuration. As mentioned before, the electrons are emitted
from the cathode and will be accelerated away from the cathode by the electric field. However,
they are also affected by the magnetic field: the electrons are trapped along the lines of this
magnetic field and can hence travel in the transverse direction. Moreover, the electrons have
a low mass, which causes them to circulate around the magnetic field lines with a small
Larmor radius. As a consequence, the electrons stay longer in the discharge and therefore
they have a higher probability for ionization of the background gas than in a non-magnetized
plasma.

The calculated trajectory of an electron, which is emitted in the middle of the strong
magnetic trap, i.e. at the race track area of the target, is shown in figure 4. Nearly all of the
electrons are created here. It is clear that the electron circulates around the center of the cathode
with a spiral trajectory and can also move further away from the cathode target due to elastic
collisions with the background gas atoms, as well as Bohm diffusion. Elastic collisions ‘knock’
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Figure 3. Calculated magnetic field distributions in the dual-magnetron setup
with the closed (a) and mirror (b) magnetic field configurations. The magnetic
fields are shown in the xz-plane of the GCS. The color scheme of the arrows
(shown at the right) illustrates that the magnetic field is much stronger in front
of the targets than in the bulk of the reactor.

the electron from the magnetic trap to another magnetic field line. Bohm diffusion also results
in enhanced electron mobility, since the electric field fluctuations push the electron away from
its magnetic trap.

Figure 4 also illustrates that in a closed magnetic field configuration, the electron can
escape from one magnetron to the other. However, it is worth noting that only 12% of the
electrons do cross from one magnetron to the other, as predicted by our simulations (see figure 5;
‘crossing electrons’). This is caused by the fact that the energy of the electrons, once they
reach the bulk plasma, is typically not high enough to reach the second magnetron. From our
calculations, it was observed that electrons can cross the center (in between both magnetrons)
up to 18 times (see figure 5, inset).

In order to show some statistics about the electron trajectories, a histogram of the fraction
of electrons with corresponding end positions in the z-direction of the LCS is plotted in figure 5.
It is clear that most of the electrons (almost 70%) will be absorbed again at the target, after one or
several circulations around the magnetic field lines. It should be mentioned that electron impact
ionization also takes place in the cathode sheath, resulting in a multiplication of the electrons,
and the multiplication factor can even reach two orders of magnitude. The peak around 10 mm
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Figure 4. Trajectory of an electron created in the middle of the strong magnetic
trap in the case of the closed magnetic field configuration. Here the electron first
undergoes a few helical movements before traveling to the other magnetron.

Figure 5. Fraction of electrons with corresponding end positions in the
z-direction of the LCS for the closed magnetic field configuration, without
crossing from one magnetron to the other. Also the fraction of electrons that can
escape from one magnetron to the other is included, with their corresponding
number of crossings (see the inset).

corresponds to the electrons, which reach higher positions above the target but cannot escape
from one magnetron region to the other. As mentioned above, about 12% of the electrons can
escape from one magnetron to the other.
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Figure 6. Trajectory of an electron created at the center of the target, i.e. in a
weak magnetic trap, in the case of the closed magnetic field configuration.

In figure 6, the trajectory is illustrated for an electron that is released at the center of the
cathode, where the radial magnetic field is very weak (cf figure 3(a)) and strong trapping does
not occur. Moreover, at the cathode, the electric field is strong, so the electron has a high initial
potential energy. Figure 6 clearly shows that the electron can now easily escape from one target
to the other and can also return to its original side. Our calculations predict that this occurs for
all electrons released at the cathode center. However, it is important to note that only 0.1% of
all electrons are emitted near the target center. Although this percentage is low, it is interesting
to investigate this process to gain a better understanding of the behavior of all electrons in the
dual-magnetron system.

3.2.2. Mirror magnetic field configuration. In the case of a mirror magnetic field
configuration, the calculated trajectory of an electron, which is emitted in the middle of the
strong magnetic trap, is virtually the same as in the case of a closed magnetic field configuration,
but it should be noted that in this case the electron cannot escape from one magnetron region to
the other due to the mirror magnetic field configuration.

A histogram of the fraction of the electrons with corresponding end positions in the
z-direction of the LCS, for the mirror magnetic field configuration, is shown in figure 7. Similar
to the closed magnetic field configuration, most of the electrons (more than 70%) will be
absorbed again at the target, after one or several circulations around the magnetic field lines.
The peak around 10 mm again corresponds to the electrons reaching higher positions above the
target. However, in contrast to the closed magnetic field configuration, there is another peak
between 50 and 60 mm, which represents the electrons being drawn towards the substrate in the
mirror-field configuration.

If an electron is released at the center of the cathode in the mirror-field configuration (see
figure 8), it can also not travel from one magnetron to the other because the mirror magnetic
field configuration guides the electron towards the substrate. In summary, we can conclude that
in the case of the mirror magnetic field configuration, the electrons, independent of where they
are emitted from the cathode, cannot escape from one target to the other but are drawn towards
the substrate.
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Figure 7. Fraction of electrons with corresponding end positions in the
z-direction of the LCS for the mirror magnetic field configuration.

Figure 8. Trajectory of an electron created at the center of the target, i.e. in a
weak magnetic trap, in the case of the mirror magnetic field configuration.

3.3. Fast electron density and electron impact ionization rate

3.3.1. Closed magnetic field configuration. Important results of this model include the electron
impact ionization rate and the fast electron density, because they give information about the
regions of strongest plasma activity. Furthermore, in a hybrid modeling approach, these output
data can be used as input for the treatment of other plasma species.

The calculated 2D electron density profile, for the case of the closed magnetic field
configuration, is shown in figure 9(a). Note that this profile reflects only the so-called fast
electrons, which are treated with this MC model. The thermal electrons are not taken into
account in this model in order to save computation time.
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Figure 9. Calculated (a) fast electron density profile and (b) electron impact
ionization rate profile in the closed magnetic field configuration. Both profiles
are plotted in the xz-plane of the GCS. The partial pressures of Ar and O2 are 1.0
and 0.24 Pa, respectively.

Most of the (fast) electrons are located near the target due to the strong magnetic trap,
and consequently the electron density reaches its maximum there. The electron density agrees
well with PIC/MCC results in comparable conditions [31], showing that the effect of Bohm
collisions is taken into account in our MC model in a realistic way.

The maxima of the profiles are somewhat tilted towards the centers of both cathodes, which
is caused by the similar tilted shape of the magnetic field (see figure 3). Moreover, the profile
spreads out more in the z-direction than in the r-direction because the z-component of the
electric field is much larger than its r-component, causing most of the fast electrons to move
in the z-direction and remain fast.

As mentioned in section 3.2, electrons might be able to move from one target to the other
because of the closed magnetic field configuration. It is also clear from figure 9(a) that the
electron density profiles of both magnetrons overlap at x = 0.

Figure 9(b) presents the electron impact ionization rate of Ar gas atoms. Most of the
ionizations occur where the fast electron density is at maximum (see figure 9(a)). Similar
to the fast electron density profile, the ionization rate profile is somewhat tilted towards
the centers of both cathodes, as well as more spread out in the z-direction than in the
r-direction and the profiles of both magnetrons overlap at x = 0. Between the targets,
less ionization takes place compared to the target sheath, because of the lower electron
density.
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Figure 10. Calculated (a) fast electron density profile and (b) electron impact
ionization rate profile in the mirror magnetic field configuration. Both profiles
are plotted in the xz-plane of the GCS. The partial pressures of Ar and O2 are 1.0
and 0.24 Pa, respectively.

3.3.2. Mirror magnetic field configuration. In the case of a mirror magnetic field
configuration, similar profiles are found for the fast electron density (figure 10(a)) and electron
impact ionization rate of Ar gas atoms (figure 10(b)) in the regions close to the cathode, where
there is a strong magnetic trap. However, in both figures, the profiles are aligned towards
the substrate rather than towards the center of the dual-magnetron reactor, in contrast to the
case of the closed magnetic field configuration (see figures 9(a) and (b)). As mentioned above
(section 3.2.2), due to the mirror magnetic field configuration, the electrons cannot escape from
one magnetron to the other; they mostly move towards the substrate. Therefore, the fast electron
density in between both targets is very low and consequently no ionization takes place here.
This result is important because it will also affect the behavior of the other plasma species to
some extent, and therefore it can explain the different plasma behavior and application field of
the closed- and mirror-field configurations.

4. Conclusion

To simulate the behavior of the fast electrons in a dual-magnetron sputter deposition device, an
MC model was developed. A total of 18 types of electron collisions are included in this model,
such as collisions with background gas atoms (elastic scattering, excitation to metastable and
radiative states and ionization), with target atoms (ionization) and with reactive gas molecules
and ions.
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The electron trajectory was thoroughly studied. It was found that most of the electrons are
created and absorbed again at the target, after one or several circulations around the magnetic
field lines in both magnetic field configurations. In the case of the closed magnetic field
configuration, 12% of all created electrons can escape from one magnetron region to the other,
and some of them can even cross the center between the two magnetrons a number of times. The
other 88% of all electrons cannot escape from one magnetron region to the other because their
energy has become too low. In the mirror magnetic field configuration, no electrons can escape
from one magnetron region to the other because the magnetic field lines guide them towards the
substrate.

The calculated electron density and the electron impact ionization rate were also presented.
Due to the strong magnetic trap, most of the electrons reside near the cathode and most of the
collisions occur in this region. The closed magnetic field configuration and the resulting electron
trajectories cause the fast electron density profile to overlap in between the two-magnetron
regions. In the mirror configuration, this profile is aligned towards the substrate and almost
does not overlap in between the two magnetron regions. These results can give insights into the
behavior of complex deposition setups where several magnetrons are combined.

In the future, this electron MC model will be coupled to other models, to treat all
of the plasma species and to study the relevant plasma processes in the dual-magnetron
sputter deposition system. Moreover, surface models will be included to describe the processes
occurring at the target and the substrate, to investigate the sputter deposition process of complex
oxide thin films.

Acknowledgments

This work was supported by a joint IWT (SBO 60030) project and an FWO project of both
research groups. The authors thank Dr L Schwaederlé for his advice on the different magnetic
field configurations and the MC model. The computer facility CalcUA of the University of
Antwerp is acknowledged.

References

[1] Depla D and Mahieu S 2008 Reactive Sputter Deposition (Berlin: Springer)
[2] Thornton J A 1978 Thin Film Processes ed J L Vossen and W Kern (New York: Academic) p 76
[3] Wasa K and Hayakawa S 1992 Handbook of Sputter Deposition Technology (New York: Noyes Publications)
[4] Depla D, Mahieu S and De Gryse R 2009 Magnetron sputter deposition: linking discharge voltage with target

properties Thin Solid Films 517 2825
[5] Kirchhoff V, Kopte T, Winkler T, Schulze M and Wiedemuth P 2001 Dual magnetron sputtering (DMS)

system with sine-wave power supply for large-area coating Surf. Coat. Technol. 98 828
[6] Lin C, Sun D C, Liu Ming, Jiang E Y and Liu Y G 1996 Magnetron facing target sputtering system for

fabricating single-crystal films Thin Solid Films 278 49
[7] Imafuku M and Shimada H 1991 In situ epitaxial growth of YBCO films by facing targets sputtering method

Physica C 185 1967
[8] Zhao K, Zhou L Z, Leung C H, Yeung C F, Fung C K and Wong H K 2002 Epitaxial growth of oxide films

(La–Ca–Mn–O and Y–Ba–Cu–O) by the facing-target sputtering technique J. Cryst. Growth 237 608
[9] Aijaz A, Lundin D, Larsson P and Helmersson U 2010 Dual-magnetron open field sputtering system for

sideways deposition of thin films Surf. Coat. Technol. 204 2165

New Journal of Physics 13 (2011) 033018 (http://www.njp.org/)

http://dx.doi.org/10.1016/j.tsf.2008.11.108
http://dx.doi.org/10.1016/S0257-8972(97)00371-X
http://dx.doi.org/10.1016/0040-6090(95)08124-0
http://dx.doi.org/10.1016/0921-4534(91)91108-G
http://dx.doi.org/10.1016/S0022-0248(01)01971-6
http://dx.doi.org/10.1016/j.surfcoat.2009.11.044
http://www.njp.org/


16

[10] Saraiva M, Georgieva V, Mahieu S, Van Aeken, Bogaerts A and Depla D 2010 Compositional effects on the
growth of Mg(M)O films J. Appl. Phys. 107 034902

[11] Georgieva V, Saraiva M, Jehanathan N, Lebelev O I, Depla D and Bogaerts A 2009 Sputter deposited
Mg–Al–O thin films: linking molecular dynamics simulations to experiments J. Phys. D: Appl. Phys.
42 065107

[12] Astrand M, Selinder T I and Sjostrand M E 2005 Deposition of Ti1−x Alx N using bipolar pulsed dual
magnetron sputtering Surf. Coat. Technol. 200 625

[13] Trinh D H, Kubart T, Nyberg T, Ottosson M, Hultman L and Hogberg H 2008 Direct current magnetron
sputtering deposition of nancomposite alumina–zirconia thin films Thin Solid films 516 8352

[14] Peak J D, Melcher C L and Rack P D 2010 Combinatorial thin films puttering investigation of cerium
concentration in Lu2SiO5 scintillators J. Lumin. 130 1366

[15] Perkins J D, del Cuetoa J A, Alleman J L, Warmsingh C, Keyes B M, Gedvilas L M, Parilla P A To B, Readey
D W and Ginley D S 2002 Combinatorial studies of Zn–Al–O and Zn–Sn–O transparent conducting oxide
thin films Thin Solid Films 411 152

[16] Sigumonrong D P, Zhang J, Zhou Y, Music D and Schneider J M 2009 Synthesis and elastic properties of
V2AlC thin films by magnetron sputtering from elemental targets J. Phys. D: Appl. Phys. 42 185408

[17] Musil J and Baroch P 2005 Discharge in dual magnetron sputtering system IEEE Trans. Plasma Sci.
33 338

[18] Baroch P and Musil J 2008 Plasma drift in dual magnetron discharge IEEE Trans. Plasma Sci. 36 1412
[19] Buyle G 2005 Simplified model for the dc planar magnetron discharge PhD Thesis University of Ghent
[20] Costin C, Marques L, Popa G and Gousset G 2005 Two-dimensional fluid approach to the dc magnetron

discharge Plasma Sources Sci. Technol. 14 168
[21] Porokhova I A, Golubovskii Yu B, Bretagne J, Tichy M and Behnke J F 2001 Kinetic simulation model of

magnetron discharges Phys. Rev. E 63 056408
[22] Porokhova I A, Golubovskii Yu, Csambal C, Helbig V, Wilke C and Behnke J F 2002 Nonlocal electron

kinetics and excited state densities in a magnetron discharge in argon Phys. Rev. E 65 046401
[23] Sheridan T E, Goeckner M J and Goree J 1990 Model of energetic electron transport in magnetron discharges

J. Vac. Sci. Technol. A 8 30
[24] Kolev I 2007 Particle-in-cell-Monte Carlo collisions simulations for a direct current planar magnetron

discharge PhD Thesis University of Antwerp
[25] Bultinck E, Mahieu S, Depla D and Bogaerts A 2009 The reactive sputter deposition of a TiN film, simulated

with a particle-in-cell/Monte Carlo collisions model New J. Phys. 11 023039
[26] Nanbu K, Segawa S and Kondo S 1996 Self-consistent particle simulation of three-dimensional dc magnetron

discharge Vacuum 47 1013
[27] Shidoji E, Ando E and Makabe T 2001 A comparative study of an unbalanced magnetron with dielectric

substrate with a conventional magnetron through the use of hybrid modeling Plasma Sources Sci. Technol.
10 621

[28] Shidoji E, Ohtake H, Nakano N and Makabe T 1999 Two-dimensional self-consistent simulation of a dc
magnetron discharge Japan J. Appl. Phys. 38 2131

[29] Bultinck E 2009 Numerical simulation of a magnetron discharge utilized for the reactive sputter deposition
of titanium nitride and oxide layers PhD Thesis University of Antwerp

[30] Bogaerts A, Van Straaten M and Gijbels R 1995 Description of the thermalisation process of the sputtered
atoms in a glow discharge using a three-dimensional Monte Carlo method J. Appl. Phys. 77 1868

[31] Bultinck E and Bogaerts A 2009 Particle-in-cell/Monte Carlo collisions treatment of an Ar/O2 magnetron
discharge used for the reactive sputter deposition of TiOx films New J. Phys. 11 103010

[32] Birdsall C K and Langdon A B 1991 Plasma Physics Via Computer Simulations (Bristol: Institute of Physics
Publishing)

[33] Boris J 1970 Relativistic plasma simulation—optimization of a hybrid code 4th Conf. on the Numerical
Simulation of Plasma Naval Research Laboratory (Washington, DC) pp 3–67

New Journal of Physics 13 (2011) 033018 (http://www.njp.org/)

http://dx.doi.org/10.1063/1.3284949
http://dx.doi.org/10.1088/0022-3727/42/6/065107
http://dx.doi.org/10.1016/j.surfcoat.2005.01.016
http://dx.doi.org/10.1016/j.tsf.2008.04.040
http://dx.doi.org/10.1016/j.jlumin.2010.02.048
http://dx.doi.org/10.1016/S0040-6090(02)00205-5
http://dx.doi.org/10.1088/0022-3727/42/18/185408
http://dx.doi.org/10.1109/TPS.2005.844996
http://dx.doi.org/10.1109/TPS.2008.924483
http://dx.doi.org/10.1088/0963-0252/14/1/018
http://dx.doi.org/10.1103/PhysRevE.63.056408
http://dx.doi.org/10.1103/PhysRevE.65.046401
http://dx.doi.org/10.1116/1.577093
http://dx.doi.org/10.1088/1367-2630/11/2/023039
http://dx.doi.org/10.1016/0042-207X(96)00114-5
http://dx.doi.org/10.1088/0963-0252/10/4/311
http://dx.doi.org/10.1143/JJAP.38.2131
http://dx.doi.org/10.1063/1.358887
http://dx.doi.org/10.1088/1367-2630/11/10/103010
http://www.njp.org/


17

[34] Smirnov A, Raitses Y and Fisch N J 2004 Electron cross-field transport in a low power cylindrical Hall
thruster Phys. Plasmas 11 4922

[35] Bultinck E, Mahieu S, Depla D and Bogaerts A 2010 The origin of Bohm diffusion, investigated by a
comparison of different modeling methods J. Phys. D: Appl. Phys. 43 292001

[36] Murphy M J, Cameron D C and Hashmi M S J 1995 Magnetic field in two-dimensional magnetrons J. Vac.
Sci. Technol. A 13 2151

[37] Musschoot J, Depla D, Buyle G, Haemers J and De Gryse R 2006 Influence of the geometrical configuration
on the plasma ionization distribution and erosion profile of a rotating cylindrical magnetron: a Monte Carlo
simulation J. Phys. D: Appl. Phys. 39 3989

[38] Buyle G, Depla D, Eufinger K, Haemers J, De Gryse R and De Bosscher W 2003 Simplified model for
calculating the pressure dependence of a direct current planar magnetron discharge J. Vac. Sci. Technol. A
21 1218

[39] Nanbu K, Mitsui K and Kondo S 2000 Self-consistent particle modelling of dc magnetron discharges of an
O2/Ar mixture J. Phys. D: Appl. Phys. 33 2274

[40] Fan Q H, Gracio J J and Zhou L Q 2004 Computer-aided simulation of a rotary sputtering magnetron J. Appl.
Phys. 95 6017

[41] Shidoji E, Ness K and Makabe T 2001 Influence of gas pressure and magnetic field upon dc magnetron
discharge Vacuum 60 299

[42] http://www.infolytica.com/en/products/trial/
[43] http://www.ansoft.com/maxwellsv/
[44] http://www.quickfield.com/fr/free soft.htm
[45] http://www.geuz.org/getdp/
[46] http://www.geuz.org/gmsh/
[47] Bogaerts A et al 2009 Computer modelling of magnetron discharges J. Phys. D: Appl. Phys. 42 194018
[48] Kelly P J and Arnell R D 1998 Development of a novel structure zone model relating to the closed-field

unbalanced magnetron sputtering system J. Vac. Sci. Technol. A 16 2858

New Journal of Physics 13 (2011) 033018 (http://www.njp.org/)

http://dx.doi.org/10.1063/1.1791639
http://dx.doi.org/10.1088/0022-3727/43/29/292001
http://dx.doi.org/10.1116/1.579535
http://dx.doi.org/10.1088/0022-3727/39/18/010
http://dx.doi.org/10.1116/1.1572169
http://dx.doi.org/10.1088/0022-3727/33/18/311
http://dx.doi.org/10.1063/1.1715133
http://dx.doi.org/10.1016/S0042-207X(00)00408-5
http://www.infolytica.com/en/products/trial/
http://www.ansoft.com/maxwellsv/
http://www.quickfield.com/fr/free_soft.htm
http://www.geuz.org/getdp/
http://www.geuz.org/gmsh/
http://dx.doi.org/10.1088/0022-3727/42/19/194018
http://dx.doi.org/10.1116/1.581432
http://www.njp.org/

	1. Introduction
	2. Description of the model
	3. Results and discussion
	3.1. Operating conditions
	3.2. Calculated trajectories for one electron
	3.3. Fast electron density and electron impact ionization rate

	4. Conclusion
	Acknowledgments
	References

