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Abstract 

In this work, a simulation analysis of a commercial magnetron sputtering 
source was performed using the finite element method Particle-in-
Cell/Monte Carlo Collision (PIC/MCC) to optimize the configuration of 
the Zn-C mosaic target. The magnetic field distribution was solved in a 
two-dimensional cylindrical coordinate system, and particles such as 

electrons, atoms, and charged ions of argon, zinc, and carbon were 
tracked in a DC magnetron sputtering system. The sputtering yield 
profile and particle flux for the eroded target were studied considering 
the ion and electron density distributions. The maximum sputtering flux 

of zinc and carbon was 1.9751021 m-2.s-1 and 3.71018 m-2.s-1 

respectively. The erosion position of a target was predicted based on the 
maximum power density distribution at the surface of the target. The 
accuracy of the simulation was checked by comparing it with the 
measurement of the target eroded after several hours of sputtering. 
However, as for the Zn-C mosaic target, the racetrack was identical to 
the analysis predicted by the numerical simulation process. The results 
of this work can be used as a guide for designing mosaic targets and 
optimizing their use for fabricating nanohybrid thin film structures. 
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1. Introduction 

The technical requirements of modern photoelectric applications have increased interest in the fabrication of thin 
films with specific optical, electrical, mechanical, and surface wetting properties. Currently, there is a growing 
trend to synthesize films that are single-layer nanohybrid composites that can meet these requirements [1–5]. The 
properties of films can be further modified by changing their thickness or using complex multilayer 
heterostructures based on superlattices and gradient structures [6–9]. These nanohybrid compounds consist of 

several components and are based on oxides, nitrides, or carbides. They are usually dielectric materials that are 
very difficult to synthesize by sputtering techniques. Deposition of multicomponent thin films is traditionally 
achieved by RF magnetron sputtering [10, 11]. This technique allows the sputtering of targets from 
multicomponent dielectric materials. The relatively low productivity of this technique, the high cost of RF power 
sources, and the complexity of scaling are all drawbacks that affect the potential of this technique for industrial 
applications. In this context, the reactive sputtering technique is more promising [12–14]. This technique retains 
all the advantages of magnetron sputtering, including high deposition rate of layers, low substrate temperature, 
and ease of assembly. It enables the deposition of layers using targets that can be fabricated relatively easily. Thin 
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multicomponent layers are deposited using three main magnetron sputtering techniques: sputtering with multiple 
targets, single sputtering of each component, and mosaic targets. When it is possible to obtain an alloy or a mixture 
of the required elements, the alloy target sputtering method gives excellent results. The composition of the 

deposited layers almost matches the element concentrations of the original target. However, in some cases, the 
composition of the deposited layers consists of different materials with limited mutual solubility or large variations 
in melting temperature. Here, it is extremely difficult to obtain targets with the desired composition. In this case, 
multitarget sputtering leads to favorable results. In this approach, multiple sputtering sources are used to create 
multicomponent layers, with each element deposited with a single magnetron [13, 15]. With multitarget sputtering, 
the elemental composition of the deposited layers can be precisely controlled. Different layers may be created by 
adjusting the current or discharge capacitance of each magnetron. However, due to its complexity, this technique 
is rarely used in industrial applications [16]. A new trend in the development of magnetron sputtering technology 

for the deposition of multicomponent thin films is the use of so-called composite or mosaic targets, i.e., targets 
consisting of a matrix of one metal with inserts of other metals [17–19]. With a single magnetron, it is possible to 
create multicomponent layers with any amount and composition of components. The technique of magnetron 
sputtering of mosaic targets is particularly advantageous when the desired layers are made of materials with poor 
mutual solubility or large differences in melting temperature. Since the sputtering rate of the substrate and inserts 
depends on several factors, such as the distribution of the ion current density, the sputtering coefficient of an 
element, the energy of the ions, etc. The disadvantage of the above method is the complexity of selecting the size 

and number of inserts to achieve the required concentration and uniform distribution of elements in the deposited 
layer. Several sputtering experiments on the mosaic target are required, followed by adjusting the size of the inserts 
based on the results of the elemental analysis of the deposited layers to achieve the appropriate elemental ratio. 
This selection method is expensive (especially if the target contains rare elements) and time consuming. In this 
case, computer simulation significantly reduces development time and cost and eliminates errors. Several research 
papers have addressed the modelling and simulation of the magnetron sputtering process, some with reactive 
sputtering systems and others with target erosion processes [20–23]. However, magnetron sputtering of mosaic 

targets has been the subject of relatively few studies, as there is no published work on a numerical method using 
particle-in-cell/Monte Carlo collision simulation (PIC /MCC), which has been used extensively to study the 
fundamental process of a static plasma discharge [24–26]. Therefore, the aim of this study is to simulate the 
sputtering process of mosaic targets using PIC /MCC method to determine the size and position of inserts to correct 
the composition of the deposited nanohybrid film. 

2. PIC/MCC Simulation 

Simulation analysis for single and composite targets was adopted in this work to overcome the difficulties in 
developing the mosaic target. Simulation of mosaic target sputtering can help to determine the size and position 
of the inserts to best control the composition of the deposited hybrid film. The simulation was performed using 
the simulation software PEGASUS [27]. The core of the software is based on the particle-in-cell method (PIC) to 
calculate the motion of charged particles and to determine the distribution of electromagnetic fields. The analysis 
of the collisions of electrons, ions and neutral species in the plasma is performed using the Monte Carlo collision 
method (MCC). Together with the flux of electrons and ions on the surface of the target, the spatial distributions 

of velocity, potential, temperature, density, and flux of electrons and ions in the space above the planar surface of 
the target exposed to Ar plasma were calculated. Figure 1 shows a schematic representation of the magnetron 
source used in this simulation. The simulation domain has cylindrical symmetry about the axis r=0, the distance 
between the sputtering target and the opposing substrate is 33 mm, and the target is a planar disk with a radius of 
r=25 mm. Two coaxial permanent magnets located under the target generate the magnetic field. The magnetic field 
is calculated using the finite element method (FEM) according to the experimental configuration. The simulation 
process includes three main steps: simulation of the plasma dynamics, estimation of the sputtering yield of the 

target corresponding to the ion bombardment, and finally tracking the movement of the sputtered ions from the 
target to the substrate. The electric field is calculated by the finite difference method, and the boundary conditions 
are applied to the right and left sides. On the substrate, the electrostatic potential was neglected, and a DC voltage 
of 400 V is applied to the target. Based on the simulation results, the mosaic target was designed and fabricated in 
the laboratory. Later, the target was used to fabricate hybrid thin films on glass and silicon substrates under 
optimized sputtering conditions. Figure 1a shows that the distance between the target and the substrate is 33 mm. 
The width of the magnet is 22.8 mm for the S pole and 5.6 mm for the N pole. The distance from the center of the 
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two poles is 21.3 mm. The chamber is filled with argon gas, the pressure is 110-2 mbar and the temperature is 

300 K.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: a) Schematic diagram of the magnetron source used in the simulation. All dimensions are in mm. b) 
cross-section of the 3D design of the magnetron source showing the target and the magnets. 

3. Results and Discussion 

Permanent magnets trap electrons from the plasma along magnetic flux lines in the magnetron sputter source. 
These trapped electrons ionize the neutral atoms and generate more plasma particles. Therefore, the magnetic field 
distribution in a magnetron source is of critical importance. The magnetic field profile is related to the plasma 
properties and the erosion pattern of the target. An analytical solution for the behavior of the plasma is not easy to 
find due to the complexity of the magnetic field. The properties of the plasma in a 2D geometry under a constant 

magnetic field have been studied. Although the numerical solution with higher dimensions is more suitable for the 
simulation of magnetron sputtering, the symmetry of this configuration can lead to reasonable analytical results.  
The calculated magnetic field data are shown in Figure 2. The zone where the magnetic field lines are parallel to 
the target (B=0) is at a radius of ro=0 cm. The structure of a DC magnetron sputtering system simulated for this 
work is also shown in the figure. a permanent magnet with a target on one side and a substrate on the other. The 
simulation domain in the cylindrical 2D coordination is the rectangular region bounded by the solid line. Since the 
magnetic field induced by the plasma motion is so small, only the static magnetic fields are considered. The color 

gradient bar value is proportional to the magnetic field strength B. The magnetic flux density generated by the 
permanent magnet was calculated using commercial software. The magnetic field profile estimated by FEM is 
used as input data to calculate the particle motion in the simulation of PIC-MCC. Figures 2a and b show the 
distribution of magnetic field strength. The color contours show the gradient of the field strength, and the solid 
lines represent the isolines of the strongest regions. The maximum field strength on the surface of the target is 
about 0.05 T 
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Figure 2: 2D simulation of the magnetic field inside the chamber of the magnetron source. a) distribution of 

magnetic force lines around the target. b) contours of the magnetic field strength component Bx. c) contours of 
the element of the magnetic field strength By. All y- and x- axes are in mm 

On the other hand, the strong magnetostatic field confines the electrons within the plasma. At magnetic fields of a 
few Tesla, the electrons typically have gyro radii of a few millimetres and tend to swirl above the target  [28, 29]. 
However, since their gyro radii are of the same order of magnitude as the characteristic length of the magnetic 

field, their orbits are not perfectly helical, though. This allows electrons to ionize a series of Ar atoms (e+Ar → 
2e+Ar+) until they escape confinement or consume all their kinetic energy, and they contribute to the population 
of electron density in the plasma. Ar+ ions are thus largely produced in the confinement zone generated by the 
magnetic field. Because of their much larger mass, their radii of gyration at magnetic field strengths are only a few 
meters. Consequently, their response to the magnetic field is limited on the length scale of the magnetron, and 
their trajectories deviate only slightly from the electric field lines. Assuming that the electric field acts 
approximately perpendicular to the surface of the target, it may be expected that the ions fall normally on the 
surface of the target. The ion bombardment generates the secondary electron emission flux required to sustain the 

process, and additionally sputters atoms of the deposition material off the target. Magnetic mirror effect increases 
plasma density in magnetron sputtering when magnetic flux lines are parallel to the target surface. Because 
ionization occurs in an area of high electron density, the density distribution of argon ions is identical to that of 
electrons. However, argon ions are not magnetized with 0.5 T. Figure 3 shows the argon-ion and electron densities 
distribution and generation rate inside the plasma chamber. At first glance, it looks like the density of the ion 
distribution is the same as the density of the electron distribution. However, there is a slight difference between 

the two. The highest density of the electron distribution (Figure 3a) was about 2.4851017 m-3, while the highest 

density of the Ar+ distribution (Figure 3c) was slightly higher, at about 2.531017 m-3. It is also clear from the two 
figures that the density of the Ar+ distribution increases more near the cathode region. The reason for this is the 
effect of the bias voltage applied at the cathode, which slightly attracts positive ions toward the surface. On the 

other hand, in both Figures 3b and 3b, we note that the generation rate of ions and electrons is identical because 
the generation comes from the same ionization event. This equality is justified in these types of low temperature 
plasmas where the energy is insufficient to cause higher ionization states [30]. The magnetic field effectively 
confines the electrons. It increases with decreasing distance from the substrate. Higher ion density leads to higher 
charge density and higher power density at the surface. The figure shows that the highest electron and ion density 

is cantered directly above the surface of the target at r=15 mm. At a tolerance of 1.5 mm, the density decreases 

by an order of magnitude. 
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Figure 3: a) 2D simulation of the distribution of the e- density in the vacuum chamber. b) the generation rate of 
the electrons at the surface of the target. c) ion density distribution and b. the generation rate of the argon ions at 

the target surface. All y- and x- axes are in mm. 

Figure 4 shows the power density distribution above the target surface. The substrate is grounded, and the target 
is negatively biased. There is a potential difference of about 400 V between the target and the substrate. The power 
density distribution is allocated at a very narrow region that extends for only about 10 mm at the surface of the 

target. If we try to find the area of highest power that does not decrease below 1105 W/m2, the area will be about 

3 mm in width centered at r=15 mm from the center of the targe. This is adapted to the design and construction of 
the mosaic target by choosing a ga graphite insert with a diameter of 3 mm. To investigate the behavior of the 
proposed mosaic target on the sputtering parameters, the boundary conditions and the design of the system domain 
have been recalculated by considering a modified design of the target, a composite of two materials consisting of 
a zinc matrix and graphite inserts. Figure 5. shows the distribution of the sputtered carbon and zinc atoms, the flux 
of each, and the mean free path for both particles. Zinc has an extremely high sputtering yield, and it may be 

accounted for among the highest value of all metals [31, 32]. In contrast, carbon has an exceptionally low 
sputtering yield, resulting in a deposition rate as low as 0.1Å/s, which is highly dependent on the chemical nature 
of carbon and the deposition process parameters. The figure presents the simulation results of the analytical 
formula illustrated in Figure 1 for the sputtered target particles estimated using the argon-ion bombardment on the 
zinc and graphite targets. The spatial distribution of the carbon atom density was significantly lower than that of 
the zinc atom density by about two orders, making the sputtering from such a combination of the elements 
extremely sophisticated. 
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Figure 4: Power density distribution at the surface of the target. The x-axis represents the distance from the 
center of the target. 

The flux of zinc is domination the sputtering process, and it is predicted that the concentration of carbon in the 
hybrid film will be minimal. Thus, the total amount of ejected particles by the argon ions almost consists of zinc 
and a small amount of carbon. The number of sputtered particles is determined by the argon ion flux and the energy 
governed by the voltage applied to the magnetron source and the kind of power used. There is no significant 
difference in the mean free path for Zn and C atoms; the average value was around 14 mm and 12 mm, respectively. 

Therefore, the ejected particles will suffer from a multi-collision process before reaching the substrate, losing some 
energy, and extending diffusion time to be deposited at the substrate surface. Because of the prolonged multi-
collision process, the probability of particle clustering in the gas phase will be high, and this will be preferred in 
the synthesis of nanohybrid thin film structures. The erosion profile can be imagined as an inverse for the sputtering 
flux of the particles from the target surface. Figure 6. show the simulation of the sputtered flux distribution for the 
zinc and carbon. The inset is an image of a quarter part of the laboratory mosaic target showing the position of the 
graphite inserts. There were 16 graphite inserts with diameter of 3 mm distributed at r=15 mm from the center of 

the target. For illustration purpose the flux of C atoms was multiplied several times as their magnitude is much 
lower than the Zn flux (3 orders higher for the Zn flux). The major disadvantage of this design is the 
inhomogeneous target erosion due to the differences in the sputter yield of the base zinc target and the inserted 
graphite material. According to the simulation analysis the erosion of the target will concentered around the 
graphite inserts and the validity of the simulation results have experimentally proved. The most collisions between 
free electrons and argon atoms and hence ions created are located at the r=15 mm. The distribution of ions and 
hence majority of the sputtering are gathered at this radius. As demonstrated in Figure 7, spatially dependent 
erosion produces a ring or "racetrack" devoid of target material. The target power and magnetic field intensity 

determine the shape of the erosion pattern. An increase in magnetic field strength will narrow the racetrack, but 
an increase in cathode voltage would widen it [33–35]. Once the depth of the racetrack approaches the thickness 
of the target, the target cannot be used without risk of damaging the magnetron source or introducing contaminants 
into the deposited film. The pattern of erosion can limit the use of sputtering targets to a small percentage of their 
original mass. 
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Figure 5: 2D simulation of the density of sputtered atom, the flux of particles, and mean free path for the 
sputtered C atoms (subfigures a, b, and c, respectively) and for sputtered Zn atoms (subfigures d, e, and f, 

respectively). All y- and x- axes are in mm. 

 

 

 

 

 

 

 

 

 

 

Figure 6: Simulation of the sputtered flux distribution for the zinc and carbon. The inset represents the photo for 

the mosaic target showing the position of the graphite inserts. Both y- and x- axes are in mm. 
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The accuracy of the simulation was verified by comparison with measurement of target eroded after several 
sputtering hours (Figure 7). Both Zn and graphite target developed normal magnetron target erosion profile, despite 
that the zinc target show deeper erosion track compared with graphite target. The behavior agrees well with the 

simulation analysis, as the Zn have extremely higher sputtering flux whereas C have exceptionally low sputtering 
flux. The influence of carbon redeposition could be readily recognized in the center of the mosaic target, where a 
negative erosion rate was assumed which means a layer had grown there. Although, as for the mosaic target the 
racetrack was identical with predicted analysis produced by simulation process.  

 

 

 

 

 

 

Figure 7: Mosaic targets used in experiments show the erosion of the surface after several hours of operation. 

4. Conclusions 

Simulation analysis of a magnetron sputter source was performed using the finite element method Particle-in-
Cell/Monte Carlo Collision (PIC /MCC) to optimize the configuration of the mosaic target. The simulated and 
fabricated mosaic target can be used for the deposition of nanohybrid Zn/C films. According to the simulation 
results, the flux of Zn atoms was three orders of magnitude higher than the flux of C atoms. The accuracy of the 
simulation was verified by comparing it with the measurement of the target eroded after hundreds of sputtering 

hours. However, as with the mosaic target, the racetrack was identical to the analysis predicted by the numerical 
simulation.  
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