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Abstract The ion energy and angle distributions (IEADs) in the DC magnetron sputtering systems are investigated
for the variation of gas pressure using particle-in-cell simulation. Even for the condition of collisionless ion sheath at
low pressure, it is possible to change the IEAD significantly with the change of gas pressure. The bombarding ions
to the target with low energy and large incident angle are observed at low pressure when the sheath voltage drop is
low. It is because the electron transport is hindered by the magnetic field at low pressure because of few collisions per
electron gyromotion while the ions are not magnetized. Therefore, the space charge effect is the most dominant factor
for the determination of IEADs in low-pressure magnetron sputtering discharges.
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the target can be obtained accurately such as ion energy,
ion incident angle, and sputtering yield.
In this study, the optimized parallel PIC with the
OpenMP is used for magnetron simulation. The simulation
method and the simulation condition are explained in Sec.
2 followed by the simulation results for the variation of the
gas pressure in Sec. 3. Finally, the conclusion is presented
in Sec. 4.

I. Introduction
The magnetron sputtering (MS) is widely used for the
deposition of a wide range of industrially important coating
because of good homogeneity and quality even at low
deposition temperature [1-6]. The experimental measurement
is helpful for understanding the mechanism of MS [7-10]. For
the deep understating, however, it is necessary to analyze the
system using computer simulation. The sputtered target
profile is dominantly affected by the ion energy and angle
distributions (IEADs), and thus it is necessary to control
the IEADs to extend the use of targets and to enhance the
deposited film quality. In this study, we report the
investigation of ion energy and angle distribution of MS
analyzed by particle-in-cell (PIC) simulation [11].
The PIC method has the advantage of high accuracy
compared with the fluid model. However, it suffers from
drawbacks such as large computation load and difficulty of
multi-species and many reactions. Nonetheless, the PIC
method is widely used in the simulation of MS [12-17].
Because the MS does not require the multi-species and
many reactions due to the background gas is simple in
most cases, and large computation load can be overcome
by parallel computing such as general purpose graphics
processing unit (GPGPU) [18]. The advantage of the PIC
method in MS is that the ion bombardment information to

II. Numerical Modeling
1. Simulation Method
The MS system is simulated using the PIC method in the
electrostatic and magnetostatic system. The electric
potential is calculated by solving the Poisson equation. In
this study, it is assumed that the induced magnetic field by
plasma motion is much smaller than the static magnetic
field by magnets. The static magnetic field is calculated
using a freeware, FEMM (Finite Element Method
Magnetics). The electric field and magnetic field push the
charged particle using Boris method [19]. The collisions
between the neutral particles and charged particles are
calculated by Monte Carlo method using null collisions
[20].
The sputtering yield has been studied theoretically,
experimentally, and numerically in many types of research
[21-24]. In this system, the sputtering yield is calculated
using Yamamura’s formula [24] which is a fitting equation
depends on the incident ion energy and angle according to
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Figure 1. The DC MS system considered in this study with the intensity and flux line of magnetic field.

the target species and ion species.
2. Simulation conditions
Figure 1 shows the simulation domain. It shows the
amplitude of magnetic field and magnetic flux line. The
maximum value of magnetic flux density is about 250
Gauss on the target surface. The number of cells is 512 by
120 and the time step is 10−11 s. The number ratio of real
particles to a computation particle is 108. The considered
pressure is 5, 10, 15, and 20 mTorr of argon gas. The
simulations are conducted on a current-driven mode with 0.5 A. The left and the right boundaries are applied to
periodic boundary condition. The current-driven mode
assumes the open circuit [25] with a fixed source current.
The source current is the sum of the displacement current
and convection current. The convection current is
calculated by collecting the charged particle from the target
electrode. Therefore the displacement current is controlled
to fix the source current. The displacement current is
related to the potential of the target electrode. If the
simulation is saturated, the potential of the target electrode
is also saturated. It means that the displacement current
becomes zero. Then, the source current is the same as the
convection current. The convection current consists of the
electron current and the ion current. In the DC MS system,
the electron current is much smaller than the ion current
because of the magnetic field and the negative electrode
potential. Therefore, the source current is the same as the
ion convection current,which means that the number of
bombarding ion to the target depends on only the source
current.

Figure 2. The two-dimensional argon ion density with
variation of gas pressure in the 1/3 region from the target to
the substrate (y=0~0.02 m and x=0.043~0.128 m). The length
unit is meter.

III. Results
Figure 2 shows the two-dimensional argon ion density in
the 1/3 region from the target to the substrate
(y=0~0.02 m). The selected region has high plasma density
confined by a magnetic field (x=0.043~0.128 m). The
reason for the profile of the argon ion density is that the
magnetized electrons having the Larmor radius (rL=0.3 mm
when the electron temperature is 3 eV) which is much
www.e-asct.org//DOI:10.5757/ASCT.2018.27.1.19

Figure 3. The two-dimensional profile of potential with
variation of gas pressure in the 1/3 region from the target to
the substrate (y=0~0.02 m and x=0.043~0.128 m). The length
unit is meter.

smaller than system size. They are confined by the mirror
effect. The density profiles of unmagnetized ions are
controlled by the ambipolar diffusion and the electron
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Figure 4. The space charged density for the variation of gas
pressure in the sheath region.

Figure 5. The one-dimensional profile of (a) the argon ion
density and (b) potential on the line of x=0.092 presented the 1/
3 region from the target to the substrate (0~0.02 m).

Figure 6. (a) the ion energy distribution function and (b) the
ion angle distribution function for bombarding ions.

Figure 7. The sputtering yield ratio of the copper target for
bombarding the argon ion with the variation of gas pressure.

impact ionization. As a result, the plasma density is high at
x=0.092 m. The other position where the plasma density is
high is at x=0.164 m. Also, the plasma density increases
with the increase of the gas pressure because of the high
ionization rate which increases in proportion to the neutral

density.
Figure 3 shows the profile of potential in the same region
of Fig. 2. The potential profile is directly related to the
space charge. The space charge density becomes high in
the sheath region as the gas pressure increases because of
high plasma density and electron transport. The transport
of magnetized electrons is related to the collision
frequency, which is hindered in the direction of the electric
field at low pressure. The electron transport in the +y
direction is high at high pressure. Therefore, the space
charge density is higher for higher gas pressure because of
relatively low electron density in the sheath region as
shown in Fig. 4.
Figure 5 shows the profiles of argon ion density and
plasma potential on the line of x=0.092. It represents the 1/
6 region from the target to the substrate (0~0.01 m). The
potentials on the target electrode are not the same because
the simulation was conducted on the current-driven mode.
The electrode potential on the target for 10, 15, 20 mTorr
cases are about -117 V, but that for 5 mTorr is about 130 V. The current driven simulations of the same source
current require the same ion current to the target. If the
target potential is fixed to be the same in the voltage-driven
mode, the ion current decreases with the decrease of gas
pressure because the ion density also decreases.
Figure 6(a) shows the ion energy distribution functions
(IEDFs) for the ions bombarding the target. The most
probable bombarding energy of 5, 10, 15, and 20 mTorr
cases are 26, 44, 61, and 73 eV, respectively. These
energies are the same as the voltage differences between the
target electrode and the points where the plasma density is
maximum as shown in Fig. 5 and region I of Fig. 3.
Differently from the nonmagnetized plasmas, the IEDF of
low pressure (5 mTorr) is wider than that of 10, 15,
20 mTorr. The ions having a higher energy than the most
probable bombarding energy comes from region II of Fig. 3.
The mean free path of argon ions at a pressure of 5 mTorr
is 9.2~13.2 mm if the ion energy ranges between 10 and
100 eV. It means that the argon ions generated in region II
of Fig. 3 by electron impact ionization are accelerated
toward the target and experience collisions once or twice.
On the other hand, the mean free path of argon ions at
20 mTorr is 2.3~3.3 mm if the ion energy ranges between
10 and 100 eV. It means that the accelerated ions
experience collisions 5~10 times and lose their energy by
collisions at high pressure. Therefore, the number of high
energy ions is large at low pressure, 5 mTorr. The ions
having low energy below the most probable bombarding
energy come from region I and II of Fig. 3. The sheath
length is about 1 mm which is smaller than the mean free
path of argon ion at 20 mTorr. It means that the argon ions
in region I are accelerated toward the target without
collisions. Therefore, the number of low energy ions is
small compared with the number of ions having the most
probable energy at every pressure.
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Figure 6(b) shows the ion angle distribution functions
(IADFs) for bombarding ion to the target. The most
probable incident angle increases (that is to say, the IADFs
become wide) as the gas pressure decreases because of the
same reason of collected high energy ions. The ions having
low incident angle come from region I in Fig. 3
perpendicular to the target for every pressure case.
Figure 7 shows the sputtering yield ratio on the copper
target from the bombarding argon ions. The sputtering
yield ratio increases with the increase of gas pressure from
10 mTorr to 20 mTorr because of the high ion bombarding
energy in high pressure. The sputtering yield ratio of 5
mTorr is high in spite of low sheath potential drop because
ions with a large incident angle and a high energy come
from region II. The yield ratio increases by 20~30%
compared with the normal incidence when the incident
angle is 30 degree [23]. The number of ions over 80 eV is
larger for 5 mTorr than those of high pressure as shown in
Fig. 6(a).

IV. Conclusions
In this study, we report the two-dimensional particle-incell simulation of a DC MS system with the variation of
gas pressure. The simulation results show the plasma
density and potential profiles, and the energy and the angle
distributions of the ions incident on the target. It was found
out that there are two different mechanisms to control the
incident angles of the ions on the target at low pressure.
Even though the gas pressure is very low enough to allow
ion mean free paths larger than the sheath size, the ion
energy and angle distribution can be very wide by the
change of plasma potential distribution. It is because the
electron transport is hindered at low pressure in the
magnetized plasma because of few collisions while the
ions are not magnetized. Therefore, the space charge effect
becomes more dominant in low pressure MS discharges,
and thus the potential profiles make the incident angles
wider. The most probable ion energy is determined by the
potential difference between the target and the position of
peak plasma density rather than the sheath potential. The
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variation of IEDF and IADF results in significant changes
in sputtering yield from the target even with the fixed
magnetic field profiles.
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