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Numerical modeling of RF magnetron sputtering discharge of argon plasma properties, using a one-
dimensional time-dependent fluid model in presence of the magnetic field, has been developed. The
model is based on continuity equation and electron temperature equation coupled with Poisson’s equa-
tion. The electron mobility depends on magnetic field and the electron diffusivity is assumed to be depen-
dent of electron energy by Einstein’s relation. The flux is calculated by Scharfetter and Gummel schemes.
Numerical simulations were resolved by using the Finite Volume Method (FVM) and the Thomas algo-
rithm. The obtained results for the electrical properties, electron and ion densities, electrical potential,
electric field and electron temperature, are in good agreement with previous works. A parametric study
varying the magnetic field intensity on the discharge properties is done.
� 2018 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Magnetron sputtering system is one of the most popular tech-
niques that have been widely used for deposition of thin films in
material processing and semiconductor industry. It offers two
main advantages. Firstly, the ease with which one can deposit on
large area due to the good plasma uniformity. Secondly, the depo-
sition rate is higher (Kolev and Bogaerts, 2004). Because of the
many applications, many experimental, analytical and numerical
researches were made during the last decades in order to under-
stand its principles (Palmero et al., 2004). For numerical models,
we can apply a fluid model (Costin et al., 2005; Cramer, 1997;
Kumar and Roy, 2005; Ballah et al., 2009), a particle model
(Benyoucef et al., 2011) or their combination (Kolev and
Bogaerts, 2004). A number of models of magnetron discharges have
been reported. Works in regimes DC (Kolev and Bogaerts, 2004;
Costin et al., 2005; Cramer, 1997) or RF (Palmero et al., 2004;
Kumar and Roy, 2005) have studied in one dimension (Palmero
et al., 2004; Cramer, 1997; Ballah et al., 2009) and two dimensions
(Kolev and Bogaerts, 2004; Costin et al., 2005; Kumar and Roy,
2005). It was considered constant the electron energy and variable
the electron diffusivity. The electron diffusivity has been taken
from Einstein’s relation. In literature, the studied works are in DC
regime (Lin and Adomaitis, 1998; Bouchikhi, 2012; Bouchikhi
and Hamid, 2010; Tebani and Hennad, 2013) and in RF regime
(Dalvie et al., 1993; Lin and Adomaitis, 2001), and without a mag-
netic field.

In this work, we present a model for RF magnetron sputtering,
in one-dimensional time-dependent fluid model. In an argon
plasma, we calculate the electron and the ion densities and the
electron energy (or electron temperature) using the Boltzmann
equation; the electric field distribution can be obtained from Pois-
son’s equation. The electron mobility depends on the magnetic
field and the electron diffusivity is related to electron energy by
Einstein’s relation.

In Section 2, we present the principal equations of the fluid
model. In section 3, we present the expression of the electron
mobility. The section 4 presents the numerical model based on
Finite Volume Method (FVM); Exponential scheme and Thomas
algorithm are used to solve the coupled equations systems.
The results of this work are presented in section 5. Electron
and ion densities, electrical potential, electric field and electron
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Fig. 1. Scheme of the magnetron discharge geometry.

Table 1
Parameters for argon gas in calculation
(Cramer, 1997; Dalvieet al., 1993).

Symbol Value

d 3 cm
f 13.56 MHz
m 6� 109Pgs�1Torr�1

li 15� 102=Pgcm2Torr=Vs
Ti 0:04 eV
ki 2� 109s�1

kx 1� 109s�1

£i 16V

£ x 12V

Pg is the gas pressure (Torr).
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temperature are calculated for the argon RF 13,56 MHz magnetron
discharges. In sub-section 5.1, we present some typical simulation
results for various times of the RF cycle. In sub-section 5.2, we pre-
sent the effect of the magnetic field. We present a discussion and
comments on the various results. In the last section, we close this
work by a conclusion and perspectives.

2. Description of the fluid model

The fluid model was proposed in order to study describe the
kinetics of charged particles, in a RF magnetron sputtering system.
The considered coupled equations of the model are the continuity
equation (1), the electron energy for the electron temperature
equation (2) and Poisson’s equation (3). We resolve these equa-
tions for electron and ion densities, electrical potential and elec-
tron temperature. Electric field and ionization rates can be
deduced from these solutions.

Due to the strong coupling of the fluid equations in presence of
the magnetic field, some assumptions are required in order to sim-
plify the numerical calculation (Costin et al., 2005).

@ns

@t
þrJs ¼ Si ð1Þ

@neee
@t

þ 5
3
rJee ¼ See ¼ �eJeEþ e£iSi þ e£xSx ð2

rE ¼ �DV ¼ e
e0

ni � neð Þ ð3Þ

where s is the type of particle; s = e for electron and s = i for ion. ns,

Js are the densities and fluxes of particle. Siis the source term in the
continuity equation, it’s the net production rate of ionization. ee is
the electron energy, Jee is the electron energy flux, See is the source
term in the electron energy equation, e is electron charge, E is the
electric field, Sx is the rate of excitation, £i and £ x are ionization
and excitation thresholds, V is the electrical potential and e0 is
the free space permittivity.

The flux term is calculated by a transport equation, based on
diffusion and migration of charged species in the electric field.
Equations (4) and (5) present Einstein’s diffusion coefficient rela-
tion and the flux terms of particle respectively (Palmero et al.,
2004):

��Ds ¼ kBTs

e
��ls ð4Þ

Js ¼ ���lsnsE � 1
e
��lsrnskBTs ð5Þ

Here ��ls is the particle mobility tensor, kB is the Boltzmann con-
stant, Ts is temperature particle. In the first term, the (+) and (-)
signs correspond to the ions and electrons respectively.

Ionization and excitation rates are described by Arrhenius rate
expressions (Dalvie et al., 1993):

Si;x ¼ ki;xneexp � e£i;x

kBTe

 !
ð6Þ

where ki;x refers to the preexponential constant for ionization and
excitation.The electron energy will be taken as ee ¼ 3

2 kBTe, the elec-
tron energy flux is given by: Jee ¼ Jeee.

3. Solution of the model for an argon plasma

In the presence of the magnetic field, electrons of velocity Ue are
subjected to Lorentz force (Moisan and Pelleti, 2006):
Ue ¼ e
veme

E þ Ue � Bð Þ ð7Þ

The particle mobility tensor is calculated using orthogonal elec-
tric and magnetic fields, such that: E ¼ 0;0; Ezð Þ and B ¼ Br ;0;0ð Þ.
Ez is the value of the electric field, Br is the intensity of the mag-
netic field and Z axis is taken in the direction between electrodes.
We assume that the magnetic field intensity is constant in the
plasma sheath. As shown in the Fig. 1, for two circular electrodes
of radius R, the electric field is orthogonal to the two electrodes
and magnetic field is radial. We assume that R is much larger than
the inter-electrode distance d; so we can take all parameters as a
function of Z variable.

The calculated electron mobility tensor takes the form:

��le ¼
0 0 0
0 0 l?

e

0 0 ljj
e

0
B@

1
CA

with ljj
e¼ e

me

m
m2þx2

r
and l?

e ¼ e
me

xr
m2þx2

r
, where m is the electron

momentum transfer frequency, xr ¼ eBr
me

is the electron-cyclotron
frequency and me is mass of the electron.

The mobilities of the ions are calculated using the low electric
field Langevin mobility expression (Mc Daniel and Mason, 1973),
so we assume that the magnetic field does not affect the ion move-
ment ��li ¼ li.

Table 1 summarizes the argon gas properties and parameters
used in calculation.
4. Numerical model and boundary conditions

4.1. Numerical model

To resolve the nonlinear coupled equations, we use a method
developed by Passchier et al. (Passchier and Goedheer, 1993b;
Passchier and Goedheer, 1993a). It is a fully implicit method based
on the Scharfetter-Gummel exponential scheme (SG Scheme). The
advantage of this scheme is its ability to switch between situations
where either the drift component or the diffusion component of
the particle flux is dominant (Bogaerts and Gijbels, 1995). The



Table 2
Boundary and initial conditions used in the calculations.

The anode z ¼ 0ð Þ The cathode z ¼ dð Þ
ne 0 0
ni @niðtÞ

@z ¼ 0 @niðtÞ
@z ¼ 0

Te @TeðtÞ
@z ¼ 0 @TeðtÞ

@z ¼ 0
V 0 VRFcos2pft
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numerical scheme adopted is similar to that described by Scharfet-
ter–Gummel (Scharfetter and Gummel, 1969), which it is also a
popular method to overcome the stiffness in the convection–diffu-
sion form of the transport and electron energy equations
(Hammond et al., 2002).

The equations (1, 2 and 3) are partial differential equations. We
use one dimensional spatial mesh and the FVM for numerical
resolution.

The continuity equation and the electron energy equation (elec-
tron temperature) have general form of the equation (8). Fluxes of
particles and electron energy have general form of the equation
(9):

a
@n
@t

þ b
@Jz
@z

¼ S ð8Þ

where:

Jz ¼ �lsnEz � ls

e
@

@z
ðnkBTsÞ ð9Þ

Here n is density, Jz is flux and, a and b are constant and S is the
source term.

For the electron:

a ¼ 1; b ¼ 1; Jz ¼ Jez; n ¼ ne; S ¼ Si; ls ¼ ljj
e

For the ion:

a ¼ 1;b ¼ 1; Jz ¼ Jiz;n ¼ ni; S ¼ Si;ls ¼ li

For the electron energy:

a ¼ 3
2
; b ¼ 5

3
; Jz ¼ Jeez; n ¼ 3

2
nekBTe; S ¼ See; ls ¼ ljj

e

After discretization (k for time and j for space), the equations (3)
and (8) take the forms:

aDz
nkþ1
j � nk

j

Dt

 !
þ b Jkþ1

zjþ1=2 � Jkþ1
zj�1=2

� �
¼ DzSkj ð10Þ

Vk
jþ1 � 2Vk

j þ Vk
j�1

Dz
¼ Dz

�e
e0

nk
ij � nk

ej

� �� �
ð11Þ

Flux is discretized by the SG scheme (Scharfetter and Gummel,
1969; Patankar, 1980).
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where:
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By using the relations (12, 13), we get the forms:
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The Eqs. (14) and (15) are a tridiagonal matrix system; they can
be solved by Thomas algorithm (Hoffman, 2001).
4.2. Boundary and initial conditions

Table 2 summarizes the boundary conditions and initial condi-
tions used in our calculation.

For initialization data, for electron temperature, we take
Te = 1eV (Lin and Adomaitis, 1998); for electron and ion

densities, we take the expression: 107 þ 109 1� z=dð Þ2 z=dð Þ2cm�3

(Bouchikhi, 2012; Bouchikhi, 2010).
5. Results and discussion

5.1. Electron and ion densities, electrical potential, electric field and
electron temperature (electron energy)

In this sub-section, we present some typical detailed simulation
results for argon RF 13.56 MHz magnetron discharges from the
numerical modeling based on one dimensional extended fluid
model. They are held in the following operating conditions: the
voltage at the cathode is set to VRF = 160 V RF forcing amplitude,
the gas pressure is 100 mTorr, the magnetic field intensity is
B = 30 G, and the inter-electrode distance was set at d = 3 cm. The
results will be acceptable for a cylindrical domain and when the
dimensions of parallel electrodes are much larger than inter-
electrode distance.

Recalling that, in this work, our aim is to calculate electrical
properties in an RF magnetron sputtering discharge of argon
plasma. In order to validate and test our calculation, we have
investigated the evolution of this discharge under the same condi-
tions of simulation as those of Lin and Adomaitis (2001). Then, we
compared our results for a null value of magnetic field, B = 0 G,
with those obtained by Lin and Adomaitis. The Fig. 2 presents
our calculation and those of Lin and Adomaitis inside the reactor;
the Fig. 3 presents these results for its right sheath. The Figs. 2
and 3 show that profiles of particles densities between the two cal-
culations are similar.

We assume that in argon plasma, there are only electrons and
positive ions Ar+. The spatial distributions of electron density, ion
density, electrical potential, electric field and electron temperature



Fig. 2. Electron and ionic densities for B = 0 G inside the reactor: (a) Our calculation, (b) Calculation of Lin and Adomaitis (Lin and Adomaitis, 2001).

Fig. 3. Electron and ionic densities for B = 0 G in the right sheath of the reactor: (a) Our calculation, (b) Calculation of Lin and Adomaitis (Lin and Adomaitis, 2001).
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at different instants of the RF cycle, and for B = 30 G, are shown in
the Fig. 4.

It appears, in Fig. 4a, that the electron density increases gradu-
ally as one move away from the powered electrode, then it
decreases to the edge of the other electrode. It is the same for
the ion density (Fig. 4b). The ion density spatial distribution is
essentially not variable during the contraction and expansion of
the sheaths due to their low mobility. However, due to higher
mobility, the electrons follow the movement of the sheaths at dif-
ferent instants of the RF cycle at 13.56 MHz.

Fig. 4c is spatial distribution of the electrical potential. It shows
the quasi neutral property of the plasma in the reactor, the varia-
tions are near the sheaths (Lin and Adomaitis, 2001). A xt = 0,
the electrical potential takes a value of 0 Volts on the anode and
it increases in absolute value, and then drops near the cathode to
take a value of �160 Volts.
Fig. 4d shows the electric field distribution; it is by definition
the gradient of the electrical potential. This field is very low in
the plasma because of the electrical neutrality whereas it is impor-
tant in the sheaths due to the oscillatory movement of the elec-
trons with respect to those of the ions.

The electron temperature distribution (Fig. 4e) shows, at xt = 0,
a considerable increasing of the temperature inside the cathode
sheath; this increasing is due to the high gradient of electrical
potential and the ionization peak occurs in this area. Near the cath-
ode, the electrons are very energetic, Te is about 4,12 eV. In the
anode sheath, there is a small drop of the electron temperature:
the electrons obtain an additional small quantity of kinetic energy
under the effect of the electric field. In the anode Te is about
2,26 eV. At xt ¼ p, near the cathode Te is 2,21 eV and near the
anode Te is 3,05 eV. So for B not equal zero, the electron energy is
larger near the powered electrode.



Fig. 4. Spatial distributions of plasma parameters, for B = 30 G, at different instants of the RF cycle: (a) electron density, (b) ion density, (c) electrical potential, (d) electric field
and (e) electron temperature.
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5.2. The effects of magnetic field intensity (Magnetic field effect)

In this section, we present the effect of the magnetic field inten-
sity in this plasma. The following plasma conditions are: 50 and
100 mTorr for the gas pressure, VRF = 100 V for the applied RF volt-
age at the cathode 13.56 MHz, 3 cm for the inter-electrode distance
and for an instant xt ¼ p=2. The magnetic field intensity is from
B = 0 up to 50 G.

Fig. 5 is the plot of spatial distribution of plasma parameters, for
gas pressure Pg = 50 mTorr and for different values of the magnetic
field. Fig. 5a and b are for electron and ion densities respectively,
Fig. 5c is for electrical potential, Fig. 5d is for electric field and



Fig. 5. Effect of the magnetic field on the spatial distribution of plasma parameters, for gas pressure Pg = 50mTorr, and for different values of the magnetic field: (a) electron
density, (b) ion density, (c) electrical potential, (d) electric field and (e) electron temperature.
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Fig. 5e is for electron temperature. The obtained results show that
the charged particle densities, electron temperature, electrical
potential and electric field increase generally, when the magnetic
field increases.

The increase of the charged particle densities can be explained
by the effect of the magnetic field, which changes the trajectories
of electrons to helical trajectories. This will increase the number
of collisions, which prolongs the electrons’ stay inside the plasma
reactor, and also to confine them before they are collected at the
electrodes, or that they are recombined (Benyoucef, 2011). As a
result, the increase also of the density and the flux ion gives auto-
matically an increase of the magnitude of the electric field and the
electron temperature in the cathode sheath, thus the efficiency of
the spraying.

Fig. 6 presents the variation of the maximum of electron density
inside the plasma as a function of the magnetic field for two values
of gas pressure 50 and 100 mTorr. With the increase of the mag-
netic field value, in particular, the results show an increase of the
plasma density. For a magnetic field B = 50 G, the increasing of
the maximum of electron density are about 68% for Pg = 50 mTorr
and 22% for Pg = 100 mTorr.

Fig. 7 presents the variations of the maximum of electron tem-
perature in the cathode sheath as a function of the magnetic field
Fig. 6. Variation of the maximum of electron density inside the plasma with the
magnetic field for 50 and 100 mTorr.

Fig. 7. Variation of the maximum of electron temperature in the cathode sheath
with the magnetic field for 50 and 100 mTorr.
for the two values of gas pressure 50 and 100 mTorr. The remarks
are the same as those for electronic densities. With the increase of
the magnetic field value, the results show an increase of the elec-
tron temperature. In the presence of a magnetic field B = 50 G,
the increasing of the maximum of electron temperature are about
37% for Pg = 50 mTorr and 62% for Pg = 100 mTorr.

The obtained results show that the maximum of electron den-
sity inside the plasma (Fig. 6) and the maximum of electron tem-
perature in the cathode sheath (Fig. 7) increase in a nonlinear
manner with magnetic field. This result has already been empha-
sized in the literature (Benyoucef et al., 2011; Kostov and
Barroso, 2006). For the two values of gas pressure, the increasing
of electron density is more important for 50 mTorr and the increas-
ing of the electron temperature is more important for 100 mTorr.
The positions corresponding to the relative maximums of elec-
tronic densities and electronic temperatures are different. For elec-
tronic densities, these positions are very sensitive to the values of
the magnetic field.

6. Conclusion

In this paper, we applied a one-dimensional time-dependent
fluid model for the simulation of the RF 13,56 MHz magnetron
sputtering discharge to determine the electrical properties of an
argon plasma. The conditions are those of the deposition of thin
films by magnetron sputtering. The electron mobility depends on
the magnetic field and the electron diffusivity is assumed to be
dependent of electron energy using Einstein’s relation. The used
model is based on continuity equation and electron temperature
equation coupled with Poisson’s equation. The drift–diffusion
fluxes are discretized by a FVM; we used the Scharfetter-
Gummel exponential scheme and Poisson’s equation. The system
of equations is solved by the Thomas algorithm. The proposed
model covers comprehensively all regions between the two elec-
trodes and different times of a RF cycle. A comparison has been
done with results of Lin and Adomaitis (2001), in null magnetic
field, to validate our calculation. The parametric study shows the
effect of magnetic field on the electrical properties and electron
temperature. The studied electrical properties generally increase
by several units. As a perspective, it would be interesting to study
the three-dimensional electrical properties as a function of time in
a RF Magnetron Sputtering. The plasma may be formed from one or
more ionic components. For a detailed view of the effect of the
magnetic field on deposition, further study should be made on
the calculations of reactivity rates with the surface; these rates
are a function of species densities, velocities and mean free paths.
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