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Introduction

Direct-current (DC) magnetron sputtering devices have been widely used
for many years to deposit metallic thin films on various substrates [1-10]. The
sputtering technique among other deposition methods has many advantages such
as lower substrate temperature, more precise control of the deposition rate,
integration for large area applications and etc [11-13]. Many experimental and
simulation investigations have been conducted on magnetron sputtering
discharges [14-18]. Window and Savvides have considered seven circular planar
magnetron sputtering sources of essentially the same geometry but using
different magnet designs and studied the charged particle fluxes from these
sources [19]. They have shown that on each side of a balanced magnetic
arrangement there are two classes of unbalanced magnetic designs which they
have called type | and type 1. The authors have also indicated that the magnetic
field configuration can be varied to change the operation between these two types
of design and to adjust the flux of electrons or ions. Sheridan et al [20] have
measured the electron velocity distribution function in the azi gl direction in

Kondo and Nanbu have presented a self-consistent numeriéé
DC magnetron discharge by use of the particle-in-ce

My ffeld [21]
Shidoji et al [22] have numerically studied the cha i he plasma

unbalanced DC magnetron
died the plasma dynamics in DC
Y spatially and temporally resolved

h C collision method, to study the process
of sputtering angdsth® avi e sputtered atoms in a DC magnetron. They
have also de € generation, transport, and deposition of the sputtered
atoms fro gde [26]. Kageyama et al [27] have simulated the

ctures by using the two-dimensional hybrid model. The
g of electrons in a DC magnetron discharge has been
renning et al [28]. Aghilizadeh et al [29] studied the role of
dded to the argon as a working gas on a thin copper oxide layer

controMed. Ryabinkin et al [30] have performed a two-dimensional PIC/MC
simulation to study the plasma of an axially symmetric planar DC magnetron
discharge in argon. Recently, Abid et al [31] reported a review on the synthesis
of nanomaterials and they discussed the use of the plasma magnetron sputtering
technique to grow and synthesize amorphous nanostructured thin film.

The aforementioned works have shown that the magnetic field plays an
important role in magnetron sputtering operation. In these works, however, there
is not an investigation about the influence of the magnetic field distribution on
the light emission profile. The magnetic field forces the electrons to rotate in
circular orbits. This leads to enhance the confinement of the electrons, and
consequently to increase the likelihood of ionization and excitation collisions.
Therefore, variations in the spatial profile of the magnetic fields would have
considerable impacts on the plasma properties and in turn the light emission
profile.

In the present work, we have provided a comparison between the light
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emission profile and the magnetic field distribution in a homemade DC circular
planar magnetron sputtering device. We have presented the optical images of
plasma glow discharge for three different cases. We have also simulated the
distributions of the magnetic field, the electric field, and the electric potential of
the device employing the finite element (FE) code, ANSYS [32]. Moreover, we
have demonstrated the dependency of the light intensity profiles on the magnetic
field distributions. Finally, we have discussed the transparency or opacity of the
deposited layers.

This work is organized into four sections. In Section 11, we present the basic
considerations for the experimental study of DC circular planar magnetron
sputtering sources and the FE simulation of the magnetic field strength in these
sources. In Section 111, the simulation and experimental results for three different
magnetrons are discussed. Finally, a summary and conclusion are given in
Section V.

2 Experimental and Simulation Consideration %
Figures 1(a) and 1(b) show schematic diagrams d rog sputtering

pagRet
system and the hypothetical magnetic field line ma on. In our
homemade magnetron device, the central magnet i indrical permanent

height of the magnets is 15 mm. A fg ; i iron plate was employed to
prevent the leakage of magnetic f
magnetic field distribution bet
of the soft iron plate are 70
were carried out at -500 V&n
respectively, and the a the

strate. The diameter and thickness
tively. The discharge experiments
athode voltage and working pressure,
was grounded [6].
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Figure 1. (a) Schematic representation of the magnetron sputtering system and (b) Schematic
diagram of magnetic field lines as typically found in a magnetron source.



The configuration of the simulation model is based on our homemade magnetron
sputtering device. Because of the cylindrical symmetry of the magnetron structure, a
2D axisymmetric model was used, instead of the real 3D model. We have simulated
the static (time-independent) electric and magnetic fields of the magnetron sputtering
cathode using the ANSY'S code. It uses finite element analysis to solve the Maxwell
equations. In our study, we have solved the Laplace and Ampere equations for
calculating the electric and magnetic fields, respectively. For the magnetostatic
problem, the magnetic scalar potential is assumed to be zero at the exterior boundaries
of the model. We have also used the zero-potential boundary condition for the
electrostatic problem. Relative permeability and coercive force of permanent magnets
were chosen as the properties of the magnetic materials for simulation. The relative
permeability of soft iron plate was chosen equal to 1500 for all models. The target
was oxygen free high conductivity copper with a purity of 99.99% as a non-magnetic
material [6]. Magnetic properties of different ferrite permanent magnets for balanced
and two types of unbalanced magnetrons (UNB1 and UNB2), are listed in Table 1.

types of unbalanced magnetron.

Balanced Unbalanced (UNB

Property Central  Outer Central
Magnet  Magnet Magnet

Relative
Permeability 15 15 15
(x 1000)
Coersive
Force 150 150
(KA/m)
3 Results a is on

Variafign in stre and distribution of the magnetic field in a magnetron

sputtering@onfigurati fect the plasma parameters; the light intensity, the energy
flux itionjrate and consequently the opacity of the coating. Therefore, in
this st onsidered the magnetic field distributions for different magnetic

ns. Figure 2 shows the simulated magnetic flux density (B field) in
nd emission profile images of a balanced and two types of unbalanced
magnetron around a 70 mm target. The results of the simulations are obtained in the
steady state and the optical images are taken when the discharge is stable. In figure
2, we use a logarithmic scale for presenting the magnetic field distribution more
clearly. We have also shown the magnetic flux lines for a better understanding of the
trajectories of the electrons. Our results are qualitatively consistent with the results
of Window and Savvides. In the balanced magnetron, the optical image (Fig. 2(a))
and calculated flux density (Fig. 2(b)) are distributed which are in contrast to those
of unbalanced magnetrons (Fig. 2(c) and Fig. 2(d) or Fig. 2(e) and Fig. 2(f)). In the
first case of unbalanced magnetron, the magnetic flux density is more concentrated
around the central magnet by increasing the magnetic strength of this magnet (Fig.
2(d)). The magnetic flux density is however more dispersed towards the outer magnet
for the UNB2 configuration (Fig. 2(f)) by decreasing the magnetic strength of the
central magnet. Figure 2 shows that the FE simulation results of the magnetic field
strength correlate with the optical images of the light-intensity distributions. This
correlation can be interpreted as follows: In a magnetron source, the ionization degree
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of the generated glow discharge is increased by the presence of the magnetic field
strength and consequently the trapped electrons. Also, the light emission originates
from the de-excitation of metastable energy states of the gas atoms and ions. Given
that the emission intensity of light from the electron-impact excited species in the
plasma is proportional to the electron density and the density of the excited species

[33], therefore the intensity of light is greater where the strength of the magnetic field
is stronger.

Logl0 (B [Gaus[s] )

| -

(a) (b)

(c) (d)

(e) (f)

Figure 2. Optical images of light emission and simulated magnetic flux density (in Gauss) in
a magnetron sputtering source with the cathode voltage of -500 V and the working pressure 4
Pa are shown for balanced magnetron (a) and (b), first type unbalanced magnetron (c) and (d)

and second type unbalanced magnetron (e) and (f). These definitions are qualitatively
according to Window and Savvides.



We also present the plots of the electric field and potential distributions in Figs. 3(a)
and 3(b), respectively, to follow the cross angle between the B-field and the E-field.
These figures are nearly the same for all three types of magnetrons because the
permanent magnets have little effect on the electric field and potential distributions.
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Figure 3. Plots of the simulated electric fiel and p ial (bYWistributions.

Figures 4(a), 4(b) and 4(c) sh
substrates corresponding t
2(a), 2(c) and 2(e) respg
balanced magnetron witf

to- se of coated copper films on glass

iffergnt’ magnetrons corresponding to Figs.
th igures, it could be suggested that in the
e of 150 kA/m, the distribution of the coating

hre

/m), this distribution varies and a relatively smooth
substrate (Fig. 4(b)). In other words, the coating tends to

inner magnet (UNB2 with 30 KA/m), the effect of inner magnet
d and the coating will be affected only by the outer magnet (Fig.
4(c)). As Well-known, the ion bombardment of a film during the growth process can
improve the film properties. Based on the magnetic field distribution of the UNB2
magnetron configuration we can use from this configuration to induce ion
bombardment on the substrate. Therefore, the UNB2 magnetron configuration, where
the outer pole is stronger than the central pole, is a more appropriate configuration
because in this case, the magnetic field distribution is such that one can obtain a
higher ion current density at the substrate during the deposition process.

Figures 5(a), 5(b), and 5(c) illustrate the atomic force microscopy (AFM) topography
images related to Figs. 4(a), 4(b), and 4(c), respectively, and Fig. 5(d) indicates the
AFM image of the glass substrate as a comparison.
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Figure 4. Images (a), (b) and (c) are the samples coated
with the three different types of magnetron magnet pz

&glass substrate
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ed from () to (c).
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Figure 5. AFM images (a), (b), and (c) are related to the samples presented in Figs. 4(a), 4(b)
and 4(c), respectively, and (d) is related to the glass substrate as a comparison.



4 Conclusions

In this study, we presented optical images of a DC glow discharge plasma for the
balanced and two types of unbalanced circular planar magnetron configurations. We
compared these images with the corresponding simulated magnetic field
distributions. The FE simulation of the magnetic field distribution in the magnetron
sputtering source showed that this distribution is non-uniform. Therefore, the optical
emission of the discharge is non-uniform [34]. The comparison of the recorded
images to the simulation results indicated the correlation between regions of high
magnetic field strength and high light emission. In these regions, the ionization
degree and the ion density are higher which results in an enhanced sputtering and a
change in the deposition profile. The comparison between the balanced and two types
of unbalanced magnetron sources in terms of magnetic field strengths showed that by
an appropriate choice of the magnetic field configurations, one can provide a
controllable ion flux and consequently can enhance the efficiency of the deposition
processes. The results indicated that the UNB2 configuration with g strong outside
magnet can give a larger ion flux at substrates [19].
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