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Magnetron sputtering is a technique commonly used in modern industry for thin films
deposition with an accurate control of the coating parameters. In the magnetron sputtering
system the target material is sputtered off by plasma ions. The plasma is sustained by an
electrical discharge and magnetically confined in the target vicinity. This results in much
higher sputtering rate, lower operating pressure and lower discharge voltage compared
to a glow discharge diode sputtering systems. The modelling of magnetron sputtering is
essential for the design of new coating systems. It enables efficient, low-cost and time-
saving optimisation of the system. In this paper information on modelling of magnetrons
at the Department of physics, Faculty of Mechanical Engineering CTU is given. Our work
consists of two parts. The magnetic field of a given magnet array is first modelled by the
finite element method and the computed field is then used for simulation of the erosion
process by a Monte-Carlo model. The results are compared with measured erosion tracks
and the accuracy of the model is discussed.

PACS : 52.77.Dq, 81.15.Jj
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1 Introduction

DC planar magnetron sputtering is widely used for the deposition of metallic
thin films. When the sputtering is carried out in a mixture of working gas (Ar) with
reactive gas (O2, N2, CHx) the range of possible coatings is very wide, including e.g.
ceramic insulating layers, hard nitride and carbide based coatings, semiconductors
and many others. Taking advantage of the magnetic field, a magnetron operates at
much higher power density, lower pressure and lower discharge voltage compared to
the simple diode sputtering. The applied magnetic field confines energetic electrons
near the cathode creating thus a dense plasma just above the target surface. The
target material atoms are then efficiently sputtered off by the ion impingement,
diffuse through the working gas and condense on the coated surface where they
possibly react with the reactive gas.

Compact coating with bulk material properties may be prepared with sufficient
bombardment of growing surface by the working gas ions. This can be achieved
with an additional magnetic field that deviate the trajectories of some energetic
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electrons from the glow region towards the substrate (unbalanced magnetron [1]).
Magnetron system has the advantage of high deposition rate and very good versatil-
ity. Moreover, coating systems with virtually no size limitations can be designed for
large area coatings [2]. One of the important issues of the magnetron sputtering is
related to the target erosion. Its possible nonuniformity decreases the target utiliza-
tion several times and variations in the deposited layer thickness and composition
may appear. The computer simulation of the sputtering rate distribution is used
to prevent these harmful effects. Other models deal with the transport, chemical
reactions and the film growth providing more control over the whole process.

Magnetron discharge is a kind of low pressure glow discharge. The plasma den-
sity is relatively low with the degree of ionization about 10−4 and the created
electrons do not undergo many collisions so they are not in equilibrium. Therefore,
the discharge has to be modelled by particle simulations [3]. Typical magnetron op-
erates at the pressure range 0.1÷ 1 Pa, discharge voltage 500 V, parallel magnetic
field 0.03 T, and the current density 20 mA cm−2. Self–consistent particle–in–cell
(PIC) models completed with Monte–Carlo (MC) collisions are a suitable approach
giving full information about the process [4], but it requires a very long calculation
time. To reduce computation costs the more simple method proposed in [5] was
used. Only the secondary electrons are traced and their collisions are simulated by
MC. The electric and magnetic fields are considered to be unaffected by the plasma.
The target erosion is determined from the ion impact density assuming constant
sputtering yield.

It is known from optical emission measurements [6] that almost all applied
voltage drop linearly in the sheath layer. The sheath thickness s for a plane diode
is given by the Child–Langmuir law

jc =
4ε0
9

√
2e
M

V
3/2
0

s2

where jc is the current density for a voltage V0, e the elementary charge, and M
the ion mass. However, only a scaling law considering magnetic field exists [6]

s = C
V 7/8

I1/2B
1/4
0

where C is constant of aparatus, I, V discharge current and voltage and B0 the
parallel field strength. The sheath thickness could be substitued with Larmor radius
of corresponding electron [7].

Magnetic field may be solved by wide range of different methods. When the
magnetic system is composed only of permanent magnets with constant magneti-
zation, the magnetostatic approach could be [8]. In such case the magnetic regions
are replaced with surface magnetic charges and magnetic flux density is obtained by
an analogy with the electrostatics. Magnetic field of current carrying regions (coils)
can be superimposed using the Biot–Savart law. This method is simple and gives
an analytical expression but doesn’t allow to compute systems with ferromagnetic
parts like pole pieces or targets often present in industrial magnetron sputtering
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devices. Therefore a more general method has to be used. The most common one
is the finite element method (FEM) which solves complex geometry with nonlinear
materials. Thus we used a FEM results as an input for the erosion simulation code.

2 Model

A rectangular planar magnetron was studied. Computed magnetic system is
shown in Fig. 1a and Fig. 1b where the transverse cross–section is depicted. We
used this cross–section for more simple 2–D model and considered the magnetron
as very long. The coordinate system is situated with y axis perpendicular to the
target surface, x is pointed transverse and z along the target. Magnetic system
consists of permanent magnets and iron back plate with pole pieces.

(a) (b)

Fig. 1. (a) Top view of a rectangular magnetron magnetic system. (b) Two-dimensional
model based on a cross-section in x axe of the (a). Boundaries of computed domain are

marked with dashed lines.

2.1 Electric and magnetic field

The electric field was assumed to be unaffected by the plasma and constant over
the whole target surface. The field intensity in the sheath layer corresponds to full
voltage V applied to the target while in the plasma volume it is supposed to be zero.
The thickness of the sheath s is considered equal to the Larmor radius of an electron
of energy V in magnetic field B0. Magnetic field was solved using FEM software
Ansys version 5.7. 2–D cross–section was calculated using scalar vector potential
approach and 3–D model with reduced scalar potential. To reduce computation
time, symmetries of the problem were utilized. Therefore in the 2–D case only one
half of the cross–section was calculated while in 3–D only the first quadrant was
solved and the complete field was obtained by mirroring. The boundary condition
on the free surfaces was satisfied by infinite elements, considering the decay of the
field to zero far from the magnets.
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2.2 Equation of motion

Equation of motion of a charged particle in E×B field

d2x
dt2

=
q

m

(
E +

dx
dt
×B

)

can be solved by different numerical schemes [9]. We used the fourth–order Runge–
Kutta method because of its high accuracy. The Leap–Frog integrator is faster,
however in case of long mean free path shorter time step is required and it is
impossible to use variable time step. In our model time step in bulk plasma was 50
times longer then in sheath layer in order to avoid numerical heating of electrons
in a strong electric field. An electron is traced until its energy decreases below
the ionization potential of argon or moves away of the calculation domain. First
electron is created in a fixed point and then the emission point is selected randomly
according to the ion impingement density on the target surface. New electrons are
created at the end of the sheath (dotted line in Fig. 1.b) with energy V0.

2.3 Collision

It is tested after each time step if an collision occurs. Only elastic, excitation and
single ionization collisions are taken into account. The collision probability is pro-
portional to the sum of the total cross–sections for each collision type. When a
collision occurs, its type is distinguished following individual cross-sections. The
energy of electron is decreased by 11.55 eV after excitation, by 15.76 eV after
ionization and by 0.3 eV after elastic collision. Since the angular distribution of
electrons scattered in argon is similar for all three collisions [10], the velocity direc-
tion after collision is determined according to the differential cross-section of elastic
scattering [11]. Trajectories of created ions are affected very little by magnetic field
due to their high mass so they were assumed to be unmagnetized. Also collisions
of ions with neutral gas were neglected (λi ≈ 20 mm at 0.5 Pa). Therefore the ions
created in collisions fell directly to the target without any transverse motion.

2.4 Recapture of secondary electrons

In the MC simulations of the magnetron sputtering, the energy of created sec-
ondary electrons (SE) is predominantly assumed to be zero. Real SE have the
average energy about 4 eV and a cosine distribution of the initial velocity direction
[12]. Particles with nonzero value of this velocity can reached the target surface
during their movement back (turned by B) and be captured there. It results in a
decrease of the effective SE yield γeff compared to the values obtained by ion beam
measurements γse [13]. A model is described in [14] for the numerical studies of
SE recapture effects in a simple configuration. The obtained results confirmed the
previous estimate γeff = 1

2γse, however, the fraction of recaptured electrons were
dependent on the position of emission. As a consequence, the erosion rate distribu-
tion may be affected by this effect. Our aim was to examine the influence of the SE
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recapture on the shape of the erosion track under real condition. In order to study
the SE recapture, simulations with different values of the initial SE energy E0 were
performed. The electrons were emitted from the target surface with cosine angular
distribution.

3 Results and discussion

Simulations were performed for the argon pressure 0.5 Pa, discharge voltage
V0 = 500 V, and sheath thickness s = 3 mm. The time step was chosen to be

Δt = 1× 10−12 s,

based on the observation of total energy of particles in sheath. In the bulk plasma
(y > ytarget + 2 × s) the time step was 50 times longer then in sheath layer. The
number of emitted electrons was 1 000 for 2–D simulation and 20 000 for 3–D.
2–D results are shown for several coil currents Ic, while presented 3–D results were
obtained without the additional coil.

3.1 2–D

Magnetic flux density components on the target surface for two value of the coil
current are shown in Fig. 2. The maximum erosion lies under the point where the
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(a) Ic = 0 A (b) Ic = 3 A

Fig. 2. Components of magnetic field on the target surface.

flux density is parallel to the target (By = 0) as expected. The position of this point
is influenced by the coil current so all the erosion track moves accordingly. Field
lines of the magnetic field (Fig. 3) document the transition from balanced (Ic = 0)
to unbalanced (Ic = 3) magnetron. Distribution of the ionization points plotted
on these figures corresponds to the depicted field lines. In case of the unbalanced
magnetron some electrons escape along the open field lines and create a plasma in
the substrate region (left top corner). It increases many times the ion bombardment
of the growing layer. Then the model gives also an information about the substrate
conditions.
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Fig. 3. Ionization points and magnetic field lines for two coil currents.

The erosion profiles for different coil currents are shown in Fig. 4. All graphs
are normalized to the maximum value. When compared to the Fig. 2 it can be
recognized the significance of the point By = 0. The maximum of the erosion
moves with increasing coil current towards the target center which can be used for
higher target utilization. However, as is shown in Fig. 3, the coil current can not
be selected independently since its influence on plasma distribution.

The accuracy of the model was verified by comparison with measurement of tar-
get eroded at Ic = 1.5A (Fig. 5). Both curves agree well. There are some differences
mainly at the margins which probably result from the redeposition of backscattered
particles. The influence of redeposition could be readily recognized in the centre
of the target (x = 0), where a negative erosion rate was measured which means a
layer had grown there. Therefore the accuracy of our model could be increased the
most by a tracing of the sputtered particles.
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Fig. 4. The erosion profiles measured
and obtained by simulation at Ic=1.5 A.
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Fig. 5. The calculated erosion profiles
for different coil currents

The influence of the SE recapture was tested for two values of E0 = 0 and 4 eV.
Computed results are shown in Fig. 6 for the coil current 3 A. Although 51% of SE
emitted with E0 = 4 eV were recaptured, there is no difference in the shape of the
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erosion rate profiles. The lines for E0 = 0 eV is smoother due to higher number of
ionizations because the number of emitted electrons was fixed. As a result of our
simulation we can say that for the modelling of the erosion it is possible to neglect
the SE recapture. The only apparent result caused by this effect is an increase of
the discharge voltage described by the introduction of. Models with zero initial
energy are more efficient because electrons may be emitted from the sheath edge
and there is no lost of electrons by recapture.
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Fig. 6. The erosion profiles calculated for two values of initial secondary electron energy
E0. Both simulation were performed for I = 3 A.

3.2 3–D

Only simulations without coil are presented for the full magnetron. In Fig. 7 the
contour lines of the parallel component of the magnetic flux density Bp are plotted.
In the same figure the line where By = 0 is plotted (thick solid line) in order to
give information about the field line tunnel shape. Note the shape of this line for
later comparison with simulation results.
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Fig. 7. Contours of calculated parallel flux density Bp on the target surface. The line of
By = 0 is plotted with thick solid line.
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Distribution of ionization points is shown in Fig. 8 and Fig. 9 shows the con-
tour lines of normalized values of ion densities. The most interesting result is clear
asymmetry in the erosion depth in spite of the symmetry of the magnetic field as
shown in Fig. 7. E×B drift motion of electrons is clockwise, hence the erosion rate
is the highest at the end (outlet) of the bend. The asymmetry is most probably
caused by gradients of magnetic field in the bend.
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Fig. 8. The ionization points obtained by simulation at zero coil current.
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Fig. 9. The erosion of the target corresponding to previous picture.

The depth is normalized.

4 Conclusions

We prepared a collisional model of magnetron discharge for simulation of the
target erosion. Using the model simulations of erosion were performed considering
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the recapture of secondary electrons. It has been confirmed that this recapture has
no influence on the target erosion distribution and results only in a decrease of the
effective secondary electron yield. 3–D erosion model allows us to study processes
in a real magnetic field configuration of rectangular magnetrons. Main result is the
asymmetrical erosion in symmetrical magnetic field which results probably from
the magnetic field gradients in the bend. Such effect may dramatically influence
the local erosion rate and decrease the target yield a lot. Comparison of our simu-
lation results with experimental data shows that the accuracy of our model can be
increased the most by tracing of sputtered particles in order to take into account
the redeposition of backscattered atoms.
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