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Abstract

Simulation of direct current (DC) discharge plasma using
COMSOL Multiphysics software were used to study the uniformity
of deposition on anode from DC discharge sputtering using ring and
disc cathodes, then applied it experimentally to make comparison
between film thickness distribution with simulation results. Both
simulation and experimental results shows that the deposition using
copper ring cathode is more uniformity than disc cathode.
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Introduction

In the last decade, many researches
deal with DC glow discharge
modelling to investigate the suitable
arrangement for specific application[1-
3].

For many plasma applications, fluid
moment (density, flow velocity,
temperature) descriptions of a charged
particle species in a plasma are
sufficient. Continuity equation for all
species and energy within the plasma,
Maxwell’s equations and Boltzmann
equations were solved as a system [4].

COMSOL Multiphysics package
based on finite element method. The
differential equations describing the
motion of species numerically for a
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finite number of spatial points taking
into account their interaction with the
applied electric field into
consideration.

Mathematical model

Plasma simulating by finite element
modeling (FEM) is used to make
approximate solution for differential
equations which describe the drift
diffusion approximation [5]. Which
contents electron and electron energy
conservation equations, the heavy
species diffusion transport equation
and the Poisson's equation into the
suitable form describe dc discharge
problems, then solved the difference
equations numerically.
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The electron density (n,) and mean
electron energy (n:) are computed by
solving a pair of drift-diffusion
equations for the electron density and
mean electron energy [6].

ey VI =5, (1)
2% + V. [-ne (e E) — D, Ve] +

E.T, =S, (2
while for ion is

ZLAVE =S, (3)

where S,, S; and S, are the creation
rate for electrons, ions and electron
energy from energy difference in
reactions, I'. and I'; denote the electron
and ion flux and described by the
following equations[3]

Ie = —neu.E —D,Vn, 4)
Ii = nywE — D;Vn, ()
while the flux of neutral species

I, = —D,Vn, (6)

where p and D denoting the mobility

and diffusion coefficients[7]
e KTe,i

Uei = > Uei =
Me,i Ve,i ’

(7

Me,i Ve,i

where v is the collision frequency
of electron with neutral particles. It is
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depends on the number density of
target particles N, mean relative
velocity () and the probability for this
type of collision (collision cross-
section o) [§]
v=0ocUN (8)

Mean relative velocity (U) can be
derived from the Maxwell-Boltzmann
distribution [9]

— SkBT 1/
= ) ©)
where kg and mgis the are

Boltzmann constant and electron mas
respectively.

He = (g)ﬂe: D, = u.T, (10)

And using Poisson’s equation for
the electrostatic field [10]
€, V.E = Yy qny (11)

where E is the electric field , q is
the charge, E = —V@

Free electrons will be accelerated
and along its way, they collide with the
gas atoms. These collisions can be

classified into three types, elastic
collision, excitation reaction,
ionization reaction and step-wise

ionization from metastable, as in Fig.1.
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Fig. 1: Reactions between a free electron and neutral molecule (a) elastic collision

(b)excitation reaction and (c)
metastable [11].

ionization
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reaction (d) step-wise ionization from

&
e +M->2e + M




Iragi Journal of Physics, 2017

The collision frequency of electron
with  particles depends on the
probability for this type of collision
(collision cross-section). The cross
section for three type of collisions
(elastic, excitation and ionization
collisions) are a function of electron

Vol.15, No.32, PP. 57-67

outer shell electron because it past
quickly. Also, at very low energy,
because the electrons turn around an
atom  without interaction. The
interactions occur over a narrow range
of energy. Fig. 2 illustrates elastic and
inelastic cross sections for argon

energy [11]. High energy electrons atom [12].
have small chance to interact with
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Fig. 2: Cross sections for argon [12].

Simulation preparation for used
module

Two dimensional (axial-symmetric)
model of dc discharge in low pressure
argon gas were done using COMSOL
Multiphysics software based on a fluid
model with drift-diffusion
approximation for the particle flux.

Fig. 3 illustrates the 2D geometries

axisymmetric for the electrodes
configuration and the  meshes
distributions. Disc copper cathode

system with 3.75 cm radius and ring
cathode with outer radius 3.75 cm and
inner radius 2.5 cm. The radius of

59

anode is 3.75 cm with 4 cm inter
electrodes separation.

Fine mesh elements is required
close to the electrodes, because a large
gradient of the electric field. At the
same time, a large mesh elements can
be used in areas where the variation of
the voltage is relatively small, and also
in areas which are not of large interest
for the particular calculation to
minimized solution time. Number of
triangular mesh elements used in this
work are 3557 and 3619 triangles in
disc and ring cathode systems
respectively.
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Fig. 3 Two dimensional geometry used in simulation for (a) disc and (b) ring cathodes.

Seven kinds of species used in simulation as shown in

transportation in argon plasma were Table 1.

Table 1: Kinds of species within plasma used in simulation.

No. species Symbol Charge mass
1 Electron e -1.6 x10" C m,
2 Neutral argon atom Ar 0 39.94 xm,
3 Argon ion Ar+ 1.6 10" C 39.94 xm,
4 Excited argon atom Ar* 0 39.94 xm,
5 Neutral copper atom Cu 0 63.55 xm,
6 Copper ion Cu+ 1.6 10" C 63.55 xm,
7 Excited copper atom Cu* 0 63.55 xm,
where me=9.11x10"' kg and mp= dominant reaction in both gas phase
1.67x107*" kg denoted to electron and and surfaces reactions, respectively,
proton masses respectively. and the related energy difference.
Table 2 and 3 show the reactions
used in simulation which is the
Table 2: Electron reactions within plasma used in simulation and its references for cross
section data as a function of the electron energy.
No. Process Reaction Energy (eV)

1 Elastic collision et Ar=>ec+ Ar 0 [13]
2 Excitation collision et Ar=>c¢+ Ar* 11.6 [14]
3 Ionization collision e+ Ar =>2e+ Ar' 15.8 [15]
4 Stepwise ionization e+ Ar* =>2e+ Ar' 4.14 [15]
5 Quenching to base state etAr*=>et+Ar -11.5 [14]
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Table 3: The surfaces reactions used in simulation [16].

No. Reaction Surface Emitted Electron Energy
(eV)
1 Ar'=>Ar Cathode E = Eionan) — 20,=6.76 eV
2 Art+=>Ar Non cathode walls -
3 Ar*=>Ar All walls -
4 Ar'+Cu(s)=>Ar+Cu Cu Cathode -
5 Cut+=>Cu Non cathode walls -
6 Cu*=>Cu All walls -

where Cu(s) meant to solid Cu,
Eiary represent to first ionization
energies for Ar=15.759 eV [17], @cy 18
the work functions of Cu (4.51 eV
[18]).

The secondary ionization
coefficient y considered as [19] v =
(0.016/eV) (Eionar) — 2 @cu).

Experimental Part

The main experimental setup of dc
discharge plasma system was shown in
Fig.4 which consist of: double stage
rotary pump, a glass chamber with

diameter of (20 cm) and height of
(30 cm), transparent plastic base (with
rubber ring, gas entrance and electrical
feed-through), pirani head and reader,
H.V  dc-power supply (3 kV),
multimeter for discharging current
measurements, high voltage voltmeter.
The gas source — flow controllers
system which used for delivering Ar
gas to plasma chamber at desired flow
rate and gas pressure. It consists of the
argon gas storage cylinders, regulators,
tubing and needle valve.

Glass
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Fig. 4: Schematic for experimental setup.

The cathodes holder were designed
to allowed the arrangement of disc or

Fig. 5.
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ring copper cathode as shown in
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Fig. 5: Cathode holder design (a) disc cathode and (b) ring cathode.

In order to study the uniformity of
deposition thickness, from disc and
ring cathodes, A glass slide with
dimension 2.5x4 cm, previously

cleaned, put on anode as its terminal in
the center, as shown in Fig. 6, to
measure thicknesses at different radial
position (r =0, 1.25, 2.5 and 3.75 cm).

om ———

Fig. 6: Schematic of top view for anode and the glass substrate position to study deposition
thickness uniformity at different radial position.

A series of films were synthesized
at constant pressure 0.2 mbar at -700
and -1000 volt for disc and ring
cathodes. Films thicknesses deposited
on glass slides were measured by using
an optical spectroscopic reflectometer
(TFProbe TM from Angstrom Sun
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Technology Inc.) by measurement of
the reflectivity at (0) angle light falling
and investigated on maximum and
minimum values of reflectivity, then
uses the refractive index of the
material to calculate the true thickness
from optical thickness.
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Simulation results

Fig. 7 shows the simulation result
of excitation reactions rate at constant
pressure (of 0.2 mbar) at -700 volt dc
applied voltage with inter electrode
distance (4 cm) for both cathode

Excitation reaction rate (mole/ms)
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systems. This figure indicate that the
plasma glow distributed over more
area on the region between the two
electrode when using ring cathode but
with less intense due to decreasing
cathode area.

Excitation reaction rate (mole/m?*s)
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Fig. 7: Comparison between the distribution of excitation reaction rate at P=0.2 mbar d=4
cm at -700 volt applied voltage for (a) disc cathode (b) Ring cathode.
Fig. 8 shows contour and arrow flux direction, at (0.2 mbar) and 4 cm
figure where the arrows length show electrode distance gap from disc and
the Cu atoms flux amount, deduced ring Cu cathodes. This figure indicate
from solving continuity and flux that the Cu flux using ring cathode less
equations for neutral Cu particles at than at disc one, but cover whole the
nodes, and their directions show Cu anode with more uniformity.
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Fig. 8: Distribution of Cu flux at P=0.2 mbar and d=4 cm for (a) disc Cu cathode (b) Ring Cu
cathode.

Fig. 9 shows the distribution of rate
of deposition on anode, calculated
from the z- component flux for Cu

atom by divided the flux in Kgm.m™s™
(from equation 6) by Cu density, at
constant pressure (0.2 mbar) from disc
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copper cathode at different applied dc
voltage. This figure shows that the
deposition from this target was non
uniformed, where the deposition at the
center greater than at anode edge. The
deposition rate increase with increase

Disc Cu cathode P=0.20 (mbar)
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applied voltage as a result of
increasing colliding ion energy, i.e.
increasing sputtering, because sputter
yield depend, mainly, on the ions
bombarding energy [20].

Rate of deposition (mm/h)
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Fig. 9: Rate of deposition distribution over anode with -700 and -1000 applied voltages and
constant pressure (p=0.2 mbar) from disc copper cathode.

Fig. 10 shows the simulation
solution for the distribution of rate of
deposition on anode at constant
pressure (0.2 mbar) from ring cathode
made from copper and with different
applied voltage. This figure shows that

the deposition have more uniformity
than the deposition from disc cathodes
but with less values than from disc
cathode as a result of decreasing
cathode area.

Ring Cu cathode P=0.20 (mbar)
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Fig. 10: Rate of deposition distribution over anode with -700 and -1000 volt applied voltage
and constant pressure of 0.2 (mbar) from ring copper cathode.
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Comparison with experiment result
The study has been applied in
practice to do a comparison between
the two types of electrodes and
compare the results with simulation
results. Fig. 11 illustrates experimental
photograph for dc glow discharge at
working pressure of 0.2 mbar and
electrode distance gap 4 cm, for both

Vol.15, No.32, PP. 57-67

cathode systems configurations. The
result indicated that the glow
distribution being more uniformly and
sprayed out on more region when
using ring cathode, and have same
behavior with excitation reaction rate
distribution deduced from simulation
results because the reaction cause the
glow is the excitation resection.

Fig. 12 shows the experimental
result for rate of deposition on anode at
constant pressure (0.2 mbar) from disc
copper cathode using applied voltage -
700 and -1000 volt, calculated by
measuring film thicknesses at different
radial positions. This figure shows that
the deposition from this target was non
uniformed, have the same performance
of simulation results, but with less
values, maybe due to supposing, in
simulation, that all metal atom flux hit

Fig. 11: DC discharge glow image from (a) disc cathode (b) ring cathode.

the anode deposited on it (no atoms
reflected). The  deposition rate
increases with increasing of applied
voltage as a result of increasing
colliding ion energy. The deposition
rate at small applied voltage is very
small, very difficult to be measured,
not as expected in simulation results
may be due to sputter yield very small
with low ions energy, mot as assumed
in simulation part.
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Fig. 12: Experimental results for rate of deposition at different radial position using disc
cathode at -700 and -1000 volt applied voltage.
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Fig. 13 shows the experimental
result for rate of deposition on anode at
constant pressure (0.2 mbar) from ring
cathode made from copper and with
applied voltage (-700 and -1000V)
calculated by  measuring film
thicknesses at different radial position.

Kadhim A. Aadim and Muhammad O. Salman

This figure shows that the deposition
have more uniformity than the
deposition from disc cathodes but it
less than from disc cathode as shown
in the comparison between the two
systems configurations in Table 4.
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Fig. 13: Experimental results for rate of deposition at different radial position using ring
cathode at -700 and -1000 volt applied voltage.

Table 4: Comparison between simulation and experimental results for deposition rate
(nm/h) for disc and ring cathode at -700 and -1000 V.

Simulation results (disc Cu) Experimental results (disc Cu)
r (cm) =700 V -1000 V -700 V -1000 V
0.00 166.9 236.7 156.80 230.00
1.25 157.0 223.0 153.60 228.20
2.50 139.6 198.5 119.30 180.50
3.75 109.4 156.6 90.30 110.00
Simulation results (Ring Cu) Experimental results (Ring Cu)
r (cm) =700 V -1000 V =700 V -1000 V
0.00 105.6 141.1 105.40 140.60
1.25 110.2 147.4 110.20 135.90
2.50 117.5 157.1 116.90 145.10
3.75 111.4 150.8 95.60 124.00
Conclusions regularly using ring electrode than the

In our work, we simulate dc
sputtering in argon gas for the two
cathode electrode configurations using
2D axial symmetric by COMSOL
software, where the study showed that
the simulation results gives us a good
prediction of the wuniformity of
deposition on the anode. The study
showed that the distribution of
deposition on the anode be more
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disc cathode. The experimental result
for rate of deposition on anode at
constant pressure from disc and ring
copper cathode using -700 and -1000
volt at different radial position
approximately = have the  same
behaviors of simulation results, but
with less values, maybe due to
supposing in simulation that no
reflected metal atoms from anode. The
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deposition rate increase with increase
applied voltage as a result of
increasing colliding ion energy.
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