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Abstract

In this work, we studied the effect of power variation on inductively coupled
plasma parameters using numerical simulation. Different values were used for
input power (750 W-1500 W), gas temperature 300K, gas pressure (0.02torr),
5 tourns of the copper coil and the plasma was produced at radio frequency (RF)
13.56 MHZ on the coil above the quartz chamber. For the previous purpose, a
computer simulation in two dimensions axisymmetric, based on finite element
method, was implemented for argon plasma. Based on the results we were able to
obtain plasma with a higher density, which was represented by obtaining the
plasma parameters (electron density, electric potential, total power, number density
of argon ions, electron temperature, number density of excited argon atoms) where
the high density in the generated plasma provides a greater degree in material
processing, which increases the efficiency of the system. These results may aid in
future research towards the development of more efficient optimization of plasma
parameters which are (electron density, electric potential, total power, number
density of argon ions, electron temperature, and number density of excited argon
atoms).
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1. Introduction

The two most common methods for producing thermal plasma are direct current
(DC) arc discharge and inductively coupled discharge [1-6]. The inductively coupled
plasma (ICP) torch ionizes the working gas flowing through the quartz tube using
high-frequency induction heating. ICP torch has been widely utilized in various
industrial applications, such as powder spheroidization. Due to the ultrahigh
temperature of flame-like plasma, the ICP torch has been widely adopted in many
industrial fields, such as powder spheroidization, high-temperature clean heat source,
and mass spectrometry. The inductively coupled discharge is a complex process that
involves the interplay of several physical factors, including flow, temperature, and
electromagnetic fields [7]. The internal plasma's physical laws are difficult to deduce.
Furthermore, during the discharge, electromagnetic interference has a significant
impact on the experimental procedure. To examine the many physical fields in the
ICP torch, numerical approaches are required [8]. In this type of device, the use of
numerical simulation has become a good tool, which gives the possibility to improve
ICP operations, which are expensive as well as difficult to implement in an
experiment [9]. J. D. Bukowski et al. (1996) [10] also studied a two-dimensional,
axisymmetric fluid model of an inductively coupled plasma, and this model prediction
was compared to the experimental measurements of P. A. Miller et al [11] of electron
density, electron temperature, and plasma potential. Comparisons between model
predictions and experimental measurements were made in argon and chlorine gas
discharges. In the present work a simulation of the effect of input power variance on
plasma parameters which is (electron density, electron temperature, electric potential,
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number density of argon ions, and number density of excited argon atoms) and
knowing the effect of the input power to increase the density of the plasma.

2. Modeling of inductively coupled plasma

Gaseous Electronics Conference cell (GEC) was used to study plasma
discharges, as well as give researchers essential experience to develop plasma
diagnostics for use in the manufacture of plasma systems [12]. Low pressure (less
than 10Pa) and high charge density (more than 1017 m3) are typical operating
conditions for discharges. Because low pressure ion bombardment can give a greater
degree of anisotropy on the wafer surface, high density plasma sources are
attractive[13].

The mathematical explanation for the ICP discharge is the Poisson equation,
which displays a balance of particle density (electrons and positive ions). The set of
drift equations has been solved and used to obtain the average electron energy and
electron density, as shown in the equations [14]:

[i]

T (n,)+V:[-n.(u.-E)— D, Vn,] =R, 1)

d

2 (ne) + V- [-ne(pe - E) — De - Vne] + (E-Te) = Re (2)
where R, gain or loss of electrons due to reactions and collisions, R¢ gain or loss of
electron energy due to reactions and collisions, n, electron number density,
U electron mobility, D, reduced electron diffusivity, ne the electron energy density,
us electron energy mobility, T flux of electrons energy due to electric field and

diffusion. From the electron mobility, the electron diffusivity, energy mobility, and
energy diffusivity are calculated:

5
D, =p.T,,pus = (E)ﬂe ,De = peT, 3)
The plasma chemistry uses rate coefficients to determine the source coefficients in the
aforementioned equations. In the case of rate coefficients, the electron source term is
given by:
R, = Zjlvilxj Kanne 4)

where X; is the mole fraction of the target species for reaction, K; is the rate
coefficient for reaction, N, is the total number density of neutral. The electron energy
loss is obtained by summing the collisional energy loss overall reactions:

Rs = Z]}';l x]' ijnneAsi (5)
where Ag; is the energy loss from reaction j. Poisson’s Equation [9]

—V.€p€,VV = pc (6)

pc - the space charge density, €,is the vacuum permittivity, e is the relative
permittivity of Argon, V is electric potential. Space charge density:

Pc=qXN-1Z, np— mn, (7)
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where Z is the charge of species k, n; Number Density of Species k. Cold-plasma
approximation for plasma conductivity is:

2
_ Nneq
7 meetiw) ®
where n, the density of electron, g the charge of electron, m, the mass of the
electron, v, the frequency of the collision, and ® is the angular frequency. The rate

coefficients can be computed from cross-section data by the following integral[9]:

k=7 [, eor(f(e)de 9)

1

k. is the calculated rate coefficients, y=(72n—q)5, f(e) is the electron energy
e

distribution function, gy, is the corresponding collision cross section. The following
equation is solved for the mass fraction of each species[9, 14]:

Pn s (Wi) = pra(0. V)W = V -y + Ry (10)
where w;, is the mass fraction of the species k, u is the mass averaged fluid velocity
vector, p,, is the density of the mixture, j is the diffusive flux vector of the species k,
R, is the generation rate coefficient for species k. The induction currents are
computed in the frequency domain using the equation below[15]:

(jwo — w?€g) A+ V x (ug'V x 4) =], (11)
where j is the imaginary number [13],
w is the angular frequency of the electric source ,
o is the electric conductivity, €,is the vacuum permittivity, u, is the vacuum
permeability, /. is the applied external current.

3. Argon collision processes

Because the physics in inductively coupled plasma is so complex, it's always
better to start with a simple chemical mechanism when modeling. At low pressures,
argon is one of the most straightforward processes to apply as shown in Table 1.
Table 2 represents the possibility of the atom returning to the ground state when it hits
the wall.

Table 1: Ar gas reaction and collisions [16].

Number of
reactions Formula Type (Ag(ev))
I e+ Ar =>e + Ar Elastic; 0
. e+ Ar =>e + Ars Excitation; 11.5
I1. e+ Ars =>e + Ar Super elastic; —-11.5
V. e+ Ar =>2e + Ar + lonization; 15.8
V. e+ Ars => 2e + Ar + lonization; 4.24
VI. Ars + Ars =>e + Ar + Ar + Penning ionization; _
VII. Ars + Ar => Ar + Ar Metastable quenching; _
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Table 2: Ar gas reaction and collisions [17].

Number of . -
! b_e 0 Formula Sticking coefficient
reactions
I Ars => Ar I
Il. Ar+=> Ar I

4. The model and simulation domain

This Configuration Fig.1 (a, b) shows ICP as an axisymmetric cross-section in
two dimensions using the program COMSOL Multiphysics software by the numerical
method (finite element method). As a result, Fig.1 (a) shows the GEC geometry [18]
and Fig.1 (b) shows the results of our simulation work shows a cross-section of GEC
ICP reactor geometry consisting of a 5 turns copper coil, plasma volume, torch,
dielectrics, and wafer with pedestal. A circular spiral coil is supplied with a 13.56 kHz
radio frequency (RF) above the quartz chamber. In this work, the simulation was
applied to the configuration at gas temperature 300 K, gas pressure 0.02 torr and
different power inputs (750, 1000, 1250, and 1500 W) using argon gas. The diameter
of copper coils (width 0.003 mm, height 0.003 mm) and there are five turns of copper
coil in the model.

5 Turn coil

(b)

Wafer pedestal |

Figure 1: The Simulation domain in two-dimensions, a) the GEC geometry [18] b) cross
section of the geometry.

Regarding the calculated precision of the ICP (mesh) model, the arithmetic
solution region is divided into small regions of the triangles where the maximum
element size is 0.00518 m and the minimum element size is 1.75 x10° m using the
finite element method. The process of using the finite element method to translate the
configuration equations. In the process of evaluating the solution region in this
simulation, both the regions of the plasma torch and coil (of high density) contain
more elements than the region that is far from the plasma torch (of low density)
because the far regions are not important in the solution. When the same partitioning
elements take more time in the implementation, they are in this order to benefit from
the time. Fig.2 shows the division of elements in the mesh of the ICP generator in
two-dimensional.
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B e e (b)

Figure 2: The domain meshing, a) total mesh, b) enlargement for the region of high-
density elements.

5. Results and Discussion
5.1. Electron Density

The electron density in the plasma medium is one of the most important
parameters on which the properties of the plasma depend, so its diagnostics is a
priority. EQ. (1) has been solved to find the electron density in the argon plasma
under different input powers. Fig.3 shows surface electron density distribution in the
cross-section of the cell at different input power values (750, 1000, 1250, and
1500 W). The maximum values (7.34 x 1017 ,9.92 x 1017,1.25 x 108, 1.48 x
108) m™ and the minimum values (3.19 x 104,4.37 x 10'4,5.55 x 104, 6.67 x
10*) m™, they found in the densest region inside the ICP plasma, with the increase in
the input power, the electron density increases and the plasma torch size increases
under the RF coil as shown in the colors of the shape because the degree of ionization
increases as the input power increases, the electron density becomes larger.

5.2. Electron Temperature

Electron temperature is a form of energy that is important in the plasma
because the ionization of plasma is defined by the electron temperature. Therefore, it
is one of the most important parameters of plasma and its diagnosis is necessary for
plasma operations. Eq. (2) is solved to find the electron temperature in the argon
plasma under different input power. Fig.4 shows surface electron temperature
distribution in the cross-section of the cell at different input power values (750, 1000,
1250, and 1500W). Since the density of an electron has increased, as in Fig.3, We
notice in Fig.4 that the maximum values (3.88,3.87,3.86,3,86) eV and the minimum
values (2.24,2.22,2.21,2.21) eV of the temperature of the electron decreases with the
increase in input power and the plasma torch size decreases under the RF coil as
shown in the colors of the shape. This is due to the increase in the collisions between
the electron and the walls of the torch, this means that the rate of the free path will
decrease for the electrons, so their temperature will decrease.
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Figure 3: Electron density distribution at different power value; (a)750W, (b) 1000W, (c)
1250W, (d) 1500W.
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Figure 4: Electron temperature distribution in (eV) at different power input values;
(a)750W, (b) 1000W, (c) 1250W, (d) 1500W.
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5.3. Electric Potential

It is one of the main parameters in plasma because the medium of the plasma is
a strong connector for electricity. Eq.(6) was solved to find electric potential in the
argon plasma under different input power. Fig.5 shows surface electric potential
distribution in the cross section of the cell at different input power values (750, 1000,
1250, and 1500W), we notice a decrease in the electric potential at the
maximum values (20.3, 20.1, 20, 19.9) V and the minimum values
(—1.91,-1.97,-1.99,—1.97)x 1073V with an increase in input power and the
plasma torch size decreases under the RF coil as shown in the colors of the shape.
This is because the electrical potential of the electrons is lost through collisions
(between electrons and atoms inside the chamber and its walls) where electrical
energy is converted to other types.
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Figure 5: Electric potential distribution at different power input values; (a)750W,
(b) 1000W, (c) 1250w, (d) 1500W.

1)
¥ 197410"

—

5.4. lon Number Density

Since plasma is a semi-ionized medium, where the density of ionized particles is
an important factor affecting it and its diagnosis is important. Eq.(7) was solved to
find ion number density in the argon plasma under different input power. Fig. 6 shows
surface number density distribution in the cross-section of the cell at different input
power values. We notice in Fig.6 that when power increases, the density of ions
increases and the plasma torch size increases under the RF coil as shown in the colors
of the shape, the maximum values of ions density (7.34 x 1017 ,9.92 x 1017,1.25 x
1018,1.48 x 10'®) m= and the minimum values (2.87,4.37,5.04,6.67)x 10* m™,
When the power increases, the number of ions and electrons in the torch increases
because the degree of ionization increases, and thus causes an increase in the density
of ions.
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Figure 6: lon number density distribution at different power input values; (a)750W, (b)
1000W, (c) 1250w, (d) 1500W.

5.5. Excited Argon Number Density

Eq.(7) was solved to find exciting number density in the argon plasma under
different input power. Fig. 7 shows the surface number density of excited argon
distribution in the cross section of the cell at different input power values (750, 1000,
1250, and 1500W). It was noted, from Fig. 7, it is clear that an increase in the density
of argon gas excited the maximum values were 8.16, 8.44, 8.62,8.73 ) x 108 m?3
and the minimum values (4.18,3.53,2.83,4.76) x 10> m?3, the power values
increase and the plasma torch size increases under the RF coil as shown in the colors
of the shape. This is because the argon atoms will gain energy when increasing the
power, which leads to excitation of the atoms, i.e., electrons in the ground energy
level will transition to higher energy levels and thus increase the density of excited
argon number.
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Figure 7: Number density'dist-rnibution at different power input values; (a)750W,
(b) 1000W, (c) 1250W, (d) 1500W.

6. Conclusion

In recent years, the use of computers, in solving and analyzing scientific
problems, has increased because it has the ability to process a lot of data in a short
time. The two-dimensional axisymmetric ICP model was studied using COMSOL
software with gas pressure (0.02 torr), gas temperature 300K, and different power
input (750W-1500W). To gain a better understanding of the dynamics in an argon ICP
torch, the electron density, electron temperature, electric potential, number density of
argon ions and number density of excited argon atoms were calculated inside argon
ICP torch with radio frequency (RF) 13.56 MHz on the coil above the quartz
chamber. The change in power values in the ICP torch improves plasma parameters in
this simulation, where an increase in electron density, the density of excited argon
atoms and number density of argon ions increase the power but the electric potential
and electron temperature decrease with an increase in the input power. These results
may aid in future research towards the development of a more efficient optimization
of plasma parameters.

Recommendation: More computational or experimental works can be achieved to
study more parameters effects such as (the gas type, the coil type).
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