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Two-dimensional inductively coupled argon plasma
simulations with experimental verification
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A two-dimensional model has been developed for simulating the behavior of inductively coupled plasma torches by using
customized computational fluid dynamic (CFD) commercial CFDRC software. Both Ar® (the argon ion) and Ar (the
metastable argon atomic) distributions in inductively coupled plasma are presented from this simple model. The optical
emission spectroscopy and Langmuir probe are applied to analyze the characteristic of Ar plasma and verify the model. The
results show that the predictions seem to be reasonable fundamentally and are similar with Optical Emission Spectroscopy
and Langmuir probe observation in some aspects including the Ar distributions and flow vortexes influence. Due to the
model contains several simplification, some differences appear by mean of comparing calculated with measured Ar

distributions.
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1. Introduction

Inductively coupled plasma (ICP) is often of
particular interest because they can provide charged
particles with high density and low electron temperature,
which can minimize the contamination to the substrate [1].
This makes ICP sources most attractive [2]. Then plasma
reactors are widespread in industry for both material
processing and synthesis [3]. It is essential to measure and
optimize parameters of plasma in order to improve the
processing characteristics of the discharge through
understanding of the physics involved [4][5]. Process
uniformity is a key requirement to enable large wafers or
flat panels to be processed by plasma [6].

Optical Emission Spectroscopy (OES) is the most
popular technique to investigate glow discharge since it is
simple and produces no perturbation in the plasma [7].
Langmuir probe is a simple but valuable technique
employed to characterize the plasma parameters. The I-V
characteristic obtained from the data can be used to
determine the electron temperature and the ion density [8].
Many research groups have the radial and axial
distribution of ion densities in many sorts of inductively
coupled plasma reactors with different gases and
conditions [9].

Mathematical modeling is a powerful tool to deeply
investigate physical and chemical phenomena occurring
within inductively coupled plasma torches. Various
numerical models with increasing complexity have been
proposed over the years with the aim of obtaining a more
and more realistic prediction of plasma behavior and
chemical processes inside the torch [10]. Computational
Fluid Dynamic (CFD) approach offers important
advantages in modeling, such as the possibility of studying

complicated geometries, using different physical and
numerical models and easily generating both structured
and unstructured meshes [11]. Computational fluid
dynamics is also a discipline that encompasses the
numerical solution of the equations of motion (mass,
momentum and energy) in a flow geometry of interest,
together with subsidiary sets of equations reflecting the
problem at hand [12]. Several publications describe
plasma modeling and spatial distributions of ion density
[13]. Kushner (2009) discussed the basis and
implementation of Hybrid modelling using examples from
studies of ICP reactors. Hybrid modelling has
demonstrated the ability of addressing a variety of reactor
types and physical processes [14].

The commercial software package, CFD-ACE+
(ESI-CFD Inc., Huntsville, USA) has been used to
perform the simulations. The radial distribution property
of argon plasma is investigated by single Langmuir probe
in ICP instrument. A comparison between Langmuir probe
measurements, OES and numerical simulations is made in
this work in ICP instrument.

2. Theory

2.1 Plasma model

2.1.1 Assumptions

The Plasma module implemented in CFD-ACE+ is
based on the solution of the fluid equations (moment
equations derived from Boltzmann equation with the

assumption of Maxwellian energy distribution) for
electron and heavy (ions and neutrals) particle transport, in
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conjunction with the electro-magnetic field solved in
electric and magnetic modules of CFD-ACE+. lon
transport in plasma is solved from the drift-diffusion
equations.

The CFD numerical simulation is based on the
following assumptions: (1) the electron density is derived
from the quasi-neutrality condition;(2) the fluid flow is
axisymmetric and steady-state; (3) the sheath is negligibly
thin and no net conduction current is present in plasma.

2.2.2 Governing equations

Electromagnetic field treatment is as follows:
The electric field is defined as
—
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Where ¢ is electric potential, —V @ is the electrostatic
field, A is the magnetic vector potential. They can be
got by using the finite volume method (FVM) to solve

Maxwell equations in the frequency domain.
The equation is found as follows:
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In the frequency domain equation (2) becomes
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Where 11, is the permeability of the free space, 4, is
the relative permeability, &, is the electric permittivity of

the free space, &, is the electric relative permittivity, U

is the fluid velocity vector, o is the electric conductivity,
- -
B is magnetic field intensities, o -UxB is the

convective and J is the current of user self-defining.

The Current of each electro magnetic source will be
automatically and proportionally adjusted to achieve the
specified power absorption in the plasma in magnetic
module.

The electron temperature T, from the electron energy
balance is as follows:
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The drift diffusion approximation is used for the
electron density flux:

e joule
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I, = u.n, E- D.Vn, (5)

The power density, P, stands for the energy absorbed by

- >
electrons, such as Joule heating ( Py, =el,-E),

inductive heating (P, , = % Re{ j~e . Ié})

N

Where I', is electron density flux, N, is electron
-

density, E is the electric potential, D, is electron

diffuse coefficient and L is the electron energy loss due to
the electron induced reactions.

In the presence of charged species (ions, metastables), the
mass flux of each species is as follows:

ji =—pD, VY, + pV, Jdi+ Ji (6)
ua = E(0;4 —Zj:quij) 7

Where mass fraction Y; is the mass fraction, p is mass

N

density, D, is the diffusion coefficient, Ugi is the drift

velocity , £ is the mobility of charged particles. The flux

N

J. appears as a result of the Stefan-Maxwell procedure

c

5
to satisfy the mass conservation, >.J; =0.

2.2.3 Boundary conditions

The velocity of neutral species at the boundary
corresponds to thermal velocity, (RT/27zm )" . The

velocity of ions is determined by the local value of the
electric field. In most cases, zero electron density at the
walls is appropriate.

Under Plasma options ICP, the substrate holder, outlet
and inlet are setup as thermal flux balance. The
implementation of the wall is fix gradient at zero. The
fixed gradient at zero value means that no electron energy
is lost at the boundary. The thermal flux balance allows
the energy loss limited by thermal flux.

2.2.4 Gas reaction

The chemical reactions included in the model are
shown in Table 1 [15]. The model contains four species:
electrons, positive argon ions, ground state argon neutrals,
and a single argon metastable species.
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Tablel. Gas-phase reaction for argon plasma

Chemical reaction Reaction rate

lonization & excitation

Ar+e —> Art +2e Cross section from JILA

Ar+e = Ar” +e Arrhenius type

Ar‘+e — Art +2e Arrhenius type

Elastic collision

Cross section from JILA

Ar+e > Ar+e

2.2.5 Surface reaction

The rate of surface reaction is defined by sticking
coefficient [15]. The surface reaction of argon main is
combination reaction in the surface of substrate or wall.
The reaction is as follows:

e+ Ar" — Ar (8)
Ar* — Ar 9)

The Ar" is the argon ion and the Ar” isthe metastable
argon atomic.

3. Experimental

We consider a cylinder with a planar three-turn loop
antenna. The cylinder chamber has dimensions of 25 cm in
height and 10 cm in radius. The quartz window with the
thickness of 2 cm is inside the chamber. The antenna is
located at r =10 cm along the axis. The schematic diagram
of the experimental setup is illustrated in Fig.1.The plasma
is generated in the quartz discharge chamber with the help
of a 13.56 MHz RF generator and an automatic impedance
matching network with a spiral configuration of copper
electrodes of diameter 6 mm. The plasma diffuses and
enters a cylindrical stainless steel vacuum chamber. The
flow of Ar gas is monitored with mass flow meters
whereas pressure in the chamber is recorded by using
gauge.

The optical emission spectrometer is composed of
optical  collection  system,  monochromator  and
photo-electronic acquisition system. After being amplified
by a direct-current (DC) amplifier, the output signal of the
photoelectron multiplication tub (PMT) is transmitted to a
computer for acquisition. The wavelength range of the
monochromator is 200-660 nm and its highest resolution
is 0.1 nm.

A single Langmuir probe is inserted in the chamber in
order to measure the ion density. The inflecional probe
with a diameter of 0.5 mm is shown in Fig.1. The radial
position at r=0, 2, 4, 6 cm can be acquired by revolving the
probe head according to the calculated angle. The axial
position at h=0.5, 3, 7, 10 cm can be reached by adjusting
the height of probe. The I-V characteristic curves are
obtained by using a power supply. All calculations of

plasma parameters are performed through a PC by using
suitable software. By recording the current through
Langmuir probe as a function of the applied voltage, the
I-V characteristic is obtained and the data is used to
calculate ion density. The electron temperature KTe, is
determined in electron volts by the equation

KT, =[A(1,/AV)]? (10)

The ion density (n;) is obtained from the electron
saturation current using the equation

I, = Aen, (KT, /2zm)"'? (11)

Where A is the probe area, e is the magnitude of the
electronic charge, m is the electronic mass and K is the
Boltzmann constant [16].

h/cm
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Fig. 1. The schematic construction of the experiment
1—Observation window ,2—Langmuir probe ,3—Valve ;
4—vacuum pumps , 5—vacuum gauge , 6—RF electrode
coil; 7—gas supply 1; 8—Substrate  holder
9—gas supply 2; 10—the window for OES measurement
11—Monochromator ,; 12—computer.

4. Results and discussion
4.1 Radial distribution profile by model

The calculated ion density (charge pressure: 0.5 Pa,
plasma power: 120 W) in Fig.2 exhibits the typical profile
[17]. The maximum value of the argon ion, Ar’, and the
metastable argon atomic, Ar’, appears just in the center of
the reactor. It is interesting to note that the value ranges
from 2x10° cm?to 1.75x10"%cm>and from 1x10* cmto
7.667x10" cm™ | respectively. The walls of the discharge
chamber as sinks of charged particles; electrons are
absorbed at the walls, and ions are converted into neutrals.
As a result, plasma density is spatially non-uniform
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exhibiting a maximum in the center. According to
reference [18], the decrease of the electron density from
the center towards the boundaries may be caused by the
confinement of electrons with a low total energy.
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Fig. 2 Ar* and Ar* density distributions calculated by
modeling

It is well known that Ar" is generatd at the first
excitation energy (11.55 eV) and Ar* is produced at the
ionization energy (15.76 eV) [19].We can see that the
excitation potential of Ar” is lower than that of Ar*. The
bulk of the particles have a low energy while a small
fraction has a much higher energy [20]. So the Ar” density
is several ten times of Ar* density.

4.2 OES experiment verification

For verification of the calculated result, we first
examined the ratio of Ar” to Ar* by OES then diagnosed
the ion density radial distribution by Langmiur single
probe.

The effects of radiofrequency (RF) power on the
intensity of the spectra at the location h=0.5cm were
investigated, as shown in Fig.3 with keeping the total
pressure at 0.5 Pa.
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Fig.3 Optical emission spectra of Ar plasma

The emission intensity of particular wavelength from
an excited state is proportional to the concentration of
species in that excited state [21]. The optical emission
spectral shows that the intensity of emission increases
linearly with RF power. Increase of RF power causes more
ionization, which in turn increases the population of
various energy levels associated with the ions leading to
the increase in integral intensity.

It can be seen in this spectra the relative intensity of
low excitation state of argon atomic (415.5 nm) is higher
than that of high excitation state of argon ion (488 nm).
The reason is that the electron energy is not high enough
to excite the high level spectrum line in ICP [22].

Due to the lack of the method of directly measuring
Ar” density, we adopted ratio of argon atomic (415.5 nm)
line intensity to argon ion(488 nm) line intensity measured
by OES, lyiss/lags, as the index of the ratio of Ar” density
to Ar* density, Ar/Ar. Namely, the value of lsss/lags
should be proportional to the value of Ar/Ar" . The
comparison result is investigated under different RF power
and shown in Fig. 4, in which the discharge pressure is 0.5
Pa.

The calculated value, Ar’/Ar*, and the experiment
value, l455/1468, are basically proportional and the ratio
keeps constant under different powers. It proves to some
extent, that the calculated Ar~ density is reliable. Though
the electron energy distribution function (EEDF) is
non-Maxwellian for the lower pressure discharge, electron,
fast argon ion, and especially fast argon atom impact
excitation from the ground state are important production
processes [23]. Then in the numerical model, the
assumption of Maxwellian electron energy distribution has
a slightly effect on the distribution of Ar™ density.

From Fig. 4 we can also see the two lines are not
parallel complete. The electron density increases with
increasing of the RF power. Then EEDF tends to
Maxwellian distribution from non-Maxwellian while the
increasing of the electron density [24]. Since the EEDF
transforms, the l455/1488 also changes. So the result of
numerical model which assumes Maxwellian distribution
is slightly different with the OES.
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Fig. 4 The comparison spectral line l155/1438 measured
from OES with Ar*/Ar" calculated
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4.3 Langmuir probe verification

We compared the calculated ion densities to those
experimentally measured. Fig.5 (a) and (b) show the
two-dimensional distributions of the ion density (based on
four lateral profiles at h=0.5, 3, 7, 10 cm). It is observed
that the charged particle density is rather uniform in the
radial direction from z=0 to z=6 cm.
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Fig.5 (a) The Ar" density radial distribution calculated

under discharge pressure 0.5 Pa and RF power 120 W.

(b) The Ar*  density radial distribution measured under
discharge pressure 0.5 Pa and RF power 120 W.

In comparing the calculated values to the
experimentally measured ones, it becomes clear there is
good agreement between the model’s predictions and the
experimental measurement at h=0.5 cm and h=3 cm. Due
to the limitation of probe shape, we can not measure the
ion density from r=6 cm to r=10 cm. Then the model gives
the detail distribution in the region. We can also see the
calculated value approach each other from r=6 to r=10 cm.
It can be observed at r=6 cm in experimental value, too.
These changes are generated by flow vortexes at the
plasma outlet, which has been already reported by several

authors [25]. There is a short distance between substrate
holder and outlet in our equipment but it does not appear
in the model. The flow vortexes can be generated. The
flow vortexes absorb more energy from antenna and
disturb uniform distribution of ion density. These make the
ion density increase at the position.

Additional, calculated data are larger at h=7 cm and
h=10. There are several points to make. Firstly, the actual
absorbed power is less than the input power of the power
supply since the supplied RF power is partly reflected and
dissipated in the antenna. Secondly, there is energy losses
associated with the various species, which are not
considered by the numerical model [26].

However, we note that the peak values of calculated
data appear at h=10 cm while those of experimental data at
h=7 cm. Some shortcoming can be neglected on plasma
parameters, for example the wall of reactor is composed of
quartz (location from h=9 c¢cm to h=25 cm) and stainless
steel (location from h=0 cm to h=9 cm) in our equipment
but the wall is only quartz in numerical model. Metal can
reflect electromagnetic waves, resulting in the energy can
be reabsorbed by plasma. So the maximum value appears
at lower (h=7 cm) location.

If the plasma model is applied to real processes, all
assumptions which are made on plasma symmetry, coil
geometry, plasma radiation are only approximate. The
experiment equipment is not symmetrical completely
which includes observation window and the window for
OES measurement. That leads that Langmuir probe
measurements have an off-axis maximum for the ion
density at some location (h=7 cm).
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Fig.6 Variation of ion density calculated and measured
of various power at discharge pressure of 0.5 Pa.

Fig.6 shows the ion density profiles of simulation and
experiment at various powers at the location h=0.5cm and
r=0 cm. The ion density is found to increase greatly with
increase of RF power. The signal is agree with the result of
OES above. The ion density n; is as follow

r]i = Pabs/(eU BAeff gT) (12)
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where P, is the excited power, Ug is the Bohm speed, e is
the magnitude of the electronic charge, Ac is the loss

effect area of particle, and & is the energy of Particle.

From this equation, we can see the ion density also
increases linearly with power [24].

5. Conclusions

A two-dimensional model has been developed for
simulating the behavior of inductively coupled plasma
torches, using customized CFD commercial code CFDRC
(CFDRC research  corporation, Huntsville, USA).
Calculation of Ar* and Ar" density distributions of an
inductively coupled plasma are presented. The predictions
seem to be reasonable fundamentally and are similar with
OES and Langmuir probe observation in some aspects.
The Ar" density is several ten times of Ar* density. The
ICP plasma has fine uniformity and the ion density reaches
about 1.75x10" cm™ under RF power 120 W and
discharge pressure 0.5 Pa. The flow vortexes can affect the
Ar* distribution at the plasma outlet.

Due to the model contains several simplifications, the
measured Ar" distributions reveal that an off-axis
maximum in some location is generated and the peak
value appears at lower location. These are not observed by
calculated distribution. The model and verification
methods seems to not to sufficient to describe the density
distributions exactly then it is necessary to improve the
model and study the OES further.

The inductively coupled Ar plasma by means of
optical emission spectroscopy (OES) is studied under
different conditions which show the relative intensity of
low excitation state of argon atomic (415.5 nm) is higher
than that of high excitation state of argon ion (488 nm).

Changing the RF power, the probe analysis shows that
the ion density increases linearly with the increasing of the
RF power.
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