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A Two-dimensional Steady State Simulation Study on the Radio

Frequency Inductively Coupled Argon Plasma

Ho-Jun Lee, Dong-Hyun Kim and Chung-Hoo Park

Abstract - Two-dimensional steady state simulations of planar type radio frequency inductively coupled
plasma (RFICP) have been performed. The characteristics of RFICP were investigated in terms of power
transfer efficiency, equivalent circuit analysis, spatial distribution of plasma density and electron tempera-
ture. Plasma density and electron temperature were determined from the equations of ambipolar diffusion
and energy conservation. Joule heating, ionization, excitation and elastic collision loss were included as the
source terms of the electron energy equation. The electromagnetic field was calculated from the vector po-
tential formulation of ampere’s law. The peak electron temperature decreases from about 4eV to 2eV as
pressure increases from 5 mTorr to 100 mTorr. The peak density increases with increasing pressure. Electron
temperatures at the center of the chamber are almost independent of input power and electron densities line-
arly increase with power level. The resuits agree well with theoretical analysis and experimental results. A
single turn, edge feeding antenna configuration shows better density uniformity than a four-turn antenna
system at relatively low pressure conditions. The thickness of the dielectric window should be minimized to
reduce power loss. The equivalent resistance of the system increases with both power and pressure, which
reflects the improvement of power transfer efficiency.
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1. Introduction

Low-pressure radio frequency inductively coupled plasmas
are widely used as important sources for materials processing
applications such as the etching of nano-structures and thin
film deposition [1,2,3]. For the designing and manufacturing
of the plasma systems for these applications, we must under-
stand the effects of key design parameters and process vari-
ables on the system performances and plasma characteristics
quantitatively. Although there have been many experimental
and simulation studies on the RFICP, the investigations on the
relationship between design parameters and characteristics of
plasma systems are still quite limited. [4-9] With this back-
ground, we investigate the effect of process parameters and
antenna configuration on the plasma characteristics such as
electron density, temperature and equivalent impedance
through simulation studies.

2. Modeling

The major parameters to be calculated in our simulations
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are spatial distributions of plasma density, electron tem-
perature and power absorption. The considered neutral spe-
cies is Argon. The control parameters are process pressure,
total input power and the antenna geometry. Steady state
plasma density and electron temperature were obtained
from the following ambipolar diffusion and energy balance
equations.[10]

-V-(D,Vn)=vn (1)
V- (k) =020 kT, - ZKg, @

Here V, represents ionization frequency and k is the
boltzman constant. At the boundary of the plasma chamber
the electron density was set to zero. The ambipolar diffu-
sion coefficient D, is given as 0.5788m”/ sec/P(Torr).f11]

The ionization and excitation frequency was given as
follows. These are the fitted values from the data presented
in reference [6].

v, = 5844107 N, - T, exp(— o2

)

e

S K& =116(eV) N, -n, 371107 . T *™ exp(—=2 1;'14)

Here, N, is neutral particle density and T, is in the eV
unit. The ambipolar diffusion approximation assumes that
the ion and electron flux is balanced at each local position.
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It is equivalent to a quasi-neutral plasma approximation. In
this case, we can have a very fast simulation at the expense
of the accuracy of the electron and ion density profile and
information on the plasma potential distribution. However,
at low pressure with a finite chamber dimension the appli-
cability of this model breaks down because the potential
distribution cannot be neglected. This can be resolved by

two fluid treatments accounting for a curl-free electric field.

Equation (2) represents the balance between conductive
heat flux and energy gain (or loss). A Neumann type
boundary condition o7, =0 was applied. The physical

on
meaning of the condition is that all the power is consumed
within the chamber and there is no heat flux outgoing from

the vessel. &, is the thermal conductivity.

kT
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The source terms of equation (2) consist of ohmic heat-
ing, elastic and inelastic energy loss terms. For inelastic
loss, both ionization and excitation energy loss are in-
cluded. The energy relaxation frequency Vv, is given as a
function of temperature and mass of the electrons and neu-
tral atoms.[12]

Ve = dvVy(Te - Ty), 8 = 2m /M

The temperature of neutral particles T, was assumed to
be 300K. The ohmic heating can be obtained from the elec-
tric field and conductivity of the plasma.

Q:lRe(a)E2
2

_dn |
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Here Vv, and @ are electron-neutral collision fre-
quency and excitation angular frequency (2mx13.56x
10%rad/sec) respectively. It should be noted that the con-
ductivity used in this paper could deal with only the colli-
sonal heating of electrons. However, in a low-pressure re-
gion with v <@ (v, =w at about 25mTorr for
13.56MHz) collisionless heating becomes important if the
electron temperature is high enough for the electrons to
travel the distance characterized by the scale length of the
field inhomogeneity within a period of the time varying
field. Therefore, the power absorption results presented
here are somewhat underestimated for the low-pressure
conditions. A detailed analysis on the collisionless heating
can be found in ref.[13][14].

The induced rf electric field was calculated from the
vector potential formulation of Ampere’s law, which can be
written as

Vx(AVxd)=—jocd+J,, €)
7

E:—ja);l

Jext 1s the external current source. At the outmost domain
boundary, a perfect magnetic insulation condition was ap-
plied. This means a perfect shielding of the rf field.

Fig. 1 shows the schematic diagram of the simulation flow.
The plasma module returns conductivity to the electromag-
netic (EM) module and the EM module returns power ab-
sorption. The EM module checks the total power absorbed
and compares it with the desired power level given as an
input parameter, and updates the source current density.
After a few iterations, we could obtain self-consistent solu-
tions. The differential equations were solved by using high
level language based on the FEMLAB.[15]

Input Power Pressure Discharge geometry
1 ! J
L

[ I

Electron Density (T,) Conductivity| Field Analysis (A, E field)
Plasma Deusity (N,) S *Ampere law
T — «Induced Electric field
—
*Ambipolar Diffusion Power
«Energy Conservation Deposition Q
L

Iterative Calculation with updating J,,,

Fig. 1 Schematic diagram of the simulation flow

Fig. 2 shows the model geometry used in our study. The
cylindrical vessel consists of an rf shielder, rf window and
antenna for power coupling. Two types of antennae, single-
turn and four-turn, were applied. The diameter and height
of the plasma chamber are 15cm and 20cm respectively.
Although the multi-turn antenna is spiral type in reality, we
modeled it as concentric circular loops. Since the vector
potential produced by the circular current loops has only an
azimuthal component and plasma conductivity is isotropic,
the vector potential throughout the calculation domain and
induced electric field inside the plasma also have azimuthal
component Ag only.

3. Results and Discussions
3.1 Spatial Distributions of Plasma Parameters

Fig. 3 shows the spatial distributions of plasma density
(a), electron temperature (b), power absorption (c), and
ionization rate (d) for the condition of pressure 10 mTorr
and power 500 W. Power absorption occurs near the di-
electric window and antenna, which reflects the profiles of
tf electric field intensity and skin effect. The maximum
power transfer was about 1.6 W/cm®. Although the power
absorption is severely localized, the electron temperature
variation throughout the chamber shows only about 20%
due to heat transport. Plasma density at the center is
3x10'%m®. The location where the highest ionizations oc-
cur is shifted 10cm from the center due to the electron
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temperature distribution.

The maximum generation rate for this condition is about
5x10"/sec/cm’. Figs. 4 (a) and (b) are distribution of elec-
tron density and temperature for a higher pressure condi-
tion, 50 mTorr. As the pressure is increased, the diffusion
coefficient becomes smaller and the location of the peak
electron density moves closer to the antenna. The electron
temperature shows more localized profiles as compared
with the low-pressure condition.

Antenna

3 1=10,200m
h

Plasma Chamber

H=10cm

R=15¢cm

¥
Fig. 2 Schematic diagram of the system

Although the ambipolar diffusion coefficient primarily de-
pends on the pressure, it is a function of T. also. However,
judging from the results, the variation of T, is only about a
factor of two while pressure varies by order of magnitude. So
it can be said that T, gives a rather minor effect compared with
pressure. For the spatial variation of T, it varies about 10% (at
low pressure) to 40% (at high pressure). If we include T, de-
pendency, we then have a little lower density at a lower pres-
sure condition and a little more flattened density profile at a
higher pressure because the diffusivity near the power deposi-
tion region is higher. However, the general trend and profile
will never be changed.

In case of four-turn antenna system the shape of con-
stant-temperature contour, as shown in Fig. 5 (b), is wider
in the radial direction than that of the single antenna sys-
tem, which reflects the broadening of the power absorption
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Fig. 3(a) Spatial Distribution of Electron Density(10 mTorr,
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Fig. 4(b) Spatial Distribution of Electron Temperature (50
mTorr, 500 W)

region. The location of the maximum temperature and den-
sity moves toward the center of the chamber as compared
with the single-turn case. These changes are mainly due to
the alteration of the electric field and power absorption
profile. Normalized plasma density profiles as a function of
pressure for two different antenna configurations are dis-
played collectively in Fig. 6.

For the 5 mTorr and 10 mTorr conditions, the single-turn
antenna shows better density uniformity.
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Fig. 5(a) Electron Density Distribution for Four-Turn An-
tenna (50 mTorr, SO0W)
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3.2 Pressure and power dependencies on plasma
density and electron temperature

The effects of pressure on the plasma density and elec-
tron temperature are shown in Fig. 7(a). For a single-turn
antenna, the maximum density monotonically increases
with pressure. Density at the center of the chamber in-
creases with pressure up to 10 mTorr, and then gradually
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Fig. 7(a) Electron density and temperature as a function of
pressure



250 A Two-dimensional Steady State Simulation Study on the Radio Frequency Inductively Coupled Argon Plasma

1.4x10" ————————
—=®— Ne(maximum) o 4.0
18 O~ Ne(center)
123107k L - @ Te(maximum)
o —O— Te(center) {35
1.0x10" | m
©
E ° {30 &
S u 0 g
= 7 )
»2 8.0x10 o i §
8 [ N d25 g
& 17 g o ]
£ 6.0x10" - . @ g
2 : 3
w O d20 &
o o °e
4.0x10" | '
0x10 . o
o o 118
20x10" F * Experiment (300W)
1 N I 1 1 1 1 1.0
0 25 50 75 100

Pressure(mTorr)

Fig. 7(b) Electron density and temperature as a function of
pressure (500W, four-turn antenna)

decreases. This is due to the fact that as the pressure in-
creases the plasma becomes less diffusive and the density
profile tends to follow the spatial distribution of electron-
ion pair generation. On the other hand, for four-turn an-
tenna as shown in Fig. 7(b), both maximum and center
density increase with pressure because the location of the
power absorption is shifted toward the center. The calcu-
lated result shows good agreement with the experimentally
measured result [3].

Electron temperature decreases and the relative differ-
ence between maximum and center temperature increases
with increasing pressure.

Input power dependencies are shown in Fig. 8. Densities
increase almost linearly with power. While the peak elec-
tron temperature increases chamber remain constant.

3.3 Equivalent circuit parameters

Inductive power coupling between antenna and plasma
is analogous basically to a transformer. The antenna acting
as a primary coil and current loop of the plasma serves as
the secondary coil.

From a practical point of view, the impedance seen from
the antenna terminal (input port) is very important because
a matching network should be designed based on this im-
pedance. Furthermore, equivalent input resistance is
closely related to the power transfer efficiency.

Fig. 9 shows the calculated value of resistance and re-
actance of the total load seen from the primary side. It
should be noted that the resistance comes purely from the
plasma itself since we do not account the conductivity of
the copper coil. So without plasma, we can only have an
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Fig. 8 Electron density and temperature as a function of
input power (SmTorr and 100mTorr, one-turn an-
tenna)

induction field. In this situation the resistance seen from
the input port is zero and the reactance depends on the ge-
ometry such as the location of the antenna. When there is
plasma, conduction and polarization current (inductive in
nature) arise, the effect of plasma on the resistance seen
from the input port is expressed as a real part of the electric
field at the location of the antenna. Terminal voltage can be
obtained by the line integration along the antenna. We used
the following approximation.[16]

V. =27RE,

Here £, is averaged over the antenna cross-section and
R is the distance between the axis and center of the antenna.
It is lumped element approximation, which is useful from a
practical point of view. The validity of this treatment can
be checked by comparing p 1 R 1,* with the volume

I; 2 r

integral of the absorbed power. For all cases, the differ-
ences never exceed 1%. The reactance seen from the input
port can be calculated by the same method.

V. =27RE,
v,

oL, =—
1,

The difference between the reactance with and without
plasma simply tells the effective reactance of plasma. If the

system is truly quasi-static, time average magnetic energy

should be matched with the value of p _ 1 LI In our
r 4 2
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cases, the discrepancies were found to be 2-3%.

When the pressure increases, the resistance increases and
the reactance decreases. This means an improvement in
power coupling. For a single-turn coil, power transfer effi-
ciency 1 can be directly obtained from R, as

R

— P .
n R, +R,

Here R is the resistance of the antenna coil at the oper-
ating frequency.

Several facts are responsible for the improvement of
power coupling and efficiency with increasing pressure.
Firstly, the real part of plasma conductivity increases due to
the increment of collision frequency. Secondly, plasma
density increases, which also leads to an enhancement of
the conductivity value. Thirdly, the high-density region is
closer to the primary coil at a higher pressure. This im-
proves the mutual inductance between the primary and
secondly coil. Fig. 10 shows power dependencies of
equivalent impedances for low (5 mTorr) and high-pressure
(100 mTorr) conditions. Since there is no significant differ-
ence in the spatial distribution of plasma densities accord-
ing to the input power level, the alterations of R, and
oL, are mainly due to the global changes of conductivity.
A more efficient power coupling can be obtained for higher
power conditions. However, above a certain level of
plasma density, R, and power transfer efficiency de-
creases again as seen in the highest power condition at 100
mTorr. This characteristic has also been observed experi-
mentally [3]. It can be easily understood if we consider the
power transfer of the transformer, where no power can be
transferred to both the open (extreme case of low conduc-
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tivity) and short circuit (extreme case of high conductivity).
The thickness of the rf window significantly affects R,
and @l values. As shown in Fig. 9, it is evident that a thin
window is advantageous to improving the power transfer
efficiency.
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Fig. 10 Equivalent Impedance seen from antenna terminal
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4.Conclusions

Spatial distributions of electron density and temperature
of the planar type rf inductively coupled Argon plasma has
been calculated from a simple model that includes ambipo-
lar diffusion, energy conservation and quasi-static electro-
magnetic field analysis.

In addition to the effects of the typical process parameter,
we presented the influences of design parameters such as
antenna geometry and thickness of rf window on the char-
acteristics of the plasma device. The calculated results
agree qualitatively with experimental results. The equiva-
lent circuit parameter reported in this paper can be used in
designing the electrical interface between a plasma system
and rf power amplifier.
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