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Two-dimensional continuum modelling of an inductively coupled plasma reactor
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Abstract Numerical analysis of the transport phenomena in an inductively coupled plasma reactor was conducted with
the two-dimensional axisymmetric model including the electromagnetic field model, electron energy and species density
models. The spatial distribution of the charged species in the bulk plasma and the ion flux to the wafer have been
calculated to examine the influence of the process conditions including antenna and reactor geometry. The antenna radius

had a significant influence on the plasma state and the axial ion flux distribution.

1. Introduction

A number of new plasma sources are being investi-
gated and used in very-large-scale integrated circuits
manufacturing. High plasma density (>10"cem® is
required for high ion flux to surfaces, and hence
high throughput in etching and film deposition pro-
cesses [1]. Low neutral gas pressure (<10 mTorr) is
necessary to ensure collisionless ion transport through
sheaths for etching high aspect ratio features, such
as trenches. Inductively coupled plasma (ICP) is one
type of source that satisfies the above conditions,
with the additional advantage of simplicity of design
[2-4].

Modelling and numerical simulations of plasma pro-
cessing can be useful in many ways. An improved
understanding of a plasma processing system can be
achieved by comparing predictions from numerical
simulations with experimental observations. The opti-
mization of existing processes or the development of
new plasma processes that offer better processing
results may follow such an understanding. Modelling
and simulations based on reliable physical/chemical
modelling of a plasma-processing system can signifi-
‘cantly reduce the number of associated experiments.
Additionally, such modelling and simulations can also
be used in the computer-aided design (CAD) of new
process systems and to optimize manufacturing pro-
cesses within the framework of existing processing
systems [5,6]. Many ICP simulations reported so
far have been based on the continuum or fluid appro-
ximation [3, 4, 7-9], which 1s also adopted in this
study.

2. Modelling of ICP reactor

The model geometry of an ICP chamber chosen for
numerical simulation is an axisymmetric cylindrical
type reactor with planar coils. Several assumptions in
the discharge model are employed to simplify the
complex plasma system. Plasma state is assumed to
be steady state and electrically neutral. Ambipolar dif-
fusion is assumed so that the electron flux is equal to
the ion flux. Energy change of neutral gas by viscous
dissipation and compression is neglected. Our discharge
model do not include the electrodynamics of plasma
sheaths and the charged species motion in the sheaths,
which must be resolved for complete understanding of
etching or deposition processes on the substrates [10].

The computer simulation using the Galerkin finite
element method begins with solving Maxwell's equa-
tions for electromagnetic field to determine the power
deposition. This power deposition profile is used as
mput to the electron energy equation to determine the
electron temperature. In turn these are used in the
source term of species mass balance. These calcula-
tions are repeated until solutions are converged.

2.1. Electromagnetic model

The electromagnetic fields are obtained by solving
Maxwell's equations in terms of the magnetic vector
potential which has only the azimuthal component (Ag)
[111.
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where c is the speed of light, ] is the current density
in the plasma and p, is the permeability of the me-
dium. The induced electric field in the plasma is given
by

9A
Eez-a—te.
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Replacing A,, ] and E4 by their phasor representa-
tions, (A9=Aem, J=je”" and E9=I:Zeth) and recog-
nizing that Ag is only a function of (r, z) simplifies Eq.
(1) to the partial differential equations in cylindrical
coordinate. Boundary conditions are that Agx and Aj;
are zero along all the boundaries except at the top of
the chamber where Ag is nonzero. The variation of
Ag at the top of the chamber is obtained by applying
the Biot-Savart law to each loop of the antenna [11-
12]. The vector potential due to each turn of the
antenna is given by

2n
A=t j ws0d9, ®
where I is the amplitude of the RF (Radio Frequency)
current through each turn of the antenna and is the
radius of the loop. R is the distance between the
antenna of the loop and the boundary position and var-
ies with ¢:

R’=r’+d°+a°-2racos¢, 4)

where d is the distance between an antenna and the
discharge/quartz window interface, that is, the thick-
ness of the dielectric cap.

The power deposited from antennas is given by

Pe=3Re(rlE). ®)

Electrons are heated by this inductive coupling by
currents that are induced inside the plasma by time
varying currents in the RF coils. In addition, there
may be capacitive coupling in which plasma electrons
respond to RF voltages on the inductive coil and
chuck [13]. Capacitive coupling is not considered in
the present model because that is usually a secondary
heating process in ICP processes.

2.2. Electron energy model

The electron energy balance is

V'qe+eJe'E'Pext+Pc0]1:0r (6)

Table 1
Reaction set of Ar discharge

Reaction H; (eV) Rate coefficient
(cm’/s)

Ar+e—Ar' + 2e 17.7 1.0x107 exp
-17.7/T)

Ar+e—Ar +e 11.6 5.0x10” exp
(-11.6/T)

A + e Art + 2 4.14 2.05x107 exp
(-4.95/T,)

Ar +esAr+e -1156  2.0x107

Ar' + Ar 5 Art +Ar4+e - 6.2x10™

with the electron energy flux given by
5
QCZ'KCVTe+ékTeJex (7)

where the thermal conductivity of electron is K, = 3/2
kT.D.n,. Py accounts for energy loss due to all elec-
tron collisions:

Ple:S;—l:nev(kTe—kT)+2HjR,. ®)
i

Here, R; denotes the j-th reaction rate and H; is the

energy loss due to j-th reaction, which are given in

Table 1. Boundary conditions are that the electron

energy flux on the walls is zero because we assume

that the secondary electron flux is zero.

2.3. Species density model

The ambipolar diffusion-reaction model is used for
obtaining the electron density distribution. The mass
balance of electron at steady state is

VYR =0 ©)
j

The electron flux is the superposition of the diffu-
sion due to concentration gradient and the drift due to
the electric field. J. is given the by

J.=-D,Vn,, (10)
where D, is the ambipolar diffusion coefficient given
by
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Then, the electrostatic plasma field, E,, is expressed
by
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E,=-vV,=—ioe V0 (12)
where V, is the electrostatic plasma potential.

The electron flux on the walls is equal to the ther-
mal flux perpendicular to the walls. Since the thermal
speed is very high, the electron density on the walls
is nearly zero. The continuity equation of meta-stable
atom is expressed similar to that of the electron.

3. Result and discussion

Numerical simulations have been conducted to exa-
mine the influence of the process conditions and
antenna geometry on the plasma state and ion flux
distribution to the wafer with argon gas. The simula-
tions were performed based on the reactor geometry
described in Fig. 1, where chuck radius (R1), chamber
radius (R2), chuck height (H2) and distance between
inlet and chuck (H1) were set at 11.9cm, 14cm, 3.5
c¢m, and 7 cm, respectively. Solutions of the governing
equations were obtained for the standard case of which
conditions are listed in Table 2.

The contours of the azimuthal electric field for the
standard case are presented in Fig. 2 (a). Because the
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Fig. 1. ICP reactor with planar coils.
Table 2
Standard process condition
Descriptions Values
Chamber pressure 10 mTorr
Number of antenna 1
Antenna radius 7 cm
Thickness of dielectric cap 1cm
Antenna current 33.475A
Frequency 13.56 MHz

electric field is induced by the time-varying magnetic
field around the antenna coil, its distribution is very
non-uniform and it has a peak at the antenna location.
The maximum electric field is 1.851 V/cm at the top of
the chamber in the same radial position with the
radius of antenna and decays rapidly away from the
antenna. With the induced electric field the power
deposition profile can be determined, as shown in Fig,
2 (b). The power deposition is concentrated around
coil and the total power absorbed in the plasma is
about 200 W.

In ICP reactor electrons are heated by the induced
electric field and absorb power from the antenna coil,
so that the non-uniform electric field distribution
results in non-uniform electron temperature distribution
and plasma generation. Electron temperature and
plasma density distributions are shown in Fig. 2 (¢)
and (d). The maximum electron temperature is 3.185
eV at the peak of the electric field. In spite of power
deposition being limited to the region directly below
the coil, the long mean free path for electron transport
produce fairly warm electrons. The electron density
has the maximum value of 3.78x10"/cm® that appears
at 3.5cm below the quartz plate on the axis of the
chamber. For this relatively large chamber aspect ratio
the plasma density peaks at the center of the dis-
charge, since electron and ion transport are dominated
by the large radial ambipolar diffusion gradients. In the
other ext- reme, where the transport is dominated by
the large axial ambipolar diffusion gradients, the
plasma density peaks off-axis. Thus, there is an opti-
mal chamber aspect ratio with which the ion flux dis-
tribution to the wafer is the most uniform. Electron
density decays toward the walls. However, in contrast
to the low-plasma-density capacitively coupled reac-
tors, the electron density is quite high even very near
the wall [8].

Ion flux to the wafer calculated from the obtained
solutions for the standard case is in the range of 6~16
mA/em®. This distribution shows good uniformity in
the central region up to the radius of 5 cm but the ion
flux decreases with the radius. Near the wafer edge,
the ion flux is about 43 % of the flux at the center.

Antenna coil placement, above all other design vari-
ables, directly affects the plasma state. Power deposi-
tion occurs dominantly in the proximity of the coil,
and the distribution of electron source reaction rate
can be controlled by changing the coil placement. To
demonstrate the effect of coil placement on the plasma
state, the numerical simulations were performed for
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Fig. 2. Solutions of model equations for the standard case. (a) Induced azimuthal electric field distribution (V/cm),
(b) power deposition (W/em®, (¢) electron temperature distribution (eV), and (d) electron density (x 1¢"em®).
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various antenna radius. As the radius of the coil the coupling of plasma with the antenna, but it may

increases, the reaction rate of the electron generation increase the undesirable capacitive coupling between

increases and the peak point of these values migrates the antenna and the plasma.

from the center region toward the reactor wall. The electron temperature is proportional to the
Decreasing the thickness of dielectric cap improves absorbed power and the peak density is shown to
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Fig. 3. Effect of operating pressure on (a) the maximum electron density and temperature and (b) the axial ion flux to the
center of wafer and the uniformity of the ion flux.
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Fig. 4. Effect of reactor dimensions on the ion flux distribution (a) chamber height and (b) chamber radius.

mcrease linearly with the power deposition. Thus, the
axial ion flux increases linearly with power deposition
in the same way.

The reactor pressure is an important factor in the
operating condition because the pressure affects the
reaction rate, its uniformity and the properties of the
thin film in the deposition and etching processes. In
order to investigate the effect of operating pressure on
the ion flux and its distribution, simulations are per-
formed for pressure in the range from 5 to 100 mTorr.
Peak electron density and temperature for various
pressures are shown in Fig. 3 (a). The electron den-
sity increases linearly with the operating pressure, but
the electron temperature decreases due to the in-
creased energy loss by the collision with the neutral
gas. Figure 3(b) shows the axial ion flux at the center
of wafer as a function of the operating pressure and
the uniformity which is defined as the ratio of the
axial ion flux at the edge of the wafer to that at the
center.

The ion flux uniformity increases a little with the
pressure due to the migration of the peak point of the
electron density toward the chamber wall but the ion
flux has the maximum value with increasing pressure.
Although the high pressure can improve uniformity, it
is not desirable because the ion transport through
sheaths becomes more collisional and the neutral gas
temperature increases as the pressure increases (max-
imum gas temperature = 251°C at P = 50 mTorr).
Therefore, there is an optimal operating pressure
depending on process restrictions.

The reactor dimensions such as the chamber size
and the aspect ratio have important effects on the

plasma state and the ion flux uniformity to the sub-
strate. The numerical simulations were carried out
with changing the chamber height and radius. The
simulation results for the ion flux to the wafer are pre-
sented in Fig. 4. The chamber height was found to
have little influence on the ion flux under the standard
conditions because with larger chamber height the
more ions may be generated and transferred to the
wafer but this increase is compensated with the diffu-
sional losses on the chamber wall surface. But the
radius of chamber was found to have more significant
effects on the amount of ion flux and its uniformity. As
the chamber diameter increased, the amount of ion
flux to the wafer was decreased due to the radial diffu-
sion and its uniformity slightly improved. Although the
optimum size and aspect ratio of chamber could be
determined with these calculations, that is strongly
dependent of the type and placement of antennas.

4. Conclusions

Plasma model including the electomagnetic field,
electron energy and density field equations based on
the fluid approximation was built for the computer
simulation of an inductively coupled plasma process.

The plasma state in the discharge and ion flux to
the wafer were strongly dependent on the location of
antenna coil. Power deposition was limited to the
region directly below the coil, where electron tempera-
ture has its maximum of 3.185eV. The electron den-
sity peaks at the center of the discharge and has the
maximum value of 3.78x10"/cm”. The electron den-
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sity increases linearly with the operating pressure but
the electron temperature decreases. The reactor di-
mensions also affect the plasma state and the radius of
chamber has significant effects on the amount of ion
flux and its uniformity.

The results suggest that our fluid models can be-
come useful tools for determining the optimum opera-
tion conditions and coil configuration.
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