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Abstract

Using a refined two-dimensional hybrid-model with self-consistent microwave absorption, we have investigated the change of
plasma parameters such as plasma density and ionization rate with the operating conditions. The dependence of the ion current
density and ion energy and angle distribution function at the substrate surface vs. the radial position, pressure and microwave
power were discussed. Results of our simulation can be compared qualitatively with many experimental measurements. Q 2000
Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Progress in the fabrication of microelectronics re-
quires more stringent technical developments in plasma

w xprocessing 1 . Over the past several years, electron
Ž .cyclotron resonance ECR plasma has become one of

w xthe promising techniques which meets these needs 2 .
The higher plasma density produced by ECR plasma
sources at low pressure makes them particularly attrac-
tive for application in etching as well as in thin film
deposition. The current developing tendency is the
requirement of a uniform plasma over a large area with

w xless damage of the wafer by ion impacting energy 3 .
w xTherefore, many experimental works 16]18 have been
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done to understand the performance of ECR plasma
sources and the properties of corresponding plasma
processing. However, in spite of the extensive research
on processes in ECR plasma, many phenomena that
have been observed in ECR plasma sources are still
not well understood. For many processing applications,
the optimization of operation is carried out on an
empirical scale. However, there is an increasing aware-
ness that plasma models and simulations could be used
as powerful tools in increasing the general understand-
ing of plasma processing, giving insights into some
discharge parameters which are not easily accessible to
laboratory measurements. Recent progress along these
lines has been impressive and much more effort has
been made to develop computer simulation models of

w xECR plasma sources. The kinetic model 4 , the fluid
w x w xmodels 5,6 and the hybrid model 7]10 in one or two

dimensions have been presented sequentially. In many
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experimental and numerical works, the ion current
Ž .density and ion energy distribution function IEDF at

the substrate surface which are directly related to the
quality of plasma processing are of especially concern.
This article discusses not only the change of plasma
parameters such as plasma density and ionization rate
with operation conditions, but also ion current density
and ion energy and angle distribution function at the
substrate surface in an extended electron cyclotron
resonance plasma source.

2. The design features and physical model

2.1. The design features of the ECR reactor

The ECR reactor used for simulation was identical
w x Ž .to that described by Zhan 11 . A microwave 2.45 GHz

Žwas supplied to the vacuum chamber 16 cm in diame-
. Žter, 33 cm in length through a quartz window 10 cm in

.diameter, 18 cm in length . The divergent magnetic
field was established by two external coils. The axial
position of resonant zone was approximately 9]13 cm.
The wafer was located on the bottom of the chamber.
The reactor walls were grounded except the microwave
dielectric window. Argon was used as the working gas.

2.2. Physical model

Our physical model is a fluid electron-particle ion
hybrid model in two-dimensional cylindrical axisymmet-
ric geometry. Its characteristics have been described in

w xdetail elsewhere 7]10 , so the following description is
quite brief.

2.2.1. Electron description
Electron is modeled as a fluid with mass conserva-

tion

ª Ž . Ž .=? j sR n ,n ,n 1e ion e i 0

ª w Ž . x Ž .j sm n =fy= n T re 2e e e e

energy conservation

ª ª Ž .Qs2kT j ymn =T re 3ž /e e e e
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and Poisson equation
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electron density, ion density, neutral density, elec-
trostatic potential, electron temperature, electron flux,
electron energy flux, mobility, ionization rate and
permeability, respectively. P and P are the powerloss ecr
consumption for various loss mechanisms and the mi-
crowave power absorption, respectively.

2.2.2. Ion description
Ions are considered as individual particles and their

dynamic behavior is described by combining a particle-
in-cell and Monte Carlo code in two spatial dimensions
Ž . Ž .r, z and three velocity space dimensions n , n , nr u z
when they move into the applied magnetic field and
self-consistent electrostatic field. Ions are generated by
the ionization or charge exchange event.

2.2.3. Boundary conditions
The sheath in the model is assumed infinitesimally

thin. The potential discontinuity between plasma sheath
and reactor wall is defined as Dfsf yf . In as w
Maxwellian electron velocity distribution, the magni-
tude of the electron flux to the wall is

wŽ .x Ž .j sn n exp yeDfrkT r4 6ew es es es

where T , n and n are electron temperature, elec-e es es
tron density, and average thermo-velocity at the
plasma-sheath boundary, respectively. The electron en-
ergy flux is represented analogously by

w x Ž .Q skT j 2qeDfrkT 7ew es ew es

The second kind of the boundary is of dielectric wall,
where the surface potential will float with respect to
ground. The wall potential f is determined byw
the balance of the ion and electron current density

Ž .j s j at each grid point of boundary:iw ew

w Ž .x Ž .f sf qkT reln 4 j r n n 8w s e iw es th

Recently, some corrections such as self-consistent
treatment of neutral particle density, the influence of
electron-ion collision are included in this model by Wu
w x w x8 and Cronrath 12 respectively. In all these publica-

w xtions 7]10,12 , the microwave power absorption is
always assumed as a fixed functional form which ne-
glected plasma effect. However, many experiments in-
dicated that the microwave power absorption is strongly
dependent on plasma parameters at the resonant zone.
This showed that the simulation of ECR plasma has to
be performed in a self-consistent manner. Therefore,
we made an important improvement on the previous
physical model. In the refined model, the microwave
power absorption P at resonant regions has beenecr
treated self-consistently with plasma kinetic theory. For
the sake of brevity, the details of treatments are not
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w xgiven, but can be found in Liu et al. 13,14 . Here we
present only the finally expression of microwave power
absorption at the resonance zone with the assumption
of a Maxwellian electron distribution function and a
negligible vertical component of wave vector:

2v v vp 2< <P sIm 2 « 1q Z Eecr 0 p z2 2 ž /½ 5k n k nk n 5 T 5 T5 T

2v vqvp c 2' < <qIm 2 « Z Ey y0 p yž /½ 5k n k n5 T 5 T

2v vyvp c 2' < <qIm 2 « Z Eq q0 p qž /½ 5k n k n5 T 5 T

These terms at the right-hand side represent the
contribution of the Landau damping, the anomalous
Doppler damping and the cyclotron damping sequen-
tially, where « , n , v, v , v are permeability, ther-0 T p c
mal velocity of electron, microwave frequency, plasma
frequency and electron cyclotron resonance frequency,
respectively. E is the axial component of the mi-z
crowave electric field, E and E are the componenty q
of electric field of the left- and right-hand polarized
wave, respectively, k , ky, and kq are the correspond-5 5 5

ing wave vectors. These quantities are related with the
propagation of the microwave waves in the resonant

w xcavity chamber, and discussed in Liu et al. 15 . It is
obvious that the present microwave power deposition
profiles depend automatically on the changes of plasma
parameters.

3. Simulation results

3.1. Plasma density

Fig. 1 illustrates the dependence of plasma density of
TM mode both in the source area and the downstream
region on the neutral gas pressures. It can be seen that
plasma density grows with pressure at low pressure
Ž .below 6 mtorr , at higher pressure, plasma density
slowly decreases. This result is observed in many exper-

w ximental measurements 16 . This can perhaps be at-
tributed to the complicated dependence of ionization
rates on pressure and the imbalance of ionization and
loss of particle.

3.2. Ion energy and angle distribution function at substrate
surface

3.2.1. Ion energy distribution function ¨s. pressure at the
substrate surface

The dependence of ion energy distribution function
Ž .IEDF of TE mode vs. pressure at the substrate sur-

Fig. 1. The dependence of plasma density of TM mode vs. pressure.

face is shown in Fig. 2. The average energy, the probable
energy and the tail portion of these distributions in-
crease with decreasing pressure. These results can be
contributed to the decrease of the ion-neutral collision
and the increase of plasma potential in the low pres-
sure.

3.2.2. Ion angle distribution function ¨s. position at the
substrate surface

When an ion moves towards the substrate, its impact
angle is generally not perpendicular to the surface.
Defining the ion impact radial pitch angle as

Ž .arctg n rn , the ion impact radial angle distributionsr z
of TE mode for various radial positions are plotted in
Fig. 3. These distributions peak at larger angles at
larger radial position, reflecting the radial ion drift
motion following the diverging magnetic field lines. It is
interested that all the full width at half-maximum
Ž .FWHM of the distributions increase with the radial
positions.

Fig. 2. The dependence of ion energy distribution function of TE
Ž .mode vs. pressure at substrate surface 32-z-33 cm, 0- r-2 cm .
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Fig. 3. The dependence of ion radial angle distribution function of
Ž .TE mode vs. radial position at substrate surface 32-z-33 cm .

3.2.3. Ion angle distribution function at the substrate
surface

The dependence of ion radial angle distribution
function of TM mode and ion azimuthal angle distribu-
tion function of TE mode vs. pressure at the substrate
surface is shown in Figs. 4 and 5, respectively. It is
obvious that a lower pressure results in a smaller angle
and a narrowed FWHM of the distribution. The results
can be interpreted as follows: there is higher plasma
potential in lower pressure, so ions obtain more energy
from the electrostatic field. However, less collision of
neutral ions in low pressure results in a less energy
transfer from the parallel direction to the perpendicu-
lar direction.

Fig. 4. The dependence of ion radial angle distribution function of
ŽTM mode vs. pressure at substrate surface 32-z-33 cm, 0- r-1

.cm .

Fig. 5. The dependence of ion azimuthal angle distribution function
of TE mode vs. power at substrate surface. The positions are same as
shown in Fig. 4.

3.3. Ion current density at the substrate surface

The ion current density and its uniformity are key in
determining the performance of plasma processing. Ion
current density towards the substrate surface can be

w xestimated through the approximate expression 17 Jf
en c , where n is ion density close the wafer, c sw s w s
Ž .0.5kT rM is the Bohm velocity. The variation of ione iw

current density of the TE mode with pressure at the
substrate surface is given in Fig. 6. It can be seen that
the ion current densities increase with pressure in low
pressure and decrease greatly at higher pressure. On
the other hand, its non-uniformity increases gradually
with pressure. These features indicate that the choice
of pressure is very important for obtaining high pro-
cessing rate with good uniformity. The dependence of

Fig. 6. The ion current density of TE mode vs. pressure at the
Ž .substrate surface 32-z-33 cm, powers450 W .



( )M. Liu et al. r Surface and Coatings Technology 131 2000 29]33 33

Fig. 7. The ion current density of TM mode vs. power at the
Ž .substrate surface 32-z-33 cm, pressure s8 mtorr .

ion current density of TM mode vs. microwave power
at the substrate surface is plotted in Fig. 7. The ion
current density increase with microwave power, at the
same time, its uniformity becomes poor also. These
simulation results are qualitatively in good agreement

w xwith many experimental observations 17]19 .

4. Conclusions

In this paper, we presented a refined two-dimen-
sional hybrid-model with self-consistent microwave ab-
sorption to investigate the change of plasma parame-
ters such as plasma density and ionization rate with the
operating conditions. The dependencies of the ion cur-
rent density and ion energy and angle distribution
function at the substrate surface vs. the radial position,
pressure and microwave power were discussed. The
main conclusions can be drawn as follows:

1. Plasma density increases with pressure at low pres-
sure, and decreases at higher pressure.

2. The average energy, the probable energy and the
tail portion of ion energy distribution function in-
crease with decreasing pressure.

3. The average angle, the probable energy and the
FWHM of the IADF distribution increase with the
radial position.

4. A lower pressure results in a smaller angle and a
narrowed FWHM of the IADF distribution.

5. The ion current density increases with pressure in
low pressure and decreases at high pressure, and
increases with microwave power. Its uniformity be-
comes poorer at higher pressure and power.
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