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The application of plasma technology to semiconductor fabrication, i.e., plasma processing is one of the great

Chapter 1 Introduction

successes of sciences. Sputtering using dc- or ri-driven magnetron discharge is one of the most commonly used
techniques for fabrication of thin films. Currently, the size of silicon wafer or liquid crystal display is increasing
year by year. Consequently, development of sputtering apparatuses based on experimentally obtained design
parameters is becoming exorbitantly expensive. The method of accurately simulating magnetron discharge
structures is expected to reduce the cost of research and development. Therefore considerable efforts have been
made to model magnetron discharges using the various models. Typical pressure in planar magnetron discharges
is less than 5 mTorr. Hence, to obtain a detailed description of the magnetron discharge we should use particle
models. Objective of this thesis is to clarify the structure of dc and rf magnetron discharges by use of the
particle-in-cell/Monte Carlo (PIC/MC) method. Particularly, modeling of rf magnetron discharges, which is
really a challenging problem because of its intensive computational task, is successfully carried out for the first

time.

Chapter 2 Analysis of Electron Swarm in Argon by the Test Particle Monte Carlo Method

The electron—atom collision should be treated as accurately as possible to perform reliable discharge analysis.
In the analysis of magnetron discharges in the following chapters, argon gas is assumed as working gas of
discharge. Therefore, in chapter 2 the analysis of the electron swarm in argon was performed to verify the
validity of the collision model and the cross sections for electron—argon-atom collisions used in the present
discharge analysis. The swarm simulation was performed by use of the test particle Monte Carlo method to
obtain electron swarm parameters such as drift velocity, diffusion coefficient, and ionization coefficient. These
swarm parameters were compared with experimental and calculated data of other researchers. The results are
summarized as follows.

1. Agreement of the obtained swarm parameters with other experimental and calculated data was found to
be very well; even the snapping of the swarm parameters at a certain value of reduced electric field was

reproduced.

2. Also it was found that in high energy region the swarm parameters are strongly affected by the forward

scattering of electrons, e.g., the snapping of the drift velocity results from increasing forward scattering.

— 195 —



3. Therefore, the application of the present collision model to discharge analysis of argon plasma is recom-

mendable and hence, reliable discharge simulation can be expected.

Chapter 3 Three-Dimensional Analysis of DC Planar Magnetron Discharge by the Particle-in-
Cell/Monte Carlo Method

A particle-in-cell/Monte Carlo simulation method applicable to the analysis of three-dimensional dc planar
magnetron discharges was proposed. Using this method, the structure of dc magnetron discharge with agp
axisymmetrical magnetic field was clarified; the effects of magnetization M of the magnet and the secondary
electron emission coefficient v on the discharge structure were examined. The axisymmetrical magnetic field is
formed by the two concentric cylindrical magnets on the back of the target. The centers of N and S poles are
at 7 = 25 and 50 mm, respectively, where r is the radial distance measured from the axis of the magnets. The

results are summarized as follows.

1. The spatial distributions of the electric field, electron and ion densities, and charge density clearly show
the formation of an axisymmetrical sheath near the cathode. The thickness of the sheath varies in the
radial direction and the sheath is thinnest at the mid-point of N and S poles. The weak sheath is formed
in the vicinity of the anode. The overall features of electric field and electron density near the mid-point
of the two poles (r = 41 mm) are analogous to those for unmagnetized discharge.

2. The thickness of the cathode sheath at the mid-point decreases with increasing magnetization M or
emission coefficient 4. As M increases, electrons are trapped in the region nearer to the cathode. This
trapping results in shifting the location of the peak ionization rate and hence the peak electron density
toward the cathode. Since plasma is apt to keep charge neutrality, the location of the peak ion density is
also shifted toward the cathode. Consequently, as M increases, the location of the peak charge density is
shifted toward the cathode and hence decrease in sheath thickness occurs. The simulated results clearly
support this physical image. The sheath thickness d; calculated follows well Lan Gu and Lieberman’s
similarity law (d; o< V7/8/1*/2B/*). The effect of v on the magnetron discharge is qualitatively analogous
to the dc glow discharge.

3. The effect of M on the electron density profile has shown a qualitative agreement with that on the
measured emission proﬁle. although the latter was obtained under a constant current, not constant voltage
as in the present work.

4. The ion flux onto the cathode is uniform in the circumferential direction; no instability appeared for the
four cases studied. Also the spatial distributions of mean electron and ion energy are examined. The
distribution of the electron energy reflects the complicated E X B motion. The ion energy takes the
maximum on the cathode. The maximum ion energy is about 60% of the cathode potential. The peak
positions of ionization rate, excitation rate, and electron density are different; the peak of ionization rate

is closest to the cathode and the peak electron density is farthest from the cathode.

Chapter 4 Chaotic Dynamics of Three-Dimensional DC Magnetron Discharge

Magnetron sputtering apparatuses with large racetrack-like magnets are often used for thin film deposition on
liquid crystal displays. In this chapter a full three-dimensional PIC/MC simulation of dc magnetron discharge
with racetrack-type magnets have been performed to examine low-frequency turbulence in the discharge. The
results are summarized as follows.

1. Some kind of low-frequency wave appeared in plasma under certain discharge conditions of low applied
voltage or weak magnetic field strength.
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9. The power spectra of the electron density fluctuations were found to be continuous, which means a chaotic

change.

3. Such a low-frequency plasma turbulence were experimentally observed in dc magnetron discharges by
others. Therefore, PIC/MC simulations by use of a supercomputer such as the one reported in this work
may make it possible to open the veil of complicated phenomena caused by a collective motion of plasma.

Chapter 5 Axisymmetrical Analysis of DC Planar Magnetron Discharge by the Particle-in-
Cell/Monte Carlo Method

The analysis in chapter 3 showed that the discharge is free of azimuthal instabilities and truly axisymmetrical
for the four discharge conditions studied. Therefore in the present chapter a fast Poisson solver for axisymmet-
rical electric fields was developed to analyze axisymmetrical discharges. By use of the solver an axisymmetrical
PIC/MC analysis of dc magnetron discharge was performed for the same magnetron sputtering apparatus as
that treated in chapter 3, assuming that the electric field is axisymmetrical. The effects of the applied voltage
and magnetization on the plasma structure and current—voltage characteristics have been clarified. The results

are summarized as follows.

1. The cathode sheath thickness d; increases as the applied voltage V. increases, and d; decreases with
increasing the magnetization M of the magnets. This can be explained from the effects of V, and M on
the location of collisionless cycloidal E x B motion of electrons near the cathode; the location is shifted
toward the plasma bulk with increasing V. and toward the cathode with increasing M. The effect of V,
on the sheath thickness is similar to that of unmagnetized discharge.

2. Differently from many experimental results, the simulated discharge showed a negative current—voltage
characteristics; the current I peaks at a moderate voltage 400 V and then decreases with a further in-
crease of the voltage. The result can be explained based on Lan Gu and Lieberman’s similarity law
I o VA /d2M*/? for the magnetron discharge with circular magnetic field lines, where dj is the sheath
thickness. At voltage less than 400V, the effect of V; on the sheath thickness is small and hence the
current increases with voltage. As the applied voltage V, increases further more, the sheath thickness d;
increases; increase of d; causes reduction of the ion current due to the energy loss of Art by increased
elastic and charge exchange collisions. That is, there is an optimum voltage for the magnetron discharges.
For the optimum voltage (400 V), the ion current is maximal and plasma density is highest. This is due to
the best coupling of electric and magnetic fields. For voltage higher than 400V, ionization by secondary
electrons occurs less efficiently because of the reduction of ionization cross section. It is concluded that
the essential characteristics of the present dc magnetron discharge can be explained based on Lan Gu and
Lieberman’s similarity law. In general, the ion current increases with decreasing the ratio of ion energy

loss to applied voltage.

Chapter 6 Axisymmetrical Analysis of RF Planar Magnetron Discharge by the Particle-in-
Cell/Monte Carlo Method \

An axisymmetrical particle-in-cell/Monte Carlo analysis of rf planar magnetron discharges was performed.
The simulation procedure used here is the same as that used in chapter 5, except for an addition of the treatment
of dc self-bias which appears on a powered electrode in rf-driven discharges. The discharge structure of argon
at frequency of 13.56 MHz and voltage amplitude of 200 V was clarified for four discharge conditions. That is,
various plasma parameters such as electric field, plasma density, discharge current, electron power deposition,
and electron and ion energy were examined by varying the magnetic field strength and the secondary electron
emission coefficient. The results are summarized as follows.
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10.

11.

. The spatial and temporal distributions of the electric field, electron and ion densities, and charge density

clearly show the formation of an axisymmetrical sheaths near the powered and grounded electrodes. The

time-modulation of the sheaths is much smaller than the case of rf discharges with no magnetic field.

. Even in the bulk region of the plasma, the electric field is noticeably time-modulated, which never occurs

in usual rf argon discharges without magnetic field.

. The effects of magnetization M of the magnet and secondary electron emission coeflicient v on the electric

field, plasma density, and charge density are similar to those in dc magnetron discharges, e.g., the sheath

thickness decreases with increasing M or ~.

. The dc self-bias, Vy, that appears on the target (powered electrode) due to the asymmetry of the discharge

caused by the applied dc magnetic field is slightly positive for M = 0.25 T and it decreases and becomes
negative with a further increase of M.

. The effect of M on Vg, is contrary to other’s experiments of magnetron discharges performed under the

condition that the magnetic field is parallel to the target (powered electrode). The different effect of M
on V3. between the present results and the experiments can be explained from a different mechanism of
electron transport to the target; in the present model electrons moving along circular magnetic field lines
can reach the target through the regions where the magnetic field lines are nearly perpendicular to the
target, whereas electrons have to traverse the magnetic field lines to reach the target in the experiments

referred.

. The spatial and temporal distributions of the total discharge current show that the discharge is capacitive

even in the rf magnetron discharge. As M or v increases, the phase difference between the current and
the applied voltage becomes slightly smaller in agreement with experimental results.

. The larger ion conduction current flows to the powered electrode (target) than to the grounded electrode

due to the asymmetry of the discharge. This is due to localization of ion density near the target.

. The displacement current is large in the bulk region owing to a large time-modulation of bulk electric

field.

Electron power deposition occurs substantially in the bulk region due to an appreciable electric field in
the bulk. The total power deposition in the discharge space is maximal for a medium magnetic field at a

fixed 4.

The mean electron energy in the bulk region is 6~10 eV. The mean ion energy is high near the two electrodes

because of ion acceleration by the sheath electric fields.

Inelastic collisions of electrons are the main loss mechanism of the input power. That is, the total power

deposition is largest for such a discharge condition that the overall inelastic collision rate is maximal.

Chapter 7 Conclusions

First, electron—argon-atom collision model was verified by the test particle Monte Carlo method in advance of

its use in the discharge analysis. Next, the particle-in-cell/Monte Carlo (PIC/MC) simulations were performed

for modeling dc- and rf- planar magnetron discharges with axisymmetrical or three-dimensional magnetic field

to clarify the discharge structures and the correlation between system parameters and plasma parameters. In a

new future, detailed simulations of discharges such as the ones reported here will become the only tool to unveil

complicated phenomena in other types of magnetized or non-magnetized plasmas.
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