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A Monte Carlo particle simulation and parametric models for the sheath voltage and thickness
were used to calculate the arrival phase and energy of ions striking the electrodes in low-
pressure capacitively coupled rf discharges. Ion phase and energy distributions are presented as
a function of rf frequency, ion mass, rf voltage, dc bias, sheath thickness, and gas pressure.
When the rf frequency is below the ion response frequency, the ions arrive at the electrode in
phase with the applied rf voltage. As the rf frequency increases, the highest ion arrival
probability shifts towards higher phase until, at sufficiently high frequencies, it is nearly
uniform. The transition from a highly peaked ion phase distribution at low frequencies to a
uniform distribution at high frequencies requires at least an order of magnitude change in rf
frequency. The implication of these calculations on the electron energy distribution is

discussed.

I. INTRODUCTION

Low-pressure radio-frequency (rf) discharges are now
commonly used for plasma processing of semiconductor ma-
terials.”? In order to predict the characteristics of the plas-
ma reactor and the materials produced, studies have been
performed of the electron kinetics in such systems.>** The
results of theoretical® and experimental®'? investigations
have indicated that the electron energy distribution is a func-
tion of space and time. In general, the majority or “bulk” of
the electron energy distribution is composed of low-energy
electrons with a small “tail” of high-energy electrons. The
high-energy tail of the distribution results from secondary
electrons produced by ion bombardment which are acceler-
ated by the sheath potential, and from the acceleration of
bulk electrons by the oscillating sheath boundary. Since a
portion of the high-energy tail of the electron energy distri-
bution is the result of ion bombardment, knowing the time
and energy distributions of the ions striking the electrode is
important to accurately describe the temporal and spatial
behavior of the tail of the electron energy distribution. In this
paper we report on a theoretical investigation of the time and
energy dependence of ions bombarding the electrodes in a
low-pressure rf discharge. Previous studies of ion bombard-
ment of the electrodes in rf discharges have only examined
the distribution of energies or angles of the ions that strike
the electrode.’ !> As a result, the main emphasis of this study
is the investigation of the arrival time, or phase of the ions
with respect to the applied rf voltage, and the energy distri-
bution of the ions that strike the electrode after traversing
the sheath.

The model is described in Sec. II, followed by a discus-
sion of the results for frequency, ion mass, voltage, and
sheath thickness in Sec. III. Concluding remarks are in
Sec. 1V.

1l. DESCRIPTION OF THE MODEL

The study was performed using a Monte Carlo simula-
tion similar to that previously described.!> Therefore, the
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model will only be discussed briefly. The voltage drop across
the sheath and the sheath thickness are assumed to have the
form

V(t) =max(Vy + Ve sinogt, V) (1)
and
1(t) = max(X,, + X, sinw X)), (2)

where V(t) is the time dependent voltage across the sheath,
I(#) is the sheath thickness, and w,; is the rf frequency. The
subscripts on ¥ and X denote to the time-independent (dc)
and the time-dependent (rf) components of the applied vol-
tage and sheath thickness, respectively. max (a,b) indicates
the maximum value of a or b. As our concern is with electro-
positive plasmas where the plasma potential is always posi-
tive, the function max is used to guarantee a positive sheath
potential. V. and X,;, as equal t00.001. The spatial distri-

- bution of the electric field within the sheath is chosen to be

linear and has the form

E(x,t) = Eo[l(t) — x], (3)
where
E,=2[V(t)/I(D)]. (4)

Using the above parametric models, the trajectories of
the ions in the sheath are computed using standard Monte
Carlo techniques.'*!* The ions are injected into the simula-
tion with a random velocity chosen from a Maxwellian dis-
tribution. Their initial spatial positions are greater than the
maximum sheath thickness (X 4. + X;). As previously de-
scribed,!? elastic and charge exchange collisions are includ-
ed in the simulation by specifying a mean free path 4, and
randomly choosing a collision distance /., such that

l.= —Aln(r), (5)

where r is a random number on (0,1). When the ions strike
the electrode, their energy and arrival time with respect to
the applied rf voltage are recorded.

Simulations were performed in helium and argon for
frequencies in the range of 0.1-40.0 MHz, rf voltages of 400
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800 V, dc biases of 0-300 V, gas densities of 1.0X 10'6-5.0
% 10" ¢cm ~* and sheath thicknesses of 0.5-1.5 cm.

Il. RESULTS AND DISCUSSION

Unless noted otherwise, the discharge conditions for the
simulation of helium and argon ions striking the electrodes
were a peak rf voltage (V) of 400 V, maximum sheath
thickness (X,;) of 0.5 cm, and gas density of 1.0X 10'¢
cm 3. The dc bias (¥4 ) and the time-independent sheath
thickness (X 4. ) were set to zero for the first cases discussed
below. For the calculations in helium, an energy-indepen-
dent charge exchange collision cross section of 1.5X 1071
cm? and an elastic collision cross section of 1.0X 10~ '¢ cm?
were used. We found that the results were insensitive to the
choice of the elastic collision cross section as long as
Oelastic €O charge exchange - 1he calculations with argon ions
were performed with energy-independent charge exchange
and elastic collision cross sections of 2.5 10~ '* ¢m”. For
both gases, the initial ion velocity was chosen to be close to
the Bohm criterion for an electron temperature of 10 000 K.
Trials showed that variation of the initial ion velocity had a
very small effect on the final distributions. Good statistics
were obtained with runs of 10 000 particles.

A. rf frequency and ion mass

The dependence of the ion energy distribution and the
arrival phase at the electrode of light and heavy ions is shown
in Figs. 1-4. Figures 1 and 2 show the distribution of arrival
times for He ions and Ar ions as a function of frequency and
phase with respect to the rf cycle. A phase of 0—7 represents
the cathodic part of the cycle, while a phase of 7—27 denotes
the anodic part of the cycle. We define a parameter, the ion
response frequency, ®,; = 1/7, where 7 is the time required
for the ion to cross the sheath while being accelerated by the
average sheath potential. The parameter @, for He and Ar
ions are approximately 3.6 and 0.76 MHz, respectivly. For
low rf frequencies, that is frequencies that are significantly
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FIG. 1. Relative total arrival probability of He ions striking the electrodes

as a function of phase and rf frequency for a peak rf voltage of 400 V, maxi-
mum sheath thickness of 0.5 cm, and a pressure of 0.3 Torr. A phase of 0 to
 represents the cathodic part of the cycle.
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FIG. 2. Relative total arrival probability of Ar ions striking the electrodes as
a function of phase and rf frequency for the conditions listed in Fig. 1.

below w;, the ions ‘follow” the applied rf voltage with the
majority of the ions arriving in phase with.the voltage. The
probability of ions arriving at the electrode during the anodic
part of the cycle is small since the sheath region is swept free
of ions during the cathodic part of the cycle. Ions must then
diffuse into the sheath region from the plasma.

As the frequency increases, the phase of the highest ion
arrival probability shifts towards higher phase since the ions
no longer have sufficient time, during a single rf cycle, to be
accelerated and traverse the sheath in phase with the voltage.
At sufficiently high rf frequency, ions, due to their finite
mass, can no longer respond to the time varying field but
instead respond to a time-averaged field. As a result, the ions
tend towards a uniform distribution. However, even at fre-
quencies much higher than w,, the ion distribution is not
uniform but is skewed towards the cathodic portion of the
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FIG. 3. Relative arrival probability of He ions striking the electrodes as a
function of phase, energy range, and rf frequency for the conditions listed in
Fig. 1. Within each small block the horizontal axis is phase from 0 10 27,
while the vertical axis is relative arrival probability. The higher energy
ranges have been multiplied by a display factor of 3 or 6.
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FIG. 4. Relative arrival probability of Ar ions striking the electrodes as a
function of phase, energy range, and rf frequency for the conditions listed in
Fig. 1. Within each small block the horizontal axis is phase from 0 to 2,
while the vertical axis is relative arrival probability. The higher energy
ranges have been multiplied by a display factor of 3 or 6.

cycle. The transition from a peaked behavior at low frequen-
cies to a quasiuniform distribution at high frequencies does
not happen rapidly, as illustrated in Fig. 5. The transition
requires at least an order of magnitude in rf frequency.

As noted, the high-energy tail of the electron energy
distribution is influenced by the ion bombardment of the
electrode because of the production of secondary electrons
which are then accelerated across the sheath potential. As
the peak of the ion phase distribution moves towards higher
phase, the production of high-energy secondary electrons
will also move towards higher phase. Since the tail of the
distribution is responsible for the optical excitation in the He
rfdischarge,® the optical emission from the discharge should
show some shift with increasing frequency. This predicted
phase shift of a portion of the high-energy tail of the electron
energy distribution is suggested by recent experimental re-
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FIG. 5. Measured full width at half maximum of the relative total arrival
probabilities shown in Figs. 1 and 2.
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FIG. 6. Optical emission (5875
A, 7= 14ns) 1 cmbelow the rf
driven electrode in a 0.5-Torr
He rf discharge at two frequen-
cies. The rf voltage on the driv-
en electrode is as shown. The
negative dc self bias was =0V
for 0.4 MHz and ~1/3 the
zero to peak voltage for 2.5
MHz. Increasing optical emis-
sion is plotted downward. The
electrode seperation is 15 cm.
The rf circuit is described in
Ref. 6. At 0.4 MHz the optical
emission peaks approximately
in phase with the cathodic por-
tion of the applied rf voltage.
At 2.5 MHz, the peak emission
is shifted to higher phase. The
optical emission at 2.5 MHz is
longer due to the negative dc
self-bias.
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sults using a high speed framing camera.® The time-depen-
dent optical emission from a rf discharge has also been ob-
served using an apertured photomultiplier tube (PMT) and
an interference filter (Fig. 6). These results show that at low
(0.4 MHz) frequencies, the optical emission peaks during
the cathodic half cycle and is approximately in phase with
the applied rf voltage. During the anodic half cycle the opti-
cal emission is small. At higher frequencies (2.5 MHz), the
peak optical emission has moved towards higher phase.
These results indicate that the arrival time of the ions on the
electrode and the subsequent production of high-energy
electrons is phase- and frequency-dependent and that this
can have an influence on the discharge kinetics.

The energy distributions of the helium and argon ions
striking the electrodes for the conditions of Fig. 1 are shown
in Figs. 3 and 4. Each small plot in Figs. 3 and 4 represents a
different energy range (stacked vertically) and rf frequency
(horizontal). Within each small plot the horizontal axis is
phase from 0-27 and the vertical axis is the probability of an
ion arriving at that phase within that energy range.

As previously discussed, for low frequencies, the ions
track the rf voltage. Those ions that arrive during the ca-
thodic part of the cycle have a peak in the ion distribution at
a phase of approximately 7/2, independent of their energy
bin. In addition, those ions which diffuse in from the plasma
or are left outside the sheath region when the sheath retreats
to the electrode are collected during the anodic part of the
cycle with low energy, since the electric field is small. As the
rf frequency increases, both the high- and low-energy ion
distributions tend to shift toward higher phase. However,
the higher energy ions shift towards 7 and subsequently de-
grade to lower energy since the ions can no longer follow the
field and acquire the maximum sheath potential. Those ions
with high velocities during the anodic half cycle rapidly lose
their energy through charge exchange collisions and popu-
late the lower energy bins. A decrease in the peak ion energy
above w; has been observed in chlorine rf discharges.'* The
ion distribution in the lowest energy bin tends to spread out
and become more uniform over the entire rf cycle as a conse-
quence of the ions now responding to a quasitime averaged
sheath voltage. The end result is that the average ion energy
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FIG. 7. Average ion energy as a function of rf frequency for He and Ar ions
striking the electrodes. Conditions are as described in Fig. 1.

slowly decreases with increasing frequency until a frequency
approximately equal to a few w; when the ions can no longer
track the sheath field. At that point the average energy falls
more rapidly (Fig. 7).

The effect of the ion mass (or @;) can be observed by
comparing Figs. 1 and 3 with Figs. 2 and 4. The frequency
when the ions no longer follow the rf frequency is much
lower in argon when compared to helium. In both gases the
ion phase distributions follow the rf cycle at low frequency,
with the most probable arrival time moving towards higher
phase and spreading out with increasing rf frequency. How-
ever, while the frequencies where the average energy drops
off and the ion phase distribution becomes more uniform in
time are very different (Fig. 7), they nevertheless scale as
;.

B. rf voltage and dc bias

Increasing the rf voltage across the sheath from 400 to
800 V resulted in a linear increase of the average ion energy
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FIG. 8. Normalized He ion energy as a function of «f voltage normalized to
400 V. The ion energy is normalized to the 88.4 eV average energy obtained
with a sheath potential of 400 V. The rf frequency is 2.0 MHz.
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striking the electrode (Fig. 8). The probability distribution
of ion arrival phase changed only slightly with increasing rf
voltage. In general, there is a small increase in the height of
the ion distribution peak (20%) at the expense of the ions
that would normally arrive before the peak. In addition, the
absolute position of the peak shifted slightly (less than
m/10) towards the beginning of the cycle. Over this range of
tf voltage, only the average energy appears to significantly
differ. Thus, the linear relation between average energy and
sheath voltage appears to be a valid and useful scaling law.

The effect of imposing a dc voltage and a dc sheath on
the ion phase distribution and the average energy was also
investigated. For these calculations, the dc voltage and
sheath thickness were assumed to scale linearly with the rf
voltage and sheath thickness. For example: with ¥, = 400
Vand X; =0.5 cm, if ¥4, =200 V, then X,. =0.25 cm.
Using this assumption, the ion phase distributions were cal-
culated for He ions, as shown in Fig. 9.

When the dc bias and dc sheath are increased, the ion
distribution begins to take on the characteristics of both a rf
system with its distinctly peaked behavior and a dc system,
where the ion flux is constant in time. With larger bias, the
peak becomes smaller and more ions are collected during
what was the anodic part of the cycle. However, even though
the distribution becomes more uniform with increasing dc
bias, the average energy only increases by approximately
10%. This is likely a result of the competing processes of an
increased sheath voltage raising the average energy while an
increased sheath thickness decreases the average energy due
to an increased probability for charge exchange collisions
(to be discussed in Sec. III C). The same behavior was also
observed for Ar ions.

C. Sheath thickness and pressure

Increasing the rf sheath thickness and the pressure did
not have a large effect on the ion phase distribution. With
increasing sheath thickness (0.5-1.5 cm) and pressure
(1.0 10'-5.0x 10" cm ~ %), the peak height decreased by
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FIG. 9. Relative total arrival probability of He ions striking the electrpde
with an increasing dc bias and dc sheath thickness. The de sheath thickness

is assumed to increase linearly with increasing dc bias. The rf frequency is
2.0 MHz.
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FIG. 10. Normalized He ion energy as a function of the reciprocal of the
normalized pressure and sheath thickness. The ion energy is normalized to
the 88.4 eV average ion energy in a 2.0 MHz discharge.

15% and 10%, respectively, with a resulting increase in the
number of ions arriving before the peak of the distribution.
In both cases the absolute position of the phase peak re-
mained in approximately the same position. However, as
stated previously, the average ion energy increased approxi-
mately linearly with respect to the reciprocal of the sheath
thickness and pressure (Fig. 10). The high-energy tail
dropped off quickly with increasing sheath thickness and
pressure due to an increased number of charge exchange
collisions.

IV. CONCLUSIONS

Parametric models for the sheath voltage and thickness
and a Monte Carlo particle simulation were used to compute
the arrival phase and energy of ions striking the electrodes in
low pressure rf discharges. When the rf frequency is below
the ion response frequency, the ions arrive at the electrode in
phase with the applied rf voltage. As the rf frequency in-

creases, the phase of the highest ion arrival probability shifts

towards higher phase and the ion energy decreases. The opti-
cal emission from the plasma was also observed to peak ap-
proximately in phase with the applied rf voltage at low fre-
quencies. At higher frequencies, the peak optical emission
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moves to higher phase. The transition from a highly peaked
ion distribution at low frequencies to a uniform distribution
at higher frequencies required at least an order of magnitude
change in rf frequency. Increasing the ion mass or decreasing
w; decreased the ion energy and reduced the frequency at
which the phase distribution tends towards uniform. In-
creasing the rf voltage linearly increased the average ion en-
ergy, while the sheath thickness and pressure are approxi-
mately linearly related to the reciprocal of the average
energy. Imposing a dc bias on the electrode produced a su-
perposition of a peaked (rf) distribution and a more uniform
(dc) ion distribution with little change in average ion ener-
gy. Changing the rf voltage, sheath thickness and pressure
had only a small effect on the shape of the ion phase distribu-
tion.
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