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Through the use of particle-in-cell simulations, we demonstrate that the power deposition in
capacitively coupled discharges (in argon) can be increased by replacing sinusoidal waveforms
with Gaussian-shaped voltage pulses (with a repetition frequency of 13.56 MHz). By changing the
Gaussian pulse width, electron heating can be directly controlled, allowing for an increased plasma
density and ion flux for the same gas pressure and geometrical operating conditions. Analysis
of the power deposition profiles and electron distribution functions shows that enhanced
electron-sheath heating is responsible for the increased power absorption. © 2012 American

Institute of Physics. [http://dx.doi.org/10.1063/1.4712128]

An important factor in many material processing appli-
cations is the separate control over the ion flux and ion
energy in capacitively coupled plasma (CCP) discharges;
factors which affect such properties as the deposition and
etching rates.' In conventional single-frequency sinusoidally
excited discharges, the ion flux and ion energy are coupled,
allowing for limited control over each without changing the
other. This has subsequently led to research and development
with non-harmonic dual or multi frequency systems, where
improved control over each factor can be obtained. It has
recently been proposed,”* and experimentally* and numeri-
cally®” verified, that by making use of waveforms consisting
of multiple harmonics, it is possible to develop an electrical
asymmetry effect (EAE) in an otherwise geometrically sym-
metric plasma system. This has allowed the bias voltage (and
hence ion energy) to be controlled by adjusting the voltage
waveform, while keeping the plasma density and ion flux
essentially constant, thus adding an additional level of con-
trol. The majority of work in this area has so far focussed on
the use of a fundamental frequency, with an even
harmonic.”™® By changing the phase difference between the
two signals, significant control over the bias voltage and ion
energy has been demonstrated.’

The discovery of the EAE effect has led to a number of
further investigations, both numerically™®® and experimen-
tally,” on the fundamental physics, and practical use of these
non-sinusoidal voltage waveforms. For example, numerical
studies’ have demonstrated that it is possible to use the EAE
to modify a geometrically asymmetrical system, and force it
to become symmetrical. Other experimental work, such as
that in Ref. 9, has used Gaussian-type pulses to control the
growth of amorphous and nanocrystalline silicon films. By
tailoring the applied voltage waveforms, the authors demon-
strated that the ion bombardment energy at the substrate can
be modified, thus allowing control over the mode of silicon
film grown. With the practical importance of these non-
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sinusoidal waveforms, and the demonstration of their pro-
duction experimentally,*? it is of immense interest to inves-
tigate these systems in detail since by changing the
excitation voltage waveform, it now potentially becomes
possible to control the rate of sheath expansion and contrac-
tion on a level not possible in conventional CCP systems. In
this letter, we investigate the use of pulse-type non-sinusoi-
dal voltage waveforms using particle-in-cell (PIC) simula-
tions,'” and directly investigate the effect this has on the
plasma discharge, focussing explicitly on how the power
deposition and electrical properties are modified.

We make use of a modified version of the custom devel-
oped PHOENIX 1 D code,'" and simulate a 1D plasma reac-
tor together with an external circuit containing a bias
capacitor, Cg (with a value of 10 nF m™?). The right-hand
boundary is grounded, while the left-hand boundary can float
(due to the presence of the bias capacitor). A schematic of
the reactor and circuit is shown in Fig. 1(a). An rf voltage
source in the circuit is used to apply a sine, or Gaussian pulse
waveform (at the same voltage amplitude); a number of
which are shown in Fig. 1(b). The repetition frequency of the
pulses is 13.56 MHz, while pulse widths, expressed as the
full width half maximum (A7), between 5 and 20 ns are used.
The form of each pulse is V(1) = Voexp|—o(r — 1)*], where
Vo is the voltage amplitude, o is a parameter controlling the
width Az, and fy is the time of the pulse maximum.

A Monte Carlo collision algorithm'? is used in the
simulations, with elastic, excitation, and ionization electron-
neutral reactions, and charge-exchange and elastic ion-
neutral reactions. The neutral argon gas used is assumed to
be uniformly distributed with a temperature of 300 K. Elec-
trons are reflected from the boundaries with a probability of
0.2, while the secondary electron emission coefficient due to
ion bombardment is 0.1. Emitted electrons are chosen from a
half-Maxwellian distribution with a temperature of 2eV. We
use about 1 x 10° particles, with time steps between
1x10 " sand 4 x 10" s, and about 400-800 grid points.
The distance between the electrodes is 2cm (and some lim-
ited test cases with 6.7 cm). Due to the presence of the bias
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FIG. 1. (a) Schematic of the PIC model and external circuit, showing the rf
voltage source (V,y), and bias capacitor (Cp). /.y is the current flowing in the
external circuit. (b) Examples of Gaussian excitation voltage waveforms
with different full width half maxima (A7) supplied by the rf voltage source.
The repetition frequency is 13.56 MHz.

capacitor, the voltage on the powered electrode is not known
a priori, but is solved using the method in Ref. 13. Here, the
voltage is obtained directly by decomposing the field solver
into a solution of the Poisson equation (with zero boundary
conditions), and the Laplace equation (with the external cir-
cuit and other boundary conditions). Because of the presence
of the bias capacitor, and the changing capacitive voltage
divider due to the plasma sheaths, the powered electrode
voltage (V,) is less than the full voltage amplitude (V).

Although pressures of between 20 and 1000 mTorr were
used, we choose to focus mainly on the results at 100 mTorr.
Initially, secondary electron emission and electron reflection
is turned off. Figure 2 shows simulation results for a sine
wave excitation, and also for a positive pulse excitation. The
voltage amplitude is Vo =270 V, and At = 11.8 ns for the
pulse case. The sine case has no dc bias, as expected from
the geometrical symmetry of the system, and thus the time-
averaged sheath potential differences are equal. The pulse
excitation however develops a significant dc bias of about
—120 V; characteristic of the EAE effect. The time-averaged
plasma potential is also asymmetric, and the potential drop
across the sheath at the powered electrode is much higher
than that at the ground electrode. The density is also skewed,
with a wider sheath at the powered electrode. For both volt-
age excitations, the maximum densities are similar, with a
value of about 7 —9 x 10 m™>. The results for the sine
case are very close to those from other PIC simulations under
similar operating conditions.'*

The formation of a negative bias for the positive pulse
case in Fig. 2 is consistent with recent experimental meas-
urements (using a similar waveform) in Ref. 9. If a negative
pulse is simulated instead, a mirror-image of the results in
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FIG. 2. Electrode voltage (solid line) and central plasma potential (dashed
line) [(a) and (b)], time-averaged plasma potential profiles [(c) and (d)], and
time-averaged plasma density profiles [(e) and (f); solid line for electron
density, and dashed line for ion density] for a sinusoidal and a positive Gaus-
sian voltage excitation. The pressure is 100 mTorr and Vy = 270 V.

Fig. 2 is obtained (this is also true for all other results pre-
sented below), and a positive dc bias now forms. Use of a
negative pulse in Ref. 9 produced a very small dc bias close
to zero, but the experimental system in that case is not geo-
metrically symmetric.

Figure 3 shows the plasma and electrical response to
varying the pulse width. The electrode voltage, together with
the bias voltage, is observed to remain essentially constant at
around 220V and —120V, respectively. The maximum
plasma density increases rapidly as the pulse width is
decreased, going from about 5 x 10° m™ at At = 17 ns to
16 x 1015 m™? at At = 6 ns. Similar behaviour is seen for the
electron and ion power absorption, which are found from a
temporal and spatial integration of E - J, where E is the elec-
tric field and J is the electron (or ion) current density. These
results are in stark contrast to the PIC simulations recently
presented by Donké.>® There, a voltage excitation of the form
V(t) = Vplcos(wt + 0) 4 cos2wi] was used, and as the phase
shift 6 was changed, the bias voltage could be controlled
while keeping the plasma density and power deposition
almost constant. If a similar voltage form is used in our simu-
lations here, we observe a similar effect. It is thus clear that
the pulse excitation produces very different behaviour. Since
At affects the rate of sheath expansion and collapse (in a man-
ner not possible by changing 0 in the above waveform), we
now investigate the power deposition profiles in more detail.

Figure 3(d) shows the time-averaged electron power
deposition for a number of pulse widths. As seen, the heating
is localised to the sheath regions, and increases substantially
as the pulse width decreases. We can demonstrate that this
increased deposition is due to enhanced collisionless sheath
heating, by observing the time-varying electron distribution
function. This is shown in Figure 4(a), where the negative
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FIG. 3. (a) Electrode (V,) and bias voltage (Vpis), (b) maximum plasma
density, and (c) electron power absorption (P,), ion power absorption (P;),
and total power absorption (P = P, + P;) as a function of pulse width (Ar).
The solid lines in (a)-(c) serve as a visualization aid, while the dotted-
dashed line in (b) shows the maximum plasma density for the sinusoidal
voltage excitation. The dotted-dashed line in (c) is the total power absorption
found from a time integration of the instantaneous power P () = V, (), (1).
(d) Spatial (time-averaged) electron power absorption for three different
pulse widths. The pressure is 100 mTorr, and Vy = 270 V.

energies are for electrons moving to the left and the positive
energies are for electrons moving to the right (i.e., away
from the sheath at the powered electrode). The distribution
functions in Fig. 4(a) are shown at 3 locations in the pulse:
(A) rising edge of the pulse (when the sheath is collapsing),
(B) maximum value of the pulse (when the sheath has fully
collapsed), and (C) lowering edge of the pulse (as the sheath
is expanding). As seen, a significant perturbation to the dis-
tribution function occurs at high energies as the sheath is
expanding; behaviour that is typically associated with colli-
sionless sheath heating. Figure 4(b) shows the right moving
electrons for a number of pulse widths, where it is seen that
the temperature of the hot tail (7,,) of the distribution func-
tion increases as the pulse width decreases, further signalling
an enhanced sheath heating process.

By turning secondary electron emission and electron
reflection on, similar results to those presented above were
obtained, except that the power deposition was seen to
increase by about 10%-30%, similar to that in standard sinu-
soidal CCP discharges at this frequency and pressure.' Simu-
lations were also run with a longer system length of 6.7 cm
and a pressure of 20 mTorr, and similar results were
obtained. Finally, a number of additional simulations using
symmetric triangular pulses instead of Gaussian pulses were
performed, and again similar results were observed; as the
pulse width is decreased, the power deposition is enhanced.

The above results consistently demonstrate that reducing
the pulse width allows for a larger plasma density and
increased power deposition due to enhanced sheath heating.
All of this occurs for essentially the same applied voltage
amplitude, bias voltage, and pressure, and is thus potentially
of great practical importance, since it presents a possible
solution to help overcome the power deposition limits of
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FIG. 4. (a) Electron velocity distribution function in the x-direction at three
rf phase locations: (A) rising edge of the Gaussian pulse, (B) maximum of
the pulse, and (C) lowering edge of the pulse. Negative energies represent
electrons moving to the left, while positive energies represent electrons
moving to the right. The pressure is 100 mTorr, Vo = 270 V, and the pulse
width is At = 8.3 ns. (b) Time-averaged electron velocity distribution func-
tions for electrons moving to the right for three pulse widths. The tempera-
ture of the high-energy electron tail regions (7,,; indicated by the straight
lines) for pulse widths of At =16.7ns, At =8.3ns, and At =5.9ns is
3.6eV,4.9¢eV, and 7.3 eV, respectively.

current CCP systems. Although enhanced power deposition
has been theoretically predicted in non-harmonic dual fre-
quency CCP systems,'”> what remains now is for an experi-
mental campaign to validate the above simulation results for
pulse-type excitations. Significant practical challenges in this
regard, however, remain with the impedance matching of the
non-sinusoidal voltage source and the plasma.’

Recent PIC simulations by Donk6'® have shown that the
nonlinear plasma series resonance (NPSR) effect'” can be
self-excited in electrically asymmetric discharges. This reso-
nance was demonstrated by the presence of high frequency
components in the electron heating rates. In the present
work, we observe behaviour qualitatively similar; as the
pressure is decreased, significant high frequency modulation
in both the electron heating rates and discharge current
develops. These facts suggest that the NPSR is likely present
in the Gaussian-excited discharges. In the current investiga-
tion, however, we have not attempted to explore the exact
nature of the stochastic sheath heating process, be it Fermi
acceleration, pressure heating, NPSR, or enhancement of the
former two by NPSR.'® Because of the continuing debate
within the literature, more careful work is needed to deter-
mine the exact type of electron heating mechanism, and thus
whether NPSR does indeed play a significant role.

The simulation results presented here only consider
electrostatic effects. At higher frequencies and densities, it is
well-known that electro-magnetic (EM) effects (standing
wave and skin depth effects) become important,'® and that
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this can change the power deposition and plasma behav-
iour.” In Ref. 19, it was estimated that skin depth effects
can be neglected if ¢/w, > 0.45v/Rd, where c is the speed
of light, w), is the electron plasma frequency, R is the dis-
charge radius, and d is the plasma half-width (after subtract-
ing the sheath width). Using a representative value of
R=25cm, and d ~ 7.5 mm (from the simulations), we esti-
mate that skin depth effects become important for densities
above 3 — 6 x 10'® m™?; values larger than that investigated
here. What is not clear yet though is whether the additional
inductive electric fields (and associated magnetic fields)
from surface currents on the electrodes, can perturb the elec-
tron trajectories sufficiently to significantly affect the sto-
chastic sheath heating process itself. Since EM effects are
difficult to include in PIC simulations, this remains a chal-
lenge for future work.

In summary, we have shown that the power deposition in
CCP discharges can be increased due to enhanced electron-
sheath heating, resulting from the use of Gaussian-shaped ex-
citation voltages. This potentially allows a level of control
over the power deposition, plasma density, and ion flux not
possible in conventional sinusoidally excited CCP systems.
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