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Introduction

Parallel plate capacitively coupled radio-frequency (CCRF) 
plasmas are commonly used for materials processing appli-
cations such as the deposition and etching of thin films. 
Especially for deposition applications, large area reactors 

are generally used, and only minimal geometrical asym-
metry is present. When single-frequency (sinusoidal) exci-
tation is used, the energy distribution of ions arriving at the 
reactor surfaces can then only be controlled by the RF power 
or the pressure, and will be identical on both electrodes  
(or electrode and substrate). However, the RF power also 
determines the deposition rate, and therefore cannot be used 
to independently vary the ion energy. Furthermore, changing 
the pressure will lead to significant changes in the deposition 
chemistry, and may cause the appearance of nanoparticles and 
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Abstract
Parallel plate capacitively coupled plasmas in hydrogen at relatively high pressure (~1 Torr) 
are excited with tailored voltage waveforms containing up to five frequencies. Predictions 
of a hybrid model combining a particle-in-cell simulation with Monte Carlo collisions and 
a fluid model are compared to phase resolved optical emission spectroscopy measurements, 
yielding information on the dynamics of the excitation rate in these discharges. When the 
discharge is excited with amplitude asymmetric waveforms, the discharge becomes electrically 
asymmetric, with different ion energies at each of the two electrodes. Unexpectedly, large 
differences in the H2

+ fluxes to each of the two electrodes are caused by the different H3
+ 

energies. When the discharge is excited with slope asymmetric waveforms, only weak 
electrical asymmetry of the discharge is observed. In this case, electron power absorption 
due to fast sheath expansion at one electrode is balanced by electron power absorption at the 
opposite electrode due to a strong electric field reversal.

Keywords: tailored voltage waveforms, electrical asymmetry effect, capacitively coupled 
plasmas, hydrogen discharge, discharge asymmetry, PIC simulations, PROES

(Some figures may appear in colour only in the online journal)

B Bruneau et al

Printed in the UK

045019

PSTEEU

© 2016 IOP Publishing Ltd

2016

25

Plasma Sources Sci. Technol.

PSST

0963-0252

10.1088/0963-0252/25/4/045019

Paper

4

Plasma Sources Science and Technology

IOP

Original content from this work may be used under the terms 
of the Creative Commons Attribution 3.0 licence. Any further 

distribution of this work must maintain attribution to the author(s) and the title 
of the work, journal citation and DOI.

0963-0252/16/045019+9$33.00

doi:10.1088/0963-0252/25/4/045019Plasma Sources Sci. Technol. 25 (2016) 045019 (9pp)

mailto:bastien.bruneau@polytechnique.edu
http://crossmark.crossref.org/dialog/?doi=10.1088/0963-0252/25/4/045019&domain=pdf&date_stamp=2016-07-08
publisher-id
doi
http://creativecommons.org/licenses/by/3.0
http://dx.doi.org/10.1088/0963-0252/25/4/045019


B Bruneau et al

2

powders in the plasma. However, with the use of plasma exci-
tation by voltage waveforms comprising multiple frequencies, 
it is possible to control the ion energy, for example via the 
electrical asymmetry effect (EAE), independently of other 
plasma parameters [1–13] and in particular independently of 
the ion flux. According to an analytical model developed by 
Czarnetzki et al the self-bias, η [1–3], caused by the EAE can 
be expressed as:
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where Vm1�  and Vm2�  are the maximum and the minimum (rela-
tive to the temporal average) of the applied voltage wave-
form VAC(t), respectively, and the symmetry parameter, ε, is 
defined by:
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where Vsp�  and Vsg�  are the maximum voltages across the sheaths 
at the powered and grounded electrodes, respectively, Ap and 
Ag are the areas of the powered and the grounded electrodes, 
and nsp and nsg are the respective mean ion densities in the 
sheaths. Whereas the EAE was originally proposed for wave-
forms comprising only two harmonics, the pioneering work 
on ion energy control using multiple-harmonic waveforms of 
Wendt et al [14, 15] inspired the use of more complex Tailored 
Voltage Waveforms (TVWs) for plasma excitation to further 

enhance the EAE [16]. Such waveforms can be described by 
the following expression [17]
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where V0 is a voltage amplitude factor, n is the number of har-
monics, (varied between one and five in this work), ω is the 
angular frequency, here corresponding to a frequency f of 5 MHz 
(ω  =  2πf  ), and Θ is a phase shift. V0 is set to give the desired 
peak-to-peak voltage, VPP. TVWs therefore contain multiple 
harmonics of the same fundamental frequency f. The phase shift 
Θ can be varied to control the amplitude asymmetry from a max-
imum (Θ  =  0), to a minimum (Θ  =  π). Such waveforms, with 
n  =  4, are shown in figure 1(a) for different values of Θ. The 
harmonics’ amplitudes are chosen to maximize the amplitude 
asymmetry of the waveform (Vm1� /Vm2� ) for Θ  =  0 or π (when the 
waveforms are temporally symmetric) and therefore maximize 
the accessible range of DC self-bias according to equation (1). 
For other values of the phase shift the amplitude asymmetry is 
lower (and is non-existent for Θ  =  π/2), but the waveforms have 
temporal asymmetry, with differing rise and fall rates.

The use of waveforms that do not exhibit temporal sym-
metry can produce unexpected dynamics in the plasma, as was 
recently shown for argon discharges [18–20]. Choosing the 
harmonics’ amplitudes to maximize this second type of wave-
form asymmetry as follows:
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produces waveforms that are approximations of sawtooths. 
The minus sign in equation  (4) corresponds to sawtooth-up 
waveforms, while the plus sign corresponds to sawtooth-
down waveforms. Such waveforms have slope asymmetry, 
increasing with the number of harmonics, n, but no amplitude 
asymmetry. The 1/k prefactors maximize the slope asymmetry for 
a given n. Such sawtooth-up waveforms with different values 
of n are shown in figure 1(b). Sawtooth waveforms cause fast 
sheath expansion and slow sheath contraction in front of one 
electrode, and slow sheath expansion and fast sheath contrac-
tion in front of the opposite electrode [20]. As a consequence, a 
strong asymmetry of the ionization occurs in argon discharges, 
with larger ionization at the side where the sheath expands rap-
idly. In relatively high pressure argon discharges a DC self-bias 
was also shown to appear, despite the absence of amplitude 
asymmetry (Vm1�   =   Vm2−� ), and was attributed to different mean 
ion densities in the sheaths (ε  ≠  1 in equation (1)), leading to 
different ion fluxes at each of the electrodes.

More recently, Bruneau et al [21] have studied the impact 
of waveforms with continuously changing amplitude and 
slope asymmetry, obtained by slightly shifting the higher fre-
quencies from the harmonics. These waveforms are shown to 
control the shape of the ion flux distribution function, and in 
particular its width, while keeping the ion flux and mean ion 
energy constant. They are, however, not used in the present 
study.

Figure 1.  (a) Waveforms according to equation (3) with different 
phase shifts Θ, for n  =  4, (b) waveforms according to equation (4), 
corresponding to sawtooth-up waveforms, with different n, V0 is 
chosen to keep VPP equal to two.

Plasma Sources Sci. Technol. 25 (2016) 045019



B Bruneau et al

3

Amplitude-asymmetric waveforms (defined by equation (3) 
with Θ  =  0 or π) have been used to grow silicon thin films by 
PECVD [16, 22–25] including their application to solar cells 
[26–28]. Most of these studies used the standard discharge 
chemistry of silane highly diluted in hydrogen, with gas pres
sures in the Torr range. However, plasma studies of hydrogen 
discharges excited with TVWs are rather scarce [29–32]. 
There is hence a need to further study the impact of TVWs on 
hydrogen discharges under conditions relevant to those used in 
thin film deposition. In particular, attention should be paid to 
the spatiotemporal dynamics and not only the time-averaged 
values of the quantities of interest, since TVWs significantly 
alter the sheath motion within the RF cycle.

In the present work numerical simulations were carried 
out using a code developed by the Bari University group. 
This hybrid code was described in detail in [29, 33]. It self-
consistently couples a PIC/MCC description for five charged 
species (H+, H2

+, H3
+, H− and electrons) with a reaction- 

diffusion fluid model for neutrals (15 vibrational levels of the 
electronic ground state of H2, and H atoms). The equations of 
motion for the charged particles are integrated by using the 
leap-frog method and the electric field is calculated by solving 
the Poisson equation, with the space charge obtained from a 
first-order particle-grid interpolation. The field solver and the 
particle/Monte Carlo solver are coupled by matching the fixed 
PIC time step ∆t with the values of the times between collisions 
using the modified time step approach [34, 35]. The predictions 
of this code were recently compared to experimental results in 
the case of TVWs [29], using Θ  =  0 or π in equation (3), with n 
being varied from 1–3. The simulated ion flux distribution func-
tions (IFDFs) were shown to be in good agreement with those 
measured experimentally with a quadrupole mass spectrometer 
(QMS) coupled with an ion energy analyser.

In the present work, the predictions of this hybrid simulation 
are compared to phase resolved optical emission spectroscopy 
(PROES) measurements. The experimental setup was pre-
sented in [20]. A reactor with an inter-electrode gap of 2.5 cm 

was made geometrically symmetric by adding a thick Teflon 
ring (inner diameter 10 cm), fitted with a 2.5  ×  2.5  ×  10 cm 
window of borosilicate glass to allow optical access. The 
window is placed so that its edges are aligned with the two 
electrodes. A working pressure of 900 mTorr was used in all 
experiments, as measured outside the plasma chamber, and 
the gas flow was kept low to avoid over-pressure inside. The 
voltage waveform was generated using a computer-controlled 
arbitrary function generator (AFG) and wideband power 
amplifier as described previously [16]. The actual waveform at 
the electrode was monitored by a high voltage probe, and was 
corrected for distortion using a feedback loop as proposed by 
Patterson et al [15]. An intensified CCD camera (Andor iStar) 
was synchronized to the AFG, and the phase varied using 
a delay generator. The intensifier gate of the ICCD camera 
was 2 ns, therefore giving 100 images within one RF-cycle 
for a fundamental frequency of 5 MHz. The excitation rate at 
each position and phase was deconvoluted from the measured 
Hα emission at 656 nm, using the method proposed in [36], 
and was compared to the H(n  =  3) excitation rate given by 
the simulations. Although two different processes are com-
pared, these processes have similar energy thresholds and will 
therefore probe in a comparable way the high energy electron 
population. This strategy therefore limits us to a qualitative 
comparison of the dynamics of energetic electrons.

In the following, first the effect of amplitude-asymmetric 
waveforms (defined by equation (3)) on hydrogen discharges 
is investigated, and then we focus on the effect of slope-asym-
metric waveforms (defined by equation (4)). In both cases the 
simulated excitation rates and the DC self-bias are compared 
to experiments. Furthermore the simulations are used to inves-
tigate the effect of TVWs on the ion flux and ion flux distribu-
tion function (IFDF) at each electrode.

Results

Amplitude asymmetry

In the following section, waveforms according to equation (3) 
are used, with n  =  4, i.e. corresponding to the waveforms 
shown in figure 1(a). The phase shift Θ is varied from 0 to π 
in order to vary the amplitude asymmetry of the waveform. 
The neutral gas pressure is kept constant at 900 mTorr, and 
V0 is kept constant at 112 V (giving a peak-to-peak voltage 
VPP  =  350 V for Θ  =  0).

As a first comparison between the experiments and the 
simulations, figure 2 shows the DC self-bias η, experimentally 
measured (black solid line and squares) and obtained from 
simulations (red dashed line and circles) for a phase shift 
Θ varying from 0 to π. The experimental values have been 
shifted by  +6 V (mean value of the DC self-biases measured 
for Θ  =  0 and Θ  =  π) to correct for a small remaining geo-
metrical asymmetry. The agreement between the simulations 
and experiments is excellent for all values of Θ. The increase 
of the DC self-bias with Θ is almost linear, as can be expected 
from equation (1) and from the variation of Vm1�  and Vm2�  with 
Θ in equation (3).

Figure 2.  DC self-bias η as a function of the phase shift Θ; the red 
dashed line and circles represent the results of PIC simulations, 
while the black solid line and squares represent the experimental 
data. Lines are a guide to the eye.

Plasma Sources Sci. Technol. 25 (2016) 045019
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Figure 3 shows the H(n  =  3) excitation rate obtained 
from the optical emission of the Hα line at 656 nm (top row), 
and the simulated excitation rate (middle row) for different 
phase shifts Θ. The x-axis represents position (with the pow-
ered electrode at x  =  0 cm and the grounded electrode at 
x  =  2.5 cm), while the y-axis represents time and spans one 
fundamental RF cycle. For both the experiments and the simu-
lations, all images are normalized to the maximum intensity 
observed for the Θ  =  0 case. The sheath edge position, as 
determined by the Brinkmann criterion [37], is shown as a 
white line. Also shown is the dynamics of the electric field 
outside of the sheath regions (the latter areas being shown in 
black) obtained from the simulations (bottom row). As one 
can see by comparing the two first rows of the figures, the 
general excitation features observed in the experiment are 
qualitatively well reproduced by the simulations. However, 
the relative amplitudes of individual excitation features differ 
slightly between the experiments and the simulations. In part
icular, excitation rates occurring during fast sheath collapses 
are generally overestimated by the simulations.

Focusing first on the Θ  =  0 case and starting at the begin-
ning of the RF cycle, a first excitation peak appears when the 

sheath close to the grounded electrode expands. This excita-
tion is due to electron power absorption by sheath expansion, 
which can be described by the hard-wall model introduced 
by Godyak [38, 39]. Almost simultaneously, another peak 
appears close to the powered electrode as the sheath at this 
electrode contracts. This phenomenon occurs in hydrogen 
plasmas due to the generation of a significant electric field 
reversal (i.e. one that accelerates electrons from the plasma 
bulk towards the electrode) when the sheath collapses, as 
appears in the image in the bottom row (the field reversal 
at the powered electrode appears in red). This field reversal 
occurs because the motion of electrons is hindered by col
lisions, and therefore a significant (reversed) electric field 
is necessary to accelerate the electrons to the electrode and 
balance the escaping ion current [40]. It only occurs close to 
the powered electrode since the sheath is fully expanded for 
most of the RF cycle, and therefore the electrons have to reach 
the electrode within a limited time between the sheath con-
traction and expansion. These electrons can then efficiently 
excite, or ionize, the gas. In contrast, at the grounded electrode 
the sheath is fully contracted for most of the RF cycle, and 
therefore almost no field reversal is needed to ensure current 

Figure 3.  Spatio-temporal excitation rates derived from measurement of the emission line at 656 nm using PROES (top row), and from PIC 
simulations (middle row), and predicted bulk electric field (bottom row) using waveforms with n  =  4 frequencies, for different Θ from 0 
(left) to π (right); the excitation rates are normalized to the global maximum of the case Θ  =  0.

Plasma Sources Sci. Technol. 25 (2016) 045019
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balance. These results are consistent with simulation results 
by Mohr et al [30], for two-frequency driven plasmas, where 
such excitation due to field reversal was predicted. Following 
these two quasi-simultaneous excitation peaks, a final one is 
caused by the fast sheath expansion at the powered electrode. 
The amplitude of this excitation peak is larger than that occur-
ring during sheath expansion at the grounded electrode, and is 
similar to that observed in argon at high pressure [5].

As previously stated, the excitation rate due to field reversal 
is generally overestimated by the simulations. A likely origin 
of this is that simulations usually underestimate the electron 
density [29], and therefore a larger field reversal is needed 
to balance the ion flux in the simulations in comparison to 
the experiments. This larger field reversal in the simulations 
would accelerate the electrons more strongly, leading to an 
overestimation of the excitation rate.

Further considering figure  3, one can clearly see that the 
excitation rate is spatially asymmetric in all cases, and that this 
asymmetry depends on Θ. As a consequence, the ion flux to 
each of the two electrodes should be different. Figure 4 shows 
the ion flux ratio, i.e. the ion flux at the powered electrode 
divided by the ion flux at the grounded electrode, for three spe-
cies H3

+ (black square), H2
+ (red circles), and H+ (blue triangles). 

Note that the y-axis is in log scale. It is clear that the total ion 
flux, which is approximately equal to the H3

+ ion flux (since H3
+ 

is by far the dominant species) is different on the two electrodes 
for Θ  =  0. The ion flux is about three times higher at the pow-
ered electrode for this waveform. The ion flux ratio decreases 
with Θ. It is close to unity for Θ  =  π/2, and the reason for that 
will be studied in the next section. For Θ  =  π, the ion flux is 
three times higher at the grounded electrode, i.e. the inverse of 
the Θ  =  0 case. This is to be expected, as a waveform corresp
onding to Θ  =  π is equivalent to swapping the electrodes for a 
waveform corresponding to Θ  =  0. These results show that, at 
this relatively high pressure (compared to [29]), it is not pos-
sible to vary the ion energy independently of the ion flux using 

the phase shift Θ, similarly to what was observed in Ar [3]. This 
is in contrast with the low pressure case [29], where the ion flux 
remains almost constant when varying Θ.

Surprisingly, whereas the flux ratio for H+ ions is very 
similar to that for H3

+, it is significantly different for H2
+ ions. 

Indeed, for this species, the ion flux ratio is about 50 for 
Θ  =  0, (compared to ~3 for the other two). The trend of the 
ion flux ratio for H2

+ ions with Θ is similar to the other species, 
but has a much larger value.

This behavior of the H2
+ ion flux ratio can be explained 

in terms of its creation pathway. H2
+ ions are mainly created 

within the sheath by collisions between energetic H3
+ ions and 

the neutral gas. The reaction rate depends strongly on the H3
+ 

energy, with an energy threshold of about 18 eV [41]. Figure 5 
shows the ion flux distribution function (IFDF) for H3

+ (top) 
and H2

+ (bottom), at the powered (red line) and grounded 
(black line) electrodes, for a waveform corresponding to 
Θ  =  0. Note that the IFDF is shown in log scale. The unit 
for the IFDF is a number of counts over a certain average 
time in the simulations. As a consequence, the IFDF for H3

+ 
and for H2

+ can be compared with each other. Ions with high 
energy (up to about 120 eV) are found at the powered elec-
trode, whereas at the grounded electrode, the ion energy does 
not exceed 50 eV, consistent with the strong negative DC self-
bias obtained with this waveform, (observed in figure 2). In 
addition, very few H3

+ ions have an energy above 25 eV at the 
grounded electrode.

Figure 4.  +H3  (black square), +H2  (red circles), and H+ (blue 
triangles) ratio of the flux at the powered electrode and the flux at 
the grounded electrode, as a function of Θ, predicted by the PIC 
simulations. Lines are a guide to the eye.

Figure 5.  Ion flux distribution function (IFDF) for +H3  (top), and +H2  
(bottom) for a waveform corresponding to Θ  =  0, determined by 
the PIC simulations.

Plasma Sources Sci. Technol. 25 (2016) 045019
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Integrating the IFDF for ion energies above 18 eV gives 
an indication of the number of H3

+ ions with energies suf-
ficient to create H2

+ ions via collisions with neutral H2 mol-
ecules. The ratio of this integral at the powered electrode 
to that at the grounded electrode is found to be about 15. 
The large difference in the number of H3

+ ions with energies 
above 18 eV at the two electrodes is therefore the main cause 
for the large ion flux ratio observed in figure 4. Furthermore, 
the cross section  for the H2

+ creation reaction is about one 
order of magnitude higher for H3

+ ion energy of 100 eV com-
pared to an ion energy of 20 eV, hence the very energetic 
ions at the powered electrode will be even more efficient in 
producing H2

+ ions.
In short, due to the strong dependence of the creation rate 

on ion energy, controlling the H3
+ ion energy therefore allows 

the H2
+ flux ratio to be controlled. This effect was not observed 

at lower pressure [29].

Slope asymmetry

In the following, waveforms according to equation  (4), i.e. 
sawtooth waveforms, are used, and the number of frequen-
cies composing the waveform n is varied to control the slope 
asymmetry of the waveform, as shown in figure 1(b). The neu-
tral gas pressure is kept constant at 900 mTorr, and the peak-
to-peak voltage VPP is kept at 350 V.

Figure 6 shows the DC self-bias η obtained in a H2 dis-
charge excited with a sawtooth-up waveform with n  =  1–5. 
Both the experimental data (black solid line and squares) and 
the results of simulations (red dashed line and circles) are 
shown. Experimental data are shifted by 1 V, corresponding to 
the DC self-bias for the case n  =  1, to correct for the remaining 
geometrical asymmetry of the reactor. As one can see, the DC 
self-bias remains very low for all values of n. Indeed, it is 
much lower than the DC self-bias that was observed in Ar for 
similar conditions [19].

It was previously shown [18] that in Ar plasmas the DC self-
bias obtained with sawtooth waveforms is strongly correlated to 
the ion flux ratio through equation (1), and therefore to the spatial 
asymmetry of the excitation rate. The low value of the DC self-
bias in hydrogen can therefore be explained by the dynamics of 
the electron power absorption (reflected by the excitation rate). 
Figure 7 shows the excitation rate extracted from optical emis-
sion of the Hα line at 656 nm (top row), and obtained from simu-
lations (middle row) for a discharge excited with a sawtooth-up 
waveform with n  =  1 to 5 (from left to right). The images are 
normalized to the maximum of the case n  =  5. The bottom row 
displays the dynamics of the electric field outside of the sheath 
regions. The scale is the same for the five images of the electric 
field. It should be noted that for low n, and particularly for n  =  1, 
the time-averaged electron density (not shown) is significantly 
lower than the time-averaged ion density in the inter-electrode 
gap, which means that no quasi-neutral bulk plasma can be 
defined. In these conditions (low n) it is not clear whether the 
Brinkmann criterion used here is fully appropriate to describe 
the sheath edge and therefore one should proceed with caution 
when considering the edges displayed in figure 7. It is neverthe-
less used for consistency with the results of the previous section.

There is excellent agreement in the excitation rates 
between the simulations and the experiments, both in the 
observed features and in their relative amplitude. For n  >  2, 
two excitation peaks can be observed; one close to the pow-
ered electrode, immediately followed by another one close 
to the grounded electrode. Whereas the first excitation peak 
is due to the fast sheath expansion at the powered electrode, 
similar to the argon case [20], the second one occurs during 
the fast sheath contraction at the grounded electrode. This is 
due to the field reversal which appears at that time, as shown 
in the bottom row, and which accelerates the bulk electrons 
towards the grounded electrode. It should be mentioned that, 
although weaker, a field reversal also occurs at the grounded 
electrode when the sheath collapses. The intensity of these 
field reversals therefore only depends on how fast the sheath 
contracts. When the sheath at the powered electrode contracts 
rapidly, the electron thermal flux is too low to ensure current 
balance, and a high, reversed, electric field is necessary. In 
contrast, the sheath contraction at the grounded electrode is 
slow, and therefore a weaker reversed electric field is suf-
ficient to ensure current balance. As one can see, this field 
reversal becomes stronger as n is increased, therefore bal-
ancing the increase of the excitation from sheath expansion. 
As a consequence of these two excitation peaks, which are of 
similar amplitude for the conditions studied here, negligible 
discharge asymmetry occurs, hence the low DC self-bias 
observed in figure 6.

For all species, the ratio of the ion fluxes to the two elec-
trodes (not shown) remains close to unity for all values of n. 
This is because the spatial asymmetry of the excitation rate is 
small for sawtooth-like waveforms, as can be inferred from 
figure 7. Figure 8 shows the predicted IFDF at the powered 
(top) and grounded (bottom) electrodes, for H3

+ (left) and 
H+ (right) ions. For H2

+ ions, the IFDF is simply an interme-
diate case and is therefore not shown. When n is increased, 

Figure 6.  DC self-bias voltage η, experimentally measured (solid 
lines and full symbols), and obtained from PIC simulations (dashed 
lines and open symbols), as a function of n, for sawtooth-up 
waveforms. Lines are a guide to the eye.

Plasma Sources Sci. Technol. 25 (2016) 045019



B Bruneau et al

7

the high energy tail of the IFDF increases more significantly 
at the powered electrode compared to the grounded elec-
trode for both H3

+ and H+. This is because, as observed in 

figure 7, the excitation peak at the grounded electrode side 
occurs in a region which is within the sheath for most of the 
cycle. Therefore, ions in this region are less accelerated than 
those close to the powered electrode, where the excitation 
peak occurs farther from the electrode.

In addition, under these conditions, the ion plasma frequen-
cies of H3

+ and H+ are about 2.5 MHz and 4.5 MHz, respectively, 
i.e. they are comparable to the fundamental frequency of 5 MHz. 
As a consequence, these ions are affected by the instantaneous 
potential to some extent, and not only the time-averaged poten-
tial. Immediately after the excitation peak, ions close to the pow-
ered electrode experience a fully extended sheath, while those 
close to the grounded electrode experience a fully collapsed 
sheath. As a consequence, the energy gain for the ions close to 
the powered electrode is greater than that for ions close to the 
grounded electrode. These two effects combine, explaining the 
difference in the high energy tail of the IFDFs at each electrode.

Conclusions

The impact of tailored voltage waveforms (TVWs) on par-
allel plate capacitively coupled hydrogen discharges was 
investigated, focusing on the comparatively high pressure 

Figure 7.  Excitation rate extracted from optical emission of the Hα line at 656 nm (top row), and obtained from PIC simulations (middle 
row), and predicted bulk electric field (bottom row) for a discharge excited with a sawtooth-up waveform with n  =  1–5 (from left to right); 
the excitation rates are normalized by the maximum for the case n  =  5.

Figure 8.  Ion flux distribution function (IFDF) at the powered (top) 
and grounded (bottom) electrode, for +H3  (left), and H+ (right) ions, 
predicted by the PIC simulations for different values of n.
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(~1 Torr) regime, which is often used for thin film deposi-
tion. Using amplitude asymmetric waveforms, it was found 
that strong field reversal occurs close to the electrode where 
the sheath is expanded for most of the RF cycle, i.e. where 
the highest ion energy is observed. As a consequence of this 
field reversal, higher ionization occurs close to this electrode, 
leading to higher ion flux. Therefore, the decoupling between 
ion flux and ion energy is limited under these conditions. 
Unexpectedly, it was found that a large ratio (~50) in the H2

+ 
flux on the powered electrode compared to the grounded elec-
trode is due to the difference in the H3

+ energy distribution on 
the two electrodes. The main creation path for H2

+ is collisions 
of H3

+ ions with H2 molecules, and the rate of this process 
increases strongly with H3

+ energy, which was much higher on 
the powered electrode.

When the hydrogen discharge is excited with slope asym-
metric waveforms, such as sawtooth waveforms, strong exci-
tation is observed during the fast sheath expansion, as well as 
during the fast sheath contraction at the opposite electrode. 
The latter occurs due to a strong field reversal, which is needed 
to accelerate electrons from the plasma bulk to the electrode 
to balance the ion flux. As a consequence, only weak spatial 
asymmetry in the excitation rate is observed, and the ion flux 
to the two electrodes is similar.

The results of this work provide an improved understanding 
of the effect of TVWs on hydrogen discharges at relatively 
high pressure. They can be used to optimize the application 
of the electrical asymmetry effect in hydrogen-containing dis-
charges used for surface modification of materials.
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