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1. Introduction

Capacitively coupled plasmas (CCPs) have a wide range of 
applications, most of which require a solid control of the ion 
properties, i.e. the ion flux and the mean ion energy, at the 
electrode (target) surfaces [1, 2]. During the past decades dif-
ferent schemes, which allow a separate control of these quan-
tities, have been proposed. Radio frequency discharges driven 
simultaneously by two significantly different frequencies have 
approached this issue by the functional separation of the two 
components of the driving voltage waveform: the high fre-
quency component plays the dominant role for the generation 
of the plasma and, thereby, sets the ion flux, while the low 
frequency component is responsible for accelerating the ions 
towards the electrodes, i.e. it defines the mean energy of the 
ions at the surfaces [3–10]. A more recent approach, based 
on the electrical asymmetry effect (EAE) [10–23] makes use 
of the generation of a controllable DC self-bias that develops 
even in geometrically symmetric reactors when the discharge 

is excited by the sum of two (or more) consecutive harmonics 
of a base frequency. The control over the DC self-bias, η, and 
over the mean ion energy by changing the phase angles of 
the applied harmonics has been confirmed both experimen-
tally [11–13] and in simulations [13–19], and has been proven 
beneficial in thin film deposition applications [20–23]. While 
these basic approaches and their variants [24] allow control-
ling these two integral characteristics of the ion flux-energy 
distribution function (IDF), a control over the shape of the 
IDF would be highly desirable, e.g. to drive energy-selective 
surface processes at a distinct ion energy [1]. For such appli-
cations, customizing the IDF to form a narrow peak at a con-
trollable energy would be ideal.

Under collisionless conditions, the IDF in a single-fre-
quency CCP typically exhibits a double peak feature at high 
energies [25, 26], whereas collisions lead to a more complex 
spectrum at lower energies [27–30]. Typically, the peaks are 
formed by 10%–20% of all ions flowing to the electrode [10]. 
So far, a control over the IDF shape has only been realized in 
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high density remote plasma sources with unmatched arbitrary 
substrate bias [31–34] at low repetition rates (∼100 kHz) for 
ion extraction. While this concept is not applicable for large 
area CCP sources, the several degrees of freedom in the case 
of EAE-type excitation waveforms may provide a possibility 
to go beyond the control of the flux and mean energy, i.e. 
towards the optimization of the complete IDF in CCPs via a 
specific tuning of the amplitudes and phases of the individual 
frequency components of the driving voltage.

The work presented here proposes such a tailoring of the 
IDF, via utilizing the effect of charge exchange (cx) collisions 
on the IDF [27–29] in CCPs driven by customized voltage 
waveforms. It will be demonstrated that (i) a narrow peak in 
the IDF can be obtained under such conditions via adjusting 
the ion dynamics for our needs, and (ii) the position of this 
peak (i.e. the energy) and the corresponding ion flux can 
be controlled via the driving voltage waveform. It is of key 
importance that cx collisions ‘convert’ fast ions to slow ions, 
which can accumulate in the sheath regions until a high elec-
tric field drives them to the electrodes.

We note that at low pressures a narrow ion energy distribu-
tion can also be generated in single-frequency CCPs if (nearly) 
collisionless conditions for the sheaths can be reached [25, 
26]. The energy of the ions in this case is, however, defined 
by the mean sheath voltage, so it occurs at the high energy 
end of the IDF. These conditions are far from ideal for deposi-
tion processes, which require a high voltage (high ion flux) 
and, at the same time, a peak of the IDF at low/intermediate 
energies to enhance particular surface reactions. This cannot 
be realized in classical CCPs, but it is facilitated based on the 
technique proposed here.

2. PIC simulation

We investigate the possibility of the IDF tailoring via self-
consistent kinetic simulations based on the particle-in-cell 
technique complemented with Monte Carlo treatment of col-
lision processes (PIC/MCC). We use our 1d3v electrostatic, 
bounded plasma simulation code [10, 35] to study a geo-
metrically symmetric discharge in helium at 6 Pa and 350 K. 
The plane, parallel, and infinite electrodes are separated by a 
distance of 5.0 cm. At the electrodes, electrons are reflected 
with a probability of 0.2 [36] and secondary electrons due to 
ion impact are generated with a probability of γ = 0.1. The 
cross sections  for electron-neutral and ion-neutral collision 
processes are taken from [37–39].

Based on the ideas outlined above one can define ideal 
waveforms, for which the effects will be most pronounced. 
Keeping in mind possible experimental realizations, we 
approximate the ideal waveforms with signals consisting of 
five consecutive harmonics,

∑ϕ ϕ π θ( ) = ( + )
=

t A kf tcos 2 ,
k

k kappl 0
1

5

1 (1)

that are applied to one of the electrodes via a blocking capacitor, 
while the other electrode is grounded. Here, f 1   =   13.56 MHz. 
A0 is a voltage factor for all harmonics, while ϕk and θk are 

the amplitudes and phases of the individual frequency com-
ponents. Such a voltage waveform is feasible in applications 
using an advanced multi-frequency RF supply system with 
multiple matching branches and electrical filters [40]. Due 
to the asymmetry of the waveform a DC self-bias develops 
to equalize the electron and ion fluxes at each electrode, as 
described by the EAE [10–16, 18–23]. The application of a 
multi-frequency voltage waveform generally enhances the 
electron heating [17, 18]. This leads to a high total ion flux, 
which is benefitial for most processing applications. In the 
following we present results for two scenarios. First, we inves-
tigate the effect of the driving voltage amplitude and, subse-
quently, we address the effects of modifying the shape of the 
driving voltage waveform.

3. Results

Figure 1 presents the driving voltage waveform, the voltage 
drop across the discharge gap, and the sheath voltage at the 
powered electrode as a function of time within one funda-
mental RF period. The applied voltage waveform is generated 
by setting A0   =   1.0 and the individual amplitudes ϕ = 3941  V,  
ϕ = 1432  V, ϕ = 1533  V, ϕ = 854  V, ϕ = 965  V and phases 
θ = °1071 , θ = °1862 , θ = °1343 , θ = °1954 , θ = °1495  in equa-
tion (1). These values are obtained from a Fourier transform 
of the ideal applied voltage waveform. Thus, they have been 
chosen, because the resulting voltage waveform is minimum 
for a short time only, then oscillates around an intermediate 
value and stays close to the maximum value for almost half of 
the RF period. The idea is that the powered electrode sheath 
remains collapsed for a long time, so that ions created by cx 
collisions (which we call ‘cx-ions’ below) within the sheath 
region can accumulate in front of the electrode. After that, 
these cx-ions are accelerated by the sheath electric field and 
arrive at the electrode within one RF period, T. This field is 
strong around t   =   0 and then gradually decreases, so that cx-
ions are initially accelerated and are, subsequently, located 
close to the electrode, where the intermediate field is suffi-
ciently large to ensure that they reach the electrode within one 
RF period.

As shown in figure  2, utilizing this concept results in a 
sharp peak at a distinct ion energy within the low/medium 

Figure 1. Driving voltage waveform (ϕappl), discharge voltage 
including DC self-bias (ϕ η+appl ), and voltage drop over the 
powered electrode sheath (ϕsp). The grey lines indicate the ideal 
applied voltage waveform, consisting of three plateaus with voltage 
values V1, V2, and V3.
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energy range of the IDF. Here, we perform a voltage ampli-
tude variation by changing all the harmonic amplitudes by the 
same factor, A0, between 0.5 and 1.5, while leaving the phases 
unchanged. We observe that (i) for all conditions a sharp 
peak is present in the spectrum, (ii) with changing the voltage 
factor the position of this peak can be controlled, and (iii) this 
dominant peak of the IDF broadens with increasing A0. The 
analysis of the properties of the dominant peak is presented 
in figure 3, which shows the energy that corresponds to the 
peak and the ion flux (integral of the peak). The position of 
the peak can be tuned within a 27–130 eV range by varying 
the excitation voltage amplitude by a factor of 3. The flux of 
the ions that belong to this peak changes by a factor of 6. The 
relative contribution of the flux of the ions within the peak to 
the total ion flux also increases, from 15.1% at A0   =   0.5 to 
21.1% at A0   =   1.5. This is a significant fraction of the total 
ion flux and comparable or above such fractions achievable 
by classical techniques in CCPs [10]. However, in contrast to 
classical techniques our method allows controlling the energy 
of this peak in the intermediate region of the energy spectrum 

and generating one single dominant peak. Furthermore, the 
DC self-bias increases from 27.5 V at A0   =   0.5 to 91.5 V at 
A0   =   1.5. The relatively high flux observed in the smallest 
energy bin (below 1 eV) is caused by cx-ions that are created 
very close to the electrode. A large fraction of these ions gains 
only very little energy, as the sheath electric field is small for 
almost the entire second half of the RF period.

The understanding of the formation of the main peak in 
the IDF is aided by analyzing the spatio-temporal distribu-
tion of the electric field in the sheath region (see figure 4) and 
invoking a method based on the EST (ensemble-in-space-
time) [41] approach, where the trajectories of individual ions 
are traced. We seed cx-ions, which are initially at rest, into the 
sheath electric field, which is predefined as a result of the PIC/
MCC simulations. We assign the arrival energy of the ions at 
the electrode (neglecting collisions) to each position in space 
(between z   =   0 and =z smax,p) and time within the sheath 
region, where the ions started [29]. This construction is shown 
in figure 5 for the A0   =   1.0 case. A large domain in this plot, 
where the ion energy is nearly the same (≈65 eV, marked by 

Figure 2. Flux-energy distribution functions of He+ ions at the 
powered electrode, for an excitation voltage waveform according to 
figure 1, scaled with different amplitude factors A0.

Figure 3. Position of the dominant peak in the energy spectrum 
and the ion flux, obtained as the integral of this peak, as a 
function of A0.

Figure 5. Arrival energy of ions as a function of their initial 
position in space and time. The driving voltage is shown in figure 1 
(A0   =   1.0). The white dashed box highlights the region of cx-ion 
accumulation leading to the peak in the IDF.

Figure 4. Spatio-temporal distribution of the electric field in the 
powered electrode sheath region. The dashed line at ≈z 10 mm 
indicates the maximum sheath extension (smax,p). The driving 
voltage is shown in figure 1 (A0   =   1.0).
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the white rectangle), gives rise to the nearly monoenergetic 
peak in the IDF. This domain establishes because the electric 
field is strong for a short time, after which it oscillates around 
an intermediate value and is almost zero between t   =   0.5 
T and t   =   0.9 T. Thus, cx-ions can accumulate in this time 
interval close to the electrode. These ions are suddenly accel-
erated by the following peak in the sheath electric field and 
arrive at the electrode after gaining energy between t   =   0.9 
T and t   =   1.5 T. Therefore, all cx-ions created within the 
window 0.5 ≲ ≲T t 0.9 T and 0.1 ≲ ≲s z 0.3max,p  smax,p arrive 
with about the same energy, resulting in the distinct peak 
observed in the IDF. Ions, which start from a position further 
away from the electrode, need more than one RF period to 
move through the sheath and, therefore, contribute to the IDF 
at higher energies; they do not cause another distinct peak due 
to the lower electric field at the starting position, leading to a 
much longer transition time, so the probability of collisions 
is high, redistributing these ions in the IDF. An increase in 
the voltage factor simply enhances the sheath electric field 
and, thereby, enhances both the spatial region, in which ions 
must be initially located in order to contribute to the peak in 
the IDF, and the energy of this peak due to the stronger force 
exerted on the ions. In this way the shape and the energy of the 
peak can be controlled.

Next, we demonstrate the effect of modifying the shape of 
the applied voltage waveform. The panels of figure 6 display 
three cases. The ‘ideal’ driving voltage waveforms, ϕ ( )tid , are 
shown by the grey lines. The amplitudes and phases of the 
individual frequency components are obtained by a Fourier 

transform of the desired voltage waveform. The black dotted 
curves show the approximation of the desired waveforms by 
5 Fourier components, which is used in the simulations. The 
amplitudes and phases of these Fourier components are pro-
vided in table 1.

The ideal waveform consists of three plateaus with values 
V1 between t   =   −  0.1 T (0.9 T) and t   =   0.1 T, V2 between 
t   =   0.1 T and t   =   0.5 T, and V3 between t   =   0.5 T and t   =   0.9 
T ( ⩽ ⩽V V V1 2 3). Furthermore, the voltage waveforms have no 

DC component, i.e. ∫ ϕ ( ) =t td 0
T

id0
. Here, V2 is varied between 

V3 and V1, which are kept at a constant difference. The pla-
teau values (PV) of 0% and 100% correspond to V2   =   V3 and 
V2   =   V1, respectively. The voltage amplitudes and phases of 
the individual frequency components of the applied voltage 
(equation (1) with A0   =   1.0) are provided in table  1. This 
variation causes a change not only in the overall shape of the 
applied voltage waveform, but also in the asymmetry of the 
discharge, so that the DC self-bias, η (also included in table 1), 
changes as a function of the PV, as well.

The resulting IDFs for different PV are depicted in figure 7. 
For a PV of 0%, the IDF is very narrow, with a maximum ion 
energy of about 124 eV. Increasing the PV leads to an increase 
of the voltage drop across the powered electrode sheath 
and, hence, to an increase of the IDF width to up to 318 eV. 
Meanwhile, the peak in the IDF due to cx-ions, i.e. caused by 
the physical mechanisms discussed above, is present for all 
PVs, but it becomes more narrow for larger PV. It is one of 
multiple peaks at PVs below ≈30%, whereas it is the domi-
nant feature for PVs larger than ≈30%. Above this plateau 
value, the total flux within the width of the peak stays almost 
constant (it varies by ±17%, not shown), whereas the energy 
of the peak can be tuned by almost a factor of two (between 
43 eV and 78 eV) by ajusting the PV from 30% to 100%.

At small PVs (e.g. 0%), the long time interval of a small 
sheath voltage and, hence, of a small electric field leads to 
many cx-ions accumulating in the sheath region at the pow-
ered electrode. However, only a small fraction of these ions 
arrives at the electrode after a sufficiently short transit time. 
Thus, the collection of cx-ions within a transit time of one RF 
period or less is very inefficient. With an intermediate PV (e.g. 
50%), this collection is improved, but the longer time interval 
of a significant sheath electric field also means a shorter accu-
mulation phase. A high PV (e.g. 100%) allows for a larger 
energy gain of cx-ions, so that the respective peak in the IDF 
is shifted towards higher energies. Meanwhile, the relative 
contribution of the flux of the ions within the peak to the total 
ion flux slightly decreases, from 17.2% at =PV 50% to %16.2  
at =PV 100%.

In both variations shown in figures 2 and 7, the main peak 
is superimposed on a broad spectrum of the IDF. A further 
increase of the relative flux of the dominant peak would be 
worthwhile and might be achievable by changing more param-
eters, such as the gas pressure or the fundamental driving fre-
quency. Such a wide parameter variation is beyond the scope 
of this work, though. Furthermore, there are further peaks at 
higher energies, which are caused by cx- ions that are cre-
ated further away from the electrode and have a transit time of 

Figure 6. Driving voltage waveform (ϕappl), discharge voltage 
including DC self-bias (ϕ η+appl ), and voltage drop over the 
powered electrode sheath (ϕsp), for voltage plateau values of (a) 0%, 
(b) 50%, and (c) 100%, i.e. voltage parameters specified in table 1. 
The grey lines indicate the ideal applied voltage waveform.
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multiple RF periods. Therefore, the development of multiple 
peaks is inherently linked to the periodic behavior of the RF 
sheath [27–29]. Nevertheless, these peaks are much less pro-
nounced, because the spatial regions, in which cx ions may 
accumulate, become narrow far away from the electrode (see 
figure 5) and because the probability of collisions, in which 
the energy of these ions is redistributed, becomes larger. 
Certainly, the application of the approach discussed here is 
limited to gases with a symmetrical charge exchange between 
the primary ion species and the feed gas.

4. Conclusions

In conclusion, in this work we presented a novel method to 
generate a distinct peak at low/intermediate energies in the flux-
energy distribution of the ions impinging on the electrode surfaces 
in capacitive multi-frequency plasmas. This was made possible 
by driving the plasma with a tailored voltage waveform that 
consists of five consecutive harmonics. Subject to the Electrical 
Asymmetry Effect, a DC self-bias develops as a function of the 
phases between the applied harmonics. We have shown that by 
adjusting the applied voltage waveform to approximate certain 

idealized waveforms, the overall shape of the IDF, as well as dis-
tinct features within the distribution function can be controlled. 
We found that utilizing the effect of charge exchange collisions 
of the ions in the sheaths, a dominant peak in the IDF can be 
created. This approach works via a detailed knowledge of the 
ion dynamics within the sheath and is, in particular, based on a 
control of the dynamics of cx-ions in the spatio-temporal sheath 
electric field. The general idea of dividing the RF period into 
intervals of cx-ion accumulation (small sheath electric field) and 
collection (high and intermediate sheath electric field) was tested 
and the resulting peak in the IDF was analyzed. It was found 
that the position (i.e. the energy) and the flux of the peak can be 
varied at the same time by adjusting the amplitude of the applied 
voltage waveform, and can be controlled almost independently 
of one another by changing the PV of the intermediate voltage 
plateau. These advanced control opportunities allow the genera-
tion and control of a single peak at low/medium energies within 
the IDF, so that certain energy-selective reaction processes at the 
substrate surface induced by ion bombardment within a distinct 
energy window can be specifically enhanced, while the risk of 
inducing other potentially parasitic reactions initiated by ions at 
different energies is reduced. Certainly, this study is a proof of 
principle and the method needs to be tested, e.g. for other feed 
gases, in a future study.
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