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1. Introduction

When it comes to modern surface modification processes

such as the highly selective and strongly anisotropic

etchingofnanometer sized structures in the semiconductor

manufacturing industry, capacitively coupled radio fre-

quency (CCRF) plasmas are typically the tools of choice.[1,2]

These plasmas provide unique opportunities to adjust the

fluxes and impact energies of reactive and ionic species,

which are most important for the processes at the surface.

The typical discharge configurations are either geometri-

cally asymmetric (a relatively small powered electrode in a

large vacuum chamber) or geometrically symmetric (two

large electrodes in aplane-parallel setup), depending on the
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specific application.[3] In the symmetric single-frequency

situation, the particle fluxes and energies are equal at both

electrodes, whereas they differ from each other in an

asymmetric situation. This occurs because the voltage drop

across the sheaths adjacent to the surfaces is affectedby the

geometry, hence causing different energy gains of ions

adjacent to either electrode. Furthermore, the different

voltage drops across the two sheaths also lead to different

electron power absorption rates in the two sheath regions,

hence causing an asymmetric ionization rate. As a

consequence, the plasma density profile and the ion flux

become asymmetric with respect to the discharge center.

Several methods of adjusting the ion energy, or more

specifically the ion flux-energy distribution function

(IFEDF), have been developed to control and improve the

ion bombardment in CCRF plasmas. Besides the physical

setup of the electrodes and the vacuum chamber, the gas

pressure and the driving voltage are the two main control

quantities. It has been shown, however, that in single-

frequency CCRF plasmas it is not possible to control the ion

energy without affecting the ion flux.[4] Since such an

independent control is highly desired, multi-frequency

CCRFplasmasarewidelyused.Oneway toachieve separate

control is the application of a driving voltage consisting of a

low frequency component and a high frequency compo-

nent. If the frequencies differ by about one order of

magnitude, separate control of ion energy and ion flux is

possible[5–8] within the limitations of the disturbing

influences of the frequency coupling and of secondary

electrons.[9,10] Another way to achieve separate control is

the application of a voltage waveform consisting of a

fundamental frequency and its subsequent harmon-

ics.[11–31] Here, the phase angles between the applied

harmonics serve as control parameters of the voltage

waveform. For instance,waveformswithdifferentabsolute

values of the globalmaximum andminimum[11–25,29–31] or

different rising and falling slopes[26–28] can be generated,

providing a method to control the symmetry of the

discharge, the sheath dynamics and the ion energy at the

two electrodes.

Using such advanced methods of customized driving

voltage waveforms, the mean ion energy[11–31] as well as

the shape of the IFEDF[18,30,32,33] can be controlled. Thus,

the ion impact on a surface in a CCRF plasma can be

tailored for specific applications.[21–24] However, the

dynamics of the sheath electric field, as well as the ion

kinetics in the sheath become more complicated. In

single-frequency CCRF plasmas, the IFEDF has been

studied for decades (see, ref.[34] and references therein).

Several studies focused on the bimodal shape in the IFEDF

caused by ions, that cross the sheath without colli-

sions.[8,31,34,35] Furthermore, the role of collisional redis-

tribution of ions within the IFEDF,[34,36–41] of the total

sheath voltage,[42] as well as of the ion dynamics at
Plasma Process Polym 2017,

� 2016 WILEY-VCH Verlag GmbH &7 (2 of 13)
reduced driving frequencies[35,39,42–44] have been investi-

gated. Various approaches of modeling the IFEDF in

single-frequency CCRF plasmas can be found in the

literature.[36,38–40,45] Wild and Koidl developed a model

for the IFEDF in such single-frequency CCRF plasmas and

studied, how the different ion flux components of the

IFEDF are formed.[36] Recently, a model allowing for a

detailed analysis of the ion dynamics in a single-

frequency CCRF plasmas has been discussed by Chen

and Pu.[39] Up to now, a model for the IFEDF in multi-

frequency CCRF plasmas driven by customized voltage

waveforms is missing. The approach proposed by

Coumou et al. provides a first insight into the formation

of the IFEDF behind a multi-frequency RF sheath, but it is

limited to the collisionless case.[30] A predictive control

and an easy access to understand the features of the IFEDF

in multi-frequency plasmas is highly desired to make

such methods attractive for applications.

Here, we propose a model for the IFEDF and the ion

dynamics in CCRF plasmas driven by multiple radio

frequencies. It is based on the knowledge of the temporal

evolution of the sheath voltage from a voltage balance

model and an approximation of the spatial profiles of the

ion density, as used by Wild and Koidl in their model of

single-frequency discharges.[36] We compare the outcome

of this model to the IFEDFs obtained from self-consistent

particle-in-cell simulations with Monte Carlo treatment of

collision processes (PIC/MCC), as well as with measured

data. This comparison shows that the model allows for a

simple but accurate determination of the IFEDF. Themodel

is validated for symmetric, as well as asymmetric single-

and multi-frequency discharges. We restrict ourselves to

the investigation of the IFEDF only at the grounded

electrode, although the model works equally well for the

IFEDF at the powered electrode. In the single-frequency

case, a voltagewaveform of f� tð Þ ¼ f0cos 2pf tð Þ is applied,
while in a triple-frequency discharge the voltagewaveform

is varied by tuning the phase angles,
14, 160
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f� tð Þ¼
X3
i¼1

ficos i2pf þ uið Þ; ð1Þ
where fi and ui are the individual harmonics’ amplitudes

and phases. We note that the model is not limited to such

waveforms and can be used for arbitrary voltage wave-

formsaswell as forCCRFplasmasdrivenbya lowandahigh

frequency component. Further, it can be used to gain a

detailed insight into the dynamics of the ions within the

sheath. This is important for an understanding of the

development of all features in the IFEDF, so that a further

improvement of the IFEDF control is facilitated.

This paper is structured in the followingway: Themodel

is introduced in thenext section.After explaining thebasics

and discussing the assumptions of the model, information
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on the PIC/MCC method and the experimental setup is

provided. Then, the results are presented and discussed in

section 3, which is divided into three parts � the proof of

concept of the model in single-frequency CCRF plasmas, in

multi-frequency CCRF plasmas, and a detailed analysis of

the ion dynamics in the model. Finally, conclusions are

drawn in the last section.
2. Model, Simulation, and Experiment

2.1. IFEDF Model

The model considers the sheath region formed in a

discharge consisting of a single, positively charged ion

species, andelectrons. TheCCRFplasmacanbegeneratedby

a voltagewaveformof arbitrary shape, but the period of the

lowest driving frequency must be shorter than the ion

transit time through the sheath region. This is required to

justify theassumptionofa temporally constant iondensity.

The basic idea of themodel is that the IFEDF at the electrode

is composed of two components. ‘‘Primary’’ ions, that flow

from the quasi-neutral plasma bulk zone into the sheath

region, are accelerated by the electric field over the entire

sheath region, and arrive at the electrodewithout collisions

at relatively high energies. If the transit time of these

primary ions ismuch longer thantheRFperiodof the lowest

applied frequency, they generate a rather narrow peak in

the IFEDF at an energy corresponding to the mean sheath

voltage. For shorter ion transit times of only a few RF

periods, the peak spreads to lower and higher energies.[34]

The other component of the IFEDFare ‘‘secondary’’ ions that

are created in charge-exchange collisions of ions with the

neutral background gas. Inmany situations, these collision

processes are dominant. After the charge transfer, the

former ionproceeds as a fast neutral and the formerneutral

gas particle becomes positively charged, starts with

negligible (thermal) velocity, and is accelerated toward

the electrode.

The simplified mathematical description of the ion

density profile, ni zð Þ, in the plasma sheath region, that

has beenusedbyWild andKoidl for theirmodel of IFEDFs in

strongly asymmetric single-frequency CCRF plasmas,[36] is

adopted here:
Plasma
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ni zð Þ � n0 1� z
sg;max

� ��1=2

; ð2Þ
where sg;max is the maximum extension of the grounded

electrode sheath (occuring at the time of maximum

applied voltage andmaximum grounded electrode sheath

voltage). The z-axis is perpendicular to the electrode

surface (situated at z¼ 0) and is directed toward the

center of the discharge, and n0 is a constant density at the

electrode surface. Certainly, Equation (2) is a strong
Process Polym 2017, 14, 1600117
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simplification, and more sophisticated theories to de-

scribe the density and field profiles in the voltage driven

RF sheath are available (see ref.[46–48] or the recent works

of Czarnetzki,[49] as well as of Chabert and Turner,[50] for

instance). However, we choose the simple formula above,

because it is our intention to keep this model as simple as

possible, while still achieving a good agreement of the

resulting IFEDF with the outcome of self-consistent

simulations and experiments, as will be shown below.

For the same reason, the exponent in Equation (2) is fixed

to �1/2 in this work, whereas a slight variation was

allowed in the original work of Wild and Koidl.[36]

In order to determine the voltage drop across the sheaths

and the sheath widths, it is convenient to express these

quantities as a function of the net charge in the respective

sheath. In the following, we describe the derivation of the

voltagedropacross and thewidthof thegroundedelectrode

sheath, because the IEDFs at the grounded electrodewill be

discussed in the results section; the properties of the

powered electrode sheath can be determined in a similar

procedure. The underlying model has been used in several

studies of multi-frequency plasmas before.[11–13,15–17,51] A

central assumption is that the total net charge within the

entire discharge volume, Qtot, is purely located in the two

sheaths, that is,Qtot¼ Qsp tð Þ þ Qsg tð Þ, and that it is constant
in time.[16] The charges in the powered electrode sheath,

Qsp tð Þ, and in the grounded electrode sheath,Qsg tð Þ, change
as a function of time within the RF period. Further, the

approximation of a quadratic charge voltage relation of the

sheaths is used here. An analytical treatment would not be

possible, if the cubic correction[52,53]was included. The time

dependent normalized charge in the grounded electrode

sheath is found as[13,51]
olymers
qsg tð Þ ¼ qtot � qsp tð Þ

¼
qtot �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eq2tot � 1� eð Þ hþf� tð Þ

ftot

q
1� e

: ð3Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffip
Here, all charges are normalized by Q0¼ Ap 2ee0�nspftot
withAp being the surface area of thepowered electrode and
�nsp being the mean ion density in the powered electrode

sheath region, that is, qtot¼ Qtot=Q0, qsp¼ Qsp=Q0, and

qsg¼ Qsg=Q0, h and f� tð Þ are the DC self-bias and the

applied voltage, ftot is the applied voltage amplitude.[13,51]

The symmetry of the discharge is taken into account in the

model via the symmetry parameter[11,13]
e ¼ fmax
sg

fmax
sp

�����
�����; ð4Þ
that is, as the absolute value of the ratio of the maximum

voltage drops across the grounded and powered electrode

sheaths. Both the symmetryparameter and the total charge

can easily be determined from the DC self-bias, h, and from
(3 of 13) 1600117.org
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the global extrema of the applied voltage waveform,[12,51]

f�;max and f�;min, via e ¼ � hþ f�;max

� �
= hþ f�;min

� �
and

qtot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f�;max � f�;min

� �
= ftot 1þ eð Þ�½

q
. The time depen-

dent voltage drop across the grounded electrode sheath is

then
1

Trf

Z
0

7 (4 o
fsg tð Þ ¼ eftot qsg tð Þ
h i2

: ð5Þ
It should be noted that the time-dependent charge

located in the grounded electrode sheath, qsg tð Þ, in the

model above reaches a minimum of zero.[16] Hence, the

sheath fully collapses and the predicted minimum sheath

voltage isfsg ¼ 0.However, in realitya residual (RFfloating)

potential remains at the time of collapsing sheath to

prevent a too high electron flux to the electrode.[1,2] This

floating potential can become important for the ion

dynamics, especially in situations when the amplitude of

the time varying sheath voltage is relatively low, that is,

when using a low driving voltage amplitude and/or in

strongly asymmetric situations. We incorporate the float-

ingpotential byaddingaconstant component to theoverall

sheath voltage
f�
sg tð Þ ¼ fsg tð Þ þ fsg;f l: ð6Þ
The floating potential is determined from the constraint

of equal fluxes of positive and negative charges to either

electrode, because any DC current component is prohibited

in thesteadystateof theCCRFdischargebythepresenceofa

blocking capacitor in the matching network. Hence, we

adopt thestandardapproach (discussedbyLieberman,[1] for

instance) and find the floating potential from the required

time-averaged balance
Trf

ffiffiffiffiffiffiffiffiffiffi
kBTe

mi

s
dt ¼ 1

Trf

Z Trf

0

ffiffiffiffiffiffiffiffiffiffiffiffi
kBTe

2pme

s
exp � ef�

sg tð Þ
kBTe

� 	
dt ð7Þ
of the ion flux (Gi, left hand side of Equation (7)) and the

electron flux (Ge, right hand side of Equation (7)) to the

grounded electrode. (Note that an analytic solution cannot

be found for multi-frequency scenarios.) Here, the usual

assumptions[1] of an ion velocity close to the Bohmvelocity

(ui � uB ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBTe=mi

p
) when entering the sheath, of a

Maxwellian electron energy distribution function (with

temperature Te), of a constant ion flux within the sheath,

and of a static and quasi-neutral plasma outside of the

sheath (ni ¼ ne) are made.

The time dependent sheath width is obtained in the

following way: Assuming that the electron density equals

the ion density in the plasma bulk region and instan-

taneously drops to zero at the sheath edge (known as step

model of the plasma sheath[1,2]), the value of qsg tð Þ
normalized by its maximum at any time within the RF
Plasma Process Polym 2017,
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period corresponds to the normalized integral of the ion

density profile between the electrode (at z ¼ 0) and the

momentary position of the plasma sheath edge at the

grounded electrode, sg tð Þ. This yields
14, 160
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qsg tð Þ
qsg;max

¼
R sg tð Þ
0 ni zð ÞdzR sg;max
0 ni zð Þdz ¼ 1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sg tð Þ

sg;max

s
ð8Þ
usingEquation (2) for the iondensityprofile. Thus, applying

the quadratic charge voltage relation of the sheath again,

the sheath edge is found as
sg tð Þ ¼ sg;max 1� 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fsg tð Þ
fsg;max

s !2
2
4

3
5: ð9Þ
Both primary and secondary ions are accelerated in the

RF electric field, which is high in the oscillating sheath

region and approximately zero in the quasi-neutral

plasma bulk region, that is, any residual effects of the

ambipolar electric field[54] on the IFEDF are neglected. The

electric field profile is determined via Poisson’s equation

by integrating the ion density profile spatially:

Esg z; tð Þ ¼ e=e0ð Þ R zs tð Þ ni z0ð Þdz0. This yields
Esg z; tð Þ ¼ � 3

2

fsg;max

sg;max

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� z

sg;max

r
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sg tð Þ

sg;max

s" #
:

ð10Þ
Here, fsg;max ¼ 4en0ð Þ= 3e0ð Þ, obtained from integrating

Poisson’s equation once more, has been introduced.

We analyze the ion dynamics in the sheath by following

the trajectory of ions space and time resolved, similar to the

approachofShihabetal.[55] andChenandPu.[39] Thestarting

positions of these ions, (z0, t0), are homogeneously

distributed in space (between z ¼ 0 and z ¼ sg;max) and

time (between t ¼ 0 and t ¼ Trf ). All these ions are traced

and do not undergo any collisions. All ions that start within

the sheath are secondary ions. The IFEDF is obtained at the

grounded electrode by collecting the ions arriving at the

electrode in energy ‘‘bins.’’ The result is the flux density of

ions within the respective energy interval. The according

distribution function is called ion flux-energy distribution

function (IFEDF) here; it is also called ion energydistribution

function or ion flux distribution function in the literature. If

thearriving ion isaprimaryion, the ionfluxinthe respective

bin is increased by G0exp �sg;max=Lcx

 �

; if it is a secondary

ion, that is, an ion created in a charge exchange collision

within the sheath region, the ionflux in the respective bin is

increased by G0exp � sg;max � z
� �

=Lcx

 �

sg;max=Lcx.
[39] The

factors in the expressions for the fluxes are required to

account for the probability of collisions. G0 is the constant

that determines the total ion flux of the IFEDF. Here, we

intend to focus on the shape of the IFEDF and, therefore, set
0117
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G0 so that
R
f Eið ÞdEi ¼ 1. The additional factors in thefluxof

primaryandsecondary ionsaccount for theprobability, that

these ions arrive at the electrode without undergoing

collisions.[39] Only charge-exchange collisions are consid-

ered in the ionmean free path,Lcx. Although, the respective

cross section may depend on the ion energy, it does not

change bymore than 10% over awide energy region in case

of argon ions.[56] Thus, we use the value of Lcx according to

thecrosssection forchargeexchange (elasticbackscattering)

at 10 eV.

Insummary, themodel isbasedonapproximationsof the

ion density profile in the sheath (Equation (2)) and of the

temporal evolution of the sheath voltage from an equiva-

lent circuit model (Equation (6)). Therefore, the approach

proposed here allows the investigation of the ion dynamics

in the rf sheathandthedeterminationof the IFEDF inawide

range of gas pressures, voltage amplitudes, frequencies,

waveform shapes, and geometric configurations. Certainly,

this range is limited by the underlying physical assump-

tions: for instance, the assumption of charge-exchange

collisions with an energy-independent cross section being

the dominant ion-neutral interaction would fail for most

molecular gases or for too low sheath voltages, where ions

would move mostly at low energies and the treatment of

collisions would be more complicated. Based on the input

parameter (applied voltage, DC self-bias, maximum sheath

width, floatingpotential,mean freepath), the ionmotion in

the sheath and the IFEDF are calculated within a few

minutes.
2.2. PIC/MCC Simulation

Theresultsofthemodelarecomparedtothoseobtainedfrom

self-consistent simulations. In theparticle-in-cell simulation

with Monte Carlo treatment of collisions (PIC/MCC) code,[4]

the motion of about 105 superparticles representing argon

ions or electrons is traced between the two infinitely large,

parallel plate electrodes. The cross section data set of

Phelps[56–58] is implemented for the treatment of collisions.

The neutral gas pressure is varied, while the neutral gas

temperature is kept at 350K. Ions are lost at the electrode

surfacesand release secondaryelectronswithaprobabiltyof

0.1. A probability of 0.2 is assumed for the reflection of

electrons flowing onto the electrode surfaces.[59]

Although, the 1d3v code represents a geometrically

symmetric discharge configuration, a DC self-bias may

develop, due to the application of a voltage waveform that

induces an asymmetry. In such cases, the DC self-bias is

adjusted in the simulation in an iterativemanner,[4] so that

the losses of positive charges (ions) and negative charges

(electrons) are equal on time average at either electrode

surface, as it is thecase inusual experimental setupsofCCRF

plasmas in steady state due to the presence of a blocking

capacitor.
Plasma Process Polym 2017, 14, 1600117
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2.3. Experiment

The experimental setup consists of a modified Gaseous

Electronics Conference (GEC) reference cell,where a parallel

plate configuration is realized between the bottom

(powered) and top (grounded) electrodes. The electrodes

are 10 cm in diameter and are separated by a distance of

4 cm. The plasma is confined in this gap radially by a glass

cylinder, which effectively enhances the grounded surface

area due to the capacitive coupling to the chamber wall.

Therefore, a geometrical asymmetry is present in the

experiment. Further details on the experimental setup and

discharge configuration can be found in a recent paper.[51]

The discharge is operated in argon at 5 Pa pressure. The

driving voltage consists of three RF harmonics: 13.56, 27.12,

and 40.68MHz. These harmonics are phase locked, so that

the individual amplitudes and relative phases are con-

trolled, and are applied to the electrode via a matching

network.[29] In the experiment, the IFEDF ismeasuredusing

an Impedans Semion Retarding Field Energy Analyzer

(RFEA).[8] The device is implemented into the grounded

electrode.
3. Results

In this section, the IFEDFs obtained from the model, the

simulations, and the experiments will be presented and

discussed. In the IFEDF, aswell as in all other discussions of

the ion dynamics in the sheath, the ion energy refers to the

kinetic energy of the ions corresponding to the axial

velocity component. (It actually is an ion velocity compo-

nent, vz, distribution function, which is conveniently

evaluated as a function of the respective kinetic energy

mv2z=2).
[35] All IFEDFs are shownnormalizedwith respect to

the total ion flux, that is,
R Ei;max
0 f Eið ÞdEi ¼ 1.
3.1. IFEDFs in Single-Frequency CCRF Plasmas (Model

and PIC)

Figures1and2showthe IFEDFsat thegroundedelectrodeof

a symmetric single-frequency CCRF plasma obtained from

PIC/MCC simulations and predicted by the model, at

various gas pressures, driving frequencies, and driving

voltageamplitudes.Verygoodagreement is foundbetween

the two sets of data. The model uses the sheath width

calculated from the simulation data using the criterion

according toBrinkmann[60] as inputparameter. Thefloating

potential has been included, too, but it has a negligible

effect.

For the same voltage amplitude, a higher driving

frequency leads to a more efficient electron power

absorption, thereby enhancing the ionization rate and

plasma density. Thus, the sheath width becomes smaller
(5 of 13) 1600117olymers.org



Figure 1. IFEDFs at the grounded electrode of a symmetric capacitive single-frequency discharge obtained from PIC/MCC simulations in
argon for various pressures and base frequencies. The driving voltage amplitude is 120V (red) or 240V (blue).
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and theprobability of collisions of ionsmoving through the

sheath region, becomes lower. Therefore, the fraction of

high energy ions in the IFEDF is enhanced. Also, a reduction

of the gas pressure leads to a less collisional motion of the

ions through the sheath region and, hence, a higher mean

ion energy. This is due to the fact that themean free path is

inversely proportional to the gas pressure. Although, the

plasmadensity is smaller and the sheathwidth is larger at a

reduced pressure, the ratio of the mean free path over the

maximum sheathwidth becomes larger at lower pressures

and, therefore, the collisionprobabilitybecomes lower. Ions

predominantly undergo charge-exchange collisions during

their motion through the rf sheath. As a consequence, the

IFEDF exhibits a broad spectrumwith distinct peaks at low

and intermediate energies. The effect of charge-exchange

collisions on the ion dynamics is discussed based on the

model results in the subsection IIIC. Furthermore, a change

of the applied voltage amplitude at 27.12MHz causes a

change of the width of the IFEDF, as the maximum ion

energy is proportional to the sheath voltage and, accord-

ingly, to the applied voltage amplitude. However, the
Plasma Process Polym 2017,
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overall shapeof the IFEDFdoesnot changesignificantly. The

effect of a larger sheathvoltageandahigherplasmadensity

at higher applied voltage amplitudes compensate each

other, so that the sheath width and, therefore, the ion

collision probability depends only very weakly on the

voltage amplitude. Two different voltage amplitudes were

chosen, because the simulation does not converge at the

lowest frequency of 13.56MHz for too low voltage

amplitudes or at the highest frequency of 40.68MHz for

too high voltage amplitudes.

The general shapes of the IFEDFs as well as the trends as

functions of pressure and frequency, respectively, agree

well with experimental observations discussed in the

literature (see refs.[8,34,35,41,61–63] for example).
3.2. IFEDFs in CCRF Plasmas Driven by Customized

Voltage Waveforms (Model, PIC, and Experiment)

Figures 3(a) and (b) show the IFEDF at the grounded

electrode of a geometrically symmetric, electrically asym-

metric CCRFplasmaobtained from the PIC/MCC simulation
14, 1600117
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Figure 2. IFEDFs at the grounded electrode of a symmetric capacitive single-frequency discharge obtained from the model in argon for
various pressures (mean free paths) and base frequencies. The driving voltage amplitude is 120V (red) or 240V (blue).
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and based on the model. Here, a voltage waveform

consisting of three consecutive harmonics is applied to

the powered electrode. The phase angle of the 27.12MHz

component (u2, see Equation (1)) is varied, whereas the

phase angle of the fundamental frequency at 13.56MHz

and of the 40.68MHz component are kept zero. It has been

shownbefore,[29,51] that theDC self-bias and the ion energy

can effectively be controlled by tuning u2 only.

Overall, we find very good agreement between the

results of the simulation and the model. All features of the

IFEDFs determined in the PIC/MCC simulations are

reproduced by themodel. Again, themodel uses the sheath

width and the floating potential as the only simulation-

based input parameter. Similarly, to the findings of

previous studies,[29,51] the IFEDF shape and mean and

maximumionenergy canbe controlledby tuning thephase

angle of the second harmonic. The u2¼ 1808 case will be

examined in great detail further below.

Figures 4(a) and (b) show the IFEDF at the grounded

electrode of a geometrically and electrically asymmetric

CCRF plasma obtained from RFEA measurements and the
Plasma Process Polym 2017, 14, 1600117
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model. Again, a voltage waveform consisting of three

consecutive harmonics is applied to the powered

electrode, and the phase angle of the 27.12MHz compo-

nent is varied.

The experimentally determined IFEDFs exhibit a peak at

thehighenergyend, as themeanfreepathof the ions is long

enough at a gas pressure of 5 Pa to allow for a large fraction

of the primary ions to arrive at the electrode without

collisions. This peak in the IFEDF is found at considerably

lower energies than that of the ions with highest energy in

the simulation, that is, themaximum ion energy is lower in

the measurements than in the simulation (see Figure 5(a)).

This is due to the fact that thedischarge isnot geometrically

symmetric. Therefore, thecontrol rangeof theDCself-bias is

shifted toward more negative values, although the control

interval itself (difference between h at u2¼ 08 and at

u2¼ 1808) is hardly affected (see Figure 5(b)). Accordingly,

the voltage drop across the grounded electrode sheath is

reduced.

Moreover, themeasured IFEDFsdonot showanypeaksat

lower energies or other fine structures, as such details
(7 of 13) 1600117olymers.org



Figure 3. IFEDFs at the grounded electrode of an electrically
asymmetric capacitive triple-frequency discharge obtained
from (a) PIC/MCC simulations and (b) the model, in argon at
5 Pa for various phase angles of the second harmonic
component. The voltage amplitudes are 120 V at
13.56MHzþ80V at 27.12MHzþ 40V at 40.68MHz. The
phases u1 and u3 are set to 08.

Figure 4. IFEDFs at the grounded electrode of a capacitive triple-
frequency discharge obtained from (a) measurements by the
RFEA in the geometrically asymmetric experimental setup and
(b) the model, in argon at 5 Pa for various phase angles of the
second harmonic component. The voltage amplitudes are 120V at
13.56MHzþ80V at 27.12MHzþ40V at 40.68MHz. The phases u1
and u3 are set to zero. The colored areas in (b) are obtained by
averaging the model IFEDFs.
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cannot be resolved by the RFEA, due to the limited energy

resolution of the device, that we find to be of the order of

about 10 eV. In order to compare the model with the

experimental results, the imperfect energy resolution is

emulated by applying an averaging over adjacent data

points in themodel.After thatprocedure, theoverall shapes

of themodeled IFEDFs (shadedareas inFigure4(b)) resemble

themeasured ones. The sheathwidth is varied in themodel

until the ratio of mean ion energy over maximum ion

energy matches the one determined from the measured

IEDFs. A shorter sheathwidth leads to less collisions of ions

in the sheath region and, therefore, a higher mean ion

energy. Therefore, the mean ion energy typically is a

monotonic function of the sheath width and the optimum

agreement between measured and modeled IFEDF is

found in a simple way. We find sg;max � 3mm for all

phase angles.
Plasma Process Polym 2017,
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3.3. Advanced Analysis of Example Case

In order to demonstrate how the model can be used to

analyze the ion dynamics in the sheath region and the

development of the IFEDF on a detailed level, the case of a

geometricallysymmetrictriple-frequencyCCRFplasmawith

phaseangles u1¼ 08, u2¼ 1808, and u3¼ 08 (red IFEDFcurve in
Figure 3(b)) is investigated below as an example case.

First, the temporal evolution of the grounded electrode

sheath width and voltage is shown in Figure 6(a). At this

combination of phase angles, the grounded electrode sheath

voltage is high for a long fraction of the RF period and

collapses for a short fraction only. The sheath voltage

exhibitsmultiplemaxima andminimawithin one period of

the fundamental driving frequency due to the harmonic

modulation of the applied voltage. The oscillations, that are

well observable in the sheath voltage around its maximum
14, 1600117
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Figure 5. (a) Comparison of the IFEDFs for u2¼ 1808 and (b) DC
self-bias, h, for various phase angles of the second harmonic
component, obtained from PIC/MCC simulations and
experiments of a capacitive triple-frequency discharge in argon
at 5 Pa. The applied voltage is 120V at 13.56MHzþ80V at
27.12MHzþ40V at 40.68MHz. The phases u1 and u3 are set to 08. Figure 6. (a) Grounded electrode sheath voltage (red solid

line, left axis) and width (blue dashed line, right axis) as a
function of time obtained from the model. (b) Spatio-temporal
distribution of the electric field in the grounded electrode sheath
region obtained from the model. (Argon, 5 Pa, 120V at
13.56MHzþ80V at 27.12MHzþ40V at 40.68MHz, phases
u1¼08, u2¼ 1808, and u3¼08).

A Simple Model for Ion Flux-Energy Distribution. . .
value (at 0:0 � t=TRF � 0:3 and0:7 � t=TRF � 1:0) arehardly

visible in the sheath width due to the ‘‘frequency coupling

effect’’[9]: if the sheathvoltage changes but the sheathwidth

is large, the local ion density is relatively large so that the

modulation inthesheathwidth isweak.Moreover, although

the floating potential is low (below1V), it leads to a residual

sheath width at the time of minimum sheath voltage.

The spatio-temporal distribution of the electric field,

depicted in Figure 6(b), is high for a long fraction of the

fundamental RF period. It is small only for a short time

around t=T � 0:5, when the grounded electrode sheath is

collapsed. At each time, the field strength decreases with

increasing distance from the electrode and vanishes

completely at the momentary plasma sheath edge. Again,

it is apparent that the temporal modulation is affected by

the triple-frequency applied voltage waveform.

The temporally averaged, spatially resolved IEDF (see

Figure 7(a)) shows the number of ions found within a

certainenergy interval at eachposition in the sheath.As the

ions enter the sheath with a small energy and are

accelerated by the RF electric field, the IFEDF spreads

toward higher energies from z ¼ smax;g to z ¼ 0. Charge-

exchange collisions lead to a ‘‘band’’ of ions between zero

energyand theenergyof theprimary ions (originating from
Plasma Process Polym 2017, 14, 1600117
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thebulk) at eachposition. Thenumber of ions in this band is

modulated: There is a fixed number of peaks that spread

almost evenly over the energy interval of the ‘‘band.’’

As shown in Figure 7(b), the total ion flux at the grounded

electrode (shown inFigure 3(b), aswell) canbe split into that

of primary ions and that of secondary ions. The flux of

primary ions (originating from the flow of ions out of the

bulk into the sheath region) leads to a relatively narrow

distribution around the maximum ion energy. The ion

transit time is themost important quantity for thewidth of

this structure. Due to the relatively long transit time

(comparedwiththeRFperiod), all primary ions ‘‘feel’’ almost

the same acceleration in the electric field. The secondary

ions, which are created in charge-exchange collision

processes, arrive at the electrode with energies between

zero and the energy of the primary ions. Peaks of high ion

flux are found, that will be analyzed further below.

Figure8(a) shows theenergyan ionhasupon its arrival at

thegroundedelectrodedependingonits startingposition in
(9 of 13) 1600117olymers.org



Figure 7. (a) Temporally averaged, spatially resolved ion energy
distribution in the grounded electrode sheath region obtained
from the model. The color scale provides the relative flux of ions
on a total flux-normalized scale.(b) Contributions of primary ions
and ions ‘‘born’’ in charge exchange collisions within the
grounded electrode sheath region to the IFEDF at the
grounded electrode obtained from the model. (Argon, 5 Pa,
120V at 13.56MHzþ80V at 27.12MHzþ40V at 40.68MHz,
phases u1¼08, u2¼ 1808, and u3¼08).

Figure 8. (a) Arrival energy of ions created by charge exchange
collisions at different points in space time within the grounded
electrode sheath region obtained from themodel. Thewhite solid
and dashed lines indicate the minimum and maximum of the
energy intervals of the peaks in the IEDF. (b) Transit time
(normalized by TRF ) of ions created by charge exchange
collisions at different points in space time within the
grounded electrode sheath region obtained from the model.
(Argon, 5 Pa, 120V at 13.56MHzþ80V at 27.12MHzþ 40V at
40.68MHz, phases u1¼08, u2¼ 1808, and u3¼08).
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time and space within the grounded electrode sheath

region (assuming that it does not collide). In general, the

closer the startingpositionof the ions is to the electrode, the

smaller the ion arrival energy. This is because these ions

move a shorter distance and are accelerated for a shorter

time until they arrive at the electrode. Furthermore, the

temporal variation of the ion arrival energy is weak. Due to

the RF modulation of the electric field, however, the ion

energy canfirst decrease slightly and then increase againas

a function of the spatial position (‘‘zig-zag’’-shaped parts of

the black lines). This is because the acceleration becomes

much strongerwith decreasing distance from the electrode

due to the much stronger electric field (shown above). On
Plasma Process Polym 2017,
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the one hand, an ion originating at a certain position in

space time may impinge on the electrode just before the

sheath collapse, that is, around t=TRF � 0:3, so that the

energygainover the last fractionof the iontrajectory isvery

high. On the other hand, an ion originating at a position

slightly further away from the electrode may impinge on

the electrode after the sheath collapse, that is, around

t=TRF � 0:7, so that the energy gain over the last fraction of

the ion trajectory is comparatively small. Thus, the ion

energy can be slightly higher for slightly lower z=smax;g

values, depending on the arrival time and the
14, 1600117
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Figure 10. Distribution of ions arriving at the grounded electrode
as a function of energy and time within the RF period obtained
from the model. (Argon, 5 Pa, 120V at 13.56MHzþ 80V at
27.12MHzþ40V at 40.68MHz, phases u1¼08, u2¼ 1808, and
u3¼08. The color scale provides the relative flux of ions on a
total flux-normalized scale.

A Simple Model for Ion Flux-Energy Distribution. . .
corresponding acceleration in the last RF period of the total

transit time.

Ions, that are created at t=Trf � 0:3and z=smax;g � 0:5, for

instance, gain only very little energy before the sheath

collapses around t=Trf � 0:5. Therefore, they arrive at the

electrode with almost the same energy as those ions, that

are created until t=Trf � 0:7 at about the same position

z=smax;g � 0:5. All of these ions, in turn, gain only a little

kinetic energyduring theirfirst RFperiod. Therefore, all ions

that start within a spatio-temporal window� indicated by

the white solid and dashed lines, that correspond to the

minimum and maximum of the energy intervals of the

peaks in the IEDF�will arrivewith about the same energy.

The transit time of ions (t, normalized by TRF), that is, the

time between their creation in a charge-exchange collision

processandtheirarrivalat thegroundedelectrode,becomes

longer with increasing distance from the electrode (see

Figure 8(b)). A more detailed analysis reveals that the lines

corresponding to integer values of the normalized transit

time are locatedwithin the regions of the starting positions

in space and time of those ions, that contribute to the peaks

in the IFEDF (compare Figure 8(a)). Accordingly, ions that

start at a slightly later time but have a slightly shorter

transit time, arrive at the same timewithin the RF period at

the electrode and, due to a similar energy gain over the last

RFperiodsof the total transit time, impingeon theelectrode

with about the same ion energy. This leads to the formation

of the peaks in the IFEDF.

Moreover, the total flux of ions in the IFEDF at the

groundedelectrodecanbesplit intodifferentfluxfractionsof

ionswith different transit times from their starting position
Figure 9. Contribution of ions with different normalized transit
times from their starting location to the grounded electrode
obtained from the model. (Argon, 5 Pa, 120V at 13.56MHzþ 80V
at 27.12MHzþ 40V at 40.68MHz, phases u1¼08, u2¼ 1808, and
u3¼08).

Plasma Process Polym 2017, 14, 1600117

� 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.plasma-p
to the grounded electrode (see Figure 9). This is another way

of visualizing the effect, that the peaks in the IFEDF are

caused by ionswith a transit time, that is close to an integer

numberofRFperiods. Inotherwords, ionswithatransit time

of justbelowthreeTrf , for instance,mayarrivewithaslightly

higher energy than those ions with a transit time of just

above three Trf , due to the reasonsmentioned above. Hence,

a peak is found in this overlapping energy region.

Finally, the model allows for a distinction of the energy

distribution functions of ions at the grounded electrode at

different times within the RF period. This is shown in

Figure 10. The ion flux exhibits the peak structure

mentioned above. Here, however, it becomes visible that

theenergyof thesepeaks changesasa functionof time. This

is because of the ions that arrive at different times

experiencedifferentenergygains (most importantlyduring

the lastRFperiodof the transit timeof therespective ions) in

the RF electric field. The sheath is collapsed around

t=Trf � 0:5. Therefore, ions that arrive shortly after the

collapse experience a very weak field during the last

fraction of the transit time. As a consequence, the energy of

all features in the IFEDF is reduced around t=Trf � 0:5. After

that (between t=Trf � 0:6 and t=Trf � 0:4 (or 1.4)), the

energy of the features in the IFEDF increases as the

acceleration of the ions becomes stronger due to the longer

time spent in the region of high electric field close to the

electrode. Thismodulation leads to theobservationofpeaks

superimposed on a broad ‘‘band’’ in the IFEDF.
4. Conclusion

Asimplemodel for the IFEDF in single- andmulti-frequency

CCRF plasmas was developed. By comparing the IFEDFs
(11 of 13) 1600117olymers.org
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from this model with the results of PIC/MCC simulations

and RFEA measurements, it was shown that the model

works in both symmetric and asymmetric discharge

configurations.

In particular, it was demonstrated that the model is

capable of reproducing the IFEDFs obtained from PIC/MCC

simulations at various driving frequencies and pressures.

For an electrically asymmetric scenario of a plasma driven

by three consecutive harmonics, the phase angle of the

second harmonic is a control parameter for the DC self-bias

and, therefore, for the mean sheath voltages and the ion

energies at the electrodes. Accordingly, the IFEDF changes.

The results of themodelwere compared to simulations and

experimental data of triple-frequency CCRF plasmas with

very good agreement.

Further, the model was then used to investigate the ion

dynamics in the multi-frequency RF sheath in detail. The

temporal evolution of the sheath width and voltage were

discussed. Based on the spatially and temporally resolved

electric field, the IFEDF as a function of position, the role of

primary ions and ions created in charge-exchange collision

processes, the transit timeandarrival energyof the ionsasa

function of their starting position in the sheath region, the

contribution of ions with different transit times to the

IFEDF at the electrode, and the time resolved IFEDF at the

electrode were determined and discussed. The physical

mechanisms behind the formation of peaks in the IFEDF

were highlighted.

The model can be adapted to a large variety of

discharge conditions and can be a useful tool to predict

the IFEDF in CCRF plasmas. This is very important for

surface processing applications, where the impact energy

of the ions is of crucial importance. In the future, the

detailed knowledge of the ion dynamics and the

possibilities of tailoring the IFEDF shape should be

combined with other methods, such as thermal probes[64]

and plasma monitoring, to determine the role of the

energy influx by ions in applications.
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