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Abstract
In particle-in-cell/Monte Carlo collisions (PIC/MCC) simulations of capacitively coupled
plasmas (CCPs), the plasma-surface interaction is generally described by a simple model in
which a constant secondary electron emission coefficient (SEEC) is assumed for ions
bombarding the electrodes. In most PIC/MCC studies of CCPs, this coefficient is set to v = 0.1,
independent of the energy of the incident particle, the electrode material, and the surface
conditions. Here, the effects of implementing energy-dependent secondary electron yields for
ions, fast neutrals, and taking surface conditions into account in PIC/MCC simulations is
investigated. Simulations are performed using self-consistently calculated effective SEECs, v*,
for ‘clean’ (e.g., heavily sputtered) and ‘dirty’ (e.g., oxidized) metal surfaces in single- and dual-
frequency discharges in argon and the results are compared to those obtained by assuming a
constant secondary electron yield of v = 0.1 for ions. In single-frequency (13.56 MHz)
discharges operated under conditions of low heavy particle energies at the electrodes, the
pressure and voltage at which the transition between the a- and y-mode electron power
absorption occurs are found to strongly depend on the surface conditions. For ‘dirty’ surfaces,
the discharge operates in a-mode for all conditions investigated due to a low effective SEEC. In
classical dual-frequency (1.937 MHz + 27.12 MHz) discharges v* significantly increases with
increasing low-frequency voltage amplitude, Vi g, for dirty surfaces. This is due to the effect of
Vir on the heavy particle energies at the electrodes, which negatively influences the quality of the
separate control of ion properties at the electrodes. The new results on the separate control of ion
properties in such discharges indicate significant differences compared to previous results
obtained with different constant values of ~.

Keywords: capacitively coupled plasmas, plasma-surface interaction, secondary electron
emission
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1. Introduction

Low-pressure capacitively coupled plasmas (CCPs) are
widely used in the manufacturing of high-tech devices. They
play a pivotal role in a variety of technological processes such
as surface etching, deposition and sputtering [1-3]. These
applications are based on the interaction of plasma particles
with the electrode surfaces: the plasma changes the nature of
the surface exposed to particle bombardment. In turn, the
surface also plays an important role in changing the nature of
the plasma via various surface processes (e.g., particle
absorption, reflection, emission).

The particle-in-cell (PIC) approach combined with
Monte Carlo type treatment of collision processes (PIC/MCC
method) is a powerful self-consistent numerical technique for
the kinetic description of low-pressure CCPs [4-10]. In PIC/
MCC models of such discharges several assumptions are
typically made regarding the description of the plasma-sur-
face interaction. For instance, the emission of secondary
electrons from electrode surfaces is assumed to be induced
solely by positive ions, the contribution of other plasma
species to this process is generally neglected. Further, the
secondary electron emission coefficient (SEEC), =, is
assumed to be constant (typically guessed to be 0.1 in most
studies) as is the electron reflection coefficient (fixed at 0.2 in
most studies), independent of the incident particle energy and
angle, the electrode material and its surface conditions. These
simplifications are made mainly due to the lack of reliable
data on surface processes for various combinations of the
discharge gas and electrode material (with different surface
properties). However, the above mentioned simplifications are
commonly encountered even in computational studies of
those discharges for which experimental or theoretical data on
specific surface processes are available in the literature
[11-16].

The assumptions related to the description of plasma-
surface processes in kinetic models of CCPs have a strong
effect on the calculated discharge characteristics [17-24]. The
ion induced SEEC, +, which is usually an input parameter in
PIC/MCC simulations of CCPs and is kept constant inde-
pendent of the energy of the incident particle, electrode
material and surface conditions, was found to strongly influ-
ence the electron power absorption and ionization dynamics (
i.e., the discharge operation mode). Increasing the value of the
ion induced SEEC was found to result in a transition of the
discharge operation mode from the a-mode [25-32], where
ionization by electrons accelerated by the expanding sheaths
dominates (a-mechanism), to the y-mode [25, 33-38], where
ionization due to secondary electrons accelerated and effi-
ciently multiplied collisionally in the sheaths is the main
ionization mechanism (7-mechanism). Besides influencing
the plasma density, the sheath width, and other plasma
parameters, the value of the (constant) SEEC can also largely
affect the realization of the separate control of ion properties
at the electrodes in dual-frequency CCPs [33, 34, 39—41]. Due

to these effects, a realistic implementation of the secondary
electron emission process in PIC/MCC models of CCPs is
essential [17].

The contribution of fast neutrals, metastable atoms, and
VUV photons to secondary electron emission at the electrode
surfaces can also be significant [11]. Phelps and Petrovié have
shown that the secondary electron yields due to these species
largely depend on the discharge conditions and properties of
the electrode surface [11]. The effect of all the different
species can be taken into account in discharge models by
using an ‘apparent’ or ‘effective’ SEEC, ~* [11]. This +*
coefficient, defined as the ratio of the secondary electron flux
to the ion flux at the electrode, has previously been obtained
for a homogeneous electric field [11] and for cathode fall
conditions in abnormal DC glow discharges [42—44] in argon.
In order to describe the secondary electron emission process
more realistically in PIC/MCC models of CCPs, such ~*
coefficients, as well as SEECs determined in situ by com-
putationally assisted spectroscopic techniques [45] can
be used.

The importance of a precise description of the secondary
electron emission process, taking into account the particle
energies and surface conditions, has previously been pointed
out for analytical glow discharges [46, 47] as well as in a few
studies of low-pressure CCPs [17, 19-21] in argon. These
studies have shown that, depending on the discharge condi-
tions, fast neutrals can also play an essential role in processes
taking place both in the discharge volume and at the electrode
surfaces. In [17] it was demonstrated that fast neutrals affect
the ionization directly via gas-phase collisions and indirectly
by generating electrons inside the sheaths and at the electro-
des (this leads to an increase of the effective SEEC); these
effects were found to be most important at low (5 Pa) and
intermediate (20 Pa) gas pressures. This study also points out
that assuming a constant value of the SEEC and tracing only
ions in the simulations results in an unrealistic description of
the discharge physics. However, in [17], only ‘dirty’ elec-
trodes were considered (i.e., the surface conditions were not
varied). Details of the mode transition induced by assuming
different surface conditions and the effects of using realistic
SEECs in PIC/MCC simulations of dual-frequency CCPs
were not studied.

Here, we investigate the effects of using realistic energy-
dependent SEECs and taking into account the properties of
the electrode surfaces on the calculated plasma parameters in
PIC/MCC simulations of low-pressure single- and dual-fre-
quency CCPs in argon. Simulations are performed by
assuming ‘clean’ metal surfaces as well as ‘dirty’ electrodes
in the model, while the effective SEECs, v*, corresponding to
these surface conditions are calculated self-consistently.
‘Dirty’ electrodes represent surfaces treated by using the
standard chemical and mechanical cleaning procedures
(typical laboratory conditions, e.g., oxidized or contaminated
samples), while ‘clean’ electrodes correspond to atomically
clean surface conditions (e.g., samples heavily sputtered by
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ion bombardment in high vacuum environment) [11]. The
energy-dependent secondary electron yields for heavy parti-
cles are obtained according to formulae given in [11, 48]. The
results of the simulations for ‘dirty’ and ‘clean’ electrode
surfaces are compared to those obtained by using a constant
ion induced SEEC ~ = 0.1 in the calculations. In single-fre-
quency discharges driven at f = 13.56 MHz, simulations are
performed at different pressures between 10 and 130 Pa for
three different voltage amplitudes and the transition of the
discharge operation mode between the a-mode and the -
mode is studied. We find that the pressure at which the
transition between these modes is observed strongly depends
on the surface conditions: for ‘clean’ metal surfaces the
transition takes place at a higher pressure compared to the
case of v = 0.1, while for ‘dirty’ metal surfaces, the discharge
operates in a-mode for all conditions investigated. The source
of these differences is the different value of v* obtained from
the calculations for ‘dirty’ and ‘clean’ surface conditions,
which are different also from 0.1. In classical dual-frequency
discharges [49-51], driven by two significantly different
frequencies (1.937 MHz + 27.12 MHz), simulations are per-
formed at 6.6 Pa for different values of the low-frequency
voltage amplitude (taking values between 0 and 685V, at a
constant high-frequency voltage amplitude of 200 V). The
separate control of the mean ion energy and ion flux at the
electrodes is analyzed for different surface conditions. The
discharge conditions are similar to those previously studied
by using different (constant) secondary electron yields for
ions in PIC/MCC simulations of classical dual-frequency
discharges [33, 34]. Now, we find that the results differ from
those obtained for constant values of ~, since the effective
SEEC ~* depends on the discharge operating conditions. For
‘dirty’ surfaces, * significantly increases with increasing
low-frequency voltage amplitude, Vip, which negatively
influences the quality of the separate control of ion properties
at the electrodes.

In section 2, we describe the PIC/MCC model and
specify the discharge conditions investigated. The results are
presented in section 3, which is split into two parts: first, the
effect of the surface conditions on the electron power
absorption and ionization dynamics is investigated in single-
frequency discharges. Second, the effect of the surface con-
ditions on the ionization dynamics and the separate control of
ion properties at the electrodes is investigated in classical
dual-frequency discharges. Conclusions are drawn in
section 4.

2. Simulation setup

The simulations are performed by using our electrostatic PIC
code complemented with Monte Carlo treatment of collision
processes (PIC/MCC) [17, 52, 53]. This approach is fully
capable of accounting for non-equilibrium kinetic effects in
low temperature plasmas [54-57]. The code is one-dimen-
sional in space and three-dimensional in velocity space, thus
it is suitable to describe geometrically symmetric CCPs. The
plane, parallel, and infinite electrodes are separated by a

distance of d = 2.5 cm. The discharge gas is argon, the gas
temperature is constant, taken to be 350 K. We assume that
the electrodes are made of the same material with identical
surface conditions. The electron reflection probability is set to
0.2 for all conditions [58].

The plasma particles traced in the simulations are elec-
trons, Ar" ions and fast Ar atoms (Ar). The atoms of the
background gas with kinetic energy above the threshold value
of 23 eV are considered here as fast atoms. This energy value
is near the threshold energy for the excitation of Ar atoms by
fast neutrals [17]. The fast neutrals are traced in the simula-
tions until their energy becomes lower than the threshold
value, or until they reach one of the electrodes.

In the simulations different approaches are used to
describe the secondary electron emission process at the
electrodes: self-consistently calculated effective SEEC, ~*,
and constant SEEC, + (taking the value typically used in PIC/
MCC simulations of CCPs, v = 0.1).

The effective SEEC, v*, is calculated by following the
concept of Phelps and Petrovi¢ [11]:

e Trmile) + 0 (@)
Y= N ,
1

ey

where ¢, is the energy of the kth ion or atom (upon arrival at
the electrode). 4, and ~, are the energy-dependent secondary
electron yields for ions and fast atoms, respectively. N; and N,
are the total number of ions and fast atoms reaching a given
electrode during an RF period. This coefficient, by definition,
corresponds to the number of electrons emitted per ion
reaching the electrode, while other plasma particles can also
contribute to the emission of secondary electrons. This is why
only N; appears in the denominator of equation (1). Under the
conditions investigated, mainly ions and fast neutrals con-
tribute to secondary electron emission. Therefore, the
contribution of other plasma species is neglected in the
numerator of equation (1). We note that v* obtained via this
definition, can differ significantly for different physical set-
tings (homogeneous electric fields conditions [11], DC cath-
ode fall conditions [42, 43], and RF discharges), due to the
specific particle dynamics and electric field distributions, even
when the same gas-electrode material combination is con-
sidered [17].

We perform simulations assuming ‘dirty’ metal electro-
des and ‘clean’ metal electrodes. ~;, and ~, are calculated
according to formulas given in [11, 48]. For ‘dirty’ surfaces
formulas, B15 and B17 in [11] are used (a correction to B15
is given in [48]):

0.006 1.05 x 1074(¢ — 80)!2
() = ‘ (S0 @
1 + (e/10) (1 + €/8000)"
1 x 1074(¢ — 90)!2 7 x 1075(e — 32)12
() = (€ — 30) (=3 " @3

1 + (¢/8000)'3 (1 + €/2800)!>

For ‘clean’ surfaces formulas, B10 and B12 in [11] are used:

~i(e) = 0.07 + 1 x 1073(e — 500)"2/[1 + (¢/70000)°*7],
4)

M(e) =1 x 107(e — 500)'2/[1 + (¢/70000)°7].  (5)
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Figure 1. Secondary-electron yields due to Ar'" and fast Ar atom
(Ar) impact as a function of the incident particle energy for ‘dirty’
and ‘clean’ metal surfaces, calculated based on [11, 48]. Adapted
from [11]. © IOP Publishing Ltd. All rights reserved.

The secondary electron yields for argon ion and atom impact
as a function of the incident particle energy (e), obtained
based on the above formulas, are plotted in figure 1.

In the simulations where an effective SEEC, +*, is used,
electrons, ions and fast neutrals are traced. In the simulations
where we assume a constant SEEC, only electrons and ions
are traced, as it is typically done in PIC/MCC simulations of
CCPs. The cross sections for electron-neutral and ion-neutral
collision processes are taken from [59-61]. For Art+ Ar and
Ar'+ Ar collisions, the cross sections are taken from [59]. A
detailed description of the model can be found in [17].

Simulations are performed for single-frequency dis-
charges and classical dual-frequency discharges (driven at
substantially different frequencies). In single-frequency dis-
charges a voltage waveform of V(¢) = Vjcos(2nft) with
f=13.56 MHz is applied to one electrode located at
x = 0 cm, while the other electrode at x = 2.5 cm is groun-
ded. The neutral gas pressure is varied between 10 and 130 Pa
for three different voltage amplitudes (250, 275, and 300 V).
In case of dual-frequency excitation the gas pressure is fixed
at 6.6Pa and the driving voltage waveform is:
V() = Vur cosQafypt) + Vipcos2mfipt) with
Jur = 27.12MHz and fi; = fyp/14 = 1.937 MHz. The
high-frequency voltage amplitude, Vyg, is kept constant at
200V, and the low-frequency voltage amplitude, Vip, is
varied between 0 and 685 V (above this voltage the number of
superparticles diverges in the simulations for ‘dirty’ surfaces
due to high values of ~*). These conditions are chosen to
resemble those previously studied based on the assumption of
constant ion induced SEECs in [33, 34].

For both single- and dual-frequency discharges, simula-
tions are performed by assuming ‘dirty’ as well as ‘clean’
metal electrodes and calculating the effective SEEC self-
consistently. The results are compared to those obtained by
using a constant SEEC of 0.1 in the simulations. In single-
frequency discharges the electron power absorption and
ionization dynamics defining the discharge operation mode

are investigated, while in dual-frequency discharges the
quality of the separate control of ion properties at the elec-
trodes under different surface conditions is also studied.

3. Results

3.1. Single frequency CCPs

Figure 2 shows the spatio-temporal distributions of the
ionization rate obtained at three different pressures (at 10, 70,
and 130Pa in panels (a)—(c), respectively) in a single-fre-
quency CCP operated at f= 13.56 MHz, V, = 275V, and
d = 2.5 cm. In the simulations a constant SEEC, v = 0.1, is
assumed for ions, and fast neutrals are not included. The
sheath edge positions (shown as white lines in the plots at
both electrodes) are calculated based on the criterion pro-
posed by Brinkmann [62]. By increasing the pressure and
keeping the voltage amplitude, V,, constant at 275V, a
transition of the discharge operation mode from the a- to the
y-mode can be observed. At 10 Pa the discharge operates in
the a-mode (i.e., the ionization is dominated by electrons
heated by sheath expansion, figure 2(a)). Under these condi-
tions one maximum in the ionization rate can be found
adjacent to each electrode. As we assume a non-zero SEEC in
the simulations (v = 0.1), secondary electrons are created
upon ion impact at the electrodes, but their collisional mul-
tiplication is inefficient at this low pressure. Therefore, they
do not induce significant ionization. By increasing the pres-
sure to 70 Pa, these secondary electrons are efficiently mul-
tiplied within the sheaths, and the ionization due to these
electrons at the time of maximum local sheath voltage
becomes comparable to that generated by electrons acceler-
ated by the expanding sheath. At this pressure two distinct
maxima of the ionization rate can be observed adjacent to
each electrode within one RF period, one at the time of sheath
expansion (corresponding to the a-mode and called ‘o-peak’
hereafter) and another at the time of maximum local sheath
voltage (corresponding to the y-mode and called ‘y-peak’
hereafter). The discharge operates in a hybrid a—y mode
(figure 2(b)). A further increase of the pressure leads to strong
ionization induced by ~y-electrons in the sheath, which is the
dominant ionization mechanism at 130 Pa, where the dis-
charge operates in the y-mode (figure 2(c)).

In figure 2 regions of interest (ROI) around the maxima
of the ionization rate (i.e., the a- and 7-peaks), are marked by
rectangles at the grounded electrode. These ROIs are used to
calculate the averaged intensities of the ionization peaks
caused by the - and ~-modes, I, and I,, respectively. The
widths of these regions are determined by finding the times,
when the intensity decays to 80% of the peaks. The same
procedure is applied to find the height of these regions (i.e.,
the position where the intensity decays to 80% of the peaks is
determined). The results are insensitive to the way the ROIs
are determined, confirming the observations of [45]. I, and I,
are determined in order to quantify the mode of operation and
the transition point from the «- to the ~-mode defined
as I, /I, = 1.
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Figure 2. Spatio-temporal plots of the ionization rate obtained by assuming a constant SEEC, v = 0.1, in PIC/MCC simulations of single-
frequency CCPs at different pressures: (a) 10, (b) 70, and (c) 130 Pa. The rectangles indicate the regions of interest (ROI) around the
ionization maxima. The white lines mark the sheath edges adjacent to each electrode. Discharge conditions: f = 13.56 MHz, V, = 275V,

d = 2.5 cm. The color scales are given in units of 10! m™>s™',
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Figure 3. Spatio-temporal plots of the ionization rate obtained from PIC/MCC simulations by using a self-consistently calculated effective
SEEC, ~v*, and assuming (a) ‘dirty’ and (b) ‘clean’ surface conditions, as well as (c) a constant SEEC, = 0.1. The rectangles indicate the
regions of interest (ROI) around the ionization maxima. The white lines mark the sheath edges adjacent to each electrode. Discharge
conditions: p = 130 Pa, f = 13.56 MHz, V;, = 300 V, d = 2.5 cm. The color scales are given in units of 102 m3s7L

Figure 3 reveals the strong sensitivity of the electron
power absorption and ionization dynamics to the surface
conditions. The plots show the spatio-temporal distributions
of the ionization rate and sheath widths at both electrodes
obtained at 130 Pa by using effective SEECs, v*, for different
surface conditions (‘dirty’ and ‘clean’ metal electrodes) in the
simulations, as well as using a constant SEEC, v = 0.1. The
driving voltage amplitude is Vp = 300 V. In case of ‘dirty’
surface conditions (figure 3(a)), strong ionization due to
sheath expansion heating can be observed (a-peak). Weak
ionization patterns caused by secondary electrons can also be
observed near the sheath boundaries (y-peak). The discharge
operates in the a-mode. Under these conditions, the self-
consistently calculated SEEC is ~* = 0.023. When ‘clean’

surface conditions are assumed in the simulation, significant
ionization due to both sheath expansion heating and sec-
ondary electrons is generated (figure 3(b)) and the discharge
operates in a hybrid a—y mode with ionization mainly due to
the «-mechanism. We find v* = 0.07 under these conditions.
Assuming a constant SEEC of « = 0.1 in the simulations
(figure 3(c)), the discharge operates in the v-mode (i.e., the -
peak is dominant).

The transition between the « and the +y electron power
absorption modes is described quantitatively by the intensity
ratio I, /I,. In figure 4 this ratio is plotted as a function of the
neutral gas pressure at Vy =250V (figure 4(a)) and
Vo = 300V (figure 4(b)). These plots show the I, /1, ratios
obtained by using effective SEECs, v*, for ‘dirty’ and ‘clean’
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Figure 4. Ratio of the averaged intensities of the maxima caused by secondary electrons, 1,, and by sheath expansion heating, I,, obtained
from PIC/MCC simulations at (a) Vp = 250 V and (b) V = 300 V, by using effective SEECs, +*, for ‘dirty’ and ‘clean’ metal surfaces, and a
constant SEEC, v = 0.1, as the pressure is varied. In (c) the SEECs corresponding to these discharge conditions are plotted as a function of
pressure. The horizontal dashed lines in (a) and (b) indicate the mode transition characterized by I,/I, = 1. Discharge conditions:

f=1356 MHz, d = 2.5 cm.

surface conditions, as well as v = 0.1 in the simulations. In
figure 4(c), the SEECs corresponding to these conditions are
shown as a function of pressure. At a given pressure, there are
significant differences in the I,/I, ratios obtained for the
different implementations of the surface conditions char-
acterized by the SEEC in the simulations, especially at high
pressures.

AtVy = 250 V, assuming v = 0.1 in the simulations, the
I, /1, ratio increases by a factor of about 3.5 as the pressure is
increased from 10 to 130Pa (figure 4(a)). The transition
between the a- and y-modes takes place at about 78 Pa, where
L /1, = 1. Above this pressure the L /1, ratio is higher than 1.
This can be explained by the effect of the secondary electrons
on the ionization dynamics at different pressures. By
increasing the pressure, the collisional multiplication of sec-
ondary electrons (emitted with a probability of 0.1 as a result
of ion impact at the electrodes) becomes more efficient in the
sheaths, which leads to ionization dominated by ~-electron
avalanches at high pressures. Therefore, higher values for I,
and higher values for the 1, /I, ratios are observed. Assuming
‘clean’ surface conditions in the simulations, the I, /1, ratio
increases as the pressure is increased, analogous to the sce-
nario seen at v = 0.1. In this case, however, the I, /1, ratio
changes by only a factor of 2.25 by increasing the pressure
from 10 to 130 Pa, and slightly exceeds one only at the
highest pressure investigated. This can be explained by the
low values of v* (lower than 0.1) calculated in the simula-
tions self-consistently (figure 4(c)): v* is 0.07 at all pressures
investigated for ‘clean’ metal surfaces, because for particle
energies below 500 eV fast neutrals do not induce secondary
electrons and the ion induced secondary electron yield is 0.07
per ion impact (see figure 1). Under the conditions studied
here, the ion energies are well below 500eV, as are the
energies of the fast neutrals. Therefore, only ions contribute to
secondary electron emission, which explains the constant low

value of «* at all pressures [11]. Compared to the case of
~ = 0.1, the transition from the a- to the y-mode takes place
at higher pressure for ‘clean’ metal electrodes. Assuming
‘dirty’ surface conditions in the simulations, a slight decrease
of the I, /I, ratio is found as the pressure is changed from 10
to 130Pa. The I /I, ratio is below 0.5 for all pressures.
Therefore, the discharge operation mode is not changed by
varying the pressure under these conditions and the discharge
operates in the a-mode at all pressures. y* is below 0.04 and
slightly decreases by increasing the pressure. At the same
time, the mean energy of the heavy particles decreases
because the sheaths are more collisional at high pressures.
This leads to a decrease of the energy-dependent secondary
electron yield upon heavy particle impact and to a decrease of
the effective SEEC, v*, for ‘dirty’ surfaces (figure 4(c)).

An increase of the driving voltage amplitude by 50V,
from V5 =250V to V, =300V, leads to a remarkable
decrease of the pressure value at which the transition between
the a- and the y-mode takes place (figure 4(b)). This can be
explained by the enhancement of the 7 ionization peak at
higher voltage amplitudes.

In figure 5 the ion density at the center of the discharge,
the ion flux, I}, and the mean energy of ions reaching the
electrodes, (E;), are shown as a function of the gas pressure
for V, = 300 V, obtained by using effective SEECs, ~*, for
‘dirty’ and ‘clean’ surface conditions, as well as v = 0.1. For
~ = 0.1, the plasma density increases by a factor of about 6.3
by increasing the pressure from 10 to 130 Pa, the highest
plasma density is 6.25 x 10'**m™> at 130 Pa (figure 5(a)).
The increase of the plasma density as well as the increase of
the ion flux at the electrodes (figure 5(b)) with increasing
pressure can be explained by the more efficient multiplication
of secondary electrons at higher pressures due to the decrease
of the mean free path of electrons. Much lower values for the
plasma density and ion flux are obtained when realistic
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Figure 5. PIC/MCC simulation results for (a) the ion density in the center of the discharge, (b) the ion flux, I}, and (c) the mean ion energy,
(E;), at the electrodes as a function of the gas pressure obtained by using effective SEECs, v*, for ‘dirty’ and ‘clean’ surfaces, and a constant
SEEC, v = 0.1. Discharge conditions: f = 13.56 MHz, V, = 300 V, d = 2.5 cm.

SEECs are used in the simulations for different surface con-
ditions. The maximum plasma density is 2.6 x 10'®m™> for
‘clean’ surfaces and 1.7 x 10'®m™ for ‘dirty’ surfaces. The
lower plasma densities obtained by using effective secondary
electron emission yields for heavy particles compared to the
case of v = 0.1 can be explained by the low values of +*
obtained from the simulations (see figure 4(c)) and their
effects on the spatio-temporal ionization dynamics: v* is 0.07
for ‘clean’ surfaces at all pressures, while its value drops
below 0.05 for ‘dirty’ surfaces. At a given pressure and
voltage amplitude, low values of the SEEC result in the
generation of fewer secondary electrons at the electrodes.
Therefore, less ionization due to electron avalanches induced
by secondary electrons in the sheath and lower plasma den-
sities are found. At lower plasma densities the sheath width is
larger, the ions undergo more collisions inside the sheaths and
arrive at the electrodes at lower energies compared to the case
of v = 0.1 (figure 5(c)). This is a self-amplifying mechanism
for ‘dirty’ metal surfaces that leads to even lower values
of ~*.

In conclusion, we found that the pressure at which the
transition between the a- and y-mode of the electron power
absorption is observed depends strongly on the surface con-
ditions. Compared to the case of v = 0.1, the transition from
the a- to the y-mode takes place at higher pressure when
realistic energy-dependent secondary electron yields for
heavy particles on ‘clean’ electrode surfaces are used in the
simulations. By increasing the driving voltage amplitude, this
transition is shifted towards lower pressures. For ‘dirty’ metal
surfaces, the discharge operates in the a-mode for all condi-
tions investigated. Lower values for the plasma density and
the ion flux at the electrodes are obtained when realistic
SEECs are used in the simulations. The difference between
the results obtained by using v* and constant v = 0.1 in the
simulations can be explained by the low values of v* obtained
from the simulations. v* is 0.07 for ‘clean’ metal surfaces at
all conditions investigated, while it takes values below 0.05

for ‘dirty’ metal surfaces. The self-consistently calculated v*
values are smaller than 0.1 for all conditions investigated
here. Therefore, in simulations with constant v = 0.1 the
importance of the secondary electron emission process is
overestimated under the discharge conditions studied here.
Including realistic ~-coefficients in PIC/MCC simulations of
CCPs is crucially important to obtain realistic results.

3.2. Dual frequency CCPs

The effect of the surface conditions on the ionization
dynamics and the separate control of the mean ion energy,
(E;), and ion flux, I}, at the electrodes is studied for a classical
dual-frequency discharge in argon for a gap distance of
2.5cm. The driving frequencies are fz = 27.12 MHz and
Jip = 1.937 MHz. The high-frequency voltage amplitude is
held constant at Vgr = 200 V. The low-frequency voltage
amplitude, Vi g, which is the control parameter for the mean
ion energy, is varied from O to 685V at 6.6 Pa. The choice of
these discharge conditions is motivated by previous studies
performed at similar discharge conditions in order to clarify
the effect of secondary electrons on the ionization dynamics
and on the quality of the separate control of ion properties at
the electrodes in classical dual-frequency discharges [33, 34].
In these previous studies different (constant) secondary
electron yields were used for ions in PIC/MCC simulations
and different behaviors of the ion flux as a function of Vi g
were obtained depending on the choice of ~: for low values of
7, the ion flux was found to decrease as a function of Vi, a
nearly constant ion flux independent of Vi was obtained for
0.1 < 7 < 0.15, while for high v coefficients the ion flux was
found to increase as a function of W p.

Figure 6 shows the flux and the mean energy of ions at
the electrodes, I} and (E;), respectively, as a function of the
low-frequency voltage amplitude, Vi g, obtained for different
surface conditions by assuming ‘dirty’ and ‘clean’ metal
electrodes in the simulations (panels (a) and (b)), with the
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Figure 6. (a) Ion flux, I}, and (b) mean ion energy, (E;), at the electrodes as a function of the low-frequency voltage amplitude, obtained from
PIC/MCC simulations by using effective SEECs, ~*, for ‘dirty” and ‘clean’ metal surfaces, and a constant ion induced SEECs (y = 0.1,
0.15, and 0.25). The effective SEECs are plotted in panel (c). The horizontal dashed line in (c) indicates the constant ion induced SEEC
v = 0.1. Discharge conditions: p = 6.6 Pa, fy = 27.12 MHz, Viyp = 200V, fiz = 1.973 MHz, d = 2.5 cm.

effective 4* SEECs calculated self-consistently in the simu-
lations based on equation (1) (panel (c)). The mean ion
energies as well as the ion fluxes are identical at both elec-
trodes due to the symmetry of the discharge. In panels (a) and
(b) of figure 6 results for I} and (E;) obtained by using con-
stant SEECs are also included: values of 0.1, 0.15 and
0.25 are set for + to illustrate the decreasing, nearly constant,
as well as the increasing trends observed in [33, 34] for the
ion flux at the electrodes as a function of Vig. In these
simulations with constant SEECs electrons and ions are traced
and the inelastic ion-neutral collision processes are neglected,
in accordance with the simulations in [33, 34].

Important differences from the results obtained pre-
viously for constant SEECs [33, 34] are found for the ion flux
as a function of Vi if realistic self-consistently calculated
effective SEECs are used in the simulations for ‘dirty’ metal
surfaces, since v* changes as a function of Vg due to the
corresponding change of (E;). At Vir < 200V, the ion flux
decreases by increasing Vig. This is caused by the effect
known as frequency coupling in classical dual-frequency
discharges [63—-66]. Under these conditions the discharge
operates in the a-mode for Vi g = 0V (figure 8, first row). By
increasing the low-frequency voltage amplitude, the oscillat-
ing sheath edge is pushed away from the electrode during a
significant fraction of the low-frequency period into a region
characterized by a higher plasma density (figure 8, second and
third rows), which reduces the sheath expansion velocity and
the ionization caused by energetic electrons in this region.
This effect leads to a decrease of the ion flux as a function of
Vir. At Vig < 200V, the effective v* increases with Vi g, but it
remains low (below 0.06) and the ionization induced by
secondary electrons is not significant under these conditions.
By increasing the low-frequency voltage amplitude, the
contribution of fast atoms to the emission of secondary
electrons is enhanced (figure 7(a)). At200 V < Vg < 400 V
the ion flux is nearly constant, while v* increases from 0.056
to 0.076. Under these conditions the ionization induced by

secondary electron avalanches becomes significant (see
figure 8, second row) and the negative effect of the frequency
coupling on the ionization (decrease of the ion flux) is com-
pensated by the influence of ~-electrons (increase of the ion
flux). At increased low-frequency voltage amplitudes
(VLg > 400 V) the ion flux increases rapidly: I changes by a
factor of 2.3 by increasing Vi p from 400 to 685 V. This can be
explained by the increase of v* with Vi due to the higher
heavy particle energies at the electrodes (figures 7(b) and (c)).
The value of v* becomes larger than 0.1 at about 560 V and
reaches the maximum value of 0.13 at Vi g = 685V, where
about 40% of the secondary electrons are generated by fast
neutral impact at the electrodes (figure 7(a)). For high values
of the SEEC, the increasing low-frequency voltage amplitude
leads to a strong increase of the ionization generated by
secondary electrons, and, therefore, I} increases with Vip
(figure 8, third row). We note that at Vg = 685 V, the ion
flux at the electrodes obtained for ‘dirty’ surface conditions
based on simulations, where ions and fast neutrals are traced,
is higher than that obtained by assuming a constant ion-
induced SEEC of v = 0.15 in simulations where only ions are
traced. This happens despite the fact that the self-consistently
calculated effective SEEC v* = 0.13 < 0.15. This indicates
the important role of fast neutrals and heavy-particle pro-
cesses in the discharge under the conditions studied here.

In figure 8 the contributions of electrons, ions, and fast
neutrals to the total ionization rate (shown in figure 9(a)) are
presented for different values of Vi g (0, 300, and 685 V) for
‘dirty’ surface conditions. Most of the ionization is generated
by electrons for all values of Vg (figure 8, first column).
Close to the electrodes, ionization is induced by heavy par-
ticles as well. The ionization rates due to ions and fast neu-
trals are on the same order of magnitude (figure 8, second and
third columns). The ionization by heavy particles becomes
significant at the electrodes at higher values of the low-fre-
quency voltage amplitude. If the ion transit time through the
sheath is comparable to the low-frequency period, the heavy
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Figure 7. (a) The contribution of ions and fast atoms to the secondary electron emission as a function of the low-frequency voltage amplitude
obtained from PIC/MCC simulations by using effective SEECs, ~*, for ‘dirty” metal surfaces. The flux energy distributions of ions (b) and
fast atoms (c) at the electrodes (left vertical axis) and the secondary electron flux induced by these particles (right vertical axis) as a function
of the ion/atom energy for Vi = 685 V, ‘dirty’ metal surfaces. The dashed vertical line in (c) indicates the threshold energy of 23 eV for fast
atoms. Discharge conditions: p = 6.6 Pa, fip = 27.12 MHz, Vyp = 200V, fiz = 1.973MHz, d = 2.5 cm.

particle induced ionization is time modulated. It has a max-
imum shortly after the time of maximum sheath voltage at
each electrode, when the ions have been accelerated to high
velocities. In this way electrons are generated inside the
sheath shortly after the time of maximum absolute local
sheath voltage. For the same reason, the number of secondary
electrons is maximized shortly after the time of maximum
absolute local sheath voltages at both electrodes. These
electrons, which are induced by heavy particle impact ioni-
zations and secondary electron emission, are accelerated
towards the plasma bulk and induce electron avalanches,
which further enhance the ionization. This causes a maximum
of the electron induced ionization shortly after the time of
maximum sheath expansion (figure 8, bottom left). The effect
is especially pronounced at Vi = 685 V.

For ‘clean’ metal surfaces, the results are similar to those
obtained for ‘dirty’ electrodes, but for high values of the low-
frequency voltage amplitude (Vi g > 500 V), I changes only
slightly with increasing Vig (figure 6(a)) and v* remains
constant at 0.07 independent of Vi (figure 6(c)). Due to this
low (constant) value of ~*, less secondary electrons are
generated at the electrodes, which have a moderate effect on
the ionization (figure 9(b)).

The mean ion energy can be efficiently controlled by Vi g
(figure 6(b)). For all constant values of ~, as well as in case of
using v* SEECs for different surface conditions, (E;)
increases as a function of Vi g due to the increase of the mean
sheath voltage.

Figure 9 shows the total ionization rate induced by all
particles traced in the simulation obtained by using the
effective SEECs for ‘dirty’ and ‘clean’ metal surfaces, and a
constant v = 0.1, for the highest low-frequency voltage
amplitude of Vi g = 685 V. Compared to the case of v = 0.1
(panel (c)), additional ionization can be observed in the sheath

region when energy-dependent secondary electron yields for
heavy particles are implemented in the simulations (panels (b)
and (c)), especially for ‘dirty’ surface conditions (see also
figure 8, third row).

In conclusion, we found that the surface conditions affect
the quality of the separate control of ion properties at the
electrodes in classical dual-frequency discharges. By assum-
ing ‘dirty’ metal surfaces in the simulations, the self-con-
sistently calculated effective SEEC ~* increases with Vig.
This variation of v* as a function of Vg results in a decrease
of the ion flux at low values of V{ g and a strong increase of [
at high low-frequency voltage amplitudes. The separate
control of ion properties can be attained only in a narrow
process window, where the negative effect of the frequency
coupling on the ionization is compensated by the ionization
induced by ~-electrons. Such a scenario was found by
assuming ‘clean’ metal surfaces in the simulations. In this
case v* does not change, it has a low value of 0.07 under the
conditions studied here. Therefore, I} changes only slightly by
changing the low-frequency voltage amplitude. The new
results on the separate control of ion properties in classical
dual-frequency discharges obtained by using self-consistently
calculated effective SEECs in the simulations and assuming
‘dirty’ surface conditions are different from previous simu-
lation results obtained with constant values of + [33, 34]. The
new results show that the self-consistent calculation of the
SEEC has a strong influence on the discharge characteristics.
For the highest value of the low-frequency voltage amplitude
(Vir = 685 V) studied here v* = 0.13 based on simulations,
where ions and fast neutrals are traced. However, the flux of
ions to the electrodes obtained in this case is higher by about
40% than the flux of ions obtained for the constant ion-
induced SEEC of v = (.15 in simulations, where only ions
are traced. This reflects that the effect of fast neutrals and that
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of heavy-particle dynamics on the calculated discharge 4. Conclusions

characteristics are significant and must be taken into account

in PIC/MCC simulations in order to obtain a realistic We have studied the effects of using realistic energy-depen-

description of CCPs. dent SEECs and taking into account the properties of the
electrode surfaces on the calculated plasma parameters in
PIC/MCC simulations of low-pressure CCPs in argon. We

10
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have performed simulations using energy-dependent SEECs
for ‘clean’ and ‘dirty’ metal surfaces in single- and dual-
frequency discharges, and compared the results to those
obtained by assuming a constant secondary electron yield of
~v = 0.1 for ions.

In single-frequency discharges (13.56 MHz), simulations
were performed at different pressures between 10 and 130 Pa
for three different voltage amplitudes and the transition of the
discharge operation mode between the a-mode and the -
mode was studied. We found that the pressure and voltage at
which the transition between these modes is observed
strongly depends on the surface conditions: for ‘clean’ metal
surfaces the transition takes place at a higher pressure com-
pared to the case of v = 0.1, while for ‘dirty’ metal surfaces,
the discharge operates in a-mode for all conditions investi-
gated. Lower values for the plasma density and ion flux at the
electrodes are obtained when realistic SEECs are used in the
simulations. The source of these disagreements is the differ-
ence in the value of v* obtained by assuming realistic surface
conditions, which differ from 0.1: 4* is 0.07 for ‘clean’ metal
surfaces at all conditions investigated, while it takes values
below 0.05 for ‘dirty’ metal surfaces. We note that under the
conditions investigated here the heavy particle energies at the
electrodes are low compared to operating conditions of e.g.
sputtering or plasma immersion ion implantation applications.
Therefore, ‘dirty’ (oxidized) surfaces have a lower effective
SEEC, ~*, compared to ‘clean’ metal surfaces. For higher
voltages higher heavy particle energies can be reached, which
result in v* for ‘dirty” surfaces to be higher than v* for ‘clean’
metal electrodes. Therefore, the results are expected to be
reversed at high heavy particle energies, i.e., higher plasma
densities and ion fluxes at the electrodes are expected to be
obtained for ‘dirty’ surfaces compared to ‘clean’ metal
electrodes.

In classical dual-frequency discharges (27.12MHz +
1.937 MHz), simulations were performed at 6.6 Pa for dif-
ferent values of the low-frequency voltage amplitude and the

11

ionization dynamics as well as the separate control of the
mean ion energy and ion flux at the electrodes were analyzed
for different surface conditions. For ‘dirty’ metal surfaces, we
have found differences from previous results on the separate
control of ion properties in classical dual-frequency dis-
charges obtained with different constant values of v under
similar discharge conditions. The reason for this is that the
effective SEEC, v*, changes by varying the control parameter
for the mean ion energy. We note that our study is restricted
to relatively low heavy particle energies. For ‘dirty’ metal
surfaces, v* significantly increases by increasing the low-
frequency voltage amplitude, Vi . At the highest value of the
low-frequency voltage amplitude (V g = 685 V) applied here,
~* reaches the maximum value of 0.13 and is higher than +*
for ‘clean’ metal electrodes. The flux of ions to the electrodes
obtained in this case is higher than the flux of ions obtained
for the constant ion-induced SEEC of « = 0.15, which indi-
cates the importance of taking into account fast neutrals in
PIC/MCC simulations of CCPs. The separate control of ion
properties can be attained only in a narrow process window,
where the negative effect of the frequency coupling on the
ionization is compensated by the ionization induced by -
electrons. At high values of Vg, heavy particles can also
induce significant ionization. In order to obtain realistic
results from PIC/MCC simulations of low-pressure CCPs,
the precise description of the secondary electron emission
process via realistic y-coefficients is very important.

In this study, the realistic values of the SEECs were
calculated based on formulas provided for argon ions and
atoms for ‘clean’ and ‘dirty’ metal electrodes. Therefore, the
above conclusions are primarily valid for argon discharges. In
case of other gases, the energy-dependent secondary electron
yields due to heavy particle impact for different surface
conditions can be different from the ones obtained for argon,
which could significantly affect the calculated discharge
characteristics.
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