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Motivation

• The Electrical Asymmetry Effect (EAE) allows to change the symmetry of discharges driven at a 
   fundamental frequency and its second harmonic with fixed, but adjustable phase shift ! between the 
   driving frequencies electrically [1].

• A DC self bias " is generated as an almost linear function of ! and the ion energy at the electrodes can be 
   controlled separately from the ion flux by tuning !.

• Here, the excitation dynamics of highly energetic electrons in such electrically asymmetric discharges is 
   investigated by a PIC simulation, an analytical model as well as experimentally.

• The excitation dynamics is found to work differently compared to classical capacitive RF discharge, 
   where no DC self bias is generated electrically.

• These differences are understood in the frame of an analytical model, which describes the excitation 
   dynamics accurately.

• This model could in principle be applied to other types of CCP discharges, too.

The Electrical Asymmetry E"ect [2]

Model to describe the excitation dynamics [2]

Excitation dynamics at high pressures [2]

References
[1] Heil B G, Czarnetzki U, Brinkmann R P, Mussenbrock T 2008 J. Phys. D 41 165202 
[2] Schulze J, Schüngel E, Donkó Z, Czarnetzki U 2010 Plasma Sourc. Sci. Technol. 19 045028  
[3] Schulze J et al. 2008 J. Phys. D 41 042003     
[4] Waskoenig J and Gans T 2010 Appl. Phys. Lett. 96 181501

Acknowledgement
Funding by the Ruhr-University Research Department Plasma, the Humboldt Foundation, the Ruhr-

University Research School, and the Hungarian Scientific Research Fund through grant OTKA-K-77653

Excitation dynamics at low pressures [2]

Excitation dynamics in electrically asymmetric CCRF discharges 11

Figure 2 shows spatio-temporal plots of the total excitation rate, Ei,z(t), of argon atoms

at 100 Pa, φ̃0 = 120V, and d = 2 cm at different phase angles θ (0◦, 30◦, 60◦, and 90◦)

resulting from the PIC simulation.

Figure 3. Normalized DC self bias and symmetry parameter as a function of θ at 100
Pa, φ̃0 = 120V, and d = 2 cm resulting from the PIC simulation.

The DC self bias normalized by the amplitude of the applied voltage waveform, η̄,

and the symmetry parameter, ε, as a function of θ are shown in figure 3 for the same

discharge conditions. Due to the EAE the DC self bias changes from about -20 % to

about +20 % of the total amplitude of the applied voltage in an almost linear way as a

function of θ for 0◦ ≤ θ ≤ 90◦. Analogical results are found experimentally [17–20].

Similar excitation dynamics is observed experimentally at a relatively high pressure of

60 Pa. Figure 4 shows spatio-temporal plots of the excitation into Ne2p1 in an argon

discharge with 10 % Neon admixture (φ̃0 = 76V, and d = 1 cm) at different phase angles

θ (0◦, 30◦, 60◦, and 90◦). The temporal resolution of these measurements is about 5 ns

(camera gate width). Small differences to the simulation results shown in figure 2 might

be explained by the lower pressure. In particular ε is not exactly unity for all θ at 60

Pa. The effect of the symmetry parameter on the excitation dynamics will be discussed

later.

Under these high pressure conditions the excitation dynamics exhibits unique attributes,

which have not been observed in CCRF discharges before and which are in a sense

oppositional to the excitation dynamics in classical CCRF discharges.

The excitation maxima observed in figures 2 and 4 are located at the edges of the sheaths

adjacent to the powered and grounded electrode and are caused by the expansion of the

respective sheath [33,35,36,55]. Due to the change of the applied voltage waveform with
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types of capacitive discharges as well.

The paper is structured in the following way: In the next section the experimental setup

of the prototype of an electrically asymmetric geometrically symmetric discharge and

the diagnostics used to investigate electron dynamics are described. In the third section

the basics of the PIC simulation used in this work are outlined. In the fourth section

the analytical model to describe and understand the excitation dynamics is introduced.

Then the results are presented in the fifth section, which is divided into two parts: In

the first part the excitation dynamics at high neutral gas pressures of 100 Pa and 60

Pa (collisional sheaths) is analyzed and in the second part the excitation dynamics at

low pressures of 2.66 Pa is investigated based on experimental, simulation, and model

results. Finally, conclusions are drawn in the sixth section.

2. Experimental setup

Here only a short outline of the experimental setup is given. A more detailed description

can be found elsewhere [20]. Two synchronized function generators (Agilent 33250A) are

used to generate the phase locked 13.56 MHz and 27.12 MHz voltage waveforms. The

phase angle between these harmonics is adjusted via the frequency generators. Each

voltage waveform is then amplified individually by a broadband amplifier and matched

individually. Behind each matchbox a filter blocks the other harmonic. Behind the filters

the two voltage waveforms are added and a voltage waveform φ̃(t) of the following form

is applied to the bottom electrode:

φ̃(t) = φ̃0 (cos(2πft+ θ) + cos(4πft)) (1)

Here f = 13.56MHz, θ is the phase angle between the applied voltage harmonics and

φ̃0 is the amplitude of one voltage harmonic. In the experiment the amplitudes of the

two voltage waveforms are chosen to be identical in order to use similar conditions as

in [17–19], although the EAE was demonstrated to be more effective at a particular

choice of non-equal amplitudes [23].

The voltage drop across the discharge is measured by a LeCroy high voltage probe. A

Fourier analysis of the measured voltage waveforms shows no significant generation of

higher harmonic. The RF period average of the measured voltage yields the DC self

bias.

The radius of both electrodes (powered and grounded) is 5 cm. The gap between the

electrodes is d = 1 cm. Both electrodes are located in a GEC cell [38]. The plasma

is shielded from the outer grounded chamber walls by a glass cylinder. Therefore,

the discharge is geometrically symmetric and the surface areas of the powered and

grounded electrodes (Ap/g) are identical. It is mainly operated in argon at low powers

of a few W. The presence of the glass cylinder causes an additional discharge asymmetry

due to capacitive coupling between the cylinder and the outer grounded chamber wall.

This capacitive coupling effectively enlarges the grounded surface area and causes an

additional negative bias. As long as no discharge is ignited outside the cylinder this

PIC: 100 Pa, #0 = 120 V, 2 cm gap 

Excitation dynamics in electrically asymmetric CCRF discharges 19

Figure 12. Normalized DC self bias and symmetry parameter as a function of θ at
2.66 Pa, φ̃0 = 315V, and d = 6.7 cm resulting from the PIC simulation.

sheaths can be significantly different depending on the phase angle θ (ε != 1).

At these low pressures the excitation dynamics works substantially different compared

to the high pressure scenario and similar to classical CCRF discharges. Figure 11 shows

spatio-temporal plots of the total excitation rate of argon atoms at 2.66 Pa, φ̃0 = 315V,

and d = 6.7 cm at different phase angles θ (0◦, 30◦, 60◦, and 90◦) resulting from the PIC

simulation. The normalized DC self bias η̄ and the symmetry parameter ε as a function

of θ are shown in figure 12.

Again the excitation dynamics is dominated by sheath expansion heating. Due to the

lower pressure and longer electron mean free path, the electron beams generated by

the expanding sheaths propagate further into the plasma bulk. However, in contrast

to high pressures the spatio-temporal excitation profiles are now asymmetric at θ = 0◦

and θ = 90◦ (symmetric excitation at high pressures) and almost symmetric at θ = 60◦

(asymmetric excitation at high pressures).

At low pressures the ratio of the time modulated fractions of the maxima of the total

excitation rates at both sides of the discharge, Ẽ(tp)i,p/Ẽ(tg)i,g, is no longer purely

determined by the temporal derivative of the applied voltage waveform, since the ion

density profiles in the sheaths at both electrodes are no longer identical (ε != 1, figure 12,

equation 22). This is caused by the self amplification of the EAE at low pressures [17–20].

A DC self bias leads to different mean sheath voltages. Due to flux conservation at low

pressures (collisionless sheath) a finite bias will lead to different mean ion densities in

both sheaths. This causes the symmetry parameter to deviate from unity. Similar to the

nature of the frequency coupling in dual frequency discharges operated at substantially

PIC: 2.66 Pa, #0 = 315 V, 6.7 cm gap 

Applied voltage waveform: 

Symmetry parameter:
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neutral gas temperature is taken to be Tg = 350K. The cross sections for electron-

neutral and ion-neutral collision processes are taken from [41–43]. The DC self bias is

determined in an iterative way by counting electrons and ions hitting each electrode

within one low frequency period and adjusting the bias iteratively to ensure that the

charged particle fluxes to the two electrodes, averaged over one low frequency period,

balance. Details of the PIC simulation can be found elsewhere [14, 19,44,45].

The simulations are performed for two different neutral gas pressures of 100 Pa

(collisional sheaths) and 2.66 Pa (non-collisional sheaths). In case of 100 Pa the electrode

gap is 2 cm and in case of 2.66 Pa it is 6.7 cm. The low pressure scenario, therefore,

corresponds to conditions similar to the ones investigated experimentally by Godyak

et al. [46]. A voltage waveform given by equation 1 is applied to one electrode, while

the other electrode is grounded. At 100 Pa φ̃0 = 120V and at 2.66 Pa φ̃0 = 315V is

used. The excitation rate into a notionally lumped argon state is determined by counting

individual excitation events. The cross section for excitation into this notionally lumped

state is obtained by summing the cross sections for excitation into several argon levels

[41]. In the following this excitation rate is called “total excitation rate.”

4. Analytical model

The following analytical model is used to describe the dynamics of the time modulated

fraction Ẽi,z(t) of the total electron impact excitation rate from the ground state into

a level i at a given position z close to the powered electrode (z = p) and close to the

grounded electrode (z = g) at a time t within one lf period. The ratio of Ẽi,p(tp)/Ẽi,g(tg)

at two different times tp, tg will be calculated from the applied RF voltage waveform

and the symmetry parameter ε [17] for a geometrically symmetric discharge (Ap = Ag).

ε = |φ̂s,g|/|φ̂s,p| ≈ n̄s,p/n̄s,g (2)

Here |φ̂s,p|, |φ̂s,g| are the maximum sheath voltages and n̄s,p, n̄s,g are the spatially

averaged ion density in the sheath adjacent to the powered and grounded electrode,

respectively.

The electron impact excitation rate from the ground state into an excited level i at a

position z and time t is generally given by:

Ei,z(t) =

∫

∞

vex

v3σ < fz(v, t) >Ω dv (3)

Here v is the electron velocity, vex is the electron velocity corresponding to the threshold

for excitation into the observed level i, σ is the corresponding electron impact excitation

cross section, fz(v, t) is the electron velocity distribution function (EVDF) at the

position z and time t, and < fz(v, t) >Ω=
∫

fz(v, t)dΩ is the integral of the distribution

function over the full solid angle Ω.

Generally, the total excitation can be split into a time independent part Ēi,z and a time

dependent part Ẽi,z(t):

Ei,z(t) = Ēi,z + Ẽi,z(t) (4)

(geom. symmetric discharge)

• The DC self bias changes almost linearly as a function of ! at high as well as low pressures

• The symmetry parameter is unity independent of ! at high pressures (collisional sheaths) and 
   changes as a function of ! at low pressures (collisionless sheaths)
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Therefore, this model supports the hypothesis that the time modulated part of the

excitation is proportional to the power density dissipated to electrons per electron.

However, it must be pointed out that the above argument [54] is only valid at high

pressure (strict locality), whereas the discharge conditions investigated in this work are

clearly non-local (low pressure).

5. Results

5.1. Excitation dynamics at high neutral gas pressure (100 Pa/60 Pa)

Figure 2. Spatio-temporal plots of the total excitation rate of argon atoms at 100
Pa, φ̃0 = 120V, and d = 2 cm at different phase angles θ (PIC simulation). In case of
θ = 30◦ the dashed lines indicate the time t (vertical line) and position z (horizontal
line) of the excitation maximum adjacent to the powered electrode (see section 4).

First, excitations dynamics in a geometrically symmetric electrically asymmetric

discharge operated at high neutral gas pressures of 100 Pa (PIC simulation) and 60

Pa (experiment) will be analyzed. Under these conditions the sheaths are collisional

and the mean ion densities in both sheaths are identical to a good approximation at all

phase angles θ (ε ≈ 1).
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Figure 1. Total electron impact excitation rate at the position z indicated in figure
2 (θ = 30◦) by the horizontal line as a function of time (PIC). The horizontal line
indicates the temporally constant fraction of the excitation Ēi,z.

Figure 1 shows how the temporally constant and time modulated fractions of the total

excitation rate at a given position z and time t are determined practically. In this work

only the maxima of the excitation adjacent to each electrode will be analyzed. First (as

shown in figure 2 for θ = 30◦ as an example), the spatial position z of a maximum of

the total excitation rate close to one electrode is determined. A maximum close to the

bottom electrode is chosen as an example. The spatial position z of this maximum is

indicated by the horizontal line in figure 2 (θ = 30◦). Second (as shown in figure 1),

the total excitation Ei,z(t) at this position z is plotted as a function of time. Third,

the minimum excitation at this position z is identified with the temporally constant

fraction of the total excitation at this position (Ēi,z). Finally, Ẽi,z(t) is calculated from

the difference between Ei,z(t) and Ēi,z at each time.

In a CCRF discharge operated at low neutral gas pressure the excitation is usually

dominated by highly energetic electron beams generated by the expanding sheaths at

both electrodes [16,33,47–50]. Therefore, the EVDF at a position z in the plasma bulk

is non-local and assumed to be a superposition of an isotropic EVDF f 0
b,z("v) and the

EVDF of the beam electrons:

f beam
z (v, t) = αzf

0
b,z("v − "uz(t)) (5)

By an analytical model such an assumption for the shape of the beam part of the

distribution function has been demonstrated to reproduce time averaged Langmuir

probe measurements in the plasma bulk (Bi-Maxwellian distribution functions, [47]).
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neutral gas temperature is taken to be Tg = 350K. The cross sections for electron-

neutral and ion-neutral collision processes are taken from [41–43]. The DC self bias is

determined in an iterative way by counting electrons and ions hitting each electrode

within one low frequency period and adjusting the bias iteratively to ensure that the

charged particle fluxes to the two electrodes, averaged over one low frequency period,

balance. Details of the PIC simulation can be found elsewhere [14, 19,44,45].

The simulations are performed for two different neutral gas pressures of 100 Pa

(collisional sheaths) and 2.66 Pa (non-collisional sheaths). In case of 100 Pa the electrode

gap is 2 cm and in case of 2.66 Pa it is 6.7 cm. The low pressure scenario, therefore,

corresponds to conditions similar to the ones investigated experimentally by Godyak

et al. [46]. A voltage waveform given by equation 1 is applied to one electrode, while

the other electrode is grounded. At 100 Pa φ̃0 = 120V and at 2.66 Pa φ̃0 = 315V is

used. The excitation rate into a notionally lumped argon state is determined by counting

individual excitation events. The cross section for excitation into this notionally lumped

state is obtained by summing the cross sections for excitation into several argon levels

[41]. In the following this excitation rate is called “total excitation rate.”

4. Analytical model

The following analytical model is used to describe the dynamics of the time modulated

fraction Ẽi,z(t) of the total electron impact excitation rate from the ground state into

a level i at a given position z close to the powered electrode (z = p) and close to the

grounded electrode (z = g) at a time t within one lf period. The ratio of Ẽi,p(tp)/Ẽi,g(tg)

at two different times tp, tg will be calculated from the applied RF voltage waveform

and the symmetry parameter ε [17] for a geometrically symmetric discharge (Ap = Ag).

ε = |φ̂s,g|/|φ̂s,p| ≈ n̄s,p/n̄s,g (2)

Here |φ̂s,p|, |φ̂s,g| are the maximum sheath voltages and n̄s,p, n̄s,g are the spatially

averaged ion density in the sheath adjacent to the powered and grounded electrode,

respectively.

The electron impact excitation rate from the ground state into an excited level i at a

position z and time t is generally given by:

Ei,z(t) =

∫

∞

vex

v3σ < fz(v, t) >Ω dv (3)

Here v is the electron velocity, vex is the electron velocity corresponding to the threshold

for excitation into the observed level i, σ is the corresponding electron impact excitation

cross section, fz(v, t) is the electron velocity distribution function (EVDF) at the

position z and time t, and < fz(v, t) >Ω=
∫

fz(v, t)dΩ is the integral of the distribution

function over the full solid angle Ω.

Generally, the total excitation can be split into a time independent part Ēi,z and a time

dependent part Ẽi,z(t):

Ei,z(t) = Ēi,z + Ẽi,z(t) (4)The total excitation is split into a temporally constant and modulated part:

Generally, the total electron impact excitation rate from the ground state into an excited level i at a 
distance z from the bottom electrode and at a time t within one low frequency period is:
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neutral gas temperature is taken to be Tg = 350K. The cross sections for electron-

neutral and ion-neutral collision processes are taken from [41–43]. The DC self bias is

determined in an iterative way by counting electrons and ions hitting each electrode

within one low frequency period and adjusting the bias iteratively to ensure that the

charged particle fluxes to the two electrodes, averaged over one low frequency period,

balance. Details of the PIC simulation can be found elsewhere [14, 19,44,45].

The simulations are performed for two different neutral gas pressures of 100 Pa

(collisional sheaths) and 2.66 Pa (non-collisional sheaths). In case of 100 Pa the electrode

gap is 2 cm and in case of 2.66 Pa it is 6.7 cm. The low pressure scenario, therefore,

corresponds to conditions similar to the ones investigated experimentally by Godyak

et al. [46]. A voltage waveform given by equation 1 is applied to one electrode, while

the other electrode is grounded. At 100 Pa φ̃0 = 120V and at 2.66 Pa φ̃0 = 315V is

used. The excitation rate into a notionally lumped argon state is determined by counting

individual excitation events. The cross section for excitation into this notionally lumped

state is obtained by summing the cross sections for excitation into several argon levels

[41]. In the following this excitation rate is called “total excitation rate.”

4. Analytical model

The following analytical model is used to describe the dynamics of the time modulated

fraction Ẽi,z(t) of the total electron impact excitation rate from the ground state into

a level i at a given position z close to the powered electrode (z = p) and close to the

grounded electrode (z = g) at a time t within one lf period. The ratio of Ẽi,p(tp)/Ẽi,g(tg)

at two different times tp, tg will be calculated from the applied RF voltage waveform

and the symmetry parameter ε [17] for a geometrically symmetric discharge (Ap = Ag).

ε = |φ̂s,g|/|φ̂s,p| ≈ n̄s,p/n̄s,g (2)

Here |φ̂s,p|, |φ̂s,g| are the maximum sheath voltages and n̄s,p, n̄s,g are the spatially

averaged ion density in the sheath adjacent to the powered and grounded electrode,

respectively.

The electron impact excitation rate from the ground state into an excited level i at a

position z and time t is generally given by:

Ei,z(t) =

∫

∞

vex

v3σ < fz(v, t) >Ω dv (3)

Here v is the electron velocity, vex is the electron velocity corresponding to the threshold

for excitation into the observed level i, σ is the corresponding electron impact excitation

cross section, fz(v, t) is the electron velocity distribution function (EVDF) at the

position z and time t, and < fz(v, t) >Ω=
∫

fz(v, t)dΩ is the integral of the distribution

function over the full solid angle Ω.

Generally, the total excitation can be split into a time independent part Ēi,z and a time

dependent part Ẽi,z(t):

Ei,z(t) = Ēi,z + Ẽi,z(t) (4)

Here, the excitation is dominated by highly energetic electron beams generated by the expanding sheaths. 
Thus, the EVDF in the bulk is non-local and a superposition of an isotropic and a beam part [3]: 
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Figure 1. Total electron impact excitation rate at the position z indicated in figure
2 (θ = 30◦) by the horizontal line as a function of time (PIC). The horizontal line
indicates the temporally constant fraction of the excitation Ēi,z.

Figure 1 shows how the temporally constant and time modulated fractions of the total

excitation rate at a given position z and time t are determined practically. In this work

only the maxima of the excitation adjacent to each electrode will be analyzed. First (as

shown in figure 2 for θ = 30◦ as an example), the spatial position z of a maximum of

the total excitation rate close to one electrode is determined. A maximum close to the

bottom electrode is chosen as an example. The spatial position z of this maximum is

indicated by the horizontal line in figure 2 (θ = 30◦). Second (as shown in figure 1),

the total excitation Ei,z(t) at this position z is plotted as a function of time. Third,

the minimum excitation at this position z is identified with the temporally constant

fraction of the total excitation at this position (Ēi,z). Finally, Ẽi,z(t) is calculated from

the difference between Ei,z(t) and Ēi,z at each time.

In a CCRF discharge operated at low neutral gas pressure the excitation is usually

dominated by highly energetic electron beams generated by the expanding sheaths at

both electrodes [16,33,47–50]. Therefore, the EVDF at a position z in the plasma bulk

is non-local and assumed to be a superposition of an isotropic EVDF f 0
b,z("v) and the

EVDF of the beam electrons:

f beam
z (v, t) = αzf

0
b,z("v − "uz(t)) (5)

By an analytical model such an assumption for the shape of the beam part of the

distribution function has been demonstrated to reproduce time averaged Langmuir

probe measurements in the plasma bulk (Bi-Maxwellian distribution functions, [47]).
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Here αz = n̄s,z/nb,z is the ratio of the mean ion densities in the respective sheath (n̄s,z)

and in the bulk (nb,z). Typically αz ≈ 0.1, i.e. the ion density in the sheath is one order

of magnitude lower than in the plasma bulk. Consequently, the fraction of electrons,

that are accelerated by the expanding sheath and form the beam, corresponds to 10

% of the bulk density. Experimentally this value has been demonstrated to be realistic

before [33]. "uz(t) is the drift velocity of the beam electrons. The beam EVDF is assumed

to be f 0
b,z shifted by the drift velocity "uz(t). In order to avoid space charges the number

of beam electrons that enter the bulk must equal the number of electrons that are

removed from the isotropic part of the bulk EVDF. Thus, the EVDF in the plasma bulk

fb,z("v, "uz(t)) is:

fb,z("v, "uz(t)) = f 0
b,z("v) · (1− αz) + αzf

0
b,z("v − "uz(t)) (6)

The flux density in the sheath is n̄s,zuz. With the above velocity distribution the bulk

flux density is conserved, i.e. ub,znb,z = n̄s,zuz.

Equation 6 can be expanded with respect to "uz(t) around "uz(t) = 0 up to the second

order to obtain [51]:

fb,z("v, "uz(t)) = f 0
b,z("v)− αz ("uz(t) ·∇v) f

0
b,z("v) +

αz

2
("uz(t) ·∇v)

2 f 0
b,z("v) (7)

The dimensionless smallness parameter by which successive orders scale is uz/vth with

vth =
√

2kBTe/me being the thermal electron velocity or an equivalent velocity for

non-Maxwellian distributions. Expansion up to second order conserves the first three

moments of the Boltzmann equation, i.e. density, velocity, and energy.

Substitution of equation 7 into equation 3 yields the total excitation rate. Due to the

averaging over the full solid angle all odd order terms in uz vanish:

Ei,z(t) =

∫

σvf 0
b,z(v)d

3v +
αz

2
uz(t)

2

∫

σv
∂2

∂v2z
f 0
b,z(v)d

3v (8)

According to equation 4 the temporally constant and temporally modulated fractions

of the total excitation are:

Ēi,z =

∫

σvf 0
b,z(v)d

3v = 4π

∫

∞

vex

σv3f 0
b,z(v)dv (9)

Ẽi,z(t) =
αz

2
uz(t)

2

∫

σv
∂2

∂v2z
f 0
b,z(v)d

3v =
αz

2
uz(t)

2dz (10)

Here:

dz =

∫

σv
∂2

∂v2z
f 0
b,z(v)d

3v =
4π

3

∫

∞

vex

σv
∂

∂v

(

v2
∂f 0

b,z(v)

∂v

)

dv (11)

The ratio of the time modulated fraction of the excitation rate at a position z = p

close to the powered electrode at time tp, Ẽi,p(tp), and at a position z = g close to the

grounded electrode at time tg, Ẽi,g(tg), is then:

Ẽi,p(tp)

Ẽi,g(tg)
=

αp

αg
·
up(tp)

2

ug(tg)
2
·
dp
dg

(12)

uz: beam drift velocity.

Excitation dynamics in electrically asymmetric CCRF discharges 7

Here αz = n̄s,z/nb,z is the ratio of the mean ion densities in the respective sheath (n̄s,z)

and in the bulk (nb,z). Typically αz ≈ 0.1, i.e. the ion density in the sheath is one order

of magnitude lower than in the plasma bulk. Consequently, the fraction of electrons,

that are accelerated by the expanding sheath and form the beam, corresponds to 10

% of the bulk density. Experimentally this value has been demonstrated to be realistic

before [33]. "uz(t) is the drift velocity of the beam electrons. The beam EVDF is assumed

to be f 0
b,z shifted by the drift velocity "uz(t). In order to avoid space charges the number

of beam electrons that enter the bulk must equal the number of electrons that are

removed from the isotropic part of the bulk EVDF. Thus, the EVDF in the plasma bulk

fb,z("v, "uz(t)) is:

fb,z("v, "uz(t)) = f 0
b,z("v) · (1− αz) + αzf

0
b,z("v − "uz(t)) (6)

The flux density in the sheath is n̄s,zuz. With the above velocity distribution the bulk

flux density is conserved, i.e. ub,znb,z = n̄s,zuz.

Equation 6 can be expanded with respect to "uz(t) around "uz(t) = 0 up to the second

order to obtain [51]:

fb,z("v, "uz(t)) = f 0
b,z("v)− αz ("uz(t) ·∇v) f

0
b,z("v) +

αz

2
("uz(t) ·∇v)

2 f 0
b,z("v) (7)

The dimensionless smallness parameter by which successive orders scale is uz/vth with

vth =
√

2kBTe/me being the thermal electron velocity or an equivalent velocity for

non-Maxwellian distributions. Expansion up to second order conserves the first three

moments of the Boltzmann equation, i.e. density, velocity, and energy.

Substitution of equation 7 into equation 3 yields the total excitation rate. Due to the
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The ratio of the time modulated fraction of the excitation rate at a position z = p

close to the powered electrode at time tp, Ẽi,p(tp), and at a position z = g close to the

grounded electrode at time tg, Ẽi,g(tg), is then:
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=
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2
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·
dp
dg

(12)

Typically $z % 0.1
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to be f 0
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Expanding fb,z with respect to uz around uz = 0 up to second order yields:
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Substitution of fb,z into Ei,z yields (all odd order terms vanish due to the averaging over the full solid angle):
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The ratio of the time modulated fraction of the excitation rate at a position z = p
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The temporally constant and the time modulated part of the total excitation can be identified with the 
first and second term, respectively:
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The ratio of the time modulated fraction of the excitation rate at a position z = p
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Here tp is the time within one lf period, when maximum excitation at the powered

electrode is observed. tg is the time within one lf period, when maximum excitation at

the grounded electrode is observed. The electron conduction current density at times

tp/g is:

j(tp/g) = en̄s,p/gup/g(tp/g) (13)

Under the assumption that the displacement current in the plasma bulk is negligible,

the conduction current densities are the same everywhere in the bulk and, thus, do not

depend on z.

Substitution of equation 13 into equation 12 yields:

Ẽi,p(tp)

Ẽi,g(tg)
=

n̄s,g

n̄s,p

nb,g

nb,p

dp
dg

(

j(tp)

j(tg)

)2

=
1

ε

nb,g

nb,p

dp
dg

(

j(tp)

j(tg)

)2

(14)

In a symmetric discharge nb,g/nb,p is unity. Generally, in an asymmetric discharge this

factor can depend on ε (equation 2). If nb,g/nb,p ≈ n̄s,g/n̄s,p and dg ≈ dp is assumed

another factor 1/ε results:

Ẽi,p(tp)

Ẽi,g(tg)
=

1

ε2

(

j(tp)

j(tg)

)2

(15)

The later approximation is based on the assumption that the unperturbed EVDF f 0
b,z

is the same on both sides of the discharge and, therefore, dp ≈ dg.

Generally, a complicate dependence of nb,g/nb,p · dp/dg on ε can exist. An expansion

of this factor with respect to ε should have a leading power k. Considering only this

leading power, i.e. nb,g/nb,p · dp/dg ≈ ε−k, equation 14 has the form:

Ẽi,p(tp)

Ẽi,g(tg)
=

1

ε1+k

(

j(tp)

j(tg)

)2

(16)

Here k is a positive constant, that can depend on pressure and gas composition. In case

of ε ≈ 1 the total factor 1/ε1+k is close to unity, rather independent of k. Its value

will be discussed in connection with the simulation results presented in the following

section.

The ratio j(tp)/j(tg) is calculated from a global model of a CCRF discharge based on

the voltage balance [52]:

η + φ̃ = −q2 + ε′ (qt − q)2 (17)

Similar to reference [17] equation 17 is normalized to 2φ̃0. η is the normalized DC self

bias, q is the normalized charge in the sheath adjacent to the powered electrode, and qt is

the normalized total net charge in the discharge [17]. The charge-voltage relation of the

sheath is assumed to be quadratic such as demonstrated experimentally and by a PIC

simulation before [33, 53]. The voltage drop across the plasma bulk is neglected, which

has been proven earlier by PIC simulations for the neutral gas pressures investigated

here [19]. ε′ = εAp

Ag
is the symmetry parameter in its general form. ε′ can be different

The beam drift velocities at the time of max. excitation at the powered electrode, tp, and grounded 
electrode, tg, can be replaced by the electron conduction current density j at the respective time: 
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Ẽi,g(tg)
=

n̄s,g

n̄s,p

nb,g

nb,p

dp
dg

(

j(tp)

j(tg)

)2

=
1

ε

nb,g

nb,p

dp
dg

(

j(tp)

j(tg)

)2

(14)

In a symmetric discharge nb,g/nb,p is unity. Generally, in an asymmetric discharge this

factor can depend on ε (equation 2). If nb,g/nb,p ≈ n̄s,g/n̄s,p and dg ≈ dp is assumed

another factor 1/ε results:
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Here k is a positive constant, that can depend on pressure and gas composition. In case

of ε ≈ 1 the total factor 1/ε1+k is close to unity, rather independent of k. Its value

will be discussed in connection with the simulation results presented in the following

section.

The ratio j(tp)/j(tg) is calculated from a global model of a CCRF discharge based on

the voltage balance [52]:

η + φ̃ = −q2 + ε′ (qt − q)2 (17)

Similar to reference [17] equation 17 is normalized to 2φ̃0. η is the normalized DC self

bias, q is the normalized charge in the sheath adjacent to the powered electrode, and qt is

the normalized total net charge in the discharge [17]. The charge-voltage relation of the

sheath is assumed to be quadratic such as demonstrated experimentally and by a PIC

simulation before [33, 53]. The voltage drop across the plasma bulk is neglected, which

has been proven earlier by PIC simulations for the neutral gas pressures investigated

here [19]. ε′ = εAp

Ag
is the symmetry parameter in its general form. ε′ can be different

Assumptions:
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Ẽi,p(tp)
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Ẽi,p(tp)
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of this factor with respect to ε should have a leading power k. Considering only this

leading power, i.e. nb,g/nb,p · dp/dg ≈ ε−k, equation 14 has the form:

Ẽi,p(tp)

Ẽi,g(tg)
=

1

ε1+k

(

j(tp)

j(tg)

)2

(16)

Here k is a positive constant, that can depend on pressure and gas composition. In case

of ε ≈ 1 the total factor 1/ε1+k is close to unity, rather independent of k. Its value

will be discussed in connection with the simulation results presented in the following

section.

The ratio j(tp)/j(tg) is calculated from a global model of a CCRF discharge based on

the voltage balance [52]:

η + φ̃ = −q2 + ε′ (qt − q)2 (17)

Similar to reference [17] equation 17 is normalized to 2φ̃0. η is the normalized DC self

bias, q is the normalized charge in the sheath adjacent to the powered electrode, and qt is

the normalized total net charge in the discharge [17]. The charge-voltage relation of the

sheath is assumed to be quadratic such as demonstrated experimentally and by a PIC

simulation before [33, 53]. The voltage drop across the plasma bulk is neglected, which

has been proven earlier by PIC simulations for the neutral gas pressures investigated

here [19]. ε′ = εAp

Ag
is the symmetry parameter in its general form. ε′ can be different
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Here tp is the time within one lf period, when maximum excitation at the powered

electrode is observed. tg is the time within one lf period, when maximum excitation at

the grounded electrode is observed. The electron conduction current density at times

tp/g is:

j(tp/g) = en̄s,p/gup/g(tp/g) (13)

Under the assumption that the displacement current in the plasma bulk is negligible,

the conduction current densities are the same everywhere in the bulk and, thus, do not

depend on z.

Substitution of equation 13 into equation 12 yields:

Ẽi,p(tp)

Ẽi,g(tg)
=

n̄s,g
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nb,g

nb,p

dp
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j(tp)
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)2

=
1

ε
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nb,p

dp
dg

(

j(tp)

j(tg)

)2

(14)

In a symmetric discharge nb,g/nb,p is unity. Generally, in an asymmetric discharge this

factor can depend on ε (equation 2). If nb,g/nb,p ≈ n̄s,g/n̄s,p and dg ≈ dp is assumed

another factor 1/ε results:

Ẽi,p(tp)
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1
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(
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)2

(15)

The later approximation is based on the assumption that the unperturbed EVDF f 0
b,z

is the same on both sides of the discharge and, therefore, dp ≈ dg.

Generally, a complicate dependence of nb,g/nb,p · dp/dg on ε can exist. An expansion

of this factor with respect to ε should have a leading power k. Considering only this

leading power, i.e. nb,g/nb,p · dp/dg ≈ ε−k, equation 14 has the form:

Ẽi,p(tp)

Ẽi,g(tg)
=

1
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(

j(tp)

j(tg)

)2

(16)

Here k is a positive constant, that can depend on pressure and gas composition. In case

of ε ≈ 1 the total factor 1/ε1+k is close to unity, rather independent of k. Its value

will be discussed in connection with the simulation results presented in the following

section.

The ratio j(tp)/j(tg) is calculated from a global model of a CCRF discharge based on

the voltage balance [52]:

η + φ̃ = −q2 + ε′ (qt − q)2 (17)

Similar to reference [17] equation 17 is normalized to 2φ̃0. η is the normalized DC self

bias, q is the normalized charge in the sheath adjacent to the powered electrode, and qt is

the normalized total net charge in the discharge [17]. The charge-voltage relation of the

sheath is assumed to be quadratic such as demonstrated experimentally and by a PIC

simulation before [33, 53]. The voltage drop across the plasma bulk is neglected, which

has been proven earlier by PIC simulations for the neutral gas pressures investigated

here [19]. ε′ = εAp

Ag
is the symmetry parameter in its general form. ε′ can be different

Based on the voltage balance of a CCP discharge j can be replaced by the applied voltage:
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Here k is a positive constant, that can depend on pressure and gas composition. In case

of ε ≈ 1 the total factor 1/ε1+k is close to unity, rather independent of k. Its value

will be discussed in connection with the simulation results presented in the following

section.

The ratio j(tp)/j(tg) is calculated from a global model of a CCRF discharge based on

the voltage balance [52]:

η + φ̃ = −q2 + ε′ (qt − q)2 (17)

Similar to reference [17] equation 17 is normalized to 2φ̃0. η is the normalized DC self

bias, q is the normalized charge in the sheath adjacent to the powered electrode, and qt is

the normalized total net charge in the discharge [17]. The charge-voltage relation of the

sheath is assumed to be quadratic such as demonstrated experimentally and by a PIC

simulation before [33, 53]. The voltage drop across the plasma bulk is neglected, which

has been proven earlier by PIC simulations for the neutral gas pressures investigated

here [19]. ε′ = εAp

Ag
is the symmetry parameter in its general form. ε′ can be different
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from unity due to different mean ion densities in both sheaths, i.e. ε != 1, or due

to different electrode surface areas or the combination of both. However, ε can only

be different from unity due to different sheath densities. In case of a geometrically

symmetric discharge, such as discussed in this work, i.e. Ap = Ag, ε′ = ε.

Solving equation 17 for q yields:

q(t) =
−ε′qt +

√

ε′q2t − (1− ε′)
(

η + φ̃(t)
)

1− ε′
(18)

Here qt is assumed to be temporally constant [17, 53]. Differentiation of q yields the

conduction current density j(t) = Q0q̇(t). Q0 is the normalization constant of q and

qt [17]:

j(t) = −
Q0

2
√
ε′

˙̃φ(t)
√

q2t − 1−ε′

ε′

(

φ̃(t) + η
)

(19)

Under the assumption of qt = 1 [17] substitution of equation 19 into equation 16 yields:

Ẽi,p(tp)

Ẽi,g(tg)
=

1

ε1+k

(

˙̃φ(tp)
˙̃φ(tg)

)2
1− 1−ε′

ε′

(

φ̃(tg) + η
)

1− 1−ε′

ε′

(

φ̃(tp) + η
) (20)

To a good approximation the last fraction on the RHS of equation 20 is unity, even if

ε′ is small. For ε′ = 1 it is exactly unity:

Ẽi,p(tp)

Ẽi,g(tg)
≈

1

ε1+k

(

˙̃φ(tp)
˙̃φ(tg)

)2

(21)

Under the assumption of nb,g/nb,p ≈ n̄s,g/n̄s,p and dp ≈ dg the ratio of the time

modulated fraction of the total excitation rate is determined only by the symmetry

parameter ε and the temporal derivative of the applied voltage waveform. Under these

assumptions equation 21 is simply:

Ẽi,p(tp)

Ẽi,g(tg)
≈

1

ε2

(

˙̃φ(tp)
˙̃φ(tg)

)2

(22)

Amongst others this model yields the result that the time modulated part of the total

excitation rate is proportional to u2 (see equation 10). This result agrees with the

argument of Gans et al. made for atmospheric pressure conditions, that the time

modulated part of the excitation should depend on the dissipated power density per

electron, i.e. Ẽi,z(t) ∝ (1/n)dP/dV [54]. Here P is the power dissipated to electrons

and V is the volume. With dP/dV = jE and under the assumption that the electron

current is determined by the local electric field, i.e. j = −enu = σE (high pressure),

where E is the electric field and σ is the plasma conductivity:

1

n

dP

dV
∝ u2 (23)

Here:
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another factor 1/ε results:
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The later approximation is based on the assumption that the unperturbed EVDF f 0
b,z

is the same on both sides of the discharge and, therefore, dp ≈ dg.

Generally, a complicate dependence of nb,g/nb,p · dp/dg on ε can exist. An expansion

of this factor with respect to ε should have a leading power k. Considering only this

leading power, i.e. nb,g/nb,p · dp/dg ≈ ε−k, equation 14 has the form:

Ẽi,p(tp)

Ẽi,g(tg)
=

1

ε1+k

(

j(tp)

j(tg)

)2

(16)

Here k is a positive constant, that can depend on pressure and gas composition. In case

of ε ≈ 1 the total factor 1/ε1+k is close to unity, rather independent of k. Its value

will be discussed in connection with the simulation results presented in the following

section.

The ratio j(tp)/j(tg) is calculated from a global model of a CCRF discharge based on

the voltage balance [52]:

η + φ̃ = −q2 + ε′ (qt − q)2 (17)

Similar to reference [17] equation 17 is normalized to 2φ̃0. η is the normalized DC self

bias, q is the normalized charge in the sheath adjacent to the powered electrode, and qt is

the normalized total net charge in the discharge [17]. The charge-voltage relation of the

sheath is assumed to be quadratic such as demonstrated experimentally and by a PIC

simulation before [33, 53]. The voltage drop across the plasma bulk is neglected, which

has been proven earlier by PIC simulations for the neutral gas pressures investigated

here [19]. ε′ = εAp

Ag
is the symmetry parameter in its general form. ε′ can be differentand
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from unity due to different mean ion densities in both sheaths, i.e. ε != 1, or due

to different electrode surface areas or the combination of both. However, ε can only

be different from unity due to different sheath densities. In case of a geometrically

symmetric discharge, such as discussed in this work, i.e. Ap = Ag, ε′ = ε.

Solving equation 17 for q yields:

q(t) =
−ε′qt +

√

ε′q2t − (1− ε′)
(

η + φ̃(t)
)

1− ε′
(18)

Here qt is assumed to be temporally constant [17, 53]. Differentiation of q yields the

conduction current density j(t) = Q0q̇(t). Q0 is the normalization constant of q and

qt [17]:

j(t) = −
Q0

2
√
ε′

˙̃φ(t)
√

q2t − 1−ε′

ε′

(

φ̃(t) + η
)

(19)

Under the assumption of qt = 1 [17] substitution of equation 19 into equation 16 yields:

Ẽi,p(tp)

Ẽi,g(tg)
=

1

ε1+k

(

˙̃φ(tp)
˙̃φ(tg)

)2
1− 1−ε′

ε′

(

φ̃(tg) + η
)

1− 1−ε′

ε′

(

φ̃(tp) + η
) (20)

To a good approximation the last fraction on the RHS of equation 20 is unity, even if

ε′ is small. For ε′ = 1 it is exactly unity:

Ẽi,p(tp)

Ẽi,g(tg)
≈

1

ε1+k

(

˙̃φ(tp)
˙̃φ(tg)

)2

(21)

Under the assumption of nb,g/nb,p ≈ n̄s,g/n̄s,p and dp ≈ dg the ratio of the time

modulated fraction of the total excitation rate is determined only by the symmetry

parameter ε and the temporal derivative of the applied voltage waveform. Under these

assumptions equation 21 is simply:

Ẽi,p(tp)

Ẽi,g(tg)
≈

1

ε2

(

˙̃φ(tp)
˙̃φ(tg)

)2

(22)

Amongst others this model yields the result that the time modulated part of the total

excitation rate is proportional to u2 (see equation 10). This result agrees with the

argument of Gans et al. made for atmospheric pressure conditions, that the time

modulated part of the excitation should depend on the dissipated power density per

electron, i.e. Ẽi,z(t) ∝ (1/n)dP/dV [54]. Here P is the power dissipated to electrons

and V is the volume. With dP/dV = jE and under the assumption that the electron

current is determined by the local electric field, i.e. j = −enu = σE (high pressure),

where E is the electric field and σ is the plasma conductivity:

1

n

dP

dV
∝ u2 (23)
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from unity due to different mean ion densities in both sheaths, i.e. ε != 1, or due

to different electrode surface areas or the combination of both. However, ε can only

be different from unity due to different sheath densities. In case of a geometrically

symmetric discharge, such as discussed in this work, i.e. Ap = Ag, ε′ = ε.

Solving equation 17 for q yields:

q(t) =
−ε′qt +

√

ε′q2t − (1− ε′)
(

η + φ̃(t)
)

1− ε′
(18)

Here qt is assumed to be temporally constant [17, 53]. Differentiation of q yields the

conduction current density j(t) = Q0q̇(t). Q0 is the normalization constant of q and

qt [17]:

j(t) = −
Q0

2
√
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˙̃φ(t)
√
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Under the assumption of qt = 1 [17] substitution of equation 19 into equation 16 yields:
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Ẽi,g(tg)
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1
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˙̃φ(tp)
˙̃φ(tg)

)2
1− 1−ε′
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To a good approximation the last fraction on the RHS of equation 20 is unity, even if

ε′ is small. For ε′ = 1 it is exactly unity:

Ẽi,p(tp)
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≈

1
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(
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Under the assumption of nb,g/nb,p ≈ n̄s,g/n̄s,p and dp ≈ dg the ratio of the time

modulated fraction of the total excitation rate is determined only by the symmetry

parameter ε and the temporal derivative of the applied voltage waveform. Under these

assumptions equation 21 is simply:

Ẽi,p(tp)

Ẽi,g(tg)
≈

1

ε2

(

˙̃φ(tp)
˙̃φ(tg)

)2

(22)

Amongst others this model yields the result that the time modulated part of the total

excitation rate is proportional to u2 (see equation 10). This result agrees with the

argument of Gans et al. made for atmospheric pressure conditions, that the time

modulated part of the excitation should depend on the dissipated power density per

electron, i.e. Ẽi,z(t) ∝ (1/n)dP/dV [54]. Here P is the power dissipated to electrons

and V is the volume. With dP/dV = jE and under the assumption that the electron

current is determined by the local electric field, i.e. j = −enu = σE (high pressure),

where E is the electric field and σ is the plasma conductivity:

1

n

dP

dV
∝ u2 (23)

The ratio of the time modulated fraction of the excitation maxima 
adjacent to the powered and grounded electrode can be calculated 
from the applied voltage waveform and the symmetry parameter.

Based on this model the time modulated part of the excitation is proportional to the power dissipated to
electrons per volume, V, per electron [4]:
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from unity due to different mean ion densities in both sheaths, i.e. ε != 1, or due

to different electrode surface areas or the combination of both. However, ε can only

be different from unity due to different sheath densities. In case of a geometrically

symmetric discharge, such as discussed in this work, i.e. Ap = Ag, ε′ = ε.

Solving equation 17 for q yields:

q(t) =
−ε′qt +

√

ε′q2t − (1− ε′)
(

η + φ̃(t)
)

1− ε′
(18)

Here qt is assumed to be temporally constant [17, 53]. Differentiation of q yields the

conduction current density j(t) = Q0q̇(t). Q0 is the normalization constant of q and

qt [17]:
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2
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√
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Under the assumption of qt = 1 [17] substitution of equation 19 into equation 16 yields:

Ẽi,p(tp)
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1
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(
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)2
1− 1−ε′

ε′
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φ̃(tg) + η
)

1− 1−ε′

ε′

(

φ̃(tp) + η
) (20)

To a good approximation the last fraction on the RHS of equation 20 is unity, even if

ε′ is small. For ε′ = 1 it is exactly unity:

Ẽi,p(tp)

Ẽi,g(tg)
≈

1

ε1+k

(

˙̃φ(tp)
˙̃φ(tg)

)2

(21)

Under the assumption of nb,g/nb,p ≈ n̄s,g/n̄s,p and dp ≈ dg the ratio of the time

modulated fraction of the total excitation rate is determined only by the symmetry

parameter ε and the temporal derivative of the applied voltage waveform. Under these

assumptions equation 21 is simply:

Ẽi,p(tp)

Ẽi,g(tg)
≈

1

ε2

(

˙̃φ(tp)
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)2

(22)

Amongst others this model yields the result that the time modulated part of the total

excitation rate is proportional to u2 (see equation 10). This result agrees with the

argument of Gans et al. made for atmospheric pressure conditions, that the time

modulated part of the excitation should depend on the dissipated power density per

electron, i.e. Ẽi,z(t) ∝ (1/n)dP/dV [54]. Here P is the power dissipated to electrons

and V is the volume. With dP/dV = jE and under the assumption that the electron

current is determined by the local electric field, i.e. j = −enu = σE (high pressure),

where E is the electric field and σ is the plasma conductivity:

1

n

dP

dV
∝ u2 (23)

and (locality, high pressure )
1

n

dP

dV
∝ u2

z ∝ Ẽij = −enuz = σE

PIC: 100 Pa, #0 = 120 V, 2 cm gap 
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Therefore, this model supports the hypothesis that the time modulated part of the

excitation is proportional to the power density dissipated to electrons per electron.

However, it must be pointed out that the above argument [54] is only valid at high

pressure (strict locality), whereas the discharge conditions investigated in this work are

clearly non-local (low pressure).

5. Results

5.1. Excitation dynamics at high neutral gas pressure (100 Pa/60 Pa)

Figure 2. Spatio-temporal plots of the total excitation rate of argon atoms at 100
Pa, φ̃0 = 120V, and d = 2 cm at different phase angles θ (PIC simulation). In case of
θ = 30◦ the dashed lines indicate the time t (vertical line) and position z (horizontal
line) of the excitation maximum adjacent to the powered electrode (see section 4).

First, excitations dynamics in a geometrically symmetric electrically asymmetric

discharge operated at high neutral gas pressures of 100 Pa (PIC simulation) and 60

Pa (experiment) will be analyzed. Under these conditions the sheaths are collisional

and the mean ion densities in both sheaths are identical to a good approximation at all

phase angles θ (ε ≈ 1).

Experiment (PROES): 60 Pa, #0 = 76 V, 1 cm gap 
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Figure 4. Measured spatio-temporal plots of the excitation rate into Ne2p1 in an
argon discharge with 10 % Neon admixture at 60 Pa, φ̃0 = 76V, and d = 1 cm at
different phase shifts θ.

θ (see figure 5) the sheath dynamics and, consequently, also the excitation dynamics

changes as a function of θ. At θ = 0◦ and θ = 90◦ the excitation maxima at the bottom

and top electrodes are similarly strong, whereas at θ = 30◦ and θ = 60◦ the excitation

maximum at the bottom electrode is significantly stronger than the maximum at the top

electrode. In this sense the excitation is symmetric at 0◦ and 90◦ and asymmetric at 30◦

and 60◦. Asymmetric excitation dynamics in geometrically symmetric, but electrically

asymmetric have been predicted theoretically before [16, 17]. Here the spatio-temporal

excitation profiles are only shown from 0◦ - 90◦ in 30◦-steps. The strongest asymmetry

of the excitation maxima at the top and bottom electrode is found at 45◦ (figure 6).

In the range of 90◦ - 180◦ a similar change of the excitation dynamics as a function of

θ is observed with the difference, that the excitation maximum at the top electrode is

stronger than the maximum at the bottom electrode.

At high pressures the strongest asymmetry of the excitation maxima is found around

θ = 45◦, i.e. at a phase angle of vanishing DC self bias (see figure 3). The strongest

bias is generated around θ = 0◦, 90◦. However, at these phase angles the excitation

maxima at the top and bottom electrode are similarly strong. This is substantially
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changes as a function of θ. At θ = 0◦ and θ = 90◦ the excitation maxima at the bottom

and top electrodes are similarly strong, whereas at θ = 30◦ and θ = 60◦ the excitation

maximum at the bottom electrode is significantly stronger than the maximum at the top

electrode. In this sense the excitation is symmetric at 0◦ and 90◦ and asymmetric at 30◦

and 60◦. Asymmetric excitation dynamics in geometrically symmetric, but electrically

asymmetric have been predicted theoretically before [16, 17]. Here the spatio-temporal

excitation profiles are only shown from 0◦ - 90◦ in 30◦-steps. The strongest asymmetry

of the excitation maxima at the top and bottom electrode is found at 45◦ (figure 6).

In the range of 90◦ - 180◦ a similar change of the excitation dynamics as a function of

θ is observed with the difference, that the excitation maximum at the top electrode is

stronger than the maximum at the bottom electrode.

At high pressures the strongest asymmetry of the excitation maxima is found around

θ = 45◦, i.e. at a phase angle of vanishing DC self bias (see figure 3). The strongest

bias is generated around θ = 0◦, 90◦. However, at these phase angles the excitation

maxima at the top and bottom electrode are similarly strong. This is substantially
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as input parameter:

Ẽi,p(tp)

Ẽi,g(tg)
≈

(

˙̃φ(tp)
˙̃φ(tg)

)2

(24)

Figure 6. Ratio of the time modulated fraction of the excitation maxima close to
the powered and grounded electrode resulting from the PIC simulation (figure 2, blue
triangles and line) at 100 Pa, from the experiment (figure 4, red circles) at 60 Pa, and
from the analytical model (equation 24, black squares and line) assuming ε = 1 as a
function of θ.

Figure 6 shows the ratio of the time modulated part of the maxima of the total excitation

rate, Ẽi,p(tp)/Ẽi,g(tg), resulting from the PIC simulation (blue triangles and line, 100

Pa), the experiment (red circles, 60 Pa), and the analytical model (black squares and

line, ε = 1). The excellent agreement between all three approaches demonstrates that
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In addition to the correct prediction of the ratio of the time modulated fraction of the
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when the excitation maxima occur at each electrode can also be calculated by this
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π

2
+

π

4
+∆n (26)
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as input parameter:

Ẽi,p(tp)

Ẽi,g(tg)
≈

(

˙̃φ(tp)
˙̃φ(tg)

)2

(24)

Figure 6. Ratio of the time modulated fraction of the excitation maxima close to
the powered and grounded electrode resulting from the PIC simulation (figure 2, blue
triangles and line) at 100 Pa, from the experiment (figure 4, red circles) at 60 Pa, and
from the analytical model (equation 24, black squares and line) assuming ε = 1 as a
function of θ.
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line, ε = 1). The excellent agreement between all three approaches demonstrates that

the anomalous excitation dynamics under these high pressure conditions are caused by

the mechanisms discussed above.

In addition to the correct prediction of the ratio of the time modulated fraction of the
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when the excitation maxima occur at each electrode can also be calculated by this
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Using ϕ(t) = 2πft, ˙̃φ(ϕ(t)) is the first temporal derivative of the voltage waveform
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• At high pressure (collisional sheaths) the excitation is
   symmetric at phase shifts of strong DC self bias and 
   asymmetric at phase shifts of vanishing bias. 

• This is oppositional to classical CCP discharges.

• Explanation (model): Unlike classical discharges in 
   electrically asymmetric geom. symmetric discharges " 
   ensures identical max. sheath voltages and widths. 

' The symmetry of the spatio-temporal excitation is 
   determined only by the temporal change of the applied 
   voltage waveform at the times of maximum excitation, 
   which determines the sheath expansion velocity.
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powered electrode is almost independent of θ, whereas the maximum excitation at the

top grounded electrode changes as a function of θ with a minimum at θ = 45◦ and

maxima at θ = 0◦, 90◦. Similar results are found experimentally (see figure 10). Slight

deviations between simulation/model data and the experimental results might again

be explained by the lower pressure in the experiment. The analytical model reveals

the physical reason for the observed change of the excitation maxima at the top and

bottom electrode as a function of θ: Based on equation 22 (ε = 1 at 100 Pa), the change

of the temporal derivative of the applied voltage waveform as a function of θ causes

this characteristic. The temporal derivative of the applied voltage affects the sheath

expansion velocity and, consequently, the drift velocity of the electron beams generated

by the expanding sheath. Finally, this affects the excitation caused by the electron

beams.

5.2. Excitation dynamics at low neutral gas pressure (2.66 Pa)

Figure 11. Spatio-temporal plots of the total excitation rate of argon atoms at 2.66
Pa, φ̃0 = 315V, and d = 6.7 cm at different phase angles θ calculated by the PIC
simulation.

In this section excitations dynamics at low neutral gas pressure of 2.66 Pa will be

analyzed, for which the sheaths are collisionless and the mean ion densities in both

PIC: 2.66 Pa, #0 = 315 V, 6.7 cm gap 
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different frequencies the sheath will expand faster, if the ion density at the position

of the instantaneous sheath edge is lower [8–10]. For this reason, stronger excitation

is observed adjacent to the sheath with the lower mean ion density. Furthermore, at

low pressures the generation of a DC self bias causes the maximum sheath voltages

to be different. These mechanisms shift the phase angle θ of strongest asymmetry of

the spatio-temporal excitation profiles to phases of stronger DC self bias, i.e. lower θ,

compared to the high pressure case.

Figure 13. Ratio of the time modulated fraction of the total excitation maxima close
to the powered and grounded electrode resulting from the PIC simulation (figure 11,
blue triangles and line) and from the analytical model using equation 22 (black squares
and line) as a function of θ at 2.66 Pa.

This effect is reproduced by the analytical model using equation 22 with ε taken from

the PIC simulation (figure 13). Due to the effect of the DC self bias on the ion density

profiles in both sheaths maximum asymmetry of the spatio-temporal excitation profiles

is observed at lower θ compared to the high pressure case. The good agreement between

PIC and model results in figure 13 justifies the assumption made in the frame of the

derivation of equation 22 in retrospect.

6. Conclusions

Spatio-temporal excitation dynamics in electrically asymmetric geometrically symmetric

CCRF discharges driven at 13.56 MHz and 27.12 MHz with fixed, but adjustable

phase shift between the driving voltages has been investigated by a PIC simulation,

an analytical model as well as experimentally at high (collisional sheaths) and low

Model (& (1): 
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from unity due to different mean ion densities in both sheaths, i.e. ε != 1, or due

to different electrode surface areas or the combination of both. However, ε can only

be different from unity due to different sheath densities. In case of a geometrically

symmetric discharge, such as discussed in this work, i.e. Ap = Ag, ε′ = ε.

Solving equation 17 for q yields:

q(t) =
−ε′qt +

√

ε′q2t − (1− ε′)
(

η + φ̃(t)
)

1− ε′
(18)

Here qt is assumed to be temporally constant [17, 53]. Differentiation of q yields the

conduction current density j(t) = Q0q̇(t). Q0 is the normalization constant of q and

qt [17]:

j(t) = −
Q0

2
√
ε′

˙̃φ(t)
√

q2t − 1−ε′

ε′

(

φ̃(t) + η
)

(19)

Under the assumption of qt = 1 [17] substitution of equation 19 into equation 16 yields:

Ẽi,p(tp)

Ẽi,g(tg)
=

1

ε1+k

(

˙̃φ(tp)
˙̃φ(tg)

)2
1− 1−ε′

ε′

(

φ̃(tg) + η
)

1− 1−ε′

ε′

(

φ̃(tp) + η
) (20)

To a good approximation the last fraction on the RHS of equation 20 is unity, even if

ε′ is small. For ε′ = 1 it is exactly unity:

Ẽi,p(tp)

Ẽi,g(tg)
≈

1

ε1+k

(

˙̃φ(tp)
˙̃φ(tg)

)2

(21)

Under the assumption of nb,g/nb,p ≈ n̄s,g/n̄s,p and dp ≈ dg the ratio of the time

modulated fraction of the total excitation rate is determined only by the symmetry

parameter ε and the temporal derivative of the applied voltage waveform. Under these

assumptions equation 21 is simply:

Ẽi,p(tp)

Ẽi,g(tg)
≈

1

ε2

(

˙̃φ(tp)
˙̃φ(tg)

)2

(22)

Amongst others this model yields the result that the time modulated part of the total

excitation rate is proportional to u2 (see equation 10). This result agrees with the

argument of Gans et al. made for atmospheric pressure conditions, that the time

modulated part of the excitation should depend on the dissipated power density per

electron, i.e. Ẽi,z(t) ∝ (1/n)dP/dV [54]. Here P is the power dissipated to electrons

and V is the volume. With dP/dV = jE and under the assumption that the electron

current is determined by the local electric field, i.e. j = −enu = σE (high pressure),

where E is the electric field and σ is the plasma conductivity:

1

n

dP

dV
∝ u2 (23)

• At low pressure (collisionless sheaths) the excitation is
   symmetric at phase shifts of low DC self bias and 
   asymmetric at phase shifts of strong bias. 

• This is similar to classical CCP discharges.

• Explanation (model): At low pressures the EAE leads 
   to different mean ion densities in both sheaths and
   different maximum sheath voltages.

' The sheath widths and expansion velocities are 
   different at phase shifts of strong DC self bias.

' The spatio-temporal excitation (dominated by electron
   beams) is asymmetric at phase shifts of strong bias.

Excitation dynamics in electrically asymmetric CCRF discharges 10

Figure 4. Spatio-temporal plots of the total excitation rate of argon atoms at 100 Pa,
φ̃0 = 120 V, and d = 2 cm at different phase angles θ calculated by the PIC simulation.

5. Results

5.1. Excitation dynamics at high neutral gas pressure (100 Pa/60 Pa)

First, excitations dynamics in a geometrically symmetric electrically asymmetric

discharge operated at high neutral gas pressures of 100 Pa (PIC simulation) and 60

Pa (experiment) will be analyzed. Under these conditions the sheaths are collisional

and the mean ion densities in both sheaths are identical to a good approximation at all

phase angles θ (ε ≈ 1).

Figure 4 shows spatio-temporal plots of the total excitation rate, Ei,z(t), of argon atoms

at 100 Pa, φ̃0 = 120 V, and d = 2 cm at different phase angles θ (0◦, 30◦, 60◦, and 90◦)

resulting from the PIC simulation.

The DC self bias normalized by the amplitude of the applied voltage waveform, η̄,

and the symmetry parameter, ε, as a function of θ are shown in figure 5 for the same

discharge conditions. Due to the EAE the DC self bias changes from about -20 % to

about +20 % of the total amplitude of the applied voltage in an almost linear way as a

function of θ for 0◦ ≤ θ ≤ 90◦. Analogical results are found experimentally [2–5].

Similar excitation dynamics is observed experimentally at a relatively high pressure of

Montag, 27. September 2010
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Alpha / gamma modes in a single-frequency discharge:
experiments

Phase Resolved Optical Emission Spectroscopy

Gans T, Lin C C, Schulz-von der Gathen V and Döbele H F
2003 Phys. Rev. A 67 012707

which will often be impossible with current tunable laser
systems, e.g., excimer pumped frequency-doubled dye lasers
emitting down to !"200 nm #an energy of about 6.5 eV$
even with two-photon excitation.
Quenching coefficients of noble gases are of particular

importance, since these are often used as reference gases in
plasma diagnostic applications. It is possible for xenon
%7,19&, krypton %8,19&, and argon %20,21& to overcome the
pertinent energy gaps by two-photon excitation with uv and
vuv lasers #Xe, 8–12 eV; Kr, 10–14 eV; Ar, 12–16 eV$. In
the cases of neon #17–21 eV$ and helium #20–24 eV$, how-
ever, the energy gaps to the ground states are too large. Op-
tical excitation from metastable states may represent an al-
ternative. This allows self-quenching coefficients to be
determined %22&. This method does not allow, however, to
measure quenching coefficients for excited states of neon or
helium with molecules, e.g., hydrogen, since the population
densities of metastable states of noble gases are very low in
discharges with molecular components %23&. In this paper, we
adopt an alternative approach of using pulsed electron exci-
tation to determine collisional deexcitation coefficients. A
special feature of our experiment is the use of a capacitively
coupled rf #CCRF$ discharge as an intensive, pulsed electron
source. The CCRF discharges operating at 13.56 MHz in
hydrogen %24–26& exhibit a field reversal phase resulting in a
pulse of electrons through the sheath region. A typical pulse

has a duration of about 15 ns and decays from the half maxi-

mum to zero in less than 3 ns as shown in Ref. %25&. After
excitation by the pulsed electron current into the excited

level under consideration, the temporal dependence of the

fluorescence is monitored. To analyze the observed fluores-

cence data, we utilize the recently reported electron-impact

excitation cross sections of the noble gases measured in an

electron beam, apparatus at low pressures. Because of the

complexity of the excitation dynamics in a CCRF discharge

as compared to the electron beam experiment, we have de-

veloped a model to account for the secondary collisional

processes in a CCRF discharge that contribute to the popu-

lation of the excited states. An advantage of using electron-

impact excitation over laser excitation is that the former is

capable of accessing, in principle, all excited states without

restrictions to optical selection rules or excitation energy

%27&. However, unlike laser excitation, electron-impact exci-
tation produces atoms in numerous high-lying excited levels,

so that the population of the excited state under consideration

by cascade from the higher levels must be taken into consid-

eration. In this paper, we show how one can apply the

electron-impact cross sections #from electron-beam experi-

ments$ to the CCRF discharges in order to determine the
quenching coefficients from the temporal fluorescence mea-

surements. The CCRF discharge is operated with hydrogen

gas, a direct application is to study quenching of excited

states of H2 by ground-state hydrogen molecules. By adding

a small amount of noble gases to the discharge, we have also

measured the coefficients of quenching various excited states

of the noble gases by H2 molecules.

II. EXPERIMENT

The measurements are performed in an asymmetric #one
electrode grounded$ CCRF discharge at 13.56 MHz in hy-

drogen with small admixtures of noble gases. The setup is

described in detail elsewhere %1&. The flat cooled stainless-
steel electrodes, 100 mm in diameter, are 25 mm apart. The

gas pressure ranges between 20 Pa and 400 Pa; the rf power

for these experiments is 100 W. Gas flow and gas mixture are

adjusted by mass flow controllers. The discharge axis is im-

aged onto the entrance slit of a 2 m spectrograph #Jenoptik
PGS 2, 1302 mm!1 grating$, see Fig. 1. A fast gated inten-
sified charge coupled device camera #Picostar, LaVision
GmbH, 576"384 pixels, 13.2"8.8 mm2) samples spectral
intervals of about 4.5 nm with a spectral resolution of 0.03

nm and a spatial resolution of about 0.5 mm by averaging

over several pixels. This spectral resolution allows us to

separate the observed emission lines from numerous molecu-

lar emission lines in the hydrogen discharge. Phase-resolved

measurements are possible by locking the gate to a definite

phase position within the rf cycle. The intensities measured

in the gate time of 3 ns can be integrated over many rf cycles

for this phase setting. A variable delay between a fixed phase

and the gate allows one to cover the complete rf cycle.

III. MODELING OF EXCITED-STATE POPULATION

DYNAMICS DURING THE DISCHARGE CYCLE

The CCRF hydrogen discharge is characterized by several

particularities regarding the excitation processes and the re-

sulting optical emission. Understanding the excitation dy-

namics %24,25& in the discharge is essential for the measure-
ment of quenching coefficients by phase-resolved optical

emission spectroscopy #PROES$. Figure 2 displays the

space-time evolution of the H'-line emission. The abscissa

comprises of two rf periods, 74 ns each. The transverse axis

indicates the distance from the powered electrode located at

the bottom of the figure. Several emission structures #I–IV$
can be distinguished. Structures I and II can be explained on

the basis of E-field measurements %25&. Structure I is caused
by a field reversal across the space-charge sheath—typical

for hydrogen rf discharges. It is explained by the relatively

large mobility of the ions and relatively small mobility of the

electrons in this discharge %26&. Electrons are accelerated to-
wards the powered electrode inducing strong impact excita-

tion. This excitation in front of the electrode is exploited for

the measurement of quenching coefficients, since, when the

FIG. 1. Experimental setup of the discharge chamber and the

electronic and optical components for phase-resolved optical emis-

sion spectroscopy #PROES$.
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sheath potential becomes negative again, electrons are

pushed out of the sheath towards the plasma bulk. Note that

there is no electron-impact excitation for the rest of the rf

cycle in front of the powered electrode. The characteristic

decay rate of the subsequent fluorescence is influenced by

quenching. It allows us, therefore, to infer the pertinent co-

efficient. Structure II is related to the sheath expansion heat-

ing of the electrons moving to the plasma bulk. Structure III

results from fast secondary electrons created by ion impact,

whereas structure IV is related to fast hydrogen atoms cre-

ated at the electrode surface by the impact of hydrogen ions.

These fast hydrogen atoms can excite the background gas by

heavy-particle collisions. Due to the small mass of hydrogen

ions they are able to follow the applied electric field with

only a short delay !24". Thus, this time-dependent ion bom-
bardment of the electrode determines the time dependence of

secondary electrons and fast hydrogen atoms related to struc-

ture III and structure IV, respectively.

The determination of the effective decay rates after the

strong excitation by electron collisions during the field rever-

sal phase requires to take into account also the influence of

excitations by heavy-particle collisions and by cascading

processes from higher electronic states. This can be done on

the basis of a time-dependent model for the population den-

sity, which is explained in the following.

A. Heavy-particle collisions and cascade processes

Cascade transitions from higher levels are often small in

comparison to the collisional excitation of the radiating level.

The situation is then considerably simplified. We consider

the Kr 2p2 line as an example of these conditions !28". Fig-
ure 3 shows one period of the phase-resolved emission in

front of the powered electrode. The zero of the time scale

was chosen to be at the end of the electronic collisional ex-

citation. After the strong electron-impact excitation due to

the field reversal, the fluorescence decay influenced by

quenching with molecular hydrogen can be observed. With

the known !19" quenching coefficient and natural lifetime of
the Kr 2p2 line, the excitation function Ei(t) of the observed

level i can be calculated from the emission #proportional to
the population density ni) in the following manner:

n0Ei# t $!
dni# t $

dt
"Aini# t $. #4$

The excitation out of the ground state is proportional to both

the ground-state density n0 and the excitation function Ei(t).

The term ‘‘excitation function’’ is sometimes used differently

in the literature. We will, however, use the definition given

above throughout the paper. The excitation function in Fig. 4

exhibits a weak contribution related to heavy particle colli-

sions of fast hydrogen atoms #max. at %30 ns), after
a strong excitation due to the field reversal #max. at
%#25 ns) and a weak excitation due to the sheath expan-
sion #max. at %#10 ns). The time behavior of the density of
energetic atoms corresponds to that of the ions, since they

are generated at the driven electrode by ion bombardment.

The hydrogen ions are able to follow the applied rf voltage

FIG. 2. Space and time resolved emission of H& from the CCRF

hydrogen discharge operating at 141 Pa and 100 W (Upp

!750 V). Also shown is a sketch of the sheath voltage as measured
by Czarnetzki et al. !25"

FIG. 3. Phase-resolved emission in front of the powered elec-

trode of the Kr 2p2 line.

FIG. 4. Excitation function of the Kr 2p2 level in front of the

powered electrode.
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Control of ion current and ion impact energy

combined width of the two sheaths become comparable with
the electrode separation, resulting in the dimensions of the
bulk plasma being reduced to such an extent that it becomes
impossible to maintain a stable plasma. Increasing the power
supplied by the high frequency power source, Phf , may allow
operation at greater values of Vlf .

The increasing sheath width causes an increase in the
sheath potential; this then leads to the plasma potential
increasing also (see figure 1(b)). As the device that is being
simulated is asymmetric, there develops a dc self-bias voltage
on the smaller of the two electrodes [10]. This self-bias voltage
is shown in figure 1(c); like the plasma potential, it increases
linearly as the amplitude of Vlf is increased. The mean energy
of the ions bombarding the electrodes is then related to the
sheath voltage by Ei ∝ Vs = Vpp − Vdc, where Ei, Vs, Vpp,
and Vdc are respectively the mean ion energy, sheath voltage,
plasma potential, and the dc sheath voltage. In a collisionless
plasma, the mean energy of the ions bombarding the electrodes
is equal to the time averaged potential drop across the sheath.
In a collisional sheath, as is the case here, the mean ion energy
is no longer equal to the potential drop across the sheath
but remains proportional to it. In figure 1(d) the mean ion
energy bombarding both the powered and grounded electrodes
is shown. As can be seen, Ei is linearly proportional to Vlf , as
expected, given the trends in the sheath potential. This result
shows that the ion energy can be controlled by manipulating
the amplitude of the low frequency voltage.

In figure 2(a) we show the peak plasma density and the
density spatially averaged over the plasma extent. As can be
seen, both the peak and spatially averaged plasma densities

Figure 2. Plasma density, electron temperature, and ion current
density onto electrodes as functions of the low frequency voltage
amplitude. Conditions same as in figure 1.

decrease continuously as Vlf is increased. The peak plasma
density decreases by approximately 70% when Vlf is increased
from 0 to 220 V. The dependence of the plasma density on
Vlf is a direct result of the sheath voltage increasing. Under
the conditions presented here, Phf # Plf , therefore, to a first
approximation the total power can be assumed to be equal to
the power supplied by the high frequency. The total power, P ,
being supplied to the device, given by P ≈ VhfJhf , is therefore
held approximately constant, where Vhf is the high frequency
voltage and Jhf is the high frequency current density. It is
observed in figures 1(b) and (c) that the discharge voltage
increases as Vlf increases. Therefore, in order to maintain
a constant power the current density must decrease. Since the
power density supplied to the electrons by Ohmic heating is
given by [8]

Pohm = 1
2
J 2 1

σdc
= 1

2
J 2 mνm

e2n
, (2)

where νm is the momentum transfer frequency, m the electron
mass, n the electron density, and σdc is the dc plasma
conductivity, a decrease in the current density results in
a decrease in the electron Ohmic heating. This then results in a
decreased plasma density since the ionization rate is dependent
on the electron Ohmic heating. Although the above equation
is for the Ohmic power deposition only and neglects the power
deposited by collisionless heating [9], the argument remains
the same as the current squared remains the dominant term.

Figure 2(b) shows that the bulk electron temperature
increases as the low frequency voltage is increased. The width
of the bulk plasma is given by d = l0 − 2S, where l0 is the
electrode separation and S is the sheath width. As the sheath
width increases linearly with increasing Vlf , the width of the
bulk plasma is reduced considerably. The electron temperature
is then given by the following [8],

Kiz(Te)

ub(Te)
= 1

pd
, (3)

where Kiz, ub, d , and p are the ionization rate, Bohm
velocity, dimensions of bulk plasma, and operating pressure,
respectively. By examining the above equation, we see that
the temperature is determined for a given gas by the parameter
pd only. Thus the decrease in the dimensions of the bulk
plasma results in the increased electron temperature. It should
be noted that though equation (3) is valid only for a Maxwellian
electron energy distribution function, the general argument
remains valid for any distribution function.

We now examine the behaviour of the ion current density,
#i, onto the electrodes. #i is plotted as a function of
Vlf in figure 2(c). Under certain conditions, #i is essentially
independent of Vlf . This is superficially surprising considering
the observation that the plasma density decreases considerably
under the same conditions. Tentatively this is believed to occur
as a result of the increase in the electron temperature. Since
the ionization rate is exponentially dependent on the electron
temperature, the ionization rate increases considerably as
the electron temperature increases. Therefore, in order to
maintain the equilibrium between plasma generation and
particle losses to the walls, the flux of ions and electrons
leaving the plasma must increase. Thus the ion current may
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two different geometries, planar geometry in order to study
symmetric discharges (equal area electrodes) and cylindrical
geometry to investigate asymmetric geometry. The use of
cylindrical geometry enables one to simulate a device in which
the area of the two electrodes is unequal. We have attempted
to simulate a device whose geometry is similar to that which
is used within industry.

The PIC scheme that we have employed here is an explicit
one. As a result of this there are two stability and accuracy
conditions that must be satisfied, given by the following [5] (the
∼ criterion is for accuracy, the upper bound is the maximum
for stability in a cold plasma),

ωpe"t ∼ 0.2 ! 2,

"x

λd
! 1,

(1)

where, ωpe, "t , "x, and λd are respectively the electron plasma
frequency, simulation time step, simulation cell size, and
Debye length. These conditions result from Poisson’s equation
and the equation of motion being solved by explicit finite
difference methods and determine the cell size and duration
of each time step. On average it requires approximately half
a million time steps for a particular solution to converge to
within a desired accuracy. Utilizing a standard PC operating
at 2 GHz, this requires a run-time of approximately 4 h.

Particle simulations have been performed, unless stated
otherwise, in cylindrical geometry, where the powered
electrode is the smaller of the two, and there is an area ratio of 2
between the powered and grounded electrodes. The electrodes
have a separation of 1.5 cm, and the simulation results
presented have been performed for a pressure of 50 mTorr.
The electrodes are assumed to be perfectly absorbing, and
no secondary electrons are emitted. The powered electrode
is driven with a current density of the form Jhf sin (ωhf t) +
Jlf sin (ωlf t), where ωlf,hf = 2πflf,hf are the angular frequency
components, whose frequencies are fhf = 100 MHz and
flf = 1 MHz. When the device is operated with a constant
high frequency power source, first the low frequency current
is set and then the high frequency current is manipulated until
a desired power is obtained. Although under these conditions
both current sources are applied to the same electrode, this is
equivalent to supplying the separate components of the current
source to two electrodes. This is a result of the necessity for
conservation of current throughout the discharge.

Within the dual frequency device that is simulated here,
we find that it is possible to obtain independent control of
both the ion current onto the electrodes and its bombardment
energy. A consequence of this independence in the control of
the ion current and ion energy is that the electron temperature
becomes dependent on the low frequency power source. In
order to obtain this independence of the ion energy and current,
it is required that there be a sufficiently large difference in the
frequencies under which the device is operated.

This paper is structured as follows: in section 2 we show
the conditions under which it is possible to obtain the desired
independence of the ion energy and flux. We then show,
in the same section, that a consequence of operating a dual
frequency plasma device, under the conditions presented here,
is that the electron temperature becomes dependent on the

lower frequency power sources. In section 3, we show that the
ion current onto the electrodes is dependent on the ratio of the
driving frequencies and show the ratio of the frequencies that
are required to obtain the desired decoupled nature. Finally, in
section 4 we present our conclusions.

2. Independence of ion energy and flux

In this section, we present simulation data that show how it is
possible to obtain the desired independence of the ion current
and energy onto the electrodes and detail the consequence for
electron temperature in doing so. In figure 1(a) we show
how the sheath width varies with increasing low frequency
voltage, where the sheath edge has been defined as the point
where quasi-neutrality is violated. As can be seen, the sheath
width increases significantly from approximately 3 to 6 mm.
A similar behaviour of the sheath was observed in a dual
frequency plasma device by Kitajima et al [7] under slightly
different conditions. This increase in the sheath width is a
direct result of the application of the second voltage source,
resulting in an increased total voltage, the discharge voltage
being simply the integral over the charge density in the sheath.
Therefore, in order to support an increased voltage, the sheath
width must increase. A Vlf of about 220 V is the maximum that
can be achieved under these conditions. At higher voltages the

Figure 1. Dependence of plasma parameters on the low frequency
voltage amplitude in a dual frequency device. The high frequency
power is held constant at ≈1200 W m−2. P.E. and G.E. refer to the
powered and grounded electrodes, respectively.
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where V̄s and s̄ are the average sheath potential and width,
respectively, "2 is a parameter determined from the sheath
potential plot as a function of the phase in the LF cycle and
"2$1, #LF is the applied LF, M is the mass of the ion, and e
is the electron charge.

The average electron and ion energies %%e,i& presented
below are obtained from the electron energy distribution
function #EEDF$ and the IEDF, respectively, denoted as
Fe,i#%$,
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III. RESULTS AND DISCUSSION

The calculations are performed for an Ar/CF4/N2 mix-
ture at a ratio of 0.8/0.1/0.1. All simulations are carried out
at a pressure of 30 mTorr. The gas temperature is set to
300 K. The simulation grid is uniform and it consists of 100
cells. The electron time step varies from 10−11 to 3.7
'10−11 s depending on the electron plasma frequency. To
speed up the calculation, the ion time step is set to be 25
times longer than the electron time step, and different
weights for electrons and ions are applied. The choice of the
grid spacing and the time steps is defined by the accuracy
criteria for the PIC/MC codes with explicit mover.20 The
typical results of this model are the electron and ion densi-
ties, fluxes and energy distributions, collision rates, and
electric-field and potential distributions.

A. From HF to VHF, keeping the HF voltage amplitude
constant and varying the LF voltage amplitude

Figure 2 presents the simulation results, averaged over
one or two LF cycles, for the plasma density in the discharge
center #a$, the ion current density at the powered electrode
#b$, the electron energy in the discharge center #c$, and the
sheath potential #d$ and width #e$, as a function of the LF
voltage amplitude. The calculated characteristics for the
#27+2$-MHz case are averaged over two LF cycles since
one LF cycle does not contain an integer number of HF
cycles. The operating conditions are the following: the HF is
chosen to be 27, 40, 60, or 100 MHz and the LF is 2 MHz;
the HF voltage amplitude is kept at 200 V and the LF volt-
age amplitude is 0, 100, 200, 300, or 400 V. It can be seen
that for all investigated frequency schemes the introduction
of the second LF voltage source decreases the plasma density
in the discharge center (Fig. 2#a$). Further, the drop is not
very pronounced for the #60+2$- and #100+2$-MHz cases,
while it decreases more clearly with increasing LF voltage
for the other two-frequency schemes, i.e., #27+2$ and #40
+2$ MHz. This means that for the latter cases the applied LF
has influence on the plasma density as well as on the ion
current density and electron energy, as it is observed below
(Figs. 2#b$ and 2#c$), and decoupling is impossible to be
achieved. A drop of the plasma density with increase of the

LF voltage was also observed in computer simulations of
argon discharges in a dual frequency reactor.11,12 As it is
shown below the sheath width increases with the increase of
the LF voltage. The expansion of the sheath width leads to a
decrease of the sheath capacitance, and therefore the dis-
charge current decreases with increasing LF voltage. The de-
crease in the discharge current causes decrease in the ioniza-
tion rate and consequently in the plasma density.

FIG. 2. Calculated plasma density in the discharge center #a$, ion current
density at the powered electrode #b$, electron energy in the discharge center
#c$, and sheath potential #d$ and width #e$, averaged over the LF cycle, as a
function of the LF voltage amplitude, at a HF voltage amplitude of 200 V
for the #27+2$-, #40+2$-, #60+2$-, and #100+2$-MHz regimes.

023308-3 V. Georgieva and A. Bogaerts J. Appl. Phys. 98, 023308 !2005"

Downloaded 26 Aug 2005 to 153.19.47.109. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

!E =
8"2eV̄s

3s̄#LF
!2eV̄s

M
"1/2

, #2$

where V̄s and s̄ are the average sheath potential and width,
respectively, "2 is a parameter determined from the sheath
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speed up the calculation, the ion time step is set to be 25
times longer than the electron time step, and different
weights for electrons and ions are applied. The choice of the
grid spacing and the time steps is defined by the accuracy
criteria for the PIC/MC codes with explicit mover.20 The
typical results of this model are the electron and ion densi-
ties, fluxes and energy distributions, collision rates, and
electric-field and potential distributions.

A. From HF to VHF, keeping the HF voltage amplitude
constant and varying the LF voltage amplitude

Figure 2 presents the simulation results, averaged over
one or two LF cycles, for the plasma density in the discharge
center #a$, the ion current density at the powered electrode
#b$, the electron energy in the discharge center #c$, and the
sheath potential #d$ and width #e$, as a function of the LF
voltage amplitude. The calculated characteristics for the
#27+2$-MHz case are averaged over two LF cycles since
one LF cycle does not contain an integer number of HF
cycles. The operating conditions are the following: the HF is
chosen to be 27, 40, 60, or 100 MHz and the LF is 2 MHz;
the HF voltage amplitude is kept at 200 V and the LF volt-
age amplitude is 0, 100, 200, 300, or 400 V. It can be seen
that for all investigated frequency schemes the introduction
of the second LF voltage source decreases the plasma density
in the discharge center (Fig. 2#a$). Further, the drop is not
very pronounced for the #60+2$- and #100+2$-MHz cases,
while it decreases more clearly with increasing LF voltage
for the other two-frequency schemes, i.e., #27+2$ and #40
+2$ MHz. This means that for the latter cases the applied LF
has influence on the plasma density as well as on the ion
current density and electron energy, as it is observed below
(Figs. 2#b$ and 2#c$), and decoupling is impossible to be
achieved. A drop of the plasma density with increase of the

LF voltage was also observed in computer simulations of
argon discharges in a dual frequency reactor.11,12 As it is
shown below the sheath width increases with the increase of
the LF voltage. The expansion of the sheath width leads to a
decrease of the sheath capacitance, and therefore the dis-
charge current decreases with increasing LF voltage. The de-
crease in the discharge current causes decrease in the ioniza-
tion rate and consequently in the plasma density.

FIG. 2. Calculated plasma density in the discharge center #a$, ion current
density at the powered electrode #b$, electron energy in the discharge center
#c$, and sheath potential #d$ and width #e$, averaged over the LF cycle, as a
function of the LF voltage amplitude, at a HF voltage amplitude of 200 V
for the #27+2$-, #40+2$-, #60+2$-, and #100+2$-MHz regimes.
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Ar / CF4 / N2 mixture at a ratio of 0.8 / 0.1 / 0.1, p = 30 mTorr.

part of Fig. 2.

The ion current density exhibits a similar behavior as the
plasma density, with an exception for the case of !27
+2" MHz #Fig. 2!b"$. For this case the ion current density
shows a minimum at a LF voltage of 100 V and because of
that, we made an additional simulation at 50 V. It is ob-
served that the ion current decreases by varying the LF volt-
age from 0 to 100 V and it increases with further increase of
the LF voltage, i.e., the ion loss increases. On the other hand,
the electron energy also increases abruptly after 100 V #Fig.
2!c"$ and consequently the ionization rate, i.e., the ion pro-
duction increases. The net effect of these processes is, how-
ever, a drop in the plasma density. The average electron en-
ergy and the ion current show little dependence on the LF
voltage for the !60+2"- and !100+2"-MHz cases. Hence, in
first instance, we would conclude that the frequency ratio
should be high enough to achieve decoupling of the ion flux
and energy. However, further simulations at a HF of 27 MHz
and at different LF and applied voltages show that the fre-
quency ratio is not the parameter defining the decoupling.
These simulations are presented below in a separate section,
where the abrupt change in the plasma behavior at a ratio
VLF/VHF of 1 and above, when the applied HF is 27 MHz, is
discussed.

A rise in the LF voltage leads to an increase of the sheath
potential and to an expansion of the sheath #Figs. 2!d" and
2!e"$. A similar behavior of the sheath width was observed
experimentally4 and numerically.11,12 On the other hand, an
increase of the applied HF contracts the sheath, as it is also
found in single frequency reactors,24–26 so that in the !60
+2"- and !100+2"-MHz cases the sheath width increases
more slowly than in the !27+2"- and !40+2"-MHz regimes.

Figure 3 presents the average bombardment energy of
the Ar+ !a", CF3

+ !b", and N2
+ !c" ions. The operating condi-

tions are the same as in Fig. 2. The ion energy increases with
LF voltage because the sheath potential increases #Fig. 2!d"$.
Since the CF3

+ ion does not experience charge exchange !see
Ref. 8 for details about ion-neutral collisions", and therefore
retains its energy, its average energy at the electrodes is
higher, in comparison with the other two ions for the same
operating conditions.

Concerning the influence of the HF, it appears from Fig.
2 that the plasma density and ion current increase, and the
sheath width decreases with HF, for the same LF voltage.

The electron energy is between 3 and 4 eV for all frequency
conditions for a LF voltage up to 100 V, but only for the
!60+2"- and !100+2"-MHz cases, it remains at similar val-
ues for higher LF voltages, i.e., it is almost not affected by
the HF above 60 MHz for any investigated LF voltages. If
we exclude the !27+2"-MHz case, the average sheath poten-
tial decreases very slightly with the primary frequency for
the same applied LF voltage # Fig. 2!d"$. The average ion
energy !Fig. 3" increases with HF because the sheath width
decreases, and consequently the ions experience fewer
charge exchange and elastic collisions with neutrals on their
way to the electrodes, and therefore they retain their energy.
A similar dependence of the plasma characteristics on the
driving frequency was found in single frequency
reactors.24–26

It is impossible to present the IEDF for all simulated
operating conditions due to limited space, so that we have
chosen to present them at the HF and LF voltages of 200 V
for the four-frequency schemes !see Fig. 4". The average
sheath potential is calculated to be between 130 and 140 V,
and consequently the IEDF has two peaks and the energy
width is centered at this value !see above and Ref. 8" for all
frequency regimes. The second peak of Ar+ and N2

+ IEDFs
for the !27+2"-MHz case is, however, not well developed
because of the frequent charge exchange and elastic colli-
sions with neutrals !see Ref. 8". In addition, the sheath width
is broadest at the !27+2"-MHz regime, which leads to more
collisions in comparison with the other frequency regimes.
The bimodal structure of the IEDF in the dual frequency
reactors was discussed in detail elsewhere.8 Figure 4 shows
that the energy width !E increases with HF when all the
other operating parameters are the same. According to Eq.
!2" the energy width does not depend on the HF explicitly.
However, it depends on the average sheath width, which de-
creases with increase of the primary frequency #Fig. 2!e"$.
The average sheath potential and the parameter "2 are calcu-
lated to be almost the same for all considered frequency
schemes. Consequently, the energy width increases with HF.
The same behavior was observed for the other applied LF
voltage amplitudes.

In our previous study it was found that highly energetic
F− ions reach the electrodes for a short time of the cathodic
part of the LF cycle.7 In the presence of low frequency and

FIG. 3. Calculated Ar+ !a", CF3
+ !b", and N2

+ !c" average bombardment energy as a function of the LF voltage amplitude. The operating conditions are the same
as in Fig. 2.

023308-4 V. Georgieva and A. Bogaerts J. Appl. Phys. 98, 023308 !2005"

Downloaded 26 Aug 2005 to 153.19.47.109. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

PIC/MC model is one dimensional because a two-
dimensional PIC/MC for a complex gas mixture including
electronegative gas is computationally time consuming, and
it would not present physical trends, which are different from
the one-dimensional model. However, we are currently
working on a spherical one-dimensional PIC/MC to simulate
asymmetric discharges. One set of simulations is carried out
at a LF of 2 MHz and HFs of 27, 40, 60, and 100 MHz and
keeping the HF or LF voltage amplitude constant, while the
other voltage amplitude is varying. Another set of simula-
tions is performed for !27+2" and !27+1" MHz at different
values of constant HF voltage amplitude, while the LF volt-
age amplitude is varying. An additional set of simulations is
carried out in a single frequency reactor at a HF of 60 MHz
and varying the driving voltage amplitude in order to make a
comparison with the dual frequency scheme.

In Sec. II the input parameters and the outline of the
model are given. In Sec. III the results of the simulation,
such as the plasma density, ion current, electron and ion av-
erage energies and energy distributions, average sheath po-
tential and width, and ionization rates, are presented and dis-
cussed. Finally, in Sec. IV a summary is given. In order to
facilitate the reader, who might be more familiar with the
applied power than voltage, we present the calculated power
of the two sources, corresponding to the applied voltages in
the Appendix.

II. DESCRIPTION OF THE MODEL

A schematic diagram of the dual frequency cc reactor
considered in this study is shown in Fig. 1. The plasma is
sustained between two parallel plates, each 20 cm in diam-
eter and separated from each other by 2 cm. One of the elec-
trodes is driven by a dual frequency voltage source, i.e., the
applied voltage is a sum of the HF and LF voltages

V = VHF sin!!HFt" + VLF sin!!LFt" , !1"

where VHF and VLF are the HF and LF voltage amplitudes,
and !HF and !LF are the applied HF and LF. The other elec-
trode is grounded. The computation is based on a one-
dimensional coordinate space and three-dimensional velocity
space PIC/MC algorithm. The motion of the charged par-
ticles is simulated by the PIC method using the standard
explicit “leap frog” finite difference scheme.17 The collisions
between the charged particles are added by combining the

PIC model with a MC procedure.18,19 In the case of modeling
of electronegative discharges, the major disadvantage of this
method is the long computation time needed to reach con-
vergence. The negative charges are confined in the bulk
plasma and the only loss mechanism, i.e., ion-ion recombi-
nation, has a relatively low reaction frequency. Kawamura
et al.20 point out many physical and numerical methods of
speeding up the PIC calculations. Some of these methods,
such as longer ion time steps, different weights for electrons
and ions, and improved initial density profiles, are also ap-
plied in the present simulation.

The charged species, which are followed in the model,
are electrons, Ar+, CF3

+, N2
+, F−, and CF3

− ions. The interac-
tions between the particles are treated by a Monte Carlo
method, which is basically a probabilistic approach. To cal-
culate collision probabilities, it is necessary to have the cor-
responding collision cross-section data, which are not always
available. Hence, the present model uses several techniques
to define the collision probabilities even when the collision
cross sections are unknown. The outlines of all techniques as
well as all the data for electron-neutral !Ar, CF4, and N2" and
ion-neutral collisions, electron-ion and ion-ion recombina-
tions considered in the model are given in our previous
papers.7,8,14 The collisions of electrons with other neutrals,
such as CF4 radicals !CF3, CF2, CF, and F", excited states of
N2, and atomic nitrogen can significantly influence the ion
and electron densities, and electron temperature, depending
on the power, pressure, flow rate, etc. The present model
does not take into account these collisions and the approxi-
mation is reasonable based on the following considerations.
The computational and experimental results in a pure CF4

discharge show that the densities of the radicals at low pres-
sure are much lower in comparison with the CF4 density,
with values in the order of 1018 m−3.21,22 An experimental
investigation of dc magnetron Ar/N2 discharges at a pressure
of 25 mTorr demonstrates that the atomic nitrogen equals
between 0.13% and 0.24% of the molecular nitrogen depend-
ing on the fractional N2 concentration.23 Consequently, in the
investigated gas mixture, which consists of 80% Ar, 10%
CF4, and 10% N2, and at low pressure !30 mTorr" the con-
centration and the collision frequency of the other neutrals
with the electrons are expected to be much smaller than the
concentration and the collision frequency of the background
gas neutrals with the electrons. In addition, in comparison
with the PIC/MC method, a fluid or hybrid model14,15 is
more suitable to follow the radicals and excited states, since
the PIC/MC method assumes that the background gas neu-
trals are distributed uniformly in the discharge, which is not
applicable to the other neutral species !e.g., see the space
distributions of CF and CF2 presented in Ref. 22". On the
other hand, the PIC/MC is more suitable to present the dis-
charge dynamics and detailed behavior of the electron and
ion energies, as is focused on in the present work.

We recall here only the expression for the energy width
"E, centered at eV̄s, of the IEDF in dual frequency reactors,
which was obtained in Ref. 8 and will be used in Sec. III to
discuss the results.

FIG. 1. Schematic diagram of the dual frequency reactor.
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Figure 6. Effect of the low-frequency voltage amplitude on ion properties: (a) ion flux and (b)
average energy of ions reaching the electrodes, in 100 MHz / 1 MHz discharges at fixed VHF =
60 V. Open symbols: Ar+, filled symbols: CF+

3 . p = 20 mTorr.

0 20 40 60 80 100 120
0.1

1

10

40 60 80 100
0

50

100

150

200

Effect of V
HF

 @ V
LF

=300 V

CF3
+

 

Io
n

 f
lu

x
 [

1
0

1
4
 c

m
-3

 s
-1

]

V
HF

 [ V ]

Ar
+

(a)

CF3
+

 

A
v
e

ra
g

e
 i
o

n
 e

n
e

rg
y
 [

e
V

]

V
HF

 [ V ]

Ar
+

(b)

Figure 7. Effect of the high-frequency voltage amplitude on ion properties: (a) ion flux and (b)
average energy of ions reaching the electrodes, in 100 MHz / 1 MHz discharges at fixed VLF =
300 V. Open symbols: Ar+, filled symbols: CF+

3 . p = 20 mTorr.

energy of the positive ions increases considerably, as displayed in figure 6(b). The flux of the
ions (and their density in the bulk plasma, too), on the other hand, can be controlled by the
high-frequency voltage, as illustrated in figure 7. We observe a nearly linear increase of the
ion fluxes with increasing VHF, whereas the average energy of ions changes only slightly. These
observations confirm that the dual-frequency excitation, when operating conditions are properly
chosen, makes it possible to realize a nearly independent control of the ion energy and flux in
low-pressure plasma sources.
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chosen, makes it possible to realize a nearly independent control of the ion energy and flux in
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energy of the positive ions increases considerably, as displayed in figure 6(b). The flux of the
ions (and their density in the bulk plasma, too), on the other hand, can be controlled by the
high-frequency voltage, as illustrated in figure 7. We observe a nearly linear increase of the
ion fluxes with increasing VHF, whereas the average energy of ions changes only slightly. These
observations confirm that the dual-frequency excitation, when operating conditions are properly
chosen, makes it possible to realize a nearly independent control of the ion energy and flux in
low-pressure plasma sources.
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ions (and their density in the bulk plasma, too), on the other hand, can be controlled by the
high-frequency voltage, as illustrated in figure 7. We observe a nearly linear increase of the
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observations confirm that the dual-frequency excitation, when operating conditions are properly
chosen, makes it possible to realize a nearly independent control of the ion energy and flux in
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Experiment:
Ar/O2 mixture, oxidized Si electrodes, γ up to 0.5

Plasma Sources Sci. Technol. 19 (2010) 015005 J P Booth et al

cable via an SMA vacuum feed-through flange. This coaxial
cable used glass as the dielectric in order to support the high
temperatures (>500 K) which can develop in the plasma. The
microwave signal was inductively coupled to the hairpin [26]
by means of a 2 mm diameter loop to ground. The coaxial
cable and the end loop are housed inside a quartz tube to avoid
metallic (copper) contamination of the chamber. The hairpin
is attached outside this tube. By avoiding dc contact with the
hairpin, the build-up of a RF sheath around the hairpin wires
is kept to a minimum. The hairpin is inserted, through one of
the gaps in the quartz confinement rings, to about 3 cm from
the axial centre of the plasma and is equidistant from both the
electrodes. The plasma frequency is deduced from the shift in
the resonance frequency when the plasma is on [25].

2.3. Ion flux probe

The ion flux probe assembly is inserted through the top
electrode and is co-planar with this electrode. It consists of a
planar stainless steel electrode 5 mm in diameter surrounded by
a planar, 15 mm diameter, guard ring. Vacuum gaps (0.1 mm)
separate the probe from the guard ring and the latter from the
upper electrode.

The probe and the guard ring are driven by parallel outputs
of a 11.5 MHz RF pulse modulated generator, which can supply
200 V peak-to-peak. The parallel outputs are coupled to the
probe and the guard ring across individual charging capacitors
whose values are chosen such that their discharge rates are
as close as possible. The probe voltage, V (t), and current,
I (t), are measured simultaneously, allowing I–V curves to
be plotted by eliminating the time variable. These curves are
fitted to obtain the ion current, floating potential and effective
‘tail’ temperature of the electron energy distribution function
(EEDF). A fit of such an I–V curve was given by Braithwaite
et al [27]:

I = I+

[
1 − exp

(
V − Vf

Te

)]
, (1)

where I+ is the ion saturation current, Vf is the probe floating
potential and Te is the electron temperature. The purpose
of the guard ring is to reduce the edge effects caused by
an expanding/contracting sheath, therefore allowing a flat
saturation region. In practice, however, the ion saturation is
never perfectly flat and so a slope parameter is added to the
fitting function. Moreover, under certain plasma conditions
(principally dual frequency), the electron distribution function
has a non-Maxwellian form similar to that of a Druyvesteyn
function, with higher energy electrons showing a lower
effective temperature than the low-energy component. To
account for this the electron temperature is allowed to vary
from a single order to a second order exponential. The final
form of the fitting function used is

I = I+

[
1 − m(V − Vf) − exp

(
V − Vf − k(V − Vf)

2

Te

)]
,

(2)

where m is the slope parameter and k is a parameter
representing the degree of Druyvesteyn character, i.e. k = 0
describes the Maxwellian only case.

Figure 1. Electron density in an Ar/O2 plasma as a function of 2
and 27 MHz power.

Figure 2. Ion flux in an Ar/O2 plasma as a function of 2 and
27 MHz power.

3. Results and discussion

3.1. Ar/O2 plasmas

The experiments were carried out with a gas flow of 195 sccm
Ar and 28 sccm O2, at a pressure of 6.7 Pa. Figures 1 and 2
show the variation of the electron density and the ion flux as
a function of 27 and 2 MHz RF powers. In this gas mixture it
was not possible to maintain a plasma with single-frequency
excitation, be it 27 or 2 MHz.

The electron density is a function both of the (volume-
integrated) ionization rate and the electron loss rate. If
electron–ion recombination can be ignored, the electron loss
rate is equal to the ion loss rate, which is limited by the
sheath-edge flux, commonly defined by the Bohm criterion.
Following Godyak [29], and Lieberman and Lichtenberg [30],
the ion flux, !is, from a planar electropositive plasma can be
expressed as

!is = hl · uB · ne0, (3)

where n0 is the plasma density at the plasma centre, uB is the
Bohm velocity and hl is the ratio of the plasma density at the
sheath edge to that at the plasma centre. Furthermore, Godyak
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3.1. Ar/O2 plasmas

The experiments were carried out with a gas flow of 195 sccm
Ar and 28 sccm O2, at a pressure of 6.7 Pa. Figures 1 and 2
show the variation of the electron density and the ion flux as
a function of 27 and 2 MHz RF powers. In this gas mixture it
was not possible to maintain a plasma with single-frequency
excitation, be it 27 or 2 MHz.

The electron density is a function both of the (volume-
integrated) ionization rate and the electron loss rate. If
electron–ion recombination can be ignored, the electron loss
rate is equal to the ion loss rate, which is limited by the
sheath-edge flux, commonly defined by the Bohm criterion.
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expressed as
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Ion properties in classical DF discharges (27 + 2 MHz):
results for the effect of secondary electrons
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energy is generally not possible, only 
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density can be realized, with increasing 
pressure (when ionization by secondaries 
start to dominate) this becomes more 
difficult due to the rapid increase of the 
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At high γ the ion density increases with 
increasing LF voltage at all pressures
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pressure (when ionization by secondaries 
start to dominate) this becomes more 
difficult due to the rapid increase of the 
ion density with increasing LF voltage
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increasing LF voltage at all pressures
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frequency coupling & effect of secondary electrons
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Figure 2. Dc self-bias η calculated by the Brinkmann sheath model
(solid black line, [19]), the analytical model (red crosses, [19]) and
the PIC simulation (blue squares and solid line, [26]) under the same
discharge conditions. This plot is taken from [26].

4. Simulation results

4.1. Dynamics of the total uncompensated charge in an
electrically asymmetric dual frequency discharge

In this section the dynamics of the total uncompensated
charge density, σtot, in a geometrically symmetric electrically
asymmetric dual frequency discharge operated at 13.56 and
27.12 MHz with fixed, but adjustable phase shift θ between
the driving voltages is investigated by a PIC simulation.
Results are compared with the results of the analytical model
introduced in the previous section. The discharge is operated
in argon at 2.66 Pa (20 mTorr) and an electrode gap of
6.7 cm similar to conditions investigated by Godyak et al
experimentally [38] and identical to the discharge conditions
investigated by the analytical model of the EAE and the
Brinkmann sheath model [19]. α = 0.2 and γ = 0.1 are
used. The voltage waveform defined by equation (2) with
φ̃0 = 315 V is applied to the bottom electrode.

Via the EAE a dc self-bias η is generated as an almost
linear function of θ . Figure 2 shows η as a function of θ
resulting from the analytical model of the EAE (red crosses,
[19]), the Brinkmann sheath model (solid black line, [19]) and
the PIC simulation (blue squares and solid line, [26]) under
identical discharge conditions. A phase shift of about 'θ ≈ 8◦

between the analytical model and the Brinkmann sheath model
on one side and the PIC simulation on the other side is observed.

In the frame of the analytical model of the EAE (red
crosses in figure 2) the dc self-bias η is calculated from the
extrema of the applied voltage waveform and the symmetry
parameter ε [19]:

η = − φ̃m1 + εφ̃m2

1 + ε
. (19)

Here φ̃m1, φ̃m2 are the maximum and minimum of equation (2),
respectively. The symmetry parameter is defined as

ε =
∣∣∣∣∣
φ̂sg

φ̂sp

∣∣∣∣∣ = cpg

(
Ap

Ag

)2 n̄sp

n̄sg

(
Qmg

Qmp

)2

. (20)

Bulk

Bulk
Q (t)tot

Grounded electrode

Powered electrode

Qmp

Qmg

φ: φ φm2 m1

~

Figure 3. Sketch of the charge distribution in the discharge at the
time of minimum (φ̃m2) and maximum (φ̃m1) applied voltage. The
floating potential is neglected, i.e. the sheath is assumed to collapse
completely at both electrodes at least once per RF period.

Here φ̂sg, φ̂sp are the maximum sheath voltages, which drop
across the sheath at the grounded and the powered electrode,
respectively. Ap, Ag are the surface areas of the powered and
grounded electrodes, respectively, and n̄sp, n̄sg are the mean
ion densities in the respective sheath. cpg = Isg/Isp is the
ratio of the sheath integrals such as defined in [19]. Generally,
cpg is close to unity for all phase angles θ . For the discharge
conditions investigated here cpg ≈ 1 was explicitly verified by
a PIC simulation [26]. Thus, for the geometrically symmetric
(Ap = Ag) discharge investigated here:

ε =
n̄sp

n̄sg

(
Qmg

Qmp

)2

. (21)

Qmp, Qmg are the maximum charge in the sheath adjacent to the
powered and grounded electrode, respectively. As sketched in
figure 3, the charge in the sheath at the powered electrode is
maximum when the minimum voltage, φ̃m2, is applied to the
discharge. Neglecting the small floating potential of typically
a few volts, the sheath at ground collapses completely at this
phase and Qtot = Qmp. The charge in the sheath at the
grounded electrode is maximum when the maximum voltage,
φ̃m1, is applied to the discharge and when the sheath at the
powered electrode completely collapses.

In the analytical model of the EAE [19] as well as the
Brinkmann sheath model [20–23] any dynamics of Qtot and,
consequently, σtot is neglected, i.e. Qtot = Qmp = Qmg is
assumed. Under this assumption the symmetry parameter
resulting from the Brinkmann sheath model, which is used
in the analytical model of the EAE, ε′, depends only on the
ratio of the mean ion densities in both sheaths and no longer
on the ratio Qmg/Qmp:

ε′ =
n̄sp

n̄sg
. (22)

In the following it will be demonstrated that the phase shift 'θ

is a consequence of the assumption of Qmg/Qmp = 1, i.e. the
negligence of the charge dynamics.

Figures 4–6 show the sheath voltages, φsg and φsp, at
each electrode (top: grounded electrode, bottom: powered
electrode) as well as the total charge in the discharge per

4

f = 13.56 MHz & 27.12 MHz,
p = 20 mTorr, d = 6.7 cm
V0 = 315 V (both freq. !!)

Z. Donkó, J. Schulze, B. G. Heil and 
U. Czarnetzki, 
J. Phys. D 42, 025205 (2009)

DC bias
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Mean ion energy and ion flux : effect of γ on EAE operation

Grounded electrodePowered electrode 6.6 Pa
VHF = VHF = 300 V

Mean ion energy  
range: 2.4 (at low γ), 
3.2 (at high γ); varies 

in an opposite 
manner at the two 

electrodes

The peak at the 
powered electrode at 
high γ results from 

the charge dynamics

The ion flux is 
approximately 

constant at at low γ, 
the peak at high γ is 

the result of the 
sheath/ionization 

dynamics 
(discussed  later) 
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Mean ion energy and ion flux : effect of γ on EAE operation
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Mean ion energy  
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Mean ion energy and ion flux : effect of γ on EAE operation

Grounded electrodePowered electrode 100 Pa
VHF = VHF = 75 V

Mean ion energy 
range ≈1.6

The ion flux at the 
powered electrode 

decreases as a 
function of θ. The 

opposite is observed 
at the grounded 

electrode.

γ
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low pressure: 
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Ion flux vs. phase angle : low / high pressure at high γ
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high pressure: 

ionization source due 
to secondary 

electrons is localized 
at the sheath edges 

→ opposite 
dependence of ion 

flux on phase angle 
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low pressure: 
nonlocal ionization 
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How is this peak formed?
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This is a (new) way to generate high-density 
plasma at low pressures 

(normally secondaries are lost at the “other side”)
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classical dual-frequency discharges: independent control of ion properties is limited to 
a narrow range of discharge parameters
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at high secondary yield values
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