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Abstract.

If a temporally symmetric voltage waveform is applied to a capacitively coupled radio
frequency (CCRF) discharge, that contains one or more even harmonics of the fundamental
frequency, the sheaths in front of the two electrodes will necessarily be asymmetric even in a
geometrically symmetric discharge. Optimally this is achieved with a dual-frequency discharge
driven at a phase locked fundamental frequency and its second harmonic, e.g. 13.56 MHz
and 27.12 MHz. An analytical model, a hybrid fluid/Monte-Carlo kinetic model as well as a
Particle in Cell (PIC) simulation show that this Electrical Asymmetry Effect (EAE) leads to the
generation of a DC self bias as a function of the phase between the applied voltage harmonics
in geometrically symmetric as well as asymmetric discharges. The DC self bias depends almost
linearly on the phase angle and the role of the electrodes (powered and grounded) can be
reversed. At low pressures the EAE is self-amplifying due to the conservation of ion flux in the
sheaths. By tuning the phase, precise and convenient control of the ion energy at the electrodes
can be achieved, while the ion flux remains constant. The maximum ion energy can typically be
changed by a factor of about three at both electrodes. At the same time the ion flux is constant
within +5%.

(© 2009 IOP Publishing Ltd 1
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1. Introduction

Capacitively coupled radio frequency (CCRF) discharges play an important role for industrial
applications such as etching and deposition processes for semiconductor fabrication (chip
production, solar cells, etc.). In this context separate control of the ion flux and the ion energy
at the substrate surface is essential. The ion energy controls the individual processes taking
place at the wafer surface and the ion flux determines the throughput of a given process [1].

Separate control of ion flux and ion energy cannot be achieved in conventional single frequency
discharges, since both parameters are controlled by the applied voltage amplitude [2]-[33].
Besides hybrid discharges [34] the usual method to solve this problem is the use of dual-frequency
CCRF discharges operated at two substantially different frequencies, typically 2 MHz and 27
MHz, applied to one or more electrodes [20],[35]-[46]. Usually the low frequency voltage is much
higher than the high frequency voltage. The ion energy is mainly controlled by the low frequency
component. The ion flux is mainly controlled by the high frequency component, since electron
heating is more efficient at higher frequencies. However, recent investigations have shown, that
there can be a strong coupling between the two frequencies, that might limit separate control
of ion flux and energy [20], [40]-[45].

Here we propose a completely novel method to achieve separate control of ion energy and flux
at the electrode surfaces in a simple and almost ideal way in dual-frequency CCRF discharges
operated at similar frequencies, namely 13.56 MHz and 27.12 MHz [47, 48, 49]. If one electrode
is driven at a fundamental frequency and its second harmonic with variable phase between the
two voltage waveforms, a DC self (electrical asymmetry) bias will develop as a function of the
phase angle even in a geometrically symmetric CCRF discharge. This variable DC self bias
controls the ion energy at the electrodes. Therefore, by adjusting the phase the ion energy can
be controlled. As only the relative phase between the voltage harmonics and not their amplitude
is changed, the ion flux at the electrodes remains constant.

This Electrical Asymmetry Effect (EAE) is investigated here in three different ways: An
analytical proof and model, a hybrid hydrodynamic and Monte-Carlo kinetic model [47, 48, 50],
and a self consistent particle-in-cell simulation (PIC) [49]. All three models yield very similar
results with the PIC simulation revealing further insight into kinetic details. The paper is
structured in the following way: In section 2 it will be demonstrated that the sheaths in a
CCRF discharge operated at a fundamental frequency and one or more even harmonic are
necessarily asymmetric. In section 3 the analytical model to describe the EAE is presented and
the results are compared to a hybrid hydrodynamic and Monte-Carlo kinetic model. In section
4 the results of a self-consistent PIC simulation are presented and separate control of ion energy
and flux via the EAE is demonstrated. In section 5 conclusions are drawn.
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2. Electrical Asymmetry in CCRF discharges driven at a fundamental frequency

and one or more even harmonics

The two sheaths in a CCRF discharge are symmetric only if the following condition holds [47, 48]:
Vip(wt) = =Vig(wi + ) (1)

where V;, and V4 are the voltage drops across the sheath at the powered and grounded
electrode, respectively. The voltage drop across the discharge, Vi, is assumed to be the sum of
both sheath voltages. This assumption is verified by the PIC simulation [49].

V;tot - ‘/sp + ng (2)

Viot, Vsp, and Vi can be decomposed into their Fourier components:

N
V;fmf = Z tnemm‘/ (3)
n=—N
‘/sp: Z pneinwt (4)

ng: Z gneinwt (5)

Equations 2 through 5 imply that:
tn=0n+9gn V |n| <N (6)
O=pn+gn V |n|>N (7)

Substituting equations 4 and 5 into the criterion for symmetric sheaths (equation 1) yields:

Z pnemwt _ _ Z gnem(wt-‘rﬂ) (8)

n=—oo n=—oo

This implies that the sheaths are only electrically symmetric if:

Pn = —gne™" (9)
e = 1 whenever n is even and €™ = —1 whenever n is odd. Using equations 9 and 6
yields:

(10)

LoV n=0246..
"2, V¥V n=1,3,57,..

Based on equation 10 it is clear that the amplitudes of the fundamental and any odd harmonic
can be freely chosen in order to obtain electrically symmetric sheath. However, there must not
be any even voltage harmonic. If there is an even harmonic, the sheaths will necessarily be
electrically asymmetric.
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3. Modeling of the EAE
Grounded electrode

sheath g ¢sg — 0

Q= const

sheathp ¢sp =¢sp sheath /

>

Powered electrode o~
Applied RF voltage ¢ @,, < d,

Figure 1. Sketch of a CCRF discharge (left) and location of the net positive charge in the
discharge @ at the phase of complete sheath collapse at the grounded (middle) and powered
electrode (rlght) qﬁsp and ¢4, are the sheath voltages at the powered and grounded electrode,
respectlvely gbsp, gbsg are the maxima of the sheath voltages. 6 is the applied RF voltage and
bmi1, ¢m2 are the maximum and minimum of the applied voltage waveform, respectively.

Figure 1 shows the typical setup of a CCRF discharge of two plane parallel electrodes,
one powered and one grounded, of either the same (geometrically symmetric) or different
(geometrically asymmetric) surface areas. The discharge consists of a quasineutral plasma bulk
and two sheaths adjacent to each electrode. The net positive charge in the entire discharge @ is
located in the sheaths. Here ) is assumed to be constant within one RF period, which has been
demonstrated to be a good approximation [16]. The voltage balance for such a CCRF discharge
is:

é+n:¢sp+¢sg (11)

where q~5 is the applied RF voltage, n the DC self-bias and ¢, ¢4 are the sheath voltages at
the powered and grounded electrode, respectively. Here the floating potential and the voltage
drop across the bulk are neglected and the voltage drop across the discharge is assumed to be
determined only by the sum of both sheath voltages. A PIC simulation has demonstrated that
this assumption is justified [49]. At two distinct phases within one RF period one sheath is
completely collapsed at one of the electrodes (see figure 1). If the sheath is collapsed at the
grounded electrode, the applied RF voltage qﬁ will be minimum (qﬁ </>m2) no voltage will drop
across the sheath at ground (¢s4 = 0) and maximum voltage will drop across the sheath at the
powered electrode (¢gp = QASSP). Vice versa if the sheath is collapsed at the powered electrode,
the applied RF voltage will be maximum (45 = qul), no voltage will drop across the sheath at
the powered electrode (¢, = 0) and maximum voltage will drop across the sheath at ground

(Psg = qgsg). The voltage balance of equation 11 at these two distinct phases is given by:

Q;mZ +n= (lgsp (12)

ngl +n= Qgsg (13)

The maximum sheath voltages ggsp and dssg can be calculated by integrating Poisson’s equation
at the corresponding phase:
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n 1 Qmp 2 Isp
d)sp = - — (14)
2eeq \ A4, Nsp
. 1 (Qmo\21I
¢sg = - 9 ,Sg (15)
2egp \ Ay Nsg

Here e is the elementary charge, ¢ the dielectric constant, @Q,pmg the maximum charge
in the sheath at the powered and grounded electrode, respectively, A, , the surface area of the
respective electrode, ng) 54 the mean ion density in the respective sheath and I, 54 the respective
sheath integral.

1
I =2 /0 pe(€)€de (16)

with & = /s, and ps(§) = ni(z)/n;. Here s, is the maximum sheath width and n; is the
ion density.
Under the assumption of constant total charge () the ratio of equations 14 and 15 yields:

- <Ap>2 o (17)

Ag) TisgILsp

sg
Gsp

¢ is called the symmetry parameter [48]. Using equations 17, 12, and 13 the following
expression for the DC self bias is derived, that depends only on the extremes of the applied
RF voltage waveform and the symmetry parameter:

— _(Z)ml + €<Z>m2

1+¢ (18)

315 (cos(2m ft) 4 cos(4m ft))

315 (cczs(47rft))

voltage [V]

"~315 (cos(27 ft))
e e A S B p—

60 80 100 120 140
time [ns]

Figure 2. Voltage waveform ¢(t) = 315 (cos(2m ft) + cos(4x ft)), where f = 13.56 MHz, applied
to the discharge for two RF periods (solid black line). The absolute values of the positive and
negative extremes and the voltages across the two sheaths are different. Therefore, a DC self
bias develops under these conditions [49].

From now on we consider a geometrically symmetric CCRF discharge (A4, = A,) in argon
operated at 2.7 Pa with an electrode gap of d = 6.7 cm, similar to conditions of an experimental
investigation by Godyak and Piejak in a single frequency CCRF discharge [18, 19, 21, 47, 50, 51].
The following RF voltage waveform is applied to one of the electrodes:



2nd Int. Workshop on Non-equilibrium Processes in Plasmas and Environmental Science IOP Publishing
Journal of Physics: Conference Series 162 (2009) 012010 doi:10.1088/1742-6596/162/1/012010

¢(t) = 315V (cos(2mft + 0) 4 cos(4rft)) (19)

with f = 13.56 MHz. 0 is the phase angle between the harmonics. Figure 2 shows this voltage
waveform as well as the fundamental cosine function and its second harmonic for § = 0°. Each
of the two cosine functions is harmonically symmetric (¢p(p+7) = —¢(¢), ¢ = wt, ¢ corresponds
to the applied voltage), but the sum of the two is not. The sum is symmetric with respect to
o =1 (¢(¢) = ¢(—¢)). The absolute values of the positive and negative extremes are different.

Therefore, according to equation 18 at # = 0° a DC self bias will be generated (¢ < 1).

¢ = cos(p +0) + cos(2*¢)

applied RF voltage (a.u.)
o N
7
[en]
1]
Q.
N

¢ (rad)

Figure 3. RF voltage waveform according to equation 19 at different phase angles 6 [48].

By tuning the phase angle 6 from 0° to 90° the symmetry of the applied RF voltage waveform
is changed from symmetric (S, § = 0°) to anti-symmetric (AS, —¢(¢) = ¢(—¢), 6 = 45°) and
back to symmetric (S, § = 90° ). This is shown in figure 3. In case of an anti-symmetric
waveform the absolute values of the positive and negative extremes are the same and no DC self
bias will develop. At 6 = 90°, 7ggey = —1(ge). Already based on this simple graphical analysis it
is obvious that by adjusting the phase between the applied voltage harmonics the DC self bias
can be changed (assuming ¢ = 1).

In order to calculate n explicitly € needs to be known. ¢ is calculated by using the charged
particle densities resulting from the Brinkmann sheath model [52, 53]. Then equation 19 is
solved for its extrema ¢,,1 and ¢,,2. Using equation 18 this procedure yields the DC self bias
at different phase angles 6.

Figure 4 shows the symmetry parameter resulting from the Brinkmann sheath model and
a PIC simulation, that will be discussed in detail later. Obviously, the symmetry parameter
changes with the phase from 0 = 0° to # = 90°. At low pressures the sheath is collisionless and
a finite DC self bias leads to different mean sheath voltages. Due to flux continuity different
mean sheath voltages lead to different mean ion densities in both sheaths. This causes ¢ to
deviate from unity. According to equation 18 such a dependence of € on the phase leads to a
self-amplifications of the EAE [48].
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Figure 4. Symmetry parameter defined by equation 17 as a function of the phase angle 6 (blue
line (triangles) - fluid simulation [48], black line (squares) - PIC simulation) [49].
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Figure 5. Normalized DC self bias as a function of the phase between the applied voltage
harmonics resulting from equation 18 using ¢ = 1 and ¢ resulting from the Brinkmann sheath
model (figure 4) [48].

Figure 5 shows the normalized DC self bias as a function of the phase between the applied
voltage harmonics resulting from equation 18 using ¢ = 1 and £(#) resulting from the Brinkmann
sheath model (figure 4). The self-amplification is obvious.

The Brinkmann sheath model can also be used to directly calculate the DC self bias. Figure
6 shows a comparison between 7 resulting from the analytical model, the Brinkmann sheath
model, and a PIC simulation. All approaches yield similar results. The DC self bias is an
almost linear function of 6.

Similar to the way the maximum sheath voltages were calculated (equations 14,15) the sheath
voltages can also be calculated as a function of time within one RF period by using the temporary
sheath edge instead of the maximum for the integration of Poisson’s equation. Figure 7 shows
the resulting sheath voltages as a function of the phase within one low frequency RF period.
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Figure 6. DC self bias 7 calculated by the analytical model using € from the Brinkmann sheath
model (red markers, [48]), directly by the Brinkmann sheath model (solid black line, [48]), and
by a PIC simulation (blue markers and solid line) [49].
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Figure 7. Sheath voltages as a function of the phase within one low frequency RF period
resulting from the analytical model. The total voltage drop across the discharge and the DC
self bias are also shown [48].

Similar results are also obtained from the Brinkmann sheath model.
The partial derivative of the sheath voltage ¢s with respect to the charge in the sheath ¢ is
given by [48]:

9o, 1
0¢>2  2egon(s)A?

Here n(s) is the average ion density in the sheath depending on the position of the sheath
edge s, A is the electrode surface area. Equation 20 corresponds to a quadratic charge-voltage
relation. The left plot in figure 8 shows the charge voltage relation resulting from the Brinkmann
sheath model (solid line) at § = 0° for the geometrically symmetric discharge discussed here.
To a good approximation it agrees with a quadratic relation (dashed line). Such a quadratic
charge voltage relation has been assumed for capacitive discharges before [13] and has been

(20)
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Figure 8. Left: Charge voltage relation resulting from the Brinkmann sheath model (solid
line) at # = 0° for the geometrically symmetric discharge discussed here. The simple quadratic
relation is also shown (dashed line) [48]. Right: Measured charge voltage relation in a

geometrically strongly asymmetric single frequency CCRF discharges operated at 13.56 MHz, 1
Pa in krypton [19, 21].

measured by Fluorescence Dip Spectroscopy in krypton in a single frequency geometrically
strongly asymmetric CCRF discharge before [19, 21]. Slight deviations from an exactly quadratic
relation are caused by the actual density profile in the sheath. At large sheath width 7(s) in
equation 20 is larger than at small sheath width.
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200
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Figure 9. Ion energy distribution functions at the powered electrode at (a) # = 0° and (b)
6 = 90°. The shaded regions correspond to ions that undergo a charge exchange collision [48].

The variable DC self bias (see figure 6) allows convenient and simple control of the ion energy
distribution function (IEDF) at both electrodes. Here an ion Monte Carlo simulation coupled to
the Brinkmann sheath model is used to calculate the IEDFs at the electrodes as a function of the
phase between the applied voltage harmonics. Figure 9 shows the IEDF at the powered electrode
for different phase angle . At §# = 0° (a) the bias is strongly negative and the mean sheath



2nd Int. Workshop on Non-equilibrium Processes in Plasmas and Environmental Science IOP Publishing
Journal of Physics: Conference Series 162 (2009) 012010 doi:10.1088/1742-6596/162/1/012010

voltage at the powered electrode is high. Therefore, the IEDF is shifted to higher energies. At
0 = 90° (b) the bias is strongly positive and the mean sheath voltage at the powered electrode
is low. Therefore, the IEDF is shifted to lower energies.

10
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4. PIC simulation of the EAE
Here we describe a geometrically symmetric dual-frequency CCRF discharge in argon using a
one-dimensional (1d3v) bounded plasma particle-in-cell simulation code, complemented with
a Monte Carlo treatment of collision processes (PIC/MCC, [20, 54, 55]). The electrodes are
assumed to be infinite, planar and parallel. In our implementation of the PIC simulation, one
of the electrodes is driven by a voltage specified by equation 19, while the other electrode is
grounded. The electron impact cross sections for the collision processes are taken from [56].
For the positive ions, elastic collisions with the gas atoms are divided into an isotropic and a
backward part [57]. The cross sections for these collisions are taken from [57, 58]. Metastable
atoms are not taken into account. The bias voltage n is determined in the simulation in an
iterative way to ensure that the charged particle fluxes to the two electrodes averaged over one
low frequency RF period become equal. Electrons are reflected from the electrode surfaces with
a probability of 0.2 and the secondary electron emission coefficient is taken to be v = 0.1 for
most of our simulations. The number of superparticles in the simulations is of the order of 10°.
From the trajectories of the particles followed in the PIC simulation as well as from the collision
events we derive the spatio-temporal distributions of several plasma parameters.

The DC self bias and the symmetry parameter resulting from the PIC simulation at 2.7 Pa
and an electrode gap of 6.7 cm have already been shown in figures 6 and 4, respectively. Both
show good agreement with previously performed model results.

lon flux [a.u.]

0 50 100 150 200 250 300 350 400
EleVv] EleV]

Figure 10. Ion flux-energy distributions at the powered (left) and grounded (right) electrode
as a function of the phase angle 6 of equation 19 calculated by the PIC simulation under the
conditions mentioned in the text [49].

Figure 10 shows the ion flux-energy distribution at each electrode as a function of 6 resulting
from the PIC simulation. By changing 6 from 0° to 90° the maximum ion energy at each
electrode can be changed by a factor of about three. Furthermore, the role of each electrode
can be reversed electrically. Figure 10 agrees well with the distribution functions calculated in
the frame of the fluid/Monte Carlo model (see figure 9). The local maxima of the distribution
functions at low energies are again caused by ions, that undergo charge exchange collisions in
the sheath.

The analytical and the fluid/Monte Carlo model presented in the previous section are both
not self consistent. In both models the mean plasma density is an input parameter and is
not calculated self-consistently. Therefore, separate control of ion energy and flux cannot be
investigated using these models. However, the PIC simulation calculates the plasma density
and the ion flux self-consistently and can, therefore, be used to investigate this separate control.

11

lon flux [a.u.]
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Figure 11. Left: Ion fluxes at the powered and grounded electrode as a function of the phase
angle 6 in equation 19 calculated by the PIC simulation [49]. Right: Ton density in the discharge
center as a function of the phase angle § (PIC) [49].

The left plot of figure 11 shows the ion flux resulting from the PIC simulation at both electrodes
as the phase angle 6 is varied from 0° to 90°. The ion flux is constant within 4+ 5%, while the
maximum ion energy changes by a factor of three as 6 changes (see figure 10). The observed
stability of the ion flux is within the range of tolerance for most industrial applications [59, 60].
The right plot of figure 11 shows the ion density in the discharge center calculated by the PIC
simulation. The ion density is basically constant as the phase angle changes. Based on the
above results the EAE easily allows separate control of ion energy and ion flux by keeping the
applied voltage constant and changing the phase angle 6.

In the analytical model the total voltage across the discharge is assumed to be the sum of
the voltages across both sheaths (equation 2). Generally, the total voltage across the discharge
is the sum of the applied voltage, Vac, and the DC self bias, #:

‘/total = &"" n (21)

The PIC simulation shows that the assumption corresponding to equation 2 is correct under
the conditions investigated here: At the low pressure of 20 mTorr, the voltage drop across the
plasma bulk is negligible and the total voltage across the discharge is indeed the sum of both
sheath voltages.

For the PIC simulation the voltage is an input parameter and the voltage amplitude is
kept constant. However, in experiments the applied power and not the voltage is usually set
externally. Therefore, it is important to examine how the absorbed power changes as a function
of 8 while the voltage amplitude is kept constant. The mean power density absorbed by electrons
and ions, pe;, results from an integration of the space and time resolved dissipated power density
Pe,i directly resulting from the PIC simulation:

1 Tie d
Dei = ——— idx dt 22
De, d- Ty /0 /0 De i T ( )

Here Tt is the duration of one 1 w RF period and d is the electrode gap. The result for
the total dissipated power as well as the electron and ion components are shown in figure 12.
The absorbed power density is essentially constant and does not differ from its mean value by
more than about 6%. This means, that keeping the applied voltage amplitude constant in the
simulation corresponds to a good approximation to keeping the power constant. The small

12
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Figure 12. Power absorbed by electrons and ions and total power absorbed as a function of
the phase angle § (PIC) [49].

modulations of the absorbed power reflect the small modulations of the ion flux (figure 11).
Therefore, the ion flux might change even less, if the power is kept constant.
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Figure 13. Spatio-temporal plot of the total excitation rate of argon atoms at © = 7.5°
calculated by the PIC simulation. The voltages across the sheath at the powered electrode, Vp,
and across the sheath at the grounded electrode, Vig, are also shown [49].

The spatio-temporal total excitation rate of argon atoms at © = 7.5° (phase of strongest DC

13
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self bias) is shown in figure 13. The generation of beams of highly energetic electrons by the
expanding sheath at both electrodes is observed. Such electron beams have been investigated
experimentally and theoretically before [16, 18, 19, 20, 21, 22, 24, 25, 42, 44, 47, 49]. As the
discharge is asymmetric at this phase angle (see figure 4), the sheath width and sheath expansion
velocities are different at each electrode. Therefore [2, 3], the observed electron beams at each
electrode are different. The strongest excitation is caused by the initial sheath expansion of the
sheath at the powered electrode.

14



2nd Int. Workshop on Non-equilibrium Processes in Plasmas and Environmental Science IOP Publishing
Journal of Physics: Conference Series 162 (2009) 012010 doi:10.1088/1742-6596/162/1/012010

5. Conclusions

The Electrical Asymmetry Effect - a novel and simple method to achieve efficient separate con-
trol of ion energy and ion flux at the electrodes in capacitively coupled radio frequency discharges
- has been discovered. If a temporally symmetric voltage waveform is applied to a capacitively
coupled radio frequency (CCRF) discharge, that contains one or more even harmonics of the
fundamental frequency, the sheaths in front of the two electrodes will necessarily be asymmetric
even in a geometrically symmetric discharge. The EAE was analyzed by an analytical model, a
fluid/Monte Carlo model and a PIC simulation.

The analytical model showed that a DC self bias is generated even in a geometrically symmet-
ric discharge if the extremes of the applied RF voltage waveform are different. If a fundamental
frequency and its second harmonic are applied to one electrode, the symmetry of the applied
voltage waveform can be changed by adjusting the phase angle between the applied voltage
harmonics. Consequently, the DC self bias can be controlled by simply changing the phase and
the role of both electrodes (powered and grounded) can be reversed.

The fluid/Monte Carlo model demonstrated that this variable DC self bias provides a unique
opportunity to control the IEDF at both electrodes via the phase angle. It also showed that
the mean ion densities in both sheaths are different at low pressures and at phase angles of
non-vanishing DC self bias due to flux continuity. Therefore, the symmetry parameter deviates
from unity and the EAE is self-amplifying.

A self consistent PIC simulation finally showed that the EAE allows efficient separate control
of ion energy and flux at the electrode surfaces. The ion flux is found to be constant within
+5% when changing the phase angle, while the maximum ion energy is changed by a factor
of about three. This result is particularly interesting for industrial applications, since it allows
efficient separate control of ion flux and energy using an easily applied technique. In many cases
existing process chambers could be easily modified to make use of the EAE by simply replacing
the matching and power supply. Using this technique reactor sizes and, consequently, costs can
be reduced, since high area ratios are no longer needed. Furthermore, limitations of the separate
control of ion flux and energy by the frequency coupling in conventional dual-frequency CCRF
discharges operated at substantially different frequencies can be avoided.

A method for controlling the ion energy based upon this effect is patent pending (PCT
application No PCT/EP2008/059133).
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