
Influence of the low-frequency source parameters on the
plasma characteristics in a dual frequency capacitively coupled

plasma reactor: Two dimensional simulations

Xiang Xu, Hao Ge, Shuai Wang, Zhongling Dai, Younian Wang *, Aimin Zhu

State Key Lab of Materials Modification by Electron, Ion and Laser Beams, School of Physics and Optoelectronic Technology,

Dalian University of Technology, Dalian 116023, China

Received 6 June 2008; received in revised form 17 August 2008; accepted 20 August 2008

Abstract

A two-dimensional (2D) fluid model is presented to study the discharge of argon in a dual frequency capacitively coupled plasma
(CCP) reactor. We are interested in the influence of low-frequency (LF) source parameters such as applied voltage amplitudes and
low frequencies on the plasma characteristics. In this paper, the high frequency is set to 60 MHz with voltage 50 V. The simulations were
carried out for low frequencies of 1, 2 and 6 MHz with LF voltage 100 V, and for LF voltages of 60, 90 and 120 V with low frequency
2 MHz. The results of 2D distributions of electric field and ion density, the ion flux impinging on the substrate and the ion energy on the
powered electrode are shown. As the low frequency increases, two sources become from uncoupling to coupling. When two sources are
uncoupling, the increase in LF has little impact on the plasma characteristics, but when two sources are coupling, the increase in LF
decreases the uniformities of ion density and ion flux noticeably. It is also found that with the increase in LF voltage, the uniformities
in the radial direction of ion density distribution and ion flux at the powered electrode decreases significantly, and the energy of ions
bombarding on the powered electrode increases significantly.
� 2009 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction

Radio-frequency glow discharges are widely used in sur-
face treatments, deposition and etching for semiconductor
materials, and more than half of the processes in microelec-
tronic device fabrication are correlated with glow dis-
charges. Due to its importance, many models were
performed to understand the mechanisms of glow dis-
charge [1–5].

With increases in the size of silicon wafers, there is a
need to precisely control both the ion bombarding energy

and ion flux to achieve minimum damage on the substrate.
The conventional single frequency (13.56 MHz) capaci-
tively coupled plasma (CCP) reactor cannot control inde-
pendently plasma density and ion energy impinging on
wafers. In particular, the ion energy is too high for high
radio-frequency voltages and will result in wafer damage.
Therefore, there has been an increasing interest in dual fre-
quency CCPs recently. The dual frequency system allows
the plasma density to be determined by the primary high-
frequency (HF) source, while the ion bombarding energy
is determined by the second low-frequency (LF) source.
In the early 1990s, Goto et al. [6] first introduced the dual
frequency setup and demonstrated the low ion energy etch-
ing. Later, the experiments showed that the LF source
could be separated from the HF source by increasing the
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sustaining frequency from 13.56 MHz to 100 MHz [7].
Recently, many numerical simulations [8–12] have been
performed to investigate the optimization of reactor design
or operating conditions. A comparison between the single
and dual frequency CCP reactor was made in Ref. [8] based
on the particle-in-cell/Monto Carlo (PIC/MC) model. Fur-
thermore, the influence of external parameters of LF and
HF sources on the plasma characteristics was studied [9].

Most of the numerical studies on dual frequency CCP
are based on the PIC/MC method, and essentially are
one-dimensional (1D) geometries because it is too time-
consuming for two-dimensional (2D) simulations. How-
ever, most reactors used in the industry are cylindrical
geometries. The uniformities of radial plasma density dis-
tribution and ion flux on the substrate are the critical
parameters for etching. Therefore, it is important to inves-
tigate radial features in the dual frequency CCP reactor.

In this work, a 2D fluid model is presented to study
argon discharge in a dual frequency CCP reactor. Special
attention is given to the radial density distribution, the uni-
formity of ion flux on the substrate and the difference of
ion energy bombarding on different radial positions of
the substrate.

2. Theoretical models

A schematic diagram of the cylindrical dual frequency
CCP reactor is shown in Fig. 1. The lower electrode is dri-
ven by the dual frequency power source, i.e., the powered
voltage is a sum of HF and LF voltages

V ¼ V HF sin xHFt þ V LF sin xLFt ð1Þ

where VHF and VLF are the HF and LF voltage amplitudes,
and xHF and xLF are the applied HF and LF. The upper
electrode and side electrode are grounded. The radii of
the upper electrode and lower electrode are R and Rpowered,
respectively. The distance between two electrodes is d.

2.1. The fluid model

Our simulations are based on the fluid model which has
been described in detail elsewhere [13–15]. Because the
scale of the reactor is small and the applied HF is not

too high, only the electrostatic field is considered in the
simulations. Therefore, by solving the continuity equations
of electrons’ and ions’ density, momentum, and energy,
coupled with Poisson’s equation, the behavior of electrons
and ions can be determined.

For the argon discharge, the ion mass is almost equal to
that of the neutral gas atoms; therefore, the ions could be
cooled efficiently by the background gas. Thus, the temper-
ature of the ions is assumed to be the same as the neutral
gas temperature. Hence, the equations for the ions are

@ni

@t
þr � ðniuiÞ ¼ kiNne; ð2Þ

@ðnimiuiÞ
@t

þr � ðnimiuiuiÞ ¼ �rpi þ eniE �
1

2
minivinui; ð3Þ

where ni and ne are the ion density and electron density,
respectively; mi is the ion mass, ui is the ion velocity, pi =
nikBTi is the ion pressure, Ti is the ion temperature, being
constant as room temperature, e is the element charge,
and E = �$u is the electric field; u is the electric potential.
In our simulations, the density of background gas argon N

is assumed to be constant, and the ion collision frequency
with neutrals min is given by Ref. [13]. The ionization coef-
ficient ki is obtained from Ref. [2].

For electrons, due to which its characteristic frequency
(about 1 GHz or more) is much larger than the xHF, the
drift-diffusion approximation is used. The approximation
neglects the inertial term and the time derivative term in
the momentum equation. Thus, the equations governing
the behavior of electrons are

@ne

@t
þr � Ce ¼ kiNne ð4Þ

Ce ¼ �leneE � Derne; ð5Þ
@

@t
3

2
nekBT e

� �
þr � qe ¼ �eCe � E � �ekiNne; ð6Þ

where Ce is the electron flux, Te is the electron temperature,

qe ¼
5

2
CekBT e �

5

2
neDerðkBT eÞ ð7Þ

is the electron energy flux, and ee = 15.6 eV is the ioniza-
tion energy [13]. The mobility of electrons le and the diffu-
sion coefficient De are given by Rechards and co-workers
[16].

In order to obtain the self-consistent electric field E,
Poisson’s equation

r2/ ¼ e
e0

ðni � neÞ ð8Þ

is coupled in the above solving process, where e0 is the vac-
uum permittivity.

2.2. Boundary conditions

The boundary conditions of electron flux and electron
energy flux are the same as those used in Ref. [3]. The elec-
tron flux on the electrodes and walls isFig. 1. Schematic diagram of the CCP reactor.
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Fig. 2. The axial electric field distributions in a LF cycle at times: (a) 0.25 TLF, (b) 0.5 TLF, (c) 0.75 TLF, and (d) 1.0 TLF.

Fig. 3. The radial electric field distributions in a LF cycle at times: (a) 0.25 TLF, (b) 0.5 TLF, (c) 0.75 TLF, and (d) 1.0 TLF.

X. Xu et al. / Progress in Natural Science 19 (2009) 677–684 679



Ce ¼
1

4
nevetð1�HÞ; ð9Þ

where vet ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kBT e=pme

p
is the electron thermal velocity,

and H accounts for the reflection effect. A value of 0.25
is usually used for H [3,14]. The electron energy flux to-
wards the electrodes and walls is given by

qe ¼
5

2
CekBT e: ð10Þ

The ion flux to the electrodes and walls is set to the out-
flow conditions, i.e., @ni=@r ¼ 0 and @ni=@z ¼ 0.

Between the lower electrode and the side electrode (the
dotted line in Fig. 1), the radial electric field Er is assumed
to be constant and the axial electric field is assumed to be
zero. Therefore, the potential /ðr; z ¼ 0ÞjRpowered<r6R is given
by linear interpolation between /ðr ¼ Rpowered; z ¼ 0Þ and
/ðr ¼ R; z ¼ 0Þ.

3. Numerical results and discussions

In our simulations, the parameters are chosen as fol-
lows. The radius of the powered electrode is Rpowered =

6 cm and the radius of the upper electrode is R = 10 cm.
The distance between two electrodes is d = 2 cm. For argon
discharge, there is only one kind of ion Ar+, whose mass is
mi ¼ 6:63� 10�23g. The electron mass is me ¼ 9:1� 10�28 g.
All simulations are carried out at a pressure of 100 mTorr.
The parent gas temperature is set to 293 K. The HF is fixed
to be 60 MHz and the HF voltage is kept at 50 V. Initially,
it is assumed that ions and electrons are spatially uniform
with density N 0 ¼ 5:0� 109cm�3 and the electron’s temper-
ature T0 = 40,000 K. The velocity of them is set to zero.
The simulations were performed on a uniform grid of 40
cells in the z direction and 50 cells in the r direction. The
frequency and voltage of the LF source are varied to inves-
tigate the influence of LF on the ion density distribution,
the ion flux impinging on the powered electrode, and the
ion energy bombarding on the substrate.

3.1. The electric field distributions

In Figs. 2 and 3, the axial and radial electric field distri-
butions in a LF cycle are presented at times: 0.25, 0.5, 0.75
and 1.0 T, respectively. The applied LF is 2 MHz, and the
corresponding LF voltage amplitude is 100 V. In Fig. 2, it
is clear that the axial electric field is asymmetric. With fur-
ther study, it is found that the axial electric field averaged
in a LF cycle in the open region (between the powered elec-

Fig. 4. The distributions of the ion density averaged in a LF cycle with
different low frequencies: (a) fLF = 1 MHz, (b) fLF = 2 MHz, and (c)
fLF = 6 MHz.

Fig. 5. The radial distributions of the ion flux at the substrate averaged in
a LF cycle with different low frequencies.

680 X. Xu et al. / Progress in Natural Science 19 (2009) 677–684



trode and the side electrode) is weaker than that near the
powered electrode, which means that the mean sheath
width is thinner in the open region. From Fig. 3, we can
see that the radial electric field at the side electrode is sim-
ilar to the axial electric field at the upper electrode.

3.2. The influence of varying low frequency

In order to study plasma behavior under the impact of
varying low frequency, simulations are performed under

the conditions in which the low frequencies are 1 MHz,
2 MHz, or 6 MHz, and the voltage of LF is 100 V. The sim-
ulation results of the ion density distributions averaged
over one LF cycle are provided in Fig. 4. From Fig. 4,
we can see that the density of ions changes a little when
low frequency rises from 1 MHz to 2 MHz. In this case,
the low frequency is lower than the ion plasma frequency,
therefore the ions respond to the instantaneous sheath
voltage. Averaged in a LF cycle, low frequency has little

Fig. 6. The ion bombarding energy at the powered electrode in a LF cycle
with different low frequencies: (a) fLF = 1 MHz, (b) fLF = 2 MHz, and (c)
fLF = 6 MHz.

Fig. 7. The distributions of the ion density averaged in a LF cycle with
different LF voltage amplitudes: (a) VLF = 60 V, (b) VLF = 90 V, and (c)
VLF = 120 V.
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influence on the ionization, therefore the average ion den-
sity varies a little. When the low frequency is 6 MHz which
is larger than the ion plasma frequency, the ions respond to
a time-averaged sheath voltage drop. Hence, the ionization
is enhanced and the ion density increases greatly with the
rise in low frequency. Correspondingly, the uniformity of
ion density decreases with the enhanced ionization.

The radial distributions of ion flux on the powered elec-
trode averaged over one LF cycle are shown in Fig. 5. The
operation conditions are the same as those in Fig. 4. It is
found that when low frequency rises from 1 MHz to
2 MHz, the ion flux varies a little, but when low frequency
rises to 6 MHz, the ion flux increases significantly. As
shown in Fig. 4, in the former case, the LF and HF are
uncoupling, therefore varying the low frequency has little
impact on the value and the uniformity of ion flux. In
the latter case, the LF and HF are coupling; therefore,
the low frequency has as an important an effect on the
ion flux as that of the driving frequency in the single-fre-
quency CCP discharge and decreases the uniformity of
ion flux.

The ion bombarding energy at different radial positions
of the powered electrode is presented in Fig. 6. The opera-
tion conditions are the same as those in Fig. 4. We can see
that with the increase in low frequency, the amplitude of
ion bombarding energy becomes narrow and the ion energy
surface becomes smooth. The increasing low frequency
makes the ions respond from the instantaneous electric
field to the mean electric field, hence the low-energy and
high-energy ions produced by the instantaneous potential
drop decrease. We can also find that the increase in low fre-
quency has little effect on the uniformity of ion energy in
the radial direction, which means that the ion velocity
bombarding on the substrate is nearly uniform.

3.3. The influence of varying LF voltage

Fig. 7 is the plot of the distributions of ion density aver-
aged over one LF cycle under the condition that the LF

voltage amplitude is 60 V, 90 V or 120 V. The LF is set
to 2 MHz. It is shown that the ion density decreases signif-
icantly as the LF voltage increases, which is a direct result
of sheath potential increasing [10]. One can also see an off-
axis maximum of the ion density between two electrodes
whose radial position is slightly smaller than the radius
of the powered electrode. Similar off-axis maxima of the
ion density have been observed in the experiments [17]
and other 2D discharge models [2,4,18]. The key result
we are concerned with is the impact of LF voltage on the

Fig. 8. The radial distributions of the ion flux at the substrate averaged in
a LF cycle with different LF voltage amplitudes.

Fig. 9. The ion bombarding energy at the powered electrode in a LF cycle
with different LF voltage amplitudes: (a) VLF = 60 V, (b) VLF = 90 V, and
(c) VLF = 120 V.
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uniformity of ion density in the radial direction. It can be
seen that with the increase in LF voltage, the distribution
of ion density becomes nonuniform. This is because there
is an open region between the lower electrode and the side
electrode where the sheath is thin. Therefore, the effect of
the sheath is weakened in the open region and the off-axis
maxima are enhanced. Thus, the uniformity of ion density
is weakened by the increase in LF voltage.

In Fig. 8, the radial variations of the ion flux on the
powered electrode averaged over one LF cycle are shown.
The operation conditions are the same as those in Fig. 7.
We can see that the ion flux increases radically under the
conditions, which is related to the nonuniformity of the
plasma density. By comparing three curves in Fig. 8, it is
found that the increase in LF voltage is harmful for
improving the uniformity of ion flux, which is essentially
due to the increasing nonuniformity of ion density. We also
notice that the increasing LF voltage decreases the ion flux
on the powered electrode. With the increase in LF voltage
amplitude, the velocity of ions towards the powered elec-
trode increases, but the ion density drops further. There-
fore, both effects result in the decrease in ion flux.

The ion bombarding energy at different positions of the
powered electrode is shown in Fig. 9. The operation condi-
tions are the same as those in Fig. 7. It is clear that the
amplitude of ion bombarding energy is considerably
enlarged by the increase in LF voltage. The increasing
LF voltage increases the velocity of ions bombarding on
the substrate, hence the bombarding energy of ions
increases. The increase in LF voltage has little effect on
the uniformity of ion bombarding energy in the radial
direction, which means that the ion velocity at the substrate
is nearly uniform.

4. Summary

In this paper, a 2D fluid model was established to study
the argon discharge in a dual-frequency CCP reactor. Dif-
ferent LF sources have been applied to the CCP reactor to
investigate the impact of varying the voltage or frequency
of the LF source on the plasma 2D characteristics. The
2D distributions of electric field and ion density, the ion
flux bombarding on the substrate, and the ion energy at
the substrate were presented.

The influence of the frequency of the LF source is inves-
tigated in 1 + 60 MHz, 2 + 60 MHz and 6 + 60 MHz
regimes. It is shown that when two sources are uncoupling
(1 + 60 MHz and 2 + 60 MHz), the uniformities of ion
density and ion flux distributions are nearly independent
with the low frequency. But when two sources are coupling
(6 + 60 MHz), the increase in low frequency decreases the
uniformities of ion density and ion flux distributions signif-
icantly. It is also found that with the increase in low fre-
quency, the amplitude of ion bombarding energy
decreases considerably, but the uniformity of ion bombard-
ing energy in the radial direction at the substrate changes a
little.

It is also observed that the ion density in the radial direc-
tion is nonuniform for the argon discharge, and the
increase in LF voltage decreases the uniformities of ion
density distribution and radial ion flux distribution, which
means that it is no good for improving the uniformities by
varying the LF voltage amplitude. It is also found that the
increase in LF voltage can increase the ion bombarding
energy on the substrate significantly, which is one of the
main advantages of the dual frequency CCP reactors.
The uniformity of ion bombarding energy at the substrate
changes a little with the increasing LF voltage due to which
the ion velocity is nearly uniform at the substrate.
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