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Dual-frequency capacitively coupled plasmas (DF-CCPs) have been used to control the ion ﬂux by the high-frequency source
and the ion bombardment energy onto the electrode by the low-frequency (LF) source separately. However, an increase in the
LF voltage, which extends the maximum ion energy to a higher value, causes the reduction of the bulk plasma length with a
subsequent decrease of the plasma density. By using a one-dimensional particle-in-cell/Monte Carlo simulation code, the
eﬀect of the magnetic ﬁeld on a DF-CCP is investigated to ﬁnd whether the plasma can be sustained during the LF voltage
increase. It is found that a low magnetic ﬁeld can eﬀectively maintain the plasma density and electron temperature constant
with respect to the variation of the LF voltage. [DOI: 10.1143/JJAP.47.7005]
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1.

Introduction

Capacitively coupled radio-frequency (CCRF) discharges
are widespreadly used in the micro-electronics industry
for their applications such as thin-ﬁlm deposition, etching,
sputtering, and plasma cleaning.1) As the semiconductor
technology requires sub-micron processes, various kinds of
CCRF sources have been developed to eﬀectively improve
the productivity of high-performance. In particular, dualfrequency capacitively coupled plasma (DF-CCP) devices
developed by Goto et al.2) have been of interest in their
advantage of the high-frequency (HF) source to control the
ion ﬂux and the low-frequency (LF) source to control the ion
bombardment energy independently onto the electrode.
Therefore, much literature has been piled up on the use of
DF-CCPs.3–8) Using a one-dimensional particle-in-cell/
Monte Carlo collision (1D PIC/MCC) simulation, Kim
et al.3) have developed a homogeneous plasma model for a
DF-CCP which introduces the single eﬀective frequency
determined by the competition of two RF sources. Robiche
et al.4,5) have developed a model for a DF capacitive sheath
with various gas pressures ranging from a few milliTorrs to
hundreds of milliTorrs. In order to control the ion energy and
ion ﬂux more separately, Kitajima et al.6) have observed
experimentally in Ar/CF4 discharges that the very high
frequency of 100 MHz instead of 13.56 MHz is very useful
for functional separation of LF biasing and HF sustaining
voltages in a DF-CCP, with a ﬁxed LF of 700 kHz.
Georgieva et al.7) also observed computationally that the
dependence of the plasma density on the LF source is
reduced in Ar/CF4 /N2 discharges by increasing the applied
HF to higher values (above 60 MHz).
Despite this feature, when the frequency of the HF source
is below 60 MHz, an increase in the LF voltage, which
extends the maximum ion energy to higher values, causes
the reduction of the bulk plasma length with a subsequent
decrease of the plasma density, because the ohmic heating
power over the bulk plasma is reduced by the increasing LF
voltage.8) Hutchinson et al.9) studied both experimentally
and by using a 1D PIC/MCC simulation that the dominant
electron heating mechanism in a low pressure discharge is
changed from a stochastic sheath heating mode to a bulk

ohmic electron heating mode in a low magnetic ﬁeld. Rauf10)
observed that applying magnetic ﬁeld to a DF-CCP tends
to decrease the nonlinear interaction of two RF sources and
to isolate two RF sources by the reduction of the electron
mobility. Furthermore, compared with the unmagnetized
discharge under the same conditions, the width of the ionenergy-distribution function, depending on the time-averaged sheath potential, is found to extend further in a
magnetic ﬁeld of a few tens of gauss.11) In this respect, it can
be easily guessed that the magnetic ﬁeld may be useful for
the DF-CCP to increase the ohmic heating power and to
decrease the coupling of two RF sources in the bulk plasma.
In this paper, we investigate the application of the
magnetic ﬁeld to a DF-CCP for the purpose of maintaining
the plasma density while the LF voltage increases, using a
1D PIC/MCC simulation. The simulation results show
that compared to the unmagnetized discharge, even a low
magnetic ﬁeld can maintain the plasma density and electron
temperature eﬀectively during the LF voltage increase.
2.

Simulation Conditions

The simulation has been carried out to study the low
magnetic ﬁeld eﬀect on sustaining the plasma density under
the increase of the LF voltage, by using a 1D PIC/MCC
code (XPDC1).12) Cylindrical geometry is chosen to simulate an asymmetric discharge with two electrodes of different sizes.13) Two RF voltages at frequencies of 27 (HF)
and 2 (LF) MHz are applied to the electrodes, while varying
the LF voltage and ﬁxing the HF voltage of 720 V. The area
of the HF electrode is twice larger than that of the LF
electrode and the gap distance is 2 cm. The secondary
electron emission coeﬃcient (SEEC: se ) for argon ion is
taken to be 0. Argon gas is used at a pressure of 40 mTorr.
A static magnetic ﬁeld (B) of 30 G is applied parallel to
the electrode surface. An additional set of simulation has
been performed by using constant B ¼ 20 G, SEEC ¼ 0:2,
HF voltage of 200 V and varying the LF voltage.
In the PIC simulation, we use about 300 superparticles
per each grid and the time step of 2  1012 s for the
stability and accuracy of the simulation. The grid size is
small enough to resolve the Debye length at the center
of discharge. The time step is less than the minimal time
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Fig. 1. Spatial proﬁles of the plasma density for various LF voltages
(a) without and (b) with a magnetic ﬁeld of 30 G at p ¼ 40 mTorr and
VHF ¼ 720 V.

Fig. 2. Electron temperature at the discharge center as a function of the
LF voltage without and with a magnetic ﬁeld of 30 G at p ¼ 40 mTorr
and VHF ¼ 720 V.

scales in the discharge like the inverse electron plasma
frequency and maximal collision frequency. The simulation
is run for several hundreds of LF cycles until they reached
the steady state.
3.

Results and Discussion

Figure 1 depicts the spatial proﬁles of the plasma density
for diﬀerent LF voltages for the cases without a magnetic
ﬁeld and then with a magnetic ﬁeld of 30 G, averaged over 4
LF cycles in the 27 and 2 MHz capacitive discharge at a
pressure of 40 mTorr, when the HF voltage is kept at 720 V.
In the absence of a magnetic ﬁeld, an increase in the LF
voltage decreases the plasma density from about 6:1  1016
to 7:9  1015 m3 and the bulk plasma length from about 10
to 4 mm, as the LF voltage increases up to 720 V. Similar
trends are reported in previous papers.3–8) It can be seen that
the sheath width increases with an increasing LF voltage.
The extension of the sheath width causes the impedance in
the sheath to increase and the increase of the impedance
results in the decrease of the conduction current. The
reduction of the conduction current leads to the decrease of
the ionization rate and the plasma density.
Next, the static magnetic ﬁeld is applied parallel to the
electrode surface and increases up to 30 G under the ﬁxed
HF and LF voltages of 720 V. It is observed that the plasma
density increases sharply from 7:9  1015 to 5:3  1016 m3 .
As shown in Fig. 1(b), the decrement of the plasma density
for the B ¼ 30 G case is much less than those observed in
the case of B ¼ 0 G while the LF voltage increases up to
720 V. The bulk plasma length is slightly reduced from 11
to 7.9 mm in accordance with a decrease in plasma density.
Therefore, a magnetic ﬁeld seems to largely decrease the
inﬂuence of the LF voltage on the reduction of the bulk
plasma length.
The electron temperature (Te ) at the discharge center for
diﬀerent LF voltages without and with a magnetic ﬁeld of
30 G is shown in Fig. 2. Whereas Te for the B ¼ 30 G case
has approximately the same value with respect to the LF
voltage, a rapid increase in Te for the B ¼ 0 G case is
observed right beyond VLF ¼ 540 V.
The electron-energy-probability functions [EEPFs: fe ðÞ]
at the discharge center for various LF voltages without and
with a magnetic ﬁeld of 30 G are presented in Fig. 3 for
examining the diﬀerent behaviors of Te . The EEPF is related
to the electron-energy-distribution function [EEDF: ge ð"Þ ¼

Fig. 3. Electron-energy-probability function at the discharge center for
diﬀerent LF voltages (a) without and (b) with a magnetic ﬁeld 30 G at
p ¼ 40 mTorr and VHF ¼ 720 V.

"1=2 fe ð"Þ]. Without a LF voltage, the obtained EEPF shows a
typical bi-Maxwellian distribution with two values of Te
(Tel ¼ 0:5 eV and Teh ¼ 3:7 eV, where Tel and Teh are
low- and high-energy electron temperature, respectively).
In low pressure argon RF discharges, the electrons can be
divided into two groups of electrons associated with the
moving high voltage sheath and ambipolar potential in the
discharge center.14,15) One of those groups is the high-energy
electrons, which overcome the ambipolar potential barrier
and are stochastically heated by the moving high voltage
sheaths. The other is the low-energy electrons with their low
temperature, which are conﬁned in the bulk by the ambipolar
potential and thus unable to gain energy from the weak RF
ﬁeld in the bulk plasma (collisional heating). As a result,
the overall electron energy distribution is described by
bi-Maxwellian distributions.
When the LF voltage increases up to 720 V, two electron
temperatures are insigniﬁcantly changed to Tel ¼ 0:5 eV and
Teh ¼ 4:2 eV. Hence, the population of the low-energy
electrons originated from inelastic collisions considerably
decreases by a factor of 8 while the bulk plasma length
decreases with increasing LF voltage. In the case of a
magnetic ﬁeld of 30 G, the electron density slightly
decreases with increasing LF voltage and two electron
temperatures (Tel ¼ 0:8 eV and Teh ¼ 2:9 eV) keep up the
same values with an error of 0.05 eV. The trend for the
B ¼ 30 G case also shows the reduction of the LF inﬂuence
by the magnetic ﬁeld in the 27 and 2 MHz capacitive
discharge. However, Tel changes from 0.5 to 0.8 eV, because
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Fig. 4. Time-averaged ion current density at the LF electrode as a
function of the LF voltage without and with a magnetic ﬁeld of 30 G. The
Child law of ion current density for the self-consistent RF ion sheath is
chosen to compare with two diﬀerent behaviors of ion current depending
on the magnetic ﬁeld at p ¼ 40 mTorr and VHF ¼ 720 V.

the low-energy electrons just start to gain their energy by the
magnetic ﬁeld during electron-neutral collision processes.
The time-averaged ion current densities (Ji ) onto the LF
electrode without and with a magnetic ﬁeld (30 G) are plotted
as a function of the LF voltage, which is shown in Fig. 4. In
addition, the Child law of Ji for the self-consistent RF ion
sheath is selected to compare with two diﬀerent behaviors of
Ji depending on the sheath potential and maximum sheath
width. With a rise in the LF voltage, the behavior of Ji for
B ¼ 0 G is similar to the one of the plasma density. Since the
ions are collisionless in the sheath, Ji onto the electrode is
determined
by the plasma density and electron temperature
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(Ji ¼ nsh e eTe =Mi , where nsh is the plasma density at the
plasma edge, e is the elementary charge, and Mi is argon ion
mass).16) Thus, Ji for B ¼ 0 G decreases continuously due to
the reduction of the plasma density by increasing the LF
voltage. Though the plasma density for B ¼ 30 G decreases
gradually with increasing LF voltage (see Fig. 1), Ji reduces
a little but until the LF voltage reaches 360 V and then rises
somewhat with an increasing LF voltage.
Considering the Child law of Ji for the self-consistent RF
ion sheath in a parallel plate model,16) Ji can be determined
by
 1=2  3=2
Vsh
2e
Ji  0:820
;
ð1Þ
Mi
s2m
where 0 , Vsh , and sm are the permittivity of free space, time
averaged sheath potential and maximum sheath width in the
LF sheath region, respectively. Though, the simulation has
been carried out in an asymmetric geometry with a magnetic
ﬁeld, the Child law of Ji is enough to explain two diﬀerent
trends of Ji obtained from the simulation, because the ions
are not magnetized between the two electrodes (rci 
5 cm > 2 cm,16) where rci is the gyroradius for an argon
ion). The calculated Ji attained from the simulation results of
Vsh and sm exhibits larger than the observed one. However,
the calculated Ji for magnetic ﬁelds of 0 and 30 G shows a
similar behavior as the one obtained for Ji . An increase in the
LF voltage for the B ¼ 0 G case continues to increase the
sheath potential to extend the sheath width until the discharge
collapses. In the case for B ¼ 30 G, while the sheath potential
increases with a rising LF voltage, the extension of the sheath
width by increasing the LF voltage is reduced much lower

Fig. 5. Ion-energy-distribution functions for various LF voltages [0 (black
line), 360 (gray line), and 720 V (light gray line)] and magnetic ﬁelds [(a)
0 and (b) 30 G] at p ¼ 40 mTorr and VHF ¼ 720 V.

than the case for B ¼ 0 G. The concave behavior of Ji is due
to the competition of the sheath potential and the sheath
width. Therefore, a low magnetic ﬁeld in the 27 and 2 MHz
capacitively coupled discharge largely decreases the inﬂuence of the LF voltage to broaden the sheath width. This
result indicates the maintenance of the plasma density and
electron temperature under the variation of the LF voltage.
Figure 5 presents the ion-energy-distribution functions
(IEDFs) at the LF electrode for various LF voltages (0, 360,
and 720 V) and magnetic ﬁelds (0 and 30 G), averaged over
4 LF cycles in the 27 and 2 MHz capacitive discharge at a
pressure of 40 mTorr. Without a LF voltage, the number of
peaks and the maximum ion energy for B ¼ 0 G show almost
the same results as in the B ¼ 30 G case. These peaks arise
due to the acceleration of slow ions, which are created in the
sheath as a result of charge-exchange collisions. The number
of peaks (N) is determined by the driving frequency ( fHF ),
maximum
sheath width, and the sheath potential (N ¼
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 fHF sm MAr =2eVsh ).17) From the simulation data, for
B ¼ 0 G, Vsh ¼ 461 V, sm ¼ 0:0057 mm and N is estimated
to be about 6.5. For B ¼ 30 G, Vsh ¼ 445 V, sm ¼ 0:0046
mm and N is calculated to be about 5.4. These values are in
agreement with those observed in our simulation.
A rise in the LF voltage extends the maximum ion energy
to higher values, which is one of the practical merits to use
DF-CCPs for etching processes. While the LF voltage
increases up to 720 V, the IEDFs for the B ¼ 30 G case
shows the same shapes as those for the B ¼ 0 case, with a
little exception for the position change of the maximum ion
energy. When the LF voltage is kept at 720 V, the maximum
ion energy for B ¼ 30 G extends 16% higher than the case
for B ¼ 0 G, which seems to result from the enhancement of
the negative dc-bias to about 60 V. Consequently, a low
magnetic ﬁeld does not aﬀect much the shape of the IEDF at
the LF electrode for the variation of the LF voltage.
As shown above, a low magnetic ﬁeld case greatly
reduces the inﬂuence of the LF voltage on the properties of
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the gyroradius for a 130 eV electron is 1.9 cm. Thus, the
ionization by the secondary electrons increases the plasma
density gradually above 200 V of the LF voltages.
4.

Fig. 6. (a) plasma density, (b) electron temperature in the discharge
center, and (c) ion current density at the LF electrode, averaged over four
LF cycles, as a function of the LF voltage without and with a magnetic
ﬁeld of 20 G at p ¼ 40 mTorr and VHF ¼ 200 V.

discharge such as the plasma density, electron temperature,
and ion current density. Further simulation was performed to
conﬁrm the trends of the plasma characteristics with the
increase of the LF voltage at conditions of se ¼ 0:2 and
VHF ¼ 200 V.
Figure 6 shows the simulation results for the plasma
density, electron temperature in the discharge center, and ion
current density at the LF electrode, as a function of LF
voltage without and with a magnetic ﬁeld of 20 G, averaged
over 4 LF cycles in the 27 and 2 MHz capacitive discharge.
Without a magnetic ﬁeld, as the LF voltage increases up to
600 V, the plasma density decreases from about 1:3  1016
to 1:8  1015 m3 and the bulk plasma size decreases from
about 12 to 1.5 mm. The electron temperature shows the
same value until a LF voltage value 200 V, and then
increases with a higher LF voltage. However, the ion current
density decreases slightly until the LF voltage reaches
400 V, and then increases further. These trends with the
increase of the LF voltage are shown to be similar to those
observed in the previous case of se ¼ 0.
When a magnetic ﬁeld of 20 G is applied to the 27 and
2 MHz capacitive discharge, it is observed that the plasma
density is sustained almost at the same value for an
increasing LF voltage. The electron temperature slightly
decreases from about 1.5 to 1.3 eV. The ion current density
increases linearly above 200 V of the LF voltage. A slight
diﬀerent behavior in the plasma density between se ¼ 0
(B ¼ 30 G) and 0.2 (B ¼ 20 G) cases is observed, while the
LF voltage increases. It would be due to the fact that the
magnetized secondary electrons partially correspond to
ionize neutrals in the bulk plasma. For example, a magnetic
ﬁeld of 20 G can conﬁne some secondary electrons to
dissipate their energy within the 2 cm gap length, because

Conclusions

Dual-frequency capacitively coupled plasmas are in
general used to control the ion ﬂux by the high-frequency
source and the ion bombardment energy onto the electrode
by the low-frequency source independently. However, the
increase of the low-frequency voltage leads to the reduction
of the bulk plasma length with a subsequent decrease of the
plasma density.
To investigate the eﬀect of the magnetic ﬁeld on a dualfrequency capacitively coupled plasma for the maintenance
of the plasma density, a one-dimensional particle-in-cell/
Monte Carlo collision simulation code has been used. The
simulation results show that a low magnetic ﬁeld in a 27 and
2 MHz capacitively coupled discharge largely reduces the
sheath width for the increased the LF voltage, resulting that
the magnetic ﬁeld can sustain the plasma density and
electron temperature constantly during the LF voltage
variation. Compared to the unmagnetized discharge, it is
found that a low magnetic ﬁeld does not aﬀect much the
shape of the ion-energy-distribution function at the lowfrequency electrode during the variation of the low-frequency voltage. It is found also that whereas the plasma density
decreases continuously for the se ¼ 0 case when the lowfrequency voltage increases, the plasma density for the se ¼
0:2 case slightly increases due to the ionization of the
magnetized secondary electrons.
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