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The characteristics of dual radio-frequency capacitively coupled discharges are studied based on a
homogeneous analytic model. We are considering a planar plasma device that can be approximated
using a one-dimensional model. A set of equations describing the dynamics of the system are
presented and used to give the analytic scaling laws. Scaling laws relating the drive frequencies and
the applied voltages of dual radio-frequency sources to operating functions such as plasma density
and plasma potential are examined and compared with numerical simulations. © 2005 American
Institute of Physics. �DOI: 10.1063/1.2121327�
Capacitively coupled radio-frequency �CCRF� dis-
charges are one of the most common plasma sources for
thin-film deposition, etching, and plasma cleaning. In con-
ventional CCRF, ion flux and ion energy, which play an im-
portant role in plasma processing, cannot be controlled sepa-
rately. Independent control of ion flux and ion bombardment
energy is possible in the dual frequency capacitively coupled
plasma �DF CCP� sources.1–3 This enables one to combine
the high currents found at high frequency with high bias
voltages. In DF CCP, the high-frequency power source con-
trols plasma density and, hence, ion flux to the electrode
while the low-frequency source controls ion acceleration to-
ward the substrate. The sheath width, plasma potential, and
ion energy can be controlled by the low-frequency source.
Such a dual radio-frequency capacitively coupled plasma
�CCP� has regained much interest in application to the etch-
ing of dielectric thin films.

In previous studies,1–3 the increase of low-frequency
voltage has been known to lead to the decrease in plasma
density with a subsequent increase of sheath width until the
discharge collapses. The increase in the sheath width is a
direct result of the application of the low-frequency voltage,
resulting in an increased total voltage. As the voltage of low-
frequency power source increases, the sheath width of both
electrodes increases. Then the capacitance gets smaller and
the impedance of a discharge increases. For the fixed voltage
of a high-frequency power source, the increase of the imped-
ance results in the decrease of the conduction currents. In
addition to this effect, with the increase in the voltage of the
low-frequency source, the contribution of ohmic heating is
reduced due to the decrease of the bulk region. From the
particle balance equation based on a spatially averaged
model,4 the electron temperature is determined by the param-
eter pd �p is pressure and d is the effective plasma length�.
The increase of the sheath width causes the parameter pd to
decrease and the electron temperature to increase.3 As the
ionization rate is dependent on the electron temperature, the
plasma density decreases.

However, there have been many experiments and simu-
lations that showed results contrary to this.5,6 In this paper,
we investigate the effect of the voltage of a low-frequency

power source on the plasma density in DF CCP.
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The discharge is driven with the sum of two sinusoidal rf
currents oscillating at two different frequencies, �l and �h,

Jrf�t� = Jl cos��lt� + Jh cos��ht� , �1�

where the subscripts l and h represent the low- and high-
frequency sources, respectively. When the driven current is
assumed to flow through the sheath entirely as the displace-
ment current, we obtain the position of the plasma-sheath
boundary,7

s�t� = s̄ − sl sin��lt� − sh sin��ht� , �2�

with

sl,h =
Jl,h

en�l,h
, �3�

where s̄ is the time-averaged sheath length and n is the den-
sity of immobile ions that can be assumed to be constant.

The voltage between two electrodes can be represented
as the sum of two sinusoidal functions:

V�t� = Vl sin��lt� + Vh sin��ht� , �4�

with the amplitudes of

Vl,h =
2en

�0
s̄sl,h, �5�

where �0 is the permittivity of a vacuum.
The time-averaged voltage of Eq. �4� can be expressed

as7

V̄ =
3

8
yVl, �6�

where y is written as

y = 1 +
Vh

Vl
−

2

3

Vh

Vl + Vh
. �7�

The power is transferred to the charged particles in the
discharge by rf fields in the sheaths and bulk plasma. A
mechanism in which the power is gained by the sheath is

stochastic heating, �S̄stoc� by the oscillating sheath plasma

boundaries. A mechanism in which the power is gained by
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bulk electrons is ohmic heating �S̄ohm�. Thus, the power

gained by an electron is a sum of these, S̄el= S̄stoc+ S̄ohm.
Ohmic heating power can be written in terms of current

density and resistance per unit area, Rohm,

S̄ohm =
1

2
Rohm�Jl

2 + Jh
2�, Rohm =

m�md

e2n
, �8�

where m is the electron mass, e is the electronic charge, and
�m is the electron collision frequency with neutrals.

From Eqs. �3� and �5�, we can write

Jl
2 + Jh

2 = e2n2��l
2� �0Vl

2ens̄
�2

+ �h
2� �0Vh

2ens̄
�2� . �9�

The sheath width is related to the average sheath potential
through the Child-Langmuir law,

ensuB �

�0�2e

M
�1/2

V̄3/2

s̄2 , �10�

where ns is the plasma density at the sheath edge, uB is the
Bohm velocity, and M is the ion mass.

Extending the scaling formula for a single-frequency
CCP �Refs. 4 and 8� to the DF CCP, we have

S̄stoc 	 �m

e
�2

�0Te
1/2��l

2Vl + �h
2Vh� , �11�

S̄ohm 	 1.73
m

2e
�0�m dTe

1/2 ��l
2Vl

2 + �h
2Vh

2�

V̄3/2
, �12�

where Te is the electron temperature and S̄stoc represents the
heating power by the sheath of the driven electrode.

Since the stochastic heating is dominant for the most of
the operating region, one can define the effective frequency
and effective voltage,

�eff
2 Veff = �l

2Vl + �h
2Vh, �13�

where

�eff
2 =

�h
2 + � Vl

Vh
�2

�l
2

� Vl

Vh
�2

+
4

3
� Vl

Vh
� + 1

. �14�

Figure 1 shows the variation of S̄ohm and S̄stoc as a func-
tion of Vl /Vh for frequency ratios of 2 /27 and 10/27 MHz.

Here �m ,d ,Te remain constant. The calculated values of S̄ohm

are shown in units of Vh
1/2 per unit area, and S̄stoc in units of

Vh per unit area. As can be seen, S̄ohm decreases with increas-
ing low-frequency voltage for the fixed high-frequency volt-
age, and the slope becomes steep for the 2/27 MHz case.
This is due to the fact that the 2/27 MHz case has a larger

increase in V̄ with Vl /Vh than that of the 10/27 MHz case.

As can be seen, S̄stoc increases with increasing low-frequency
voltage for the fixed high-frequency voltage, and the slope of

variation becomes steeper for the 10/27 MHz case.
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The sum of S̄ohm and S̄stoc , S̄el for a fixed high-frequency
voltage, has a shallow minimum at Vl /Vh=1/2, and in-
creases with increasing low-frequency voltage for the

10/27 MHz case. However, for the 2/27 MHz case, S̄el de-
creases slightly with increasing low-frequency voltage. The

figure of S̄el is skipped because it has a similar profile to that
of the plasma density, which will be calculated in a next step.

S̄el must be equal to the power lost by collisions to the
neutrals and that by escape from the plasma to the electrode.

The total power absorbed by the plasma �S̄abs� is equal to the
power lost due to electron collision and due to escaping elec-
trons and ions,

S̄abs = 2ensuB��i + �c + 2Te� , �15�

where �c is the electron energy loss per ionization event, and
�i is the ion kinetic energy that is almost equal to the average

sheath potential, V̄.

We can decompose S̄abs into S̄el and S̄i �the power lost by
ions�,

S̄el = 2ensuB��c + 2Te�, S̄i = 2ensuBV̄ . �16�

Then, we have

S̄abs = S̄el + S̄el
V̄

�c + 2Te
. �17�

Rewriting this with S̄el= S̄stoc+ S̄ohm,

S̄abs = S̄ohm�1 +
V̄

�c + 2Te
� + S̄stoc�1 +

V̄

�c + 2Te
� . �18�

In order to better understand the scaling behavior of
plasma parameters of DF CCP, a simple model based on the
energy balance can be used. The plasma density is deter-
mined by equating the power absorbed by electrons to the
power lost by electrons and ions.

FIG. 1. The variations of S̄ohm in units of Vh
1/2 per unit area and S̄stoc in units

of Vh per unit area as a function of Vl /Vh for frequency ratios of 2 /27 and
10/27 MHz. Here �m , d , and Te remain constant.
Therefore, equating Eq. �15� with Eq. �18�, we have
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ns =
1

2euB

�S̄stoc + S̄ohm��1 +
V̄

�c + 2Te
�

�V̄ + �c + 2Te�
. �19�

The variation of the plasma density is calculated based
on Eq. �19�, considering Ar plasma with �c=90 eV, Te

=1.3 eV, �m=1.0�107 s−1, d=1.5 cm. Figure 2 shows the
variation of plasma density as a function of Vl /Vh for fre-
quency ratios of 2 /27 and 10/27 MHz and high-frequency
voltages of 400 and 800 V. For the 10/27 MHz case, the
plasma density has a shallow minimum at Vl /Vh=1/2, and
increases with increasing low-frequency voltage, however,
for the 2/27 MHz case, the plasma density decreases slightly
with increasing low-frequency voltage. For single-frequency
CCP, the plasma density is proportional to the rf voltage and
the square of frequency.8 In DF CCP, if the low-frequency
voltage increases, the effective voltage increases but the ef-
fective frequency decreases.7 The nonmonotonic behavior of
plasma density is due to the competition of the effective
voltage and the effective frequency.6 For the 10/27 MHz
case, the decrease of the effective frequency with increasing
low-frequency voltage is not severe compared to that of the
2/27 MHz case. That is why the plasma density has a shal-
low minimum and increases again with increasing low-
frequency voltage for the 10/27 MHz case. It should be
noted that if we increase the frequency of the high-frequency
source, for example, from 27 MHz to 60 or 100 MHz with
the low-frequency 2 MHz fixed, the decrease of the effective
frequency with increasing low-frequency voltage is not as
severe as that of the 2/27 MHz case. Therefore, the plasma
density does not decrease noticeably with increasing low-
frequency voltage for the 2/60 and 2/100 MHz cases. This
was observed in the particle-in-cell simulation study of DF
CCP by Georgieva and Bogarts.9

For higher-pressure discharges, ��m=1.5�108 s−1�, in
which ohmic heating is the dominant mechanism of power

FIG. 2. The variation of plasma density as a function of Vl /Vh for frequency
ratios of 2 /27 and 10/27 MHz. Here �m=1.0�107 s−1, d=1.5 cm, and Te

=1.3 eV are used.
transfer, the trend changes. As shown in Fig. 3, for the
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10/27 MHz case, the plasma density has a shallow minimum
at Vl /Vh=2, and increases very slightly with increasing low-
frequency voltage. However, for the 2/27 MHz case, the
plasma density decreases with increasing low-frequency
voltage. In the ohmic heating-dominated region, the plasma
density is approximately proportional to the square root of rf
voltage and the square of frequency. In this region, the effec-
tive voltage has a less profound effect on the plasma density.
The scaling relations shown in Figs. 2 and 3 are in a reason-
able agreement with particle-in-cell simulations6,10 of asym-
metric discharges.

It should be noted from Eq. �19� that the time-averaged

sheath voltage V̄ influences the scaling behavior of the
plasma density. The time-averaged sheath voltage differs de-
pending on the geometry of dual-frequency capacitive dis-
charges, for example, depending on whether the discharge is
symmetric or asymmetric, and whether two power sources
are applied to one electrode or to different electrodes. That
accounts for the different scaling behavior observed in vari-
ous DF CCP systems.

At low pressures the ohmic heating is small compared to
the stochastic heating. However, note that the contribution of
ohmic heating is not negligible for most of the parameter
region of interest in DF CCP. Most of the ohmic heating
occurs at the plasma edge. Throughout the analysis in this
study, we assume no variation of the electron temperature
with low-frequency voltage. However, as the low-frequency
voltage increases for the fixed high-frequency voltage, the
electron energy distribution function and the effective elec-
tron temperature have been known to have a drastic
change.11 Therefore, the assumption of constant �m ,d ,Te is
very rough and needs further consideration.

In conclusion, a simple scaling formula based on the
energy balance for predicting the behavior of the plasma
density is derived and is compared with simulation results,
finding good agreement. Especially, the effect of the voltage
of the low-frequency power source on the plasma density is

FIG. 3. The variation of plasma density as a function of Vl /Vh for frequency
ratios of 2 /27 and 10/27 MHz in higher-pressure discharges. Here �m

=1.5�108 s−1, d=1.5 cm, and Te=1.3 eV are used.
discussed in terms of the scaling formula.
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