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Analytic model for a dual frequency capacitive discharge
H. C. Kim, J. K. Lee,a) and J. W. Shonb)

Department of Electronic and Electrical Engineering, Pohang University of Science and Technology,
Pohang 790-784, South Korea

~Received 8 August 2003; accepted 19 August 2003!

A homogeneous plasma model for dual radio-frequency~rf! discharges driven by two sinusoidal
current sources has been analyzed. Under the assumptions of time-independent and collisionless ion
motion and inertialess electrons, the analytic expressions for discharge parameters are obtained as
a function of the effective parameters such as effective frequency, effective current, and effective
voltage. Effective parameters are determined by the ratio of two currents or voltages. Two rf sources
are generally coupled to each other through the plasma medium. It is also shown that the reduction
of the bulk plasma length due to the sheath size has to be considered for calculating the discharge
parameters since the sheath length is not always negligible compared to the bulk plasma length.
Furthermore, the dependence of discharge parameters on the low frequency is presented. ©2003
American Institute of Physics.@DOI: 10.1063/1.1621000#
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I. INTRODUCTION

Plasma processing is an essential part for manufactu
the ultralarge scale integrated~ULSI! circuits. However,
there are several issues to be solved in plasma proces
using capacitively coupled radio-frequency~rf! discharges,
such as the independent control of the ion flux and the
bombardment energy, elimination of notch~local side-wall
etching!, increment of the plasma density, and enhancem
of etching selectivity and anisotropy. As the device geome
shrinks and aspect ratio becomes higher, the restrictions
come more severe. Hence, conventional capacitive reac
with a single rf~13.56 MHz! source have been continuous
modified for further improvements of their performance. F
example, dual frequency~DF! capacitive coupled plasma
~CCPs! operated with two distinct power sources have
tracted much attention.1–9

Goto et al.1,2 demonstrated the independent control
the ion density and the ion bombardment energy by selec
appropriate excitation frequencies in a dual rf excitation s
tem and found that the self-bias voltage varied as a loga
mic function of the excitation frequency. Tsaiet al.3 achieved
the high selectivity plasma etching of SiO2 with a dual fre-
quency capacitive rf discharge. Through particle-in-c
simulations, they also found that the plasma density sc
with the square of the source frequency while it rema
relatively independent of the substrate frequency. Kim a
Manousiouthakis4 presented two-dimensional simulation r
sults for a dually excited capacitive rf plasma system usin
three moment fluid model. They showed that the ion bo
bardment energy is a linear~logarithmic! function of the sec-
ondary rf power~frequency!. Rauf and Kushner5 investigated
the nonlinear interaction of multiple frequency sources
capacitively and inductively coupled rf excited plasma
using their plasma equipment model. Kitajimaet al.6,7
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achieved the functional separation of low frequency bias
and high frequency sustaining voltages in two-frequency
pacitively coupled plasma by increasing the sustaining
quency to very high frequency~100 MHz!. Robicheet al.8

presented the analytic model of a dual frequency capaci
sheath. They found good quantitative agreement w
particle-in-cell plasma simulations.

Capacitively coupled rf discharges have been ext
sively studied for the last decades because of their interes
physics as well as their widespread applications.10,11 The
various sheath models which account for the nonlinear ch
acteristics of the sheath dynamics have been developed.12–14

Several kinds of the discharge transitions such as the tra
tion from stochastic to collisional electron heating,15 the
transition from the low-voltage to the high-voltage mode16

and the transition from electron-dominated to ion-domina
power dissipation17–19 have been observed in rf capacitiv
discharges. Although only two additional parameters of
frequency and power of secondary rf source are introdu
in DF CCP, they give us much more complication than co
ventional ones in understanding the physics. The physic
DF CCP has not been fully investigated as that of CCP
been, and few analytic works8,9 have been offered that woul
give us an insight into plasma characteristics for a w
range of plasma control parameters.

In this paper, we report on the analytic solution of
homogeneous model for DF CCP as a generalization of
for CCP of Ref. 20. The analytic model is described in S
II. The analytic expressions are obtained for discharge
rameters such as the plasma density, the plasma pote
and the powers dissipated by electrons and ions. Sectio
shows the dependence of several discharge parameters o
currents and low frequency by using the analytic expressi
of Sec. II. Finally, our works are summarized and discus
in Sec. IV.

II. DESCRIPTION OF THE ANALYTIC MODEL

One of the earliest and simplest models for CCP is
homogeneous model of symmetrically driven

t,
5 © 2003 American Institute of Physics
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4546 Phys. Plasmas, Vol. 10, No. 11, November 2003 Kim, Lee, and Shon
discharges.12,21 As a generalization of this model, we de
scribe the DF capacitive sheath model for a homogene
ion distribution. For simplicity, we assume the followin
plasma conditions. First, the gap distanceL between elec-
trodes atx50 andx5L is assumed to be small compared
the electrode diameter so that the system can be app
mated as a one-dimensional plasma model. Second, the
tron Debye length at the plasma-sheath boundary is ne
gible compared to the sheath length so that the electrons
positioned only in the plasma bulk. Third, it is assumed t
the ion density is uniform everywhere and the ion motion
the sheath is collisionless. Fourth, two rf frequencies sho
satisfy the plasma opacity condition in the external rf fiel

wpe
2

w2 @S 11
nm

2

w2D 1/2

~1!

and

wpi
2

w2 !1, ~2!

wherenm is the electron-neutral collision frequency andwpe

andwpi are the electron and ion plasma frequencies, resp
tively. Consequently, the ions respond only to the tim
averaged electric field while the electrons respond to the
stantaneous electric field. The displacement current and
conduction current are dominant in the sheath and b
plasma, respectively. Fifth, two frequencies should also
larger than the electron-energy relaxation frequency so
the plasma density and the electron temperature do
change much during the rf period. Thus, the density of
immobile ions is constant in time and space:ni(x,t)5n
5const. The electrons and hence the plasma-sheath bo
ary oscillate back and forth between two electrodes p
tioned atx50 andx5L.

Since the discharge is symmetric, we first derive the a
lytic expression for the left-hand-side sheath with the el
trode atx50. The net charge densityr is given by

r~x,t !5ni~x,t !2ne~x,t !

5n, x,s~ t !

50, x.s~ t !, ~3!

wherene is the electron density ands(t) is the position of
the plasma-sheath boundary. Then, the instantaneous ele
field E(x,t) can be obtained from Poisson’s equation

]E

]x
5

en

e0
, x,s~ t !

50, x.s~ t !, ~4!

where «058.85310212 Fm21 is the permittivity of free
space. The integration of Eq.~4! with the boundary condition
E(x5s)'0 leads to the following solution for the electr
field:

E~x,t !5
en

e0
~x2s~ t !!, x,s~ t !

50, x.s~ t !. ~5!
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The discharge is driven with the sum of two sinusoid
rf currents oscillating at two different frequenciesf l

(5wl /2p) and f h (5wh/2p),

Jrf~ t !5Jl cos~wlt !1Jh cos~wht !, ~6!

where the subscriptsl and h represent the high- and low
frequency sources, respectively. The displacement cur
flowing through the sheath into the plasma is defined by

Jd5e0

]E

]t
. ~7!

Substituting the electric field forx,s(t), Eq. ~5!, Eq. ~7!
becomes

Jd52en
ds~ t !

dt
. ~8!

When the driven current is assumed to flow the sheath
tirely as the displacement current, we obtains(t) by equating
Eq. ~6! to Eq. ~8!:

s~ t !5 s̄2sl sin~wlt !2sh sin~wht ! ~9!

with

sl ,h5
Jl ,h

enwl ,h
, ~10!

wheres̄ is the time-averaged sheath length. In addition,
following relation is obtained:

Jl ,h52enul ,h . ~11!

Since the minimum value ofs(t) should be zero, the time
averaged sheath length is given by

s̄5sl1sh . ~12!

Thus, Eq.~9! becomes

s~ t !5sl~12sin~wlt !!1sh~12sin~wht !!. ~13!

From Eq.~5!, the voltage across the sheath with respect
the plasma potential is given by

VL~ t !5E
0

s(t)

E dx52
en

e0

s2

2
. ~14!

Inserting Eq.~9!, it becomes

VL~ t !52
en

2e0
@sl

2~12sin~wlt !!21sh
2~12sin~wht !!2

12slsh~12sin~wlt !!~12sin~wht !!#. ~15!

By averaging Eq.~15! over a period, we obtain the time
averaged plasma potential:

V̄5
en

e0
F3

4
~sl

21sh
2!1slshG . ~16!

For the right-hand-side sheath, the voltage across
sheath is given by

VR~ t !52
en

2e0
@sl

2~11sin~wlt !!21sh
2~11sin~wht !!2

12slsh~11sin~wlt !!~11sin~wht !!#. ~17!

From Eqs.~15! and~17!, the voltage between two electrode
is obtained,
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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4547Phys. Plasmas, Vol. 10, No. 11, November 2003 Analytic model for a dual frequency capacitive discharge
V~ t !5VL~ t !2VR~ t !5
2ens̄

e0
@sl sin~wlt !1sh sin~wht !#.

~18!

It is noted that the voltage between two electrodes can
represented as the sum of two sinusoidal functions:

V~ t !5Vl sin~wlt !1Vh sin~wht ! ~19!

with the amplitudes of

Vl ,h5
2en

e0
s̄sl ,h . ~20!

In addition, we obtain the following relation by using Eq
~10! and ~20!:

f l

Vl

Jl
5 f h

Vh

Jh
. ~21!

Substituting Eqs.~12! and~20!, the time-averaged voltage o
Eq. ~16! can be expressed as a function of the amplitude
two sinusoidal voltages:

V̄5 3
8 Veff ~22!

with the effective voltage

Veff5Vl1Vh2
2

3

VlVh

Vl1Vh
. ~23!

The electron power is dissipated through the ohmic he
ing and stochastic heating. The ohmic heating is due to
energy gain from the electric field between electron-neu
collisions. To calculate the ohmic power, we assume that
electric field in the bulk is expressed as the sum of t
sinusoidal functions,

E~ t !5El sin~wlt !1Eh sin~wht !. ~24!

When the driven current is assumed to flow the bulk plas
entirely as the conduction current, the power deposited
the ohmic heating per unit volume is given by

J~ t !E~ t !5JlEl cos2~wlt !1JhEh cos2~wht !

1@JlEh1JhEl #cos~wlt !cos~wht !. ~25!

By averaging Eq.~25! over a period, the time-average
power per unit volume is obtained,

pe,ohm5 1
2 ~JlEl1JhEh!, ~26!

which is the same as the sum of the powers contributed
two single rf sources. From the expression for the ohm
power of the single rf source,20 we obtain the time-average
power per unit area after integrating Eq.~26! over the bulk
plasma,

S̄e,ohm5 1
2 Rohm~Jl

21Jh
2! ~27!

with

Rohm5
mnmd

e2n
, ~28!

wherem and d is the electron mass and the length of t
bulk plasma, respectively. On the other hand, the stocha
heating is due to the interaction between electrons and o
Downloaded 26 Oct 2003 to 141.223.87.218. Redistribution subject to A
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lating sheaths dominantly on the plasma-sheath bound
For the ‘‘hard wall’’ model of the sheath, the power depo
ited by the stochastic heating per unit area is given by20

Sstoc522mE
0

`

us~u2us!
2f s~u,t !du. ~29!

From Eq.~13!, the oscillating sheath velocity is given by

us5
ds~ t !

dt
5ul cos~wlt !1uh cos~wht ! ~30!

with

ul ,h52sl ,hwl ,h . ~31!

By averaging Eq.~29! over a period along with the substitu
tion of Eq.~30!, we obtain the time-averaged stochastic he
ing power per unit area,

S̄stoc5
1
2 m~ul

21uh
2!nv̄e , ~32!

wherev̄e is the mean electron speed (5A8eTe /pm, where
Te is the electron temperature in unit of volts!. With the
substitution of Eq.~11!, Eq. ~32! becomes

S̄stoc5
1
2 Rstoc~Jl

21Jh
2! ~33!

with

Rstoc5
mv̄e

e2n
. ~34!

By adding the stochastic heating for two sheaths and
ohmic heating from Eqs.~27! and ~33!, the total time-
averaged electron power per unit area becomes

Se5S̄ohm1S̄stoc5
1
2 ReffJeff

2 ~35!

with Reff5Rohm12Rstoc and the effective current

Jeff5&Jrms, ~36!

where Jrms5A(Jl
21Jh

2)/2 is the root-mean-square~rms!
value of the applied rf currentJrf .

By equating Eq.~35! to the electron energy lost,

Se52enuB~«c1«e!, ~37!

the plasma density is obtained

n5
1

2 Fm~nmd12v̄e!

e3uB~«c1«e!
G1/2

Jeff , ~38!

where «c and «e are collisional loss per electron–ion pa
created and mean kinetic energy lost per electron (52Te),
respectively.uB is the Bohm velocity (5AeTe /M , whereM
is the ion mass!.

The time-averaged power dissipated by ion accelera
is given by20

Si52enuBS V̄1
Te

2 D . ~39!

From Eqs.~10! and ~16!, Eq. ~39! can be expressed as th
function of the currents and frequencies,

Si5
3uB

2e0
S Jl

2

wl
2 1

Jh
2

wh
2 1

4

3

JlJh

wlwh
D 1enuBTe . ~40!
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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4548 Phys. Plasmas, Vol. 10, No. 11, November 2003 Kim, Lee, and Shon
It can also be represented as a function of the effective
quencyf eff(5weff/2p) and the effective currentJeff :

Si5
3uB

2e0
S Jeff

weff
D 2

1enuBTe ~41!

with

weff
2 5

wh
2~wlJh!21wl

2~whJl !
2

~wlJh!214~wlJh!~whJl !/31~whJl !
2 . ~42!

From Eqs.~22!, ~35!, ~38!, and~41!, it is noted that the
discharge parameters of DF CCP, such as the plasma de
the plasma potential, and the powers dissipated by elect
and ions, can be expressed just as those of CCP driven
effective parameters, such as the effective current, effec
voltage, and effective frequency. Since the effective f
quency in DF CCP is dependent on the currents in contra
the frequency in CCP, DF CCP can be considered as C
with a variable~effective! frequency.9 With this concept, it
has been explained that the ion flux and the ion bomba
ment energy in DF CCP can be controlled by the hig
frequency current and the low-frequency current, resp
tively, under certain plasma parameter regimes. It is a
found that effective parameters in Eqs.~43!–~45! are not
represented as the linear sum of two driving parameters
other words, two current sources are generally coupled
each other. A similar nonlinear interaction of multiple fr
quency sources through the nonlinear plasma medium
also been found by Raufet al.5 in a hybrid simulation.

The effective parameters have to be determined by
competition of two rf sources. When we use terms ‘‘p
mary’’ for a rf source with the fixed current and ‘‘secondar
for the other, the effective parameters of Eqs.~23!, ~36!, and
~42! can be expressed as a function of the ratio of two c
rents or voltages:

Veff~Vp ,Vr !5VpS 11Vr2
2

3

Vr

11Vr
D , ~43!

Jeff~Jp ,Jr !5JpA11Jr
2, ~44!

and

f eff
2 ~ f p , f r ,Jr !5 f p

2
11Jr

2

114Jr /3f r1Jr
2/ f r

2 , ~45!

with Vr5Vs /Vp , Jr5Js /Jp , and f r5 f s / f p . Without the
secondary current, the effective frequency of Eq.~45! is the
primary frequency. As the secondary current goes to the
finity, the effective frequency becomes the secondary
quency. In particular, when the current ratio is the same
the frequency ratio, the effective frequency is

f eff~Jr5 f r !5A3
5 f rms, ~46!

where f rms5A( f p
21 f s

2)/2 is the rms value of two frequen
cies.

Figure 1 shows the transition of the effective frequen
from a primary frequencyf p to a secondary frequencyf s

obtained from Eq.~45!. As the 27 MHz current increases fo
the fixed 2 MHz current (f p52 MHz, Jp50.22 mA cm22,
and f s527 MHz), the effective frequency increases rapid
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starting from 2 MHz and is saturated to 27 MHz, as shown
Fig. 1~a!. As the 2 MHz current increases for the fixed 2
MHz current (f p527 MHz, Jp51 mA cm22, and f s

52 MHz), the effective frequency changes from 27 MHz
2 MHz, as shown in Fig. 1~b!.

The bulk plasma length is given by the difference b
tween the gap distance and the sheath length:d5L2 s̄. The
sheath length and hence the bulk plasma length changes
the current and is inversely proportional to the frequency
the CCP with the typical frequency of 13.56 MHz, the bu
plasma length is approximated to the gap distance since
sheath length is usually negligible compared to the b
length. However, for the DF CCP, where the low frequen
is typically lower than the typical frequency, it may not b
satisfied any more. The details will be shown below.

III. THE RESULTS OF THE ANALYTIC MODEL

To investigate the reduction of the bulk plasma leng
due to the sheath size, we have obtained the bulk length
function of the high-frequency~27 MHz! current for the
fixed high-frequency current (Jh51 mA cm22) or the low-
frequency~2 MHz! current for the fixed low-frequency cur
rent (Jl50.22 mA cm22). It was obtained for argon dis
charges at pressure of 100 mTorr by using Eqs.~10!, ~12!,
and~38!. Te , «c , andL were set to be 3.0 eV, 50 V, and 2.
cm, respectively. As shown in Fig. 2~a!, the bulk length is
shortened significantly from the gap distance for the la
low-frequency current or the small high-frequency curre
For larger low-frequency current or smaller high-frequen

FIG. 1. Effective frequency transitions~a! when the high-frequency~27
MHz! current increases for the fixed low-frequency~2 MHz! current (Jl

50.22 mA cm22) and ~b! when the low-frequency~2 MHz! current varies
for the fixed high-frequency~27 MHz! current (Jh51 mA cm22).
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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4549Phys. Plasmas, Vol. 10, No. 11, November 2003 Analytic model for a dual frequency capacitive discharge
current, the plasma is not sustained any more. The effec
the reduction of the bulk length on the plasma density is a
shown in Fig. 2~b!. For the case where the bulk length
fixed to the gap distance (d5L), the plasma density in
creases with the low-frequency~2 MHz! current for the fixed
high-frequency~27 MHz! current (Jh51 mA cm22). How-
ever, for the self-consistent case where the bulk length
reduced by the sheath length, the plasma density does
change much with the low-frequency current. Thus, the
duction of the bulk plasma length due to the sheath size
to be considered for calculating discharge parameters in
analytic modeling of DF CCP unlike to that of typical CC
This result is also consistent with the particle-in-cell simu
tion result of Babaevaet al.25 that the increase of low
frequency voltage leads to subsequent increase in sh
width.

A power dissipation mode transition between electro
and ions originates from the different dependence of rf po
ers consumed by ions in sheath and electrons in the pla
body on the current. The mode transition from electro
dominated dissipation to ion-dominated dissipation has b
achieved by varying plasma control parameters, such as
increase of current or the decrease of pressure, freque
and magnetic field.17–19 These phenomena are observed
DF CCP by varying one of the two driving currents. Usin
Eqs. ~35! and ~41!, we have obtained powers absorbed
electrons, ions, and all species, as shown in Fig. 3. The c
dition is the same as that in Fig. 2. As shown in Fig. 3~a!, the
transition occurs twice as the high-frequency current chan
for the fixed low-frequency current unlike CCP because

FIG. 2. ~a! The bulk plasma length as a function of the high-frequency~27
MHz! current or the low-frequency~2 MHz! current.~b! The plasma density
as a function of the low-frequency~2 MHz! current (Jh51 mA cm22).
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the effective frequency transition.9 Figure 3~b! shows the ra-
tio of the ion to electron power as a function of the hig
frequency current for the fixed low-frequency current (Jl

50.14 mA cm22). Our analytical result was compared wit
a one-dimensional electrostatic particle-in-cell~PIC! simula-
tion with a Monte Carlo collision~MCC!22,23which is a self-
consistent and fully kinetic method. Two of them are qua
tatively in agreement. Figure 3~c! shows that the transition
from the electron-dominated mode to the ion-domina
mode as the low-frequency current increases as it doe
CCP. The electron power does not change much with
low-frequency current like the plasma density in Fig. 1~b!.

The current-voltage relation is one of the basic electri
characteristics in CCP.24 Figure 4 shows the time-average
plasma potential and the amplitudes of the low-frequen
and high-frequency voltages as a function of the hig

FIG. 3. Powers absorbed by electrons ions, and all species as a functi
~a! the high-frequency~27 MHz! current (Jl50.22 mA cm22) and ~c! the
low-frequency~2 MHz! current (Jh51 mA cm22). ~b! The ratio of the ion
to electron power as a function of the high-frequency~27 MHz! current
(Jl50.14 mA cm22).
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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4550 Phys. Plasmas, Vol. 10, No. 11, November 2003 Kim, Lee, and Shon
frequency or low-frequency current. They were obtain
from Eqs.~20!, ~10!, ~22!, and~23!. Since two rf sources are
coupled to each other, both of the high-frequency and lo
frequency voltages change with one of two currents e
though the current of the other source is fixed. Both of
high-frequency and low-frequency voltages increase with
low-frequency current in entire regime, as shown in F
4~b!. However, as shown in Fig. 4~a!, the low-frequency
voltage and hence the plasma potential decrease with
high-frequency current in the regime of a small hig
frequency current. We can derive the mathematical exp
sion of sgn@dVp /dJs# which determines whether one of tw
voltages increases with the current of the other source or
From Eq.~21!, it becomes

sgnFdVp

dJs
G5sgnFd~Vs /Js!

dJs
G . ~47!

When the voltage is expressed as a function of the pla
density, currents, and frequencies from Eqs.~10! and ~20!,
Eq. ~47! becomes

sgnFdVp

dJs
G5sgnF 1

n fs
2

1

n2 S Js

f s
1

Jp

f p
D dn

dJs
G . ~48!

By using Eq.~38!, Eq. ~48! is reduced to

sgnFdVp

dJs
G5sgn@ f pJp2 f sJs#. ~49!

FIG. 4. The time-averaged plasma potential and the amplitudes of the
frequency~2 MHz! and high-frequency~27 MHz! voltages as a function of
~a! the high-frequency~27 MHz! current (Jl50.22 mA cm22) and~b! low-
frequency ~2 MHz! current (Jh51 mA cm22). Vav is the time-averaged
plasma potential.
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Therefore, whenf pJp, f sJs is satisfied, the primary voltage
Vp decreases with the secondary currentJs . Otherwise, the
primary voltageVp increases with the secondary currentJs .

Since the sheath length is affected mainly by the lo
frequency source, we have investigated the effect of the
frequency on the bulk length and the plasma density for v
ous low frequencies (L52.5 cm), as shown in Fig. 5. Fo
the large low frequency, the bulk length is not much sho
ened with the low-frequency current@Fig. 5~a!# and hence
the plasma density increases with the low frequency cur
@Fig. 5~b!#. Figure 6 shows the results for the longer g
distance ofL55 cm. Compared to the case of the short g
distance, the bulk length changes weakly with the lo
frequency current@Fig. 6~a!#. Hence, even for 2 MHz, the
plasma density increases with the low-frequency curr
@Fig. 6~b!#. It is also noted that the dependence of the plas
density on the low frequency is different for the different g
distances. For the short gap distance (L52.5 cm), we can
find the regime where the plasma density increases sig
cantly with the low frequency for the same low-frequen
current @Fig. 5~b!#. However, for the long gap distance (L
55 cm), the plasma density does not changed much with
low frequency@Fig. 6~b!#.

For the high frequency of 27 MHz and the low fre
quency of 2 MHz, it has been found that a power dissipat
mode transition occurs twice as the high-frequency curr
and hence the effective current change.9 It was due to the
significant change of the the effective frequency. Figure
shows the dissipated powers as a function of the effec
current for the low frequency of 13.56 MHz when the hig

w-FIG. 5. For various low frequencies,~a! the bulk plasma length and~b! the
plasma density as a function of the low-frequency current (L52.5 cm and
Jh51 mA cm22).
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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frequency ~27 MHz! current varies for the fixed low
frequency current. Unlike the case of the low frequency o
MHz, the mode transition happens once just as CCP. I
because the high frequency and the low frequency are c
to each other and hence the change of the effective frequ
is not so significant.

IV. CONCLUSIONS

We have analyzed a homogeneous plasma model
dual rf discharges driven by two sinusoidal current sourc
Under the assumptions of time-independent and collision
ion motion and inertialess electrons, the analytic express

FIG. 6. For the gap distance of 5 cm,~a! the bulk plasma length and~b! the
plasma density as a function of the low-frequency currentJh

51 mA cm22).

FIG. 7. The dissipated powers as a function of the effective current for
low frequency of 13.56 MHz when the high-frequency~27 MHz! current
varies for the fixed low-frequency current (Jl50.22 mA cm22).
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are obtained for the rf discharge parameters such as
plasma density, the plasma potential, and the powers d
pated by electrons and ions. They can be expressed
function of the effective parameters such as effective f
quency, effective current, and the effective voltage. Effect
parameters are determined by the ratio of two currents
voltages as a consequence of the competition of two
sources. Two rf sources are generally coupled to each o
through the nonlinear plasma medium. It is also shown t
the reduction of the bulk plasma length due to the sheath
has to be considered for calculating discharge paramete
the analytic modeling of DF CCP since the sheath length
not always negligible compared to the bulk plasma leng
The reduction of the bulk length is significant for the sho
gap distance. Furthermore, the dependence of discharge
rameters on the low frequency was also presented.
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