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Multiple ion dynamics model for the collisionless rf sheaths and the ion energy distributions
at rf-biased electrodes in fluorocarbon plasmas

Zhong-Ling Dai* and You-Nian Wang
The State Key Laboratory of Materials Modification by Laser, Electron, and Ion Beams, Department of Physics,

Dalian University of Technology, Dalian 116023, People’s Republic of China
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With a one-dimensional multiple ion dynamics model, we study characteristics of the collisionless radio-
frequency~rf! sheaths in fluorocarbon plasmas and calculate the ion energy distributions impinging on rf-
biased electrodes. All the time-dependent terms in the ion fluid equations are included and the relationship
between the instantaneous sheath voltage and sheath thickness is determined self-consistently by an equivalent
circuit equation. The numerical results show that, due to the existence of multi-ion species, the sheath structure
in the present work is different from those of single-ion species plasmas, and multiple peaks appear in the ion
energy distributions. It is also shown that some parameters such as the bias frequency, bias power, bulk plasma
density, and electron temperature are crucial for determining the shape of the ion energy distribution in
multicomponent plasmas.
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I. INTRODUCTION

In recent years, there has been a growing interest in u
low pressure, high density plasmas in the microelectron
industry for fabrication of the new generation ultra-larg
scale integrated circuits. Especially, these kinds of plas
are frequently used for anisotropic etching of semiconduc
oxide, and metal surfaces. It is well known that the ion e
ergy and angular distributions~IEDs and IADs! arriving at
wafers are crucial in determining the etch rates, etch profi
and selectivity to different materials. Generally, the waf
are usually rested on a radio-frequency~rf! biased electrode
in the etching process. The IEDs and IADs bombarding
electrode can be controlled by the rf sheath that is form
near the surface of the electrode.

In order to accurately predict the IEDs and IADs, it
important to investigate the characteristics of rf sheaths w
multicomponent plasmas. Over the past decades, the ch
teristics of the rf sheath with single-ion species plasmas
well described by various theoretical models@1–14#. A criti-
cal parameter for determining the rf sheath dynamics is
ratio b5v/vpi , wherev is the rf bias frequency andvpi is
the ion plasma frequency for the single-ion species plas
In the low-frequency range (b!1), the ions traverse the
sheath in a short time compared to the rf cycle and resp
to an instantaneous sheath potential, which is because
inertia dose not stop it instantaneously adjusting to
slowly varying field. In this case, the sheath can be descri
as a series of direct-current~dc! sheaths at the different mo
ments in the time during the rf cycle. In the high-frequen
range (b@1), however, the ions experience many rf fie
oscillations while in the transit through the sheath and
spond to a time-averaged sheath potential instead of the
stantaneous sheath potential. Thus, the sheath dynamic
be simplified by neglecting all time-dependent terms in
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ion fluid equations. The most difficult situation is in the in
termediate frequency range whenb;1, because in the cas
the ion inertia allows it to only partially respond to the tim
varying fields in the sheath. Most recently, a self-consist
rf sheath model was proposed, which includes all tim
dependent terms in ion fluid equations and comprise
equivalent circuit model to determine the relationship b
tween the instantaneous potential at a rf-biased electrode
sheath thickness@14#. Meanwhile, the characteristics of th
IEDs with single-ion species plasmas have also been stu
both theoretically and experimentally@9,14–19,29–31#. In
particular, it has been found that the IEDs have bimo
shapes in the low- and intermediate-frequency range@9,14–
19,29–31#.

For the plasma etching processes, the etching rate
quality depend on not only the ion energy incident onto
substrates, but also the feedstock gas composition and
kind of gas discharge used. In practice, high density C4F8 /Ar
plasmas are commonly used for etching the oxide film
silicon in order to enhance the selectivity and etch rates
which there are positive ions such as Ar1, CF1, CF2

1 , CF3
1

and negative ions such as F2. The experimental measure
ments of IEDs performed by Kuypers and Hopman@20# with
low pressure argon, oxygen and fluorocarbon dischar
driven by 13.56 MHz have demonstrated that the IEDs
multicomponent plasmas are bimodal as those of single
cies gas rf discharges, but a notable effect is that there
some splits in the peaks of the IEDs, which may reveal t
different kind of positive ion with different ion mass has i
own ion energy distribution incident onto the rf-biased ele
trode. Edelberget al. @21# also found similar phenomenon i
Ar/Ne and CF4 /O2 discharges. On the aspect of theorie
Sarmaet al. @22# found that the sheath structure in a mul
component plasma with negative ions follows the modifi
Child law in a dc sheath. Additionally, with the particle sim
lation code, Hrach and Hrachova@23# studied the influence
of negative ions on plasma properties under a dc posi
bias voltage condition in an O2 /Ar plasma. Considering two
©2002 The American Physical Society13-1
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kinds of positive ions N2
1 and N1, Kim @24# simulated the

evolution of a sheath when a high negative voltage pulse
applied to the target in the plasma source ion implanta
process. The numerical method of Midha and Econom
@25# described the dynamics of ion-ion plasmas under a
bias in which there were no electrons and negative io
Recently, Ostrikovet al. @26# have proposed a numerica
model for fluorocarbon plasmas with negative ions in ne
electrode regions. But in this model a dc negative bias v
age was applied to the electrode rather than a rf bias. As
as know, the self-consistent model of rf sheaths and
simulation of the IEDs with multicomponent plasmas ha
not been proposed so far.

In this paper, we extend our previous work@14# and
present a self-consistent dynamics model to describe c
sionless rf sheaths with multicomponent plasmas, such
C4F8 /Ar plasmas. The model includes all the tim
dependent terms in the ion fluid equations and the tim
variation capacitance term in the equivalent circuit mod
This paper is outlined as follows. In Sec. II the basic mo
is described, including the ion fluid equations, equival
circuit model, boundary conditions, and formula for calcul
ing the IEDs of multicomponent plasmas. Then, in Sec.
we present some numerical solutions of the rf sheath
show the time-dependent voltage wave form, sheath th
ness, and spatiotemporal variations of densities for all ki
of particle. Also, making use of the model, the ion ener
distributions bombarding rf-biased electrodes are determ
numerically for the C4F8 /Ar discharges. Finally, a shor
summary is given in Sec. IV.

II. MODEL DESCRIPTION

In the experiments on highly selective poly-silicon etc
ing, the gas mixtures of octafluorocyclobutane (e-C4F8) and
argon @27# are composed of electrons, positive ions Ar1,
CF1, CF2

1 , and CF3
1 , as well as negative F2 ions, whereas

other ions, such as CxFy (x.1), Cx
1 , and F1, can be negli-

gible. According to the actual experiment, in 90% Ar a
10% C4F8 gas mixtures at 20 mTorr, the ion number den
ties satisfynCF1.nCF

2
1.nCF

3
1, and the proportion of argon

ions varies from 55% to 90%.

A. Fluid equations

In our model, we consider the sheath near a rf-bia
electrode which is placed atx50 and adopt the one
dimensional configuration. Meanwhile, we assume that
sheath is infinite in the direction parallel to the electro
surface and that the plasma structure is also infinite in thy
andz directions.

Under the low pressure condition, due to the sheath th
ness being much less than the mean free path of ions
neutral particles, it is reasonable to neglect collisions
tween ions and neutral particles. Also, we can neglect the
thermal motion effects since the ion temperature is m
smaller than the directional kinetic energy in the sheath
gion. Thus, the ion dynamics can be modeled using cold
fluid equations,
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]nj

]t
1

]~njuj !

]x
50, ~1!

]uj

]t
1uj

duj

dx
52

e

mj

]V

]x
, ~2!

wherenj (x,t), uj (x,t), andmj are the ion density, the ion
drift velocity, and the ion mass of thej th species (j 5Ar1,
CF1, CF2

1 , CF3
1 , and F2), respectively. In Eq.~2!, e is the

electronic charge andV(x,t) is the electric potential inside
the rf sheath.

The electric potentialV(x,t) is determined by Poisson’
equation,

]2V

]x2
52

e

«0
~nAr11nCF11nCF

2
11nCF

3
12ne2nF2!,

~3!

where «0 is the permittivity of free space,ne(x,t) is the
electron density. Here we consider that the electron den
in the rf sheath change continuously and is given by
Boltzmann distribution,

ne~x,t !5n0~12aF2!expS eV~x,t !

kBTe
D , ~4!

where n0 is the bulk plasma density,aF25(nF2)0 /n0 ,
(nF2)0 is the bulk density of the negative fluorine ion,kB is
the Boltzmann constant, andTe is the electron temperature

In present work, we assume that the sheath interface a
time t locates atx5ds(t) which is the time-dependent shea
thickness. At the sheath boundary, the sum of all positive
densities should be equal to the sum of the electron
negative fluorine ion density, i.e., the quasineutral conditi

nAr1~ds ,t !1nCF1~ds ,t !1nCF
2
1~ds ,t !1nCF

3
1~ds ,t !

5ne~ds ,t !1nF2~ds ,t !. ~5!

Besides, according to Riemann’s work@28#, we also assume
that the positive ions of thej th species enter the sheath wi
a velocity equal to the Bohm velocityujB5AkBTe /mj , i.e.,

uj~ds ,t !5ujB . ~6!

While the negative fluorine ions enter the sheath with a th
mal velocity uF5AkBTF2 /mF2, whereTF2 is the fluorine
ion temperature. Finally, we assume that the potential at
sheath edge is approximately zero, i.e.,

V~ds ,t !50, ~7!

and take the value of the potential at the electrode (x50) to
be

V~0,t !5Ve~ t !, ~8!

whereVe(t) will be obtained by coupling Eqs.~1!–~3! to a
current balance equation, see the following content.
3-2
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B. Equivalent circuit model of the sheath

Among the above sheath boundary conditions, the tim
dependent sheath thicknessds(t) and the instantaneous vol
ageVe(t) on the electrode are unknown quantities. It is w
known @2# that although a sinusoidal rf current source
applied on the electrode, the voltage on the electrode is
exactly sinusoidal due to the effects of the sheath loading
fact, both the forms and amplitudes of the voltage on
electrode should be determined self-consistently by the
rent balance condition on the electrode, just as the equiva
circuit model @9# with which the relationship between th
instantaneous voltageVe(t) and the sheath thicknessds(t)
can be determined self-consistently. In the equivalent cir
model, the sheath is modeled as a parallel combination
diode, a capacitor, and a current source. The current thro
the diode represents the variation of the electron current
function of the voltage at the electrode,

I e~ t !5
euen0A

4
expS eVe~ t !

kBTe
D , ~9!

whereA is the electrode area andue5A8kBTe /pme is the
mean velocity of an electron with massme .

The current source represents the currents due to the
incident onto the electrode, which are expressed by

I j~ t !5euj~0,t !nj~0,t !A. ~10!

The current through the capacitor is due to the time va
tion of the chargeQ at the electrode and can be derived a

I d~ t !5
dQ

dt
5

d~CsVe!

dt
5Cs

dVe

dt
1Ve

dCs

dt
, ~11!

where Cs(t)5«0A/ds(t) is the time-dependent sheath c
pacitance. Assuming that the rf current applied at the e
trode is sinusoidal, we can obtain the current balance eq
tion

(
j

I j~ t !2I e~ t !2Cs~ t !
dVe~ t !

dt
2Ve~ t !

dCs~ t !

dt

5I maxsin~vt !, ~12!

whereI max is the amplitude of the applied rf-bias current a
v is the applied rf frequency. It should be stressed that
current balance equation is also obtained by Edelberg
Aydil @9# for single-ion species sheaths, but they assume
constant ion current at the electrode and neglected the se
term Ve(dCs /dt) on the right side of Eq.~11!. In contrast,
considering that the ion dynamics is governed by the ins
taneous electric field, we adopt a time-dependent ion cur
I j (t) at the electrode. Moreover, the second te
Ve(dCs /dt) is retained in this work in order to make th
model fully consistent.

The rf-bias power can be calculated from the tim
dependent voltage and the current wave form as follows
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Ve~ t !I ~ t !dt, ~13!

where t52p/v is the rf cycle andI (t)5I maxsin(vt). In
most experiments, the rf-bias powerP is an input parameter
In our calculations, we first choose a value of the amplitu
of the rf currentI max, then get the wave form of the electrod
voltageVe(t) by solving Eq.~12! and a value of the powerP
by integrating Eq.~13!. Thus, by adjusting theI max value, the
numerical course is repeated until the calculated po
equals to the input power we need. Furthermore, for con
nience in calculations, we use the Debye lengthld , the ar-
gon ion plasma frequencyvp , argon ion Bohm velocityuB ,
bulk plasma densityn0, and electron temperaturekBTe /e to
nondimensionalize the positionx, time t, ion velocityuj , ion
densitynj , and potentialV, respectively.

C. Ion energy distributions

The IEDs bombarding the rf-biased electrode can be
tained based on the above model. It should be stressed
this method to calculate the IEDs is suitable only for co
sionless sheaths. We know that both the positive ion fluJ
5( jnjuj and the positive ion energyE5( jmjuj

2/2 on the
electrode at any time in a rf cycle can be obtained with
self-consistent hydrodynamics model of the sheath, show
before. Therefore,N, the number of positive ion arriving a
the electrode in one rf cycle with energy below a certa
valueE, can be calculated. Thus, the IEDs can be expres
by

f ~E!5
dN~E!

dE
. ~14!

Now we get a set of closed nonlinear equations that
termines the spatiotemporal dependence of the rf sheath
the IEDs for multicomponent gas discharges. The ab
equations with the boundary conditions will be solved n
merically in the following section by using a finite differenc
scheme with an iterative process.

III. RESULTS AND DISCUSSION

In this section, we now present results by solving t
hydrodynamics equations and the current balance equa
with boundary conditions in a C4F8 /Ar plasma. The param-
eters used in the computation are summarized in Table I

In the following calculations, we find that the negativ

TABLE I. The main parameters in the computation.

Parameter Notation Value

Fluorine ion temperature TF2 0.067 ev
Ion proportion (Ar1) aAr1 0.65
Ion proportion (F2) aF2 0.15
Ion proportion (CF1) aCF1 (12aAr1)30.5
Ion proportion (CF2

1) aCF
2
1 (12aAr1)30.3

Ion proportion (CF3
1) aCF3

(12aAr1)30.2
3-3
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fluorine ions make very little contribution to the sheath. A
tually, the thermal velocity of the fluorine ions is very sma
because the fluorine ions have heavy mass and low temp
ture. Additionally, due to the existence of the average ne
tive potential in the sheath, it is very difficult for the negati
fluorine ions to overcome the average negative potential
enter into the sheath. Thus, the fluorine ion densitynF2 in
the sheath is almost zero. Figures 1~a–d! display the spa-
tiotemporal variations of~a! the argon ion densitynAr1, ~b!
the fluorocarbon ion densitynCF1, ~c! the fluorocarbon ion
densitynCF

2
1, ~d! the fluorocarbon ion densitynCF

3
1, and~e!

the electron densityne in the sheath foraAr150.65, where
aAr15(nAr1)0 /n0 and (nAr1)0 are the bulk density of the
argon ion. The densities of multiion are all normalized by t
bulk plasma densityn0 and the distance from the electrode
normalized by the Debye lengthld . For a rf sheath, the
instantaneous potential at the rf-biased electrode can be
composed into two parts: the first part is the negative
self-biased voltage and the second part is approxima
sinusoidal voltage as shown in Fig. 2~a!. Because the nega
tive voltage exists all the time in etching processes, the p

FIG. 1. The spatiotemporal variations of~a! the argon ion den-
sity nAr1 ~b! the fluorocarbon ion densitynCF1 ~c! the fluorocarbon
ion densitynCF

2
1 ~d! the fluorocarbon ion densitynCF

3
1, and~e! the

electron densityne in the sheath foraAr150.65 in a C4F8 /Ar
plasma. The densities of multiion are all normalized by the b
plasma densityn0.
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tive ions will be accelerated toward the electrode imping
onto the substrate. Therefore, all the positive ion densi
decrease from the bulk plasma density at the plasma-sh
interface to the electrode. In contrast, electrons are expe
away from the substrate electrode and leave the sheath t
bulk plasma rapidly. Thus, the drop in the electron density
even steeper. Electrons reach the electrode only when
sheath potential drop is small enough and the sheath is
This corresponds to the flat regions of the voltage at
electrode shown in Fig. 2~a!.

For values of the rf-bias powers and a given frequen
f 513.56 MHz, the voltage at the rf-biased electrodeVe(t)
normalized by the electron temperaturekBTe /e and the cor-
responding time-dependent sheath thicknessds(t) normal-
ized by the Debye lengthld are also calculated, shown i
Figs. 2~a and b!, respectively. It is clear that as the potent
wave form reaches its maximum voltage drop, the she
thickness also reaches its maximum.

The time dependence of the positive ion flux( jnjuj im-
pinging onto the electrode is shown in Fig. 3 for differe
values of rf-bias frequency. The timet is normalized by the
argon ion plasma frequencyvp . In the low-frequency range
(b!1, where b5v/vp j , vp j being the j th species ion
plasma frequency! when the rf-bias frequency is less than t
ion plasma frequencies of all ion species, the ions cross

k

FIG. 2. ~a! The instantaneous electrode voltageVe(t) normal-
ized by the electron temperaturekBTe /e and~b! the time-dependen
sheath thicknessds(t) normalized by the Debye lengthld for sev-
eral rf-bias powers with the rf-bias frequency, the bulk plasma d
sity, and the electron temperature kept constant at 13.56 MHz,
31011 cm23, and 2 eV, respectively.
3-4
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sheath in a small fraction of a rf cycle and respond to
slowly varying instantaneous potential in the sheath. The
fore, the ion flux oscillates strongly and its amplitudes de
ate from a constant ion flux significantly. However, in t
high-frequency range (b@1), when the applied rf frequenc
is much higher than the ion plasma frequencies, the ions
take many rf cycles to cross the sheath and can not resp
to the instantaneous variation of the rf field due to their
ertia. In fact, the ion dynamics is governed by a tim
averaged field in the sheath. In the case, the amplitude o
ion flux is very small and almost closes to the constant
flux. The similar behavior that ion flux oscillates with time
the low- and intermediate-frequency range has been obta
by single-ion species models@12–14#. This shows that it is
reasonable to assume a constant ion flux through the sh
only in the high bias frequency in which ions respond to
time-averaged electric field instead of instantaneous sh
electric field.

Figure 4 shows the effect of the rf-bias frequency on
simulated IEDs with the rf-bias power, the bulk plasma de
sity, and the electron temperature kept constant at 150
2.031011 cm23, and 2 eV, respectively. For single-ion sp
cies rf sheaths, it has been well known from many exp
ments and simulations@9,14–19,29–31# that the IEDs inci-
dent onto the rf-biased electrodes are bimodal. In the pre
work, therefore, the IEDs also should have the similar bim
dal shapes. Indeed, one can observe from Fig. 4 that ther
two main peaks in the IEDs, but both the low- and hig
energy main peak split into some small peaks. Actually,
peak split results from the existence of multi-ion species,
the ions with different mass correspond to different shape
the IEDs. The similar phenomenon have been observed
experiments@20,21,29,30,32#. Furthermore, we also observ
that as the rf frequency is increased, the peak splits in
high-energy regions will become indistinguishable.

In order to interpret the peak splits, we now consider t
parameters. One is the positive ion transit time across
sheath, t j2p/vp j , and the other is the rf period,t r f

FIG. 3. The time-dependent ion flux( jniui incident onto the
rf-biased electrode for different values of the rf-bias frequency w
the rf-bias power, the bulk plasma density, and the electron t
perature kept constant at 150 W, 2.031011 cm23, and 2 eV, respec-
tively.
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52p/v. In the low- and intermediate-frequency range, i.
t j /t r f <1 or b<1, the ion transit timet j across the sheath i
less than or on the order of the rf period and the ion mot
responds to the instantaneous sheath voltage. Final ene
of the ions depend strongly on the initial phase of the rf cy
in which they enter the sheath and the two peaks in the IE
correspond to the minimum and maximum sheath drops. I
traversing the sheath during the period in the rf cycle wh
the potential drop across the sheath is small will arrive at
electrode with low energies and contribute to the low-ene
peak in the IED. In contrast, the ions entering and travers
the sheath during the period in the rf cycle where the pot
tial drop across the sheath is large will arrive at the electr
with high energies and contribute to the high-energy peak
the IED. For multi-ion species plasmas, the transit time
different ion species are different due to their different ma
such astAr1, tCF1, tCF

2
1, andtCF

3
1. Thus, the energy width

of the IED and the height of the two peaks in the IED a
different for different ion species, which leads to differe
shapes of the IEDs, i.e., the peak splits. In the hig
frequency range (t j /t r f @1 or b@1), however, the ions take
many rf cycles to cross the sheath and only respond to
time-average sheath voltage. In this case, the initial ph
when ions enter the sheath becomes unimportant and the
energy bombarding the substrate is determined by the a
age sheath potential, which results in a narrow peak in
IEDs for all ion species. Thus, as the rf frequency increas
the energy width of the IED shrinks and the two peaks of
IED approach each other. So in this case, the peak split
the IEDs become inconspicuous because the differe
among the different ion transit time is unimportant.

Figure 5 shows effects of the rf-bias power on the IE
while keeping the rf-bias frequency, the bulk plasma dens
and electron temperature at 13.56 MHz, 2.031011 cm23,
and 2 eV, respectively. As mentioned in preceding secti
the rf-bias power is regarded as an input parameter and
electrode voltage can be determined self-consistently fr
Eqs. ~12! and ~13!. We find that this calculation method i

h
-

FIG. 4. The effect of the rf-bias frequency on the ion ener
distributions with the rf-bias power, the bulk plasma density, a
electron temperature kept constant at 150 W, 2.031011 cm23, and
2 eV, respectively.
3-5
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ZHONG-LING DAI AND YOU-NIAN WANG PHYSICAL REVIEW E 66, 026413 ~2002!
feasible since the calculated electrode voltages are in
range of operating voltages in practice. For example, if
choose the input power as 50 and 200 W, then correspon
the maximum values of the calculated electrode voltage~nor-
malized bykBTe /e) are227 and296, respectively. It is can
be seen from Fig. 5 that the energy width between the lo
and high-energy peak position becomes larger as the rf-
power is increased. The reason of this is that the pea
-peak voltage at the electrode is increased with the increa
rf power, as shown in Fig. 2~a!. The increasing maximum
voltage difference imply that the maximum energy obtain
by ions will be much more higher, which leads to a shift
the high-energy peak position to higher-energy region. A
cordingly, the energy width of the IED for different ion sp
cies is broaden with the increasing rf-bias power, which
sult in larger energy splits both in the low- and high-ener
peak.

Figure 6 display the effects of changing the plasma d
sity on the simulated ion energy distribution while keepi
the rf-bias frequency, the rf-bias power, and the electron t
perature at 13.56 MHz, 150 W, and 2 eV, respectively. D
creasing the ion density shifts the high-energy peak posi
of the IED to higher-energy region and makes the peak sp
more significant. It is clear from Eq.~12! that changing the
plasma density will affect the voltage of the electrode. Sim
lar to the effect of the rf-bias power on the voltage of t
electrode, the calculation~not be presented here! also shows
that the peak-to-peak voltage increases with the decrea
plasma density and this accounts for that the width betw
the low- and high-energy peak become large. Therefore,
energy peak splits become significant as the plasma de
is decreased.

Finally, we plot effects of the electron temperature on
IEDs in Fig. 7 with the rf-bias frequency, the rf-bias powe
and the plasma density held constant at 13.56 MHz, 150
and 2.031011 cm23, respectively. The effect of decreasin
the electron temperature is the increase in energy width

FIG. 5. The effect of the rf-bias power on the ion energy dis
butions with the rf-bias frequency, the bulk plasma density, a
electron temperature kept constant at 13.56 MHz,
31011 cm23, and 2 eV, respectively.
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tween the low- and high-energy peak of the IED. The po
tions of the high-energy peaks shift to higher-energy reg
with decreasing electron temperature. Simultaneously,
peak splits in IEDs become wider. Also, it is clear from E
~12! that the variation of the electron temperature will lead
the variation of the voltage at the electrode. The calculat
~also not be presented here! indicates that the maximum volt
age difference between the plasma and the electrode is
creasing with the decreasing electron temperature. This
sults in that the positions of the high-energy peaks shift t
higher-energy region.

IV. CONCLUSIONS

In the present work, a self-consistent dynamics mode
collisionless rf modulated sheaths has been used to pre
the rf sheath characteristics and the ion energy distributi
impinging on the rf-biased electrodes for multicompone
plasmas. With an equivalent circuit equation, the instan

-
d
0

FIG. 6. The effect of the plasma density on the ion energy d
tributions with the rf-bias frequency, the rf-bias power, and elect
temperature kept constant at 13.56 MHz, 150 W, and 2 eV, res
tively.

FIG. 7. The effect of the electron temperature on the ion ene
distributions with the rf-bias frequency, the rf-bias power, and
bulk plasma density kept constant at 13.56 MHz, 150 W, and
31011 cm23, respectively.
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neous relationship between the sheath voltage and sh
thickness is determined self-consistently. The spatiotemp
variations of different species ion densities, the sheath v
age drop, and the sheath thickness are calculated by inc
ing all time-dependent terms in the ion fluid equations. T
positive ion densities decrease smoothly from the she
boundary to the electrode and the negative fluorine ion d
sity in the sheath is almost zero, while the electron den
drop fast. The calculated ion energy distributions for t
multicomponent plasmas are bimodal, and the width betw
the low- and high-energy peaks in the IEDs become lar
with the increasing bias power or the decreasing bias
quency, bulk plasma density, and electron temperature
particular, it has been found that the low- or high-ene
peaks split into many small peaks due to the existence
ions with different mass. As increasing the rf-bias frequen
ys
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the energy splits in the energy peaks become indistingu
able.

The model presented here does not consider collision
fects among particles in the sheath and is suitable only
describing sheaths in the low pressure discharge. In the
ture work, we will extend the present work to include elas
and exchange collisions occurring in the rf sheath and sim
late the IEDs and IADs arriving at the rf-biased electrod
with the Monte Carlo method for multicomponent gas d
charges.
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