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Numerical investigation of ion-energy-distribution functions in single
and dual frequency capacitively coupled plasma reactors

V. Georgieva,* A. Bogaerts, and R. Gijbels
Department of Chemistry, University of Antwerp, Universiteitsplein 1, B-2610 Wilrijk-Antwerp, Belgium
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Ion-energy-distribution functions~IEDFs! are numerically investigated in capacitively coupled~cc! radio
frequency~rf! Ar/CF4 /N2 discharges by a one-dimensional particle-in-cell/Monte Carlo model. The simulation
considers electron-neutral collisions, various kinds of collisions of ions (Ar1, CF3

1 , N2
1 , F2, and CF3

2) with
neutral, positive-negative ion, and electron-ion recombination. The influence of pressure, applied voltage
amplitude, and applied frequency on the Ar1, CF3

1 , and N2
1 IEDFs is presented. The dependence on the

frequency regime is investigated by simulations of the Ar/CF4 /N2 mixture in single~13.56 MHz! and dual
frequency (2127 MHz or 1127 MHz) cc reactors. A comparison of the simulation results with analytical
calculations in a collisionless rf sheath is discussed. The results show that the IEDFs shift toward the low
energies with increasing pressure or decreasing applied voltage amplitude. The Ar1 and N2

1 IEDFs exhibit
secondary maxima due to the charge transfer collisions. The CF3

1 IEDF has a peak at high energies in
consistency with the average sheath potential drop. The IEDFs in the dual frequency regime are broad and
bimodal.

DOI: 10.1103/PhysRevE.69.026406 PACS number~s!: 52.65.Rr, 52.65.Pp
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I. INTRODUCTION

In plasma etching the kinetics of the ions incident on
wafer is crucial in determining the etch rates and anisotro
This explains the extensive experimental@1–8#, analytical
@9–11#, and numerical@2,3,10,12–16# studies of the ion-
energy-distribution function~IEDF! in capacitively coupled
~cc! radio frequency~rf! reactors. A good review and analys
of theoretical and experimental investigations of the IE
are given by Kawamuraet al. @10#. The main points can be
summarized as follows.

~a! In collisionless sheaths the crucial parameter de
mining the shape of the IEDF is the relationt ion /t rf , where
t ion is the ion transit time andt rf52p/v rf is the rf period.
The ion transit time is calculated by@10#

t ion53s̄S M

2eV̄s
D 1/2

, ~1!

wheres̄ is the time-averaged sheath thickness,V̄s is the av-
erage sheath potential drop,M is the ion mass, ande is the
electron charge.

If t ion /t rf@1, i.e., at high frequency~HF!, the ions re-
spond to the average sheath potential drop resulting
narrow IEDF with one or two maxima depending on t
value oft ion /t rf . If t ion /t rf!1, i.e., at low frequency~LF!,
the ions respond to the instantaneous sheath potential
resulting in a broad and bimodal IEDF.

~b! In collisional sheaths charge exchange collisions le
to the appearance of secondary maxima at energies lo
than the primary maxima, and both charge exchange
elastic collisions shift the IEDF to lower energies.
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The sheaths in conventional rf etching reactors are ty
cally collisional. Analytical models assume limiting approx
mations such as constant sheath width, sinusoidal sheath
tential drop, etc., and therefore give only the qualitati
features of the IEDF. Experimental measurements as we
numerical methods present more reliable results. Particle
cell ~PIC! simulations of rf discharges are attractive for ca
culation of the particle energy distributions since the dis
butions can be obtained self-consistently from first princi
@17#. Collisional effects are included by coupling the PI
model with a Monte Carlo~MC! collision method@18–20#.

Most of the experimental and numerical papers deal w
an Ar plasma because of its simple chemistry@1–3,5–
7,13,16#. Feed-gas mixes are usually complex because of
conflicting requirements on the etch rate, selectivity to ma
and anisotropy. Carbon tetrafluoride CF4 is a basic compo-
nent in gas mixtures for plasma etching of silicon and silic
dioxide @21#. The purpose of the present work is a detail
numerical investigation of Ar1, CF3

1 , and N2
1 IEDFs in cc

rf Ar/CF4 /N2 discharges at a range of different pressur
applied voltages, and frequencies, by means of a o
dimensional PIC/MC method.

In our first paper we presented a one-dimensio
PIC/MC model and clarified the plasma structure and para
eters in Ar, CF4 , and Ar/CF4 discharges@22#. In the next
paper the model was extended to examine the disch
structure in a mixture of Ar, CF4 and N2, which is a feed-
stock gas for etching in industrial cc dual-frequency react
@23#. Simulations were performed for a 0.8/0.1/0.1 ratio
Ar/CF4 /N2 mixture at a pressure of 30 mTorr in sing
~13.56 MHz! and dual (2127 MHz) frequency cc reactor
and a comparison between the two frequency regimes
made. The calculated IEDFs were presented along with o
results of the model, i.e., potential and electric field distrib
tions, particle densities, and electron energy distribut
function. The results show that the LF-HF scheme provide
©2004 The American Physical Society06-1
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significantly wider ion bombardment energy range in co
parison with the single HF configuration. Although seve
other works investigated plasma properties in dual freque
reactors by experimental measurements or numerical sim
tions @e.g., Refs.@16#, @24–30## detailed studies of the ion
bombardment energy are very scarce. For example, only
average ion bombardment energy is given in Refs.@24–26#.
Myers et al. predicted ion energies and angular distributio
in single and dual frequency regimes by combining a sin
and dual frequency plasma sheath model with a Monte C
simulation of ion transport@16#.

In the present paper the simulations are carried out ov
wide range of pressure, applied voltage, and frequency.
group of calculations is performed for an applied volta
amplitude of 300 V at pressures of 20, 30, 50, 70, 100,
200 mTorr. Another group of simulations is carried out f
applied voltage amplitudes of 200, 300, 500 and 700 V a
pressure of 30 mTorr. Both groups consider a conventio
cc rf ~13.56 MHz! reactor. The dependence on the frequen
regime is investigated by simulations of the Ar/CF4 /N2 mix-
ture at a pressure of 30 mTorr in single~13.56 MHz! and
dual frequency~2127 MHz or 1127 MHz! cc reactors. An
analytical model of the IEDF in a collisionless rf sheath in
dual frequency reactor is developed and a comparison of
simulation results with the analytical results is discuss
The time evolution of the IEDF during the rf cycle is als
presented.

In Sec. II the input parameters, the outline of the nume
cal and analytical models, and the collisions included in
simulation are given. In Sec. III the results of the simulatio
for Ar1, CF3

1 , and N2
1 IEDFs are presented and discusse

Finally, in Sec. IV a summary is given. All cross section da
of the ion-neutral collisions used in the model are presen
in the Appendix.

II. DESCRIPTION OF THE MODELS

A. PICÕMC model

Two types of reactors are considered in this study. O
type is the conventional cc rf~13.56 MHz! reactor. The other
type is a cc dual frequency~LF-HF! reactor and its schemati
diagram is shown in Fig. 1. The plasma is sustained betw
two parallel plates, each 20 cm in diameter and separ
from the other by 2 cm. One of the electrodes is driven b
dual frequency~2127 or 1127 MHz! power source. The
other electrode is grounded. The computation is based
one-dimensional coordinate space and three-dimensiona

FIG. 1. Schematic diagram of the dual frequency reactor.
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locity space PIC/MC algorithm. The motion of the charg
particles is simulated by the PIC method using the stand
explicit ‘‘leap frog’’ finite difference scheme. The collision
between the charged particles are added by combining
PIC model with a MC procedure@18–20#. In the case of
modeling of electronegative discharges the major disadv
tage of this method is that it requires a long computatio
time to reach convergence. The negative charges are
fined in the bulk plasma and the only the loss mechani
i.e., ion-ion recombination, has a relatively low reaction fr
quency. Kawamuraet al. point out many physical and nu
merical methods of speeding up the PIC calculations@31#.
Some of these methods, such as longer ion time steps,
ferent weights for electrons and ions, and improved init
density profiles, are also applied in the present simulation
more detailed description of the PIC technique can be fo
in Birdsall and Langdon@17#.

The charged species, which are followed in the model,
electrons, Ar1, CF3

1 , N2
1 , F2, and CF3

2 ions. The interac-
tions between the particles are treated by a Monte C
method, which is basically a probabilistic approach. To c
culate collision probabilities, it is necessary to have the c
responding collision cross-section data, which are not alw
available. Hence, the present model uses several techni
to define the collision probabilities even when the collisi
cross sections are unknown.

The electron-neutral collision probability is determined
the null collision method based on cross section data@19,20#.
The Ar1-Ar, Ar1-N2 , N2

1-N2 , and N2
1-Ar collision prob-

abilities are calculated in the same way. The other ion-neu
elastic and reactive collisions included in the model are c
culated by an ion-molecule collision model for endotherm
reactions@32#. The positive-negative ion recombination an
electron-ion recombination probabilities are determined fr
a recombination rate constant@33#. The outlines of all tech-
niques are given in our previous papers@22,23#. The
electron-neutral collisions considered in this simulatio
along with the corresponding threshold energies and re
ences, are presented in Table I.

The Ar1-Ar and N2
1-N2 elastic isotropic and backwar

scattering~to simulate charge transfer! cross sections are
taken from Phelps@38#. The cross section data for nonres
nant charge transfer between Ar1 and N2 and between N2

1

and Ar are adopted from Spalburg and Gislason@39#.
A complete overview of the ion-CF4 reactions considered

in the model~127 in total! and of the corresponding thermo
dynamic threshold energies, is given in Ref.@22#. Because of
the importance of ion-neutral collisions for the calculation
the IEDF all data used in the model are presented in the f
of cross sections in the Appendix. The positive-negative
and electron-ion recombination reactions, the correspond
rate constants, and the references, are presented in Tab

B. Analytical model of the IEDF in a dual-frequency reactor

The bombardment IEDF is determined by the poten
difference across the sheathVs(x,t), the collision frequency
~i.e., gas pressure!, the sheath widths, the mass of the ions
M, and the applied frequencyv rf . In the literature, a numbe
6-2
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of simple analytical models have been applied for a co
sionless sheath, assuming a sinusoidal sheath voltage
constant sheath width@9–11#. In HF regime the ions cros
the sheath in a time corresponding to many rf cycles and t
respond to the average sheath potential dropV̄s . If the time
and space dependence of the sheath voltage is describe
@11#

Vs~x,t !5V̄s@11l sin~v rft !#S x

sD
4/3

, ~2!

wherel is a parameter andl<1, andx is the position of the
ion in the sheath, then the IEDFf (E) of the ions with con-
stant fluxG is a saddle-shaped distribution@11#

f ~E!5
2G

v rfDE F12S 2

DED 2

~E2eV̄s!
2G21/2

, ~3!

TABLE I. Electron-neutral~Ar, CF4 , N2) collisions taken into
account in the model.

Reaction « th ~eV! Ref.

e1Ar→e1Ar @34#

e1Ar→e1Ar* 11.5 @34#

e1Ar→2e1Ar1 15.8 @34#

e1N2→e1N2* (Y)a @35#

e1N2→2e1N2
1(Y)b 15.6 @35#

e1N2→2e1N2
1(B 2S) 18.8 @35#

e1CF4→e1CF4 @36#

e1CF4→e1CF4(v1) 0.108 @36#

e1CF4→e1CF4(v3) 0.168 @36#

e1CF4→e1CF4(v4) 0.077 @36#

e1CF4→e1CF4* 7.54 @36#

e1CF4→F21CF3 6.4 @36#

e1CF4→F1CF3
2 5 @37#

e1CF4→e1F21CF3
1 12 @37#

e1CF4→2e1F1CF3
1 16 @36#

e1CF4→e1F1CF3 12 @36#

e1CF4→e12F1CF2 17 @36#

e1CF4→e13F1CF 18 @36#

aN2* (Y)5N2 (y50 – 8,A 3S, B 3P, W 3D, B8 3S, a8 1S, a 1P,
w 1D, C 3P, E 3S, a9 1S, and ‘‘sum of singlets,’’ including dis-
sociation!.
bN2

1(Y)5N2
1 (X 2S andA 2P).

TABLE II. Positive-negative ion and electron-positive ion r
combination reactions considered in the model and the corresp
ing recombination rate coefficients.

Reaction Rate constant~m3/s! Ref.

F21Ar1→F1Ar 1.0310213 @40#

F21CF3
1→F1CF3 1.0310213 @40#

CF3
21Ar1→CF31Ar 1.0310213 @40#

CF3
21CF3

1→CF31CF3 1.0310213 @40#

e1CF3
1→CF3 3.95310215/ATeTi @33#

e1N2
1→2N(4S) 4.8310213A300/Te(K) @41#
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with an energy widthDE @11#

DE5
8leV̄s

3v rfS
S 2eV̄s

M
D 1/2

. ~4!

It is clear that the result of the analytical model presen
above cannot be applied for the dual frequency regim
shown in Fig. 1. To develop a simple analytical model for t
dual frequency regime we make the same assumption as
single HF reactor, except for the wave form of the she
potential, i.e., a collisionless sheath and a constant sh
width are assumed. The applied voltage isV
5VHF sin(vHFt)1VLF sin(vLFt), whereVHF andVLF are the
amplitude, andvHF and vLF are the applied HF~27 MHz!
and LF~1 or 2 MHz!, respectively. In our simulation the tw
rf sources have the same voltage amplitude, which ha
value of 700 V. The numerical simulation result of the p
tential across the sheath at the driven electrode in 2
cycles for the (2127) MHz case is presented in Fig. 2~a!.
The calculations give also the values of the mean she
potentialV̄s and the average sheath widths̄, which are used
in the analytical model~see below!. Figures 2~b! and 2~c!
show that the sheath potential drop at the driven electrod
better described with the product of 2 harmonic functio
than with the sum of them:

Vs~ t !5V̄s@11l1 sin~vHFt !#@11l2 sin~vLFt !#, ~5!

wherel1 andl2 are parameters andl1 , l2<1. The param-
eters l1 and l2 are determined from the plot@Fig. 2~a!#
considering two time points atvLFt5p/2 andvLFt53p/2.
The average sheath potentialV̄s is calculated in the simula
tion. It should be mentioned that when the primary frequen
is much higher than the secondary frequency, as in
present reactor, the IEDF and energy width equations are
same for the two analytical waveforms ofVs(t), presented in
Figs. 2~b! and 2~c!. However, the calculatedl1 andl2 differ
a lot, which results in a big difference in the energy wid
DE @see below Eq.~13!#.

Next, we assume a spatial dependence of the sheath
age Vs(x,t)5Vs(t)@x(t)/s#4/3 @see Eq.~2!#, providing that
there are no electrons in the sheath, i.e., exp(eVs/kTe)!1
@11,21#. Therefore, the equation of motion is

M
d2x

dt2
5

4

3

eV̄s

s
@11l1 sin~vHFt !#@11l2 sin~vLFt !#S x

sD
1/3

.

~6!

To make an analytical integration of Eq.~6! we assume tha
the ion pathx(t) is close to that corresponding to the avera
acceleration, i.e.@11#,

x~ t !

s
5F 1

3s
S 2eV̄s

M
D 1/2G3

~ t2t0!3, ~7!

wheret0 is the time at which the ion enters the sheath. T
approximation is valid as long as the ion transit timet ion is
longer than or equal to the rf period. In our case this app

d-
6-3
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to the LF periodtLF becausetLF@tHF and hence, when
t ion /tLF>1, this means thatt ion /tHF>1 is also true. This
implies

vLF~ t2t0!52pt ion /tLF@1. ~8!

In the simulation in the (2127) MHz caset ion /tLF is cal-
culated to be 0.9, 1.2, and 0.7 for Ar1, CF3

1 , and N2
1 ions,

respectively. Therefore, the assumption presented above
be made. In the~1127! MHz case these values are 0.5, 0
and 0.4, respectively, which means that the ion path can
be assumed close to the average, in particular for N2

1 . As
will be seen in Sec. III in this case the deviation of t
analytical from the numerical results is larger.

Substituting Eq.~7! in the equation of motion~6! leads to

FIG. 2. Sheath potential at the driven electrode in the dual
quency~2712! MHz reactor in 2 LF cycles:~a! numerical result,

~b! analytical function Vs(t)5V̄s@11l1 sin(vHFt)#@1

1l2 sin(vLFt)#, and ~c! analytical function Vs(t)5V̄s@1
1l1 sin(vHFt)1l2 sin(vLFt)#. The applied voltage amplitudeVrf

is 700 V and the calculatedV̄s is 445 V. The dashed line in~a!
shows the averaged HF sheath potential as a function of the L
02640
an
,
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d2x

dt2
5

2

9s2 S 2eV̄s

M
D 3/2

@11l1 sin~vHFt !#

3@11l2 sin~vLFt !#~ t2t0!. ~9!

Taking into account thatvHF@vLF and Eq.~8! is true, the
time integration of Eq.~9! yields the velocity

dx

dt
5

2

9s2vLF
2 S 2eV̄s

M
D 3/2

3F1

2
vLF

2 ~ t2t0!22l2vLF~ t2t0!cos~vLFt !G .
~10!

The time of arrival at the electrodet1 @x(t1)5s# is obtained
from the average ion path~7!:

~ t12t0!53sS M

2eV̄s
D 1/2

. ~11!

Thus, the energy of the ions arriving at the electrode is

E5eV̄sF12
2l2

3svLF
S 2eV̄s

M
D 1/2

cos~vLFt1!G2

'eV̄sF12
4l2

3svLF
S 2eV̄s

M
D 1/2

cos~vLFt1!G ~12!

and it is spread over the energy widthDE, centered ateV̄s ,

DE5
8l2

3svLF
S 2eV̄s

M
D 1/2

. ~13!

Finally, we obtain the IEDFf (E) of the ions with constant
flux G5dN/dt1

f ~E!5
dN

dE
5

dN

dt1
S dE

dt1
D 21

5
2G

vLFDE F12S 2

DED 2

~E2eV̄s!
2G21/2

. ~14!

Equation~13! shows that the energy width in the dual fr
quency regime depends only on the applied LF. This resu
reasonable because the ion transit time is much longer
the HF period. Indeed, the ratiot ion /tHF is calculated to be
12, 16, and 10 for Ar1, CF3

1 , and N2
1 ions, respectively.

Consequently, the ions respond to the average HF poten
which is a function of the LF@see the dashed line in Fig
2~a!#.

III. RESULTS AND DISCUSSION

All the calculations are performed for an Ar/CF4 /N2 mix-
ture at a ratio of 0.8/0.1/0.1. The gas temperature is se
300 K. The simulation grid is uniform and it consists of 10
cells. The electron time step is 3.7310211 s. To speed up the

-

6-4
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FIG. 3. Ar1 ~a!, CF3
1 ~b!, and N2

1 ~c! IEDFs at the powered electrode, averaged over one HF~13.56 MHz! cycle in the conventional cc
rf reactor at pressure 20, 30, 50, 70, 100, and 200 mTorr. The applied voltage amplitude is 300 V.
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calculation, the ion time step is set to be 25 times longer t
the electron time step. The choice of the grid spacing and
time steps is defined by the accuracy criteria for PIC/M
codes with explicit mover@31#.

A. Effect of pressure

Figure 3 presents the simulation results of the Ar1 ~a!,
CF3

1 ~b!, and N2
1 ~c! IEDFs at the powered electrode, ave

aged over one HF~13.56 MHz! cycle in the conventional cc
rf reactor at pressures of 20, 30, 50, 70, 100, and 200 mT
The applied voltage amplitude is 300 V. At the applied H
the ions traverse the sheath in a time corresponding to m
rf cycles and hence the IEDFs reflect the time avera
sheath potential. Therefore, following the analytical mod
it is expected that in a collisionless sheath the IEDFs will
narrow with one or two peaks and centered ateV̄s @see Eqs.
~3! and ~4!, and Refs.@9–11##. The collisionless approxima
tion in the present simulation can be made only at a very
pressure. It is clearly seen in Fig. 3 that at a pressure o
mTorr the collisional effects in the sheath are not very pro
nent, especially for the CF3

1 IEDF. In all presented simula
tions CF3

1-neutral-elastic collisions are considered; t
charge transfer reaction CF3

1-CF3 is not taken into accoun
since the density of the CF3 radicals is much lower in com
parison with the CF4 density, with a value in the order o
02640
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1018 m23 in a pure CF4 discharge@42,43#. Although the ions
lose kinetic energy in the reactive collisions~see the Appen-
dix!, their energy distribution is influenced by the reacti
collisions only at high pressure~200 mTorr!. Consequently,
the CF3

1 IEDF shows the influence of the elastic collision
With increasing pressure the two peaks coincide and m
towards lower energy~from 125 eV at 20 mTorr to 110 eV a
200 mTorr! @Fig. 3~b!#. The calculated averaged sheath p
tential is 125 V.

The simulations take into account both elastic and cha
transfer~resonant and nonresonant! collisions between Ar1

or N2
1 and Ar or N2 . Secondary peaks are observed in t

Ar1 and N2
1 IEDFs, and they are due to the charge exchan

collisions@see Figs. 3~a! and 3~c! with the CF3
1 IEDF in Fig.

3~b!#. Obviously, for Ar1 and N2
1 ions the charge exchang

collision frequency is much higher than the elastic collisi
frequency @11#. Hence, the Ar1 and N2

1 IEDFs mainly
present the contribution of the charge transfer collisions~see
the ion-neutral collision cross sections presented in the
pendix!. Figures 3~a! and 3~c! show that increasing the pres
sure leads to increasing the intensity of the secondary pe
Moreover, the distance between them rises and the num
of the peaks decreases. At the same time the primary p
become less intense and at some pressure, they even d
pear. This is caused by the increasing collision frequency
the sheath, which in turn is due to the shorter mean free p
6-5
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FIG. 4. Ar1 ~a!, CF3
1 ~b!, and N2

1 ~c! IEDFs at the powered electrode, averaged over one HF~13.56 MHz! cycle in the conventional cc
rf reactor at pressure 30 mTorr and applied voltage amplitude 200, 300, 500, and 700 V.
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As a result more and more ions take part in at least
collision on their way towards the electrode and their ene
is shifted to lower values. These observations are in con
tency with a number of works investigating the influence
pressure on the IEDF~mainly of Ar1 ions! considering both
elastic and charge transfer collisions~e.g., Refs.@2–6#, @8#,
@10–16#!.

B. Effect of the applied voltage amplitude

Figure 4 presents the simulation results of the Ar1 ~a!,
CF3

1 ~b!, and N2
1 ~c! IEDFs at the powered electrode, ave

aged over one HF~13.56 MHz! cycle in the conventional cc
rf reactor at a pressure of 30 mTorr and applied voltage
plitude Vrf of 200, 300, 500, and 700 V. It can be seen th
the amplitude of the applied voltage has a significant eff
on the width of the IEDF and the magnitude of the pea
Indeed, the average sheath potential increases with incr
ing Vrf , which results in broader IEDFs and in a shift of th
primary peaks to higher energies. The influence of the cha
transfer and elastic collisions can be observed in the Ar1 and
N2

1 IEDFs, and in the CF3
1 IEDF, respectively~see Fig. 4!.

The number of secondary peaks and their intensity decrea
and the gap between them increases with increasing ap
voltage amplitude. This is related to a drop in the she
width and a rise in the plasma density, which in turn resu
in increasing the ion plasma frequency@2#. These simulation
results are in consistency with a number of experimental
theoretical works investigating the influence of the appl
voltage on the IEDF~e.g., Refs.@2–8#, @15#!. The present
detailed investigation of the three different ions (Ar1, CF3

1 ,
and N2

1) demonstrates not only the influence of the press
and applied voltage on the IEDF but also the influence of
different types of ion-neutral collisions.
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C. Effect of the applied frequency regime

Figure 5~solid lines! presents the simulation results of th
Ar1 ~a!, CF3

1 ~b!, and N2
1 ~c! IEDFs at the powered elec

trode, averaged over two LF~2 MHz! cycles and over one
LF ~1 MHz! cycle in the dual frequency reactor at a press
of 30 mTorr and the applied voltage amplitude of 700 V.
the (2127) MHz case the IEDFs are averaged over two
cycles since one LF cycle does not contain an integer n
ber of HF cycles. The analytical calculation results based
Eqs.~13! and~14! are also given in Fig. 5, with dashed line
A comparison with the IEDFs at the same operating con
tions in the single frequency reactor~Fig. 4 at applied volt-
age amplitude 700 V, i.e., the lowest plots! shows that the
dual frequency regime provides a significantly wider i
bombardment energy range, which is one of the main adv
tages of the dual frequency reactors used in plasma etc
@23–30#. For example, in the HF regime the maximum Ar1

ion energy is calculated to be only 350 eV, while in the
127 MHz) regime it is calculated to be 700 eV. The increa
of the maximum ion energy with the addition of low fre
quency to the plasma system is also predicted by the num
cal simulation, presented by Myerset al. @16#. In the pres-
ence of LF the ion transit timet ion is less than the LF period
tLF , i.e., the ions cross the sheath in a fraction of the
cycle and they reach the electrode with an energy equa
the instantaneous sheath potential drop~see the calculated
t ion /tLF for the three investigated ions, presented in Sec.!
@10,11#.

The two outstanding peaks in the profiles, presented
Fig. 5, correspond to the averaged minimum and maxim
sheath potentials@cf. Fig. 2~a!, dashed line#. The peak inten-
sity at the lower energy is higher because the sheath pote
has an average minimum value for a longer time than
average maximum value@4,10#.
6-6



e

NUMERICAL INVESTIGATION OF ION-ENERGY- . . . PHYSICAL REVIEW E 69, 026406 ~2004!
FIG. 5. Ar1 ~a!, CF3
1 ~b!, and N2

1 ~c! IEDFs at the powered electrode, averaged over 2 LF~2 MHz! cycles and over 1 LF~1 MHz! cycle
in the dual frequency reactor at pressure 30 mTorr and applied voltage amplitude 700 V~solid lines!. The analytical calculation results ar
given with the dashed lines.
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The influence of the collisions is the same as discusse
the conventional cc rf~13.56 MHz! reactor ~see above!.
However, at the~1127! MHz scheme secondary peaks a
observed in the CF3

1 IEDF although no charge transfer co
lisions are included. The reason is probably the frequenc
1 MHz ~2 times lower compared to 2 MHz! in which the ions
respond to the instantaneous HF potential as a function o
LF.

The results of the simple analytical model developed
Sec. II are in good agreement with the simulation results
the ~2127! MHz regime~Fig. 5, upper part! and to a lesser
extent with the simulation results in the~1127! MHz regime
~Fig. 5, lower part!. Although the analytical model does no
consider collisions we suggest that this consistency is a re
of the good sheath potential wave form approximation. T
energy width is calculated from Eq.~13! with the values of
V̄s and average sheath widths, obtained from the simulation
The parameterl2 is determined from the plot of the shea
potential~see Sec. II!. In the ~2127! MHz regime the calcu-
lated V̄s , s, and l2 are equal to 445 V, 6.831023 m, and
0.55, respectively. The plots are fitted in such a way that
analytical value off (E) at eV̄s is equal to that calculated in
the simulation. Hence, we should not focus on the abso
values of the analytical curves, but only on the energy wi
and the position of the two peaks. As can be seen in
~1127! MHz scheme 2pt ion /tLF is larger than but close to 1
~see Sec. II! and consequently, Eq.~8! is not valid, which
leads to a discrepancy between the numerical and analy
calculations of the energy width and the position of the pe
~see Fig. 5, lower part!. In this regime the calculatedV̄s , s,
and l2 are equal to 459 V, 7.431023 m, and 0.52, respec
tively. The present results show that the developed analy
model can be used to predict the positions of the prim
peaks in the dual frequency regime if condition~8! is satis-
fied.

Finally, the IEDFs at different times of the HF cycle in th
single frequency regime and at different times of the
cycle in the dual frequency regime are presented in Fig
and 7. The Ar1 IEDF in single and dual frequency reactors
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shown in Figs. 6~a! and 6~b!, respectively. The CF3
1 IEDF in

single and dual frequency reactors is shown in Figs. 7~a! and
7~b!, respectively. The profile of the N2

1 IEDF is similar to
the Ar1 IEDF, and is therefore not shown. Obviously, in th
HF regime the ions respond only to the average sheath d
and their energy distribution is peaked close toeV̄s (V̄s is

FIG. 6. Ar1 IEDF at different phases in one HF cycle in th
single~13.56 MHz! frequency reactor~a! and at different phases in
2 LF cycles in the dual~2712 MHz! frequency reactor~b! at pres-
sure 30 mTorr and applied voltage amplitude 700 V.
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calculated to be 285 V! @Figs. 6~a! and 7~a!#. In the dual
frequency regime@Figs. 6~b! and 7~b!# a great modulation of
the IEDF is observed during the LF cycle. The ion tran
time is close to the LF period~see the calculatedt ion /tLF

given in Sec. II! and the ions respond to the instantaneo
sheath potential. The time dependence in the rf cycle p
sented in Figs. 6 and 7 is a demonstration of the main ob
vation summarized in the Introduction.

IV. SUMMARY

Ar1, CF3
1 , and N2

1 IEDFs are numerically investigated i
Ar/CF4 /N2 discharges in cc single and dual frequency re
tors by a one-dimensional PIC/MC model. The model co
siders electron-neutral collisions, various kinds of collisio
of ions (Ar1, CF3

1 , N2
1 , F2, and CF3

2) with neutral,
positive-negative ion, and electron-ion recombination. T
influence of pressure, applied voltage amplitude, and app
frequency regime on the IEDFs is discussed.

The simulations are carried out over a wide range of pr
sure and applied voltage amplitude covered in the conv
tional cc plasma etching reactors. The results show that
IEDFs shift toward low energies with increasing pressure
decreasing applied voltage amplitude. The influence of

FIG. 7. CF3
1 IEDF at different phases in one HF cycle in th

single~13.56 MHz! frequency reactor~a! and at different phases in
2 LF cycles in the dual~2712 MHz! frequency reactor~b! at pres-
sure 30 mTorr and applied voltage amplitude 700 V.
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different types of ion-neutral collisions is presented for t
three investigated ions.

The dependence on the frequency regime is investiga
by simulations in single~13.56 MHz! and dual frequency
~2127 MHz or 1127 MHz! cc reactors. It is observed tha
the dual frequency regime provides a significantly wider i
bombardment energy range in comparison with the sin
frequency regime. An analytical model for the IEDF in
collisionless sheath for the dual frequency reactor is de
oped and a comparison with the numerical calculation is d
cussed. The analytical model can be used to predict the
sition of the primary peaks.

Finally, the time dependences of the IEDFs in an rf cy
in single~HF! and dual~LF-HF! frequency reactors are pre
sented. It is shown that in the HF regime the IEDF sligh
depends on the phase of the rf cycle, whereas in the LF
regime the IEDF is greatly modulated during the LF cycl
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APPENDIX

Because of the importance of ion-molecule collisions
the calculation of the IEDFs, we present the data about i
neutral collisions used in the model in some more det
Figure 8 presents the Ar1-Ar elastic isotropic scattering an
scattering in the backward direction~to simulate charge

FIG. 8. Ar11Ar charge transfer~1! and Ar11Ar elastic isotro-
pic scattering~2! cross sections as a function of the laboratory i
energy in eV, and Ar11N2 charge transfer~3! cross section as a
function of the relative energy in eV.
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transfer! cross sections as a function of the laboratory
energy in eV, and Ar1-N2 charge transfer cross sections a
function of the relative energy« in eV @38,39#. The Ar1-CF4
and Ar1-N2 elastic collisions are not considered in th
present simulations since the density of CF4 and N2 is low
compared to that of Ar and consequently, the probabilities
collisions are small. Similarly, N2

1-CF4 and CFx
1/2 ions-N2

collisions are neglected in the model.
Figure 9 shows the N2

1-N2 elastic isotropic scattering an
charge transfer, and N2

1-Ar elastic isotropic scattering cros
sections as a function of the laboratory ion energy in eV, a
N2

1-Ar charge transfer cross section as a function of the r
tive energy in eV@38,39#. The cross section for N2

1-N2 elas-
tic isotropic scatteringQi is approximated up to 50 eV to th
Langevin cross section for polarization scattering and for
ergies higher than 50 eV to (Qm22QCT) as was done for the
Ar1-Ar elastic isotropic cross section in Ref.@38#. Qm and
QCT are the momentum and charge transfer cross secti
respectively. The data for N2

1-Ar elastic isotropic scattering
cross section are estimated from the data available for
Ar1-Ar collisions taking into account thatQi;1/Am, where
m is the reduced mass.

In the model, the CFx
1/2-ion–neutral (CF4 and Ar! colli-

sions are treated by means of the ion-molecule collis
model for endothermic reactions, described in Refs.@22#,
@32#, and @45#. The CF3

1-CF4 and Ar elastic and reactive
collision cross sections, the F2-CF4 reactive collision cross
sections, and the CF3

2-CF4 reactive collision cross section
are presented in Figs. 10~a!, 10~b!, and 10~c!, respectively.
The cross sections for the reactive collisionss r are calcu-
lated from the probabilities, given by Eq.~5! in Ref. @22# in
case that the relative energy of the reactants is greater
the least threshold energyDE, and the randomly sample
dimensionless impact parameterb<1. Let us remind the
reader that the ‘‘elastic reactive’’ collision~see Ref.@22#! is
treated as elastic with isotropic scattering, i.e., the velocity
the ion after the collisions is calculated by Eq.~63a! in Ref.

FIG. 9. N2
11N2 charge transfer~1!, N2

11N2 elastic isotropic
scattering~2!, and N2

11Ar elastic isotropic scattering~4! cross sec-
tions as a function of the laboratory ion energy in eV, and N2

1

1Ar charge transfer~3! cross section as a function of the relativ
energy in eV.
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@44#. Elastic isotropic scattering is also assumed if the re
tive energy of the reactants is less than the least thres
energy andb<1. The cross sections for CFx

1/2 ions1CF4

elastic isotropic scattering collisions are calculated from

FIG. 10. ~a! CF3
11(CF4 ,Ar) cross sections. CF3

11CF4 ~1! and
CF3

11Ar ~2! elastic isotropic scattering; sum of all reactive CF3
1

1CF4 collisions~3!; sum of reactive CF3
11CF4 with a loss of CF3

1

ion ~4!; and sum of reactive CF3
11CF4 collisions after which the

CF3
1 ion is one of the products~5!. ~b! F21CF4 cross sections;

Sum of all reactive F21CF4 collisions~1!; sum of electron detach
ment ~2!; and sum of reactive F21CF4 collisions after which the
F2 ion is one of the products~3!. ~c! CF3

21CF4 cross sections.
Sum of all reactive CF3

21CF4 collisions ~1!; sum of electron de-
tachment~2!; sum of reactive CF3

21CF4 collisions after which the
F2 ion is one of the products~3!; and sum of reactive CF3

21CF4

collisions after which the CF3
2 ion is one of the products~4!.
6-9
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probability, given by Eq.~6! in Ref. @22# in the case where
b<1. Only the CF3

1-CF4 and Ar elastic isotropic cross sec
tions are shown@Fig. 10~a! curves~1! and ~2!# because the
F2-CF4 and Ar and the CF3

2-CF4 and Ar elastic cross sec
tions have similar values. Ifb.1 the collision is treated a
elastic with anisotropic scattering@22,32#. The deflection
angle is a function ofb and the post collision velocities ar
calculated as is described in Ref.@44#. Since b5b`AR,
whereb` is set to 3 andR is a random number between
and 1~see Ref.@22#! the contribution of the anisotropic sca
tering prevails that of the isotropic scattering. The cutoff p
rameterb` is the value ofb, for which the deflection angle
is negligibly small@22,45#.

In the case of reactive collisions the velocities of the pro
ucts are calculated based on the energy and momentum
servation, which is illustrated by the following example@45#.
The reaction with threshold energyDE

CF3
11CF4→CF2

11CF312F

is divided into three stages. A complex C2F7
1 ion is formed

and then the excited ion and neutral@45#

CF3
11CF4→@C2F7

1#→~CF3
1!* 1~CF4!* .

If the mass and velocity before collision of the ion a
neutral areMi , VW i and Mn , VW n , respectively, the relative
velocity is g5uVW i2VW nu, and the reduced mass ism, the en-
ergy and momentum conservation are

1

2
mg25

1

2
mg1

21DE, ~A1!

MiVW i1MnVW n5MiVW 1i1MnVW 1n , ~A2!

whereg15uVW 1i2VW 1nu, VW 1i andVW 1n are the relative velocity,
and the velocities of the excited molecules. Isotropic scat
ing is assumed, i.e.,VW 1i2VW 1n5g1RW , where RW is the unit
vector with random direction@45#.

In the next step, dissociation of the excited molecu
follows
s

S

pl.

e-

a
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~CF3
1!* →CF2

11F,

~CF4!* →CF31F.

Assuming that all internal energy of the excited molecules
used for dissociation, and applying again the energy and
mentum conservation, the velocities of CF2

1 and F are equa

to that of the excited ionVW 1i , and the velocities of CF3 and
F are equal to that of the excited neutralVW 1n @45#.

Since only CF3
1 , F2, and CF3

2 ions ~i.e., not the other
positive CFx ions and radicals! are followed in the model we
do not present the cross section of every reaction, given
Ref. @22#. Figure 10~a! shows the sum of all reactive CF3

1

1CF4 collisions~3!, the sum of reactive collisions in case o
dissociation of the initial ion, i.e., loss of the ion~4!, and the
sum of the reactive collisions after which one of the produ
is the initial ion~5!. In the last case~5! there is no production
of the ion, only its energy is reduced more or less sign
cantly ~see above!. However, this kind of collision cannot b
considered as symmetric charge transfer since the postc
sion velocity of the ion is not close to the thermal velocity
the neutrals.

Similarly, Fig. 10~b! presents cross sections of the sum
all reactive F21CF4 collisions ~1!, the sum of electron de
tachment collisions~2!, and the sum of reactive collision
after which F2 is one of the products~3!. Finally, Fig. 10~c!
shows cross sections of the sum of all reactive CF3

21CF4

collisions~1!, the sum of electron detachment collisions~2!,
the sum of reactive collisions after which F2 or CF3

2 is one
of the products~3! or ~4!, respectively.

The presented theoretical cross section of the sum o
reactive CF3

1-CF4 collisions is about four times less in th
range of relative energy 20–200 eV and the theoretical cr
section of the electron detachment F2-CF4 is one order of
magnitude lower in the range of relative energy 10–200
than the values experimentally measured by Pekoet al. @46#.
In a future work we will investigate the influence of the tw
cross section sets on the results.
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