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Numerical study of Ar ÕCF4 ÕN2 discharges in single- and dual-frequency
capacitively coupled plasma reactors

V. Georgieva,a) A. Bogaerts, and R. Gijbels
Department of Chemistry, University of Antwerp (UIA), Universiteitsplein 1,
B-2610 Wilrijk-Antwerp, Belgium

~Received 22 April 2003; accepted 30 June 2003!

A one-dimensional particle-in-cell/Monte Carlo model is developed to study capacitively coupled
~cc! radio-frequency discharges in a gas mixture of Ar, CF4 , and N2. The charged species, which
are followed in the model, are: Electrons and Ar1, CF3

1 , N2
1 , F2, and CF3

2 ions. The simulation
considers electron – neutral~Ar, CF4 , and N2) collisions, various kinds of collisions of ions with
neutrals, positive–negative ion recombination, and electron–ion recombination. The model yields
results for electron and ion densities, fluxes and energy distributions, collision rates and electric
field, and potential distributions. The simulations are performed for a 0.8/0.1/0.1 ratio of Ar/CF4 /N2

mixture at a pressure of 30 mTorr in single~13.56 MHz! and dual frequency (2127 MHz) cc
reactors and a comparison between the two frequency regimes is made. Results show that the
structure of the discharges is electronegative in both cases. F2 and CF3

2 ions are the main negative
charge carriers in the single and dual frequency regime, respectively. In the presence of
low-frequency~2 MHz! and a strong electric field, the light F2 ions are no longer confined in the
bulk plasma and they partially respond to the instantaneous electric field. The calculated electron
energy probability function profiles can be approximated to a Druyvesteyn and bi-Maxwellian
distribution with high-energy tails in the single- and dual-frequency regime, respectively. The ion
energy distribution is narrow with one outstanding peak in the single-frequency scheme, whereas it
is wide and bimodal in the dual-frequency scheme. ©2003 American Institute of Physics.
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I. INTRODUCTION

Radio-frequency~rf! plasma etching is well recognize
for its anisotropy, which is a critical process parameter
integrated circuit manufacturing. Conventional capacitiv
coupled~cc! reactors powered by 13.56 MHz rf sources me
many plasma processing requirements. However, the sca
evolution of semiconductor devices needs more and m
accurate transfer patterns with minimum damage on the
strate, which can be achieved by the precise control of b
the ion bombardment energy and the ion flux. Sing
frequency systems face difficulties providing an independ
control of ion energy. For that purpose, dual-frequency s
tems have been introduced and studied.1–7 The dual rf exci-
tation setup allows the plasma density to be determined
one high-frequency~HF!, e.g., 13.56 or 27 MHz, or very
high-frequency~VHF! source, e.g., 100 MHz, while the sub
strate self-bias voltage is controlled by the secondary lo
frequency~LF!, e.g., in the order of 1 MHz.2–7 In addition,
the LF–~V!HF scheme provides a significantly wider io
bombardment energy range in comparison with a single
configuration.1–7 Therefore, the study of this plasma proces
ing is of great importance for further improvement of
performance. In the early 90’s, Gotoet al.1 introduced the cc
HF–VHF ~13.56 – 100 MHz! setup and demonstrated i
advantages in low ion energy etching. The discharge
maintained between two electrodes, one of them was dr

a!Electronic mail: vgeorg@uia.ua.ac.be
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by a VHF power supply and the other biased by HF. T
wafer was placed on the biased electrode. Later on, o
dual-frequency schemes, like LF–~V!HF and commensurate
frequencies, were applied.2–6 Tsai et al.2 experimentally in-
vestigated etching of SiO2 structures in a dual-frequenc
(27/2 MHz) Ar/CO/CFx discharge. The dependence
plasma parameters on the substrate frequency and powe
also been numerically studied by particle-in-cell~PIC!3 and
fluid4 models. It was shown that the plasma density is p
dominantly determined by the primary power source wh
self-bias and ion bombardment energy are determined by
substrate power source.3,4 The experimental study of Ar and
Ar/CF4 plasma structures in LF–~V!HF reactors demon-
strated that LF biasing and HF plasma production could
functionally separated by increasing the sustaining freque
from 13.56 MHz~HF! to 100 MHz~VHF!.5 However, if the
source frequencies are close to each other~e.g., 6.78 and
13.56 MHz! the nonlinear interaction effects can be stro
and the resulting plasma characteristics cannot be inde
dently controlled.6 Recently, an Ar/CF4 discharge has bee
numerically investigated in a pulsed LF–VHF reactor.7 The
reduction of the local charging by allowing negative ions
reach the electrodes during the off phase has been discu
The simulation results of the present work show that
same effect can be achieved by applying a different du
frequency configuration. In the present reactor, the t
power supplies are both applied to one of the electrodes
the other electrode is grounded. The wafer is placed on
driven electrode. The purpose of the present work is to st
8 © 2003 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



d
in

-

di

th
es
f t
s

o
te

in

e

n
am

n
un
ar
a

cc

e
In
tr
ies
.

to
i
d
th

e
ed
.
nt

The
pace
m.
IC
-
s in
en-
rst
are
In
ajor
pu-
are

sm,
re-
-
me
ent
ity
e-
nd
zed
ded
the

ex-

ge
ture

el,

i-
e
f

the
To
the
al-

tech-
the

r-
ion
for
ne
r

tral
are
er-
n
te
ur
n
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numerically, the discharge structure and properties, an
compare the simulation results of the plasma parameters
conventional cc single-frequency~13.56 MHz! and dual-
frequency (2127 MHz) reactor by means of a one
dimensional PIC/Monte Carlo~MC! method. The influence
of the second LF on the discharge parameters, such
charged particle densities and energy distributions, is
cussed.

Plasma chemical issues are as much important in
further optimization of etching processes as plasma proc
ing units. Feedgas mixes are usually complex because o
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 and, therefore, is the most well-studied etch sys
~e.g., Refs. 1 and 8–11!. While the investigation of pure CF4

discharges gives the pattern for describing plasma etch
the study of discharges in a mixture of Ar and CF4, which is
often used for etching, provides insight into th
process.5,7,12,13

In our previous paper, we presented a one-dimensio
PIC/MC model and clarified the plasma structure and par
eters in electropositive Ar, electronegative CF4 , and Ar/CF4
discharges at different ratios.12 A rapid decrease in electro
density is observed with the addition of even a small amo
of CF4 to Ar, i.e., the dominant negative charge carriers
the negative ions, and this profoundly influences the she
dynamics. In the present article, the model is extended
examine the discharge structure in a mixture of Ar, CF4 , and
N2, which is a feedstock gas for etching in industrial
dual-frequency reactors.

In Sec. II, the input parameters, the outline of the mod
and the collisions included in the simulation are given.
Sec. III, the results of the simulation, such as the elec
field and potential distributions, charged particle densit
and energy distributions, are presented and discussed
nally, in Sec. IV, a summary is given.

II. DESCRIPTION OF THE MODEL

A schematic diagram of the dual-frequency cc reac
considered in this study is shown in Fig. 1. The plasma
sustained between two parallel plates, each is 20 cm in
ameter and separated from the other by 2 cm. One of
electrodes is driven by a single-~13.56 MHz! or dual-
frequency (2127 MHz) power source. The amplitude of th
applied voltage is 700 V. The other electrode is ground
The simulation is carried out at a pressure of 30 mTorr
should, however, be mentioned that the model prese

FIG. 1. Schematic diagram of the dual-frequency reactor.
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here, can also be applied to other discharge conditions.
computation is based on a one-dimensional coordinate s
and three-dimensional velocity space PIC/MC algorith
The motion of the charged particles is simulated by the P
method using the standard explicit ‘‘leap frog’’ finite differ
ence scheme. A PIC simulation treats the charged particle
a kinetic way. It is attractive because the fields and the
ergy distributions are obtained self-consistently from fi
principles.14 The collisions between the charged particles
added by combining the PIC model with a MC procedure.
the case of modeling of electronegative discharges, the m
disadvantage of this method is that it requires a long com
tational time to reach convergence. The negative charges
confined in the bulk plasma and the only loss mechani
i.e., ion–ion recombination, has a relatively low reaction f
quency. Kawamuraet al.15 point out many physical and nu
merical methods of speeding up the PIC calculations. So
of the methods, such as longer ion time steps, differ
weights for electrons and ions, and improved initial dens
profiles, are applied in this simulation. A more detailed d
scription of the PIC technique can be found in Birdsall a
Langdon.14 Electrons are absorbed and ions are neutrali
on the electrodes. Secondary electron emission is inclu
here because the rf discharge is assumed to be in
g-regime at the conditions under study.16,17 The initial den-
sities of the charged species in the model are based on
perimental and simulation data;8–13 the initial velocities are
calculated from the Maxwellian distribution at an avera
electron temperature of 2 eV and an average ion tempera
of 0.043 eV~500 K!.18

The charged species, which are followed in the mod
are: Electrons, Ar1, CF3

1 , N2
1 , F2, and CF3

2 ions. Simula-
tion results in a pure cc rf CF4 discharge show that the dom
nant positive ions are CF3

1 , with a density exceeding thos
of CF2

1 , CF1, C1, and F1 by more than 2 to 3 orders o
magnitude, andNCF31

>NF21NCF32
1Ne , whereN denotes

the number densities in the bulk plasma.11 For that reason,
CF3

1 is the only type of positive ions of CF4 followed in the
model.

The interactions between the particles are treated by
MC method, which is basically a probabilistic approach.
calculate collision probabilities, it is necessary to have
corresponding collision cross section data, which are not
ways available. Hence, the present model uses several
niques to define the collision probabilities even when
collision cross sections are unknown.

The electron – neutral collision probability is dete
mined by the null collision method based on cross sect
data.19 In the present model, however, the expression
determining the electron scattering angle differs from the o
proposed in Ref. 19, as is explained in Ref. 20. The A1

2Ar, Ar12N2, N2
12N2, and N2

12Ar collision probabili-
ties are calculated in the same way. The other ion – neu
elastic and reactive collisions, included in the model,
calculated by an ion–molecule collision model for endoth
mic reactions.11 The positive–negative ion recombinatio
probability is determined from a recombination ra
constant.21 The outlines of all techniques are given in o
previous paper.12 In this article, the electron – positive io
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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3750 J. Appl. Phys., Vol. 94, No. 6, 15 September 2003 Georgieva, Bogaerts, and Gijbels
(CF3
1 and N2

1) recombination is included and details for th
method are given later in this section.

The electron–neutral~Ar, CF4 , and N2) collisions con-
sidered in this simulation, along with the correspondi
threshold energies and references, are presented in Ta
The collisions of electrons with other neutrals, like CF4 radi-
cals (CF3 , CF2 , CF, and F!, excited states of N2 , and atomic
nitrogen can significantly influence the ion and electron d
sities, and electron temperature, depending on the po
pressure, flow rate, etc. The present model does not take
account these collisions and the approximation is reason
based on the following considerations. The computatio
and experimental results in a pure CF4 discharge show tha
the densities of the radicals at low pressure are much lo
in comparison with the CF4 density, with values in the orde
of 1018m23. 9,10 An experimental investigation of dc mag
netron Ar/N2 discharges at a pressure of 25 mTorr dem
strates that the atomic nitrogen equals between 0.13%
0.24% of the molecular nitrogen depending on the fractio
N2 concentration.26 Consequently, in the investigated g
mixture, which consists of 80% Ar, 10% CF4, and 10% N2,
and at low pressure~30 mTorr!, the concentration and th
collision frequency of the other neutrals with the electro
are expected to be much smaller than the concentration
the collision frequency of the background gas neutrals w
the electrons. In addition, in comparison with the PIC/M
method, a fluid model is more suitable to follow the radic
and excited states, since the PIC/MC method assumes
the background gas neutrals are distributed uniformly in
discharge, which is not applicable to the other neutral spe
~e.g., see the space distributions of CF and CF2 presented in
Ref. 10!. Recently, a fluid model to study pure CF4 dis-
charges has been developed by our group. We will comp
the results from the two models and present the influenc

TABLE I. Electron–neutral~Ar, CF4 , and N2 ! collisions taken into accoun
in the model.

Reaction « th (eV) Reference No.

e1Ar→e1Ar ••• 22
e1Ar→e1Ar* 11.5 22
e1Ar→2e1Ar1 15.8 22
e1N2→e1N2* (Y) a

••• 23
e1N2→2e1N2

1(Y) b 15.6 23
e1N2→2e1N2

1(B2S) 18.8 23
e1CF4→e1CF4 ••• 24
e1CF4→e1CF4(v1) 0.108 24
e1CF4→e1CF4(v3) 0.168 24
e1CF4→e1CF4(v4) 0.077 24
e1CF4→e1CF4* 7.54 24
e1CF4→F21CF3 6.4 24
e1CF4→F1CF3

2 5 25
e1CF4→e1F21CF3

1 12 25
e1CF4→2e1F1CF3

1 16 24
e1CF4→e1F1CF3 12 24
e1CF4→e12F1CF2 17 24
e1CF4→e13F1CF 18 24

aN2 (Y)5N2(n50 – 8,A 3S,B 3P,W 3D,B8 3S,a8 1S,a8 1P,w 1D,
C 3P,E 3S,a9 1S, and9sum of singlets,9 including dissociation!.

bN2
1(Y) 5N2

1 (X 2S andA 2P).
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The Ar12Ar and N2
12N2 elastic isotropic and back

ward scattering~to simulate charge transfer! cross sections
are taken from Phelps.27 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.28 The col-
lision probabilities for these reactions are calculated by
null-collision method.19

The CF3
12CF4, F22CF4, and CF3

22CF4 elastic and
reactive collisions are simulated using the ion–molecule c
lision model for endothermic reactions developed by Nan
and Denpoh.11 A complete overview of the ion – CF4 reac-
tions considered in the model~127 in total! and of the cor-
responding thermodynamic threshold energies, is given
Ref. 12. The Ar12CF4, CF3

1 2Ar, F22Ar, and CF3
22Ar

elastic collisions are treated by means of the sa
technique.12

The positive–negative ion and electron – ion recom
nation reactions, the corresponding rate constants, and
references, are presented in Table II. The ion–ion a
electron–ion recombination cross sections and, hence,
probabilities are determined from a given expression for
corresponding rate constant, as proposed by Nanbu
Denpoh.21,30 We have already explained the collision mod
for ion – ion recombination.12 The dependence of the elec
tron – ion recombination rate constants on the electron t
peratureTe and ion temperatureTi makes the model more
complicated. The electron – ion recombination is treated
ing the null-collision technique.30 Let us express the electro
– ion rate constants aske2 i5a/(Te)

1/2, wherea is equal to
3.95310215/Ti and 7.72310214 for electron – CF3

1 and
electron – N2

1 recombination, respectively. The electron tem
perature is calculated fromTe5mene

2/3e, whereme and ne

are the mass and velocity of the electron, respectively, ane
is the electron charge. The probability that an electron w
velocity ne recombines with a positive ion in time stepDt is
given by30

Pr e2 i
5Wi

Ni

Vc

a

Ame/3e

Dt

ne
, ~1!

whereWi and Ni are the ion weight~representing the rea
number of ions in one simulated superparticle! and the num-
ber of the simulated ions, respectively, in a cell with a v
ume Vc . Since Eq.~1! has a singularity atne50, a cutoff
parameter (ne)min is introduced to obtain the maximum re

TABLE II. Positive–negative ion and electron–positive ion recombinat
reactions considered in the model and the corresponding recombination
coefficients.

Reaction Rate constant (m3/s) Reference No.

F21Ar1→F1Ar 1.0310213 29
F21CF3

1→F1CF3 1.0310213 29
CF3

21Ar1→CF31Ar 1.0310213 29
CF3

21CF3
1→CF31CF3 1.0310213 29

e1CF3
1→CF3 3.95310215/ATeTi 30

e1N2
1→2N(4S) 4.8310213A300/Te(K) 31
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 2. Potential distribution~a! and electric-field distributions in the entire discharge~b!, and in the bulk region~c!, as a function of time in the HF~13.56
MHz! cycle in an Ar/CF4 /N2 discharge atp530 mTorr and applied voltage amplitudeV5700 V in the conventional cc rf reactor.
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combination probability.30 The cutoff parameter is chosen
be 1/5 of the mean electron velocity in each cell so that
probability that a randomly sampled electron has a velo
less than (ne)min is only 1.1% in equilibrium.30 If the number
of the simulated electrons in a cell isNe , the maximum
number of the simulated electronsNre that can recombine is
calculated from30

~Nre!max5Wi

NeNi

Vc

a

Ame/3e

Dt

~ne!min
. ~2!

The colliding electrons (Nre)max are chosen randomly. The
it is checked for each electron with velocityne whether it
recombines with an ion, i.e., if a random numberR is less
than (ne)min /ne. If R>(ne)min /ne, the recombination is
null.30

It should be kept in mind that in the case of differe
weights for ionsWi and electronsWe , as in the presen
simulation, the maximum number of simulated ions that c
recombine (Nri )max is not equal to (Nre)max and is given by
(Nri )max5(Nre)maxWe/Wi .
Downloaded 03 Sep 2003 to 128.101.98.21. Redistribution subject to A
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For the electron – CF3
1 recombination model, the ion

temperature is determined as the mean energy in each
i.e., Ti5mi,n i

2./3e, where mi and n i are the mass and
velocity of the ion, respectively.30

In the simulation, the recombination time step is taken
be 105 times longer than the electron time step; the proba
ity for recombination is, indeed, low because of the mu
lower ion densities in comparison with the neutral gas d
sity.

III. RESULTS AND DISCUSSION

The calculations are performed for an Ar/CF4 /N2 mix-
ture at a ratio of 0.8/0.1/0.1. In Figs. 2-8, the rf power
electrode is at position 0 and the grounded electrode i
position 2 cm. The gas temperature is set to 300 K. T
simulation grid is uniform and it consists of 100 cells. Th
electron time step is 3.7310211s. To speed up the calcula
tion, the ion time step is set to be 25 times longer than
electron time step. The choice of the grid spacing and
time steps is defined by the accuracy criteria for PIC/M
FIG. 3. Potential distribution~a! and electric-field distributions in the entire discharge~b!, and in the bulk region~c!, as a function of time in 2 LF~2 MHz!
cycles in an Ar/CF4 /N2 discharge atp530 mTorr and applied voltage amplitudeV5700 V in the dual-frequency (2127 MHz) cc rf reactor.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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3752 J. Appl. Phys., Vol. 94, No. 6, 15 September 2003 Georgieva, Bogaerts, and Gijbels
codes with explicit mover.15 Typical results of this model are
electron and ion densities, fluxes and energy distributio
collision rates and electric field, and potential distributio
The calculated discharge quantities in the dual-frequency
gime are saved at different phases in 2 LF and 27 HF cy
since one LF cycle does not contain an integer number of
cycles. The discharge quantities in the single-frequency
gime are saved at different phases in one cycle.

A. Potential and electric-field distributions

Figures 2 and 3 present the simulation results of
potential and electric-field distribution in the single- a
dual-frequency regime, respectively. The results are give
a function of distance from the driven electrode and a
function of time in one HF~13.56 MHz! cycle in the con-
ventional cc rf reactor, and in 2 LF~2 MHz! cycles in the
dual-frequency (2127 MHz) reactor. The behavior as
function of time and distance looks the same for both f
quency regimes, but the difference is found in the abso
values. Indeed, the maximum and minimum values of
potential at the driven electrode in the dual-frequency reg
are almost twice as large as those in the one-frequency
gime, for the same applied voltage amplitude~700 V!, and
consequently, the electric field in the sheaths is also m
stronger@cf. Figs. 2~a!, 2~b!, 3~a!, and 3~b!#.

FIG. 4. Electron density distributions as a function of time in the rf cycle
the 13.56 MHz reactor~a! and as a function of time in two LF~2 MHz!
cycles in the dual-frequency (2127MHz) reactor~b!. Applied voltage and
pressure are the same as in Figs. 2 and 3, respectively.
Downloaded 03 Sep 2003 to 128.101.98.21. Redistribution subject to A
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h The discharge structure is electronegative in both inv
tigated schemes. A close look at the electric field in the b

FIG. 5. Ion density distributions in the 13.56 MHz reactor~constant in time!
~a! and atvt50 of the LF~2 MHz! cycle in the dual-frequency reactor~b!.
The F2 ions and positive ions can respond to some extent to the LF. The2

and Ar1 density distributions as a function of time in 2 LF cycles in th
dual-frequency reactor are shown in~c! and ~d!. Applied voltage and pres-
sure are the same as in Figs. 2 and 3, respectively.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



e-
-
c

n
ia

ce
ro
he

e
to
e
a

d
e
in
F

20
p

in

low

is
ulk,
lk–
ent

nd,
uble
e

k at
to

u-

y 1
s
re-

he
ncy
gh-

n
ry
he
ost

le
n
e

e
nd

er

3753J. Appl. Phys., Vol. 94, No. 6, 15 September 2003 Georgieva, Bogaerts, and Gijbels
plasma@Figs. 2~c! and 3~c!# shows the appearance of doubl
layer structures~i.e., the local maxima or minima of the elec
tric field! and field reversal near the bulk–sheath interfa
~cf. with the results for a pure CF4 discharge, presented i
Ref. 12!. The electric field in the bulk plasma is substant
@up to 2000 V/m and 6000 V/m, Figs. 2~c! and 3~c!, respec-
tively# since the potential in the bulk is not constant in spa
The sheaths are wide due to the narrow gap and the st
electric fields. The electric-field distribution is related to t
charged particle density distributions.

B. Electron density distribution

The electron density distribution in both frequency r
gimes is shown in Fig. 4. In the single frequency reac
@Fig. 4~a!# the electrons move toward one of the electrod
depending on the phase of the applied voltage, i.e., tow
the grounded electrode at phasep/2, and toward the powere
electrode at phase 3p/2. The electron density profile in th
bulk is significantly different from the flat profile observed
computational and experimental investigations of an Ar/C4

discharge at 10% concentration of CF4 , applied voltage am-
plitude 200 or 240 V, and at a pressure range from 50 to
mTorr.12,13 Indeed, peaks although not very prominent, a
pear at each bulk–sheath interface and in the bulk@Fig. 4~a!#.
A low-energy group of electrons is formed, which pile up

FIG. 6. EEPF in the center of the discharge averaged over one-HF cyc
the single-frequency reactor~solid line! and averaged over 2 LF cycles i
the dual-frequency reactor~dashed line!. Applied voltage and pressure ar
the same as in Figs. 2 and 3, respectively.

FIG. 7. Normalized F2 IEDF at the powered electrode as a function of tim
in 2 LF ~2 MHz! cycles in a dual-frequency reactor. Applied voltage a
pressure are the same as in Fig. 3.
Downloaded 03 Sep 2003 to 128.101.98.21. Redistribution subject to A
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the bulk plasma, because of the strong electric field and
pressure~i.e., low collision frequency!.32 This group can be
detected in the electron energy probability function~EEPF!
~see next!. Its average energy is about 1.5 eV. Indeed, it
low, compared to the calculated averaged energy in the b
which has a value of about 6.5 eV. The peaks at each bu
sheath interface are explained with the electron movem
back and forth in the presence of negative ions.12

In the dual-frequency regime, the electron density a
consequently, the sheath width respond to the applied do
frequency@Fig. 4~b!#. The electrons oscillate in one of th
sheaths for a half LF~2 MHz! period with the applied HF
~27 MHz!. Two outstanding peaks and a secondary pea
the sheath–bulk interface are formed, which are related
the double-layer structures of the electric field@cf. Figs. 4~b!
and 3~c!#. The electron density in the bulk plasma is calc
lated for both frequency regimes to be about 231015m23.
This is lower than the density of the main negative ions b
order of magnitude~see next!, i.e. the discharge structure i
electronegative, both in the single- and dual-frequency
gimes.

C. Ion density distributions

Figure 5 presents the ion density distributions for t
single- and dual-frequency reactors. In the single-freque
reactor, the ion density profiles are constant in time throu
out the HF cycle @Fig. 5~a!#. The dominant negatively
charged species are negative ions, mainly F2 (1.2
31016m23) and to a lesser extent CF3

- ions (6
31015m23). This is indeed clearly higher than the electro
density. Since the diffusive flux of the negative ions is ve
low and the electric field is always directed outward, t
negative ions are confined in the bulk plasma and are alm

in

FIG. 8. Ar1, CF3
1 , and N2

1 IEDFs at the powered electrode, averaged ov
one-HF cycle in the conventional cc rf reactor@~a! and ~b!#, and averaged
over 2 LF cycles in the dual-frequency reactor@~c! and~d!#. Applied voltage
and pressure are the same as in Figs. 2 and 3, respectively.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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absent in the sheath@Fig. 5~a!#. In the sheath, mainly positive
ions and electrons are found@Figs. 5~a! and 4~a!#. The main
positive ion is Ar1 and its density in the bulk is 1.8
31016m23. CF3

1 and N2
1 ions have densities, which are i

the order of 1.031015 and 0.831015m23, respectively,
hence, more than an order of magnitude lower than the d
sity of the Ar1 ions.

For the dual-frequency reactor CF3
2 ions are the domi-

nant negatively charged species with a density of
31016m23 @Fig. 5~b!#, whereas the density of the F2 ions is
rather small, i.e., only 531014m23 @Fig. 5~c!#. This is in
contrast to investigations for cc single HF pure CF4,
Ar/CF4 , and Ar/CF4 /N2 discharges~see Refs. 8–13!. In the
presence of LF~2MHz! and the high electric-field accelera
tion, the light F2 ions are not confined in the bulk plasma
in HF discharges. They have enough time to move tow
the electrodes. The much heavier CF3

2 ions cannot respond
to the LF and they remain in the bulk plasma@cf. Figs. 5~b!
and 5~c!#, where the only loss mechanism is the positiv
negative ion recombination with extremely low reacti
probability. This explains the higher CF3

2 density compared
to the F2 density. The F2 density profile is greatly modu
lated by the LF and F2 ions are detected at the powere
electrode at phasep/2 of the LF cycle@Fig. 5~c! and see next
for the F2 ion energy distribution function~IEDF! at the
powered electrode#. From the electric-field distribution, on
could expect that F2 ions are able to reach the powere
electrode at phase 3p/2, when the electric field is almost 0
like the electrons@Figs. 3 and 4~b!#. However, at that time,
F2 ions are detected at the grounded electrode@Fig. 5~c!#.
Indeed, the F2 ions are inert in comparison with the ele
trons and 2 MHz is not low enough for F2 to respond in-
stantaneously to the electric field. This explains the time
lay ~phase shift of half of a period,p!. We have also carried
out simulations for a dual-frequency (1127 MHz) reactor
~not presented here!, and they show that F2 ions reach the
electrodes at a phase shifted withp/2 in comparison with the
phase when the electric field is close to 0. Hence, a lower
~1 MHz compared to 2 MHz! results in a smaller phase shi
(p/2 versusp!.

The positive ion density distributions, at phase 0 of t
LF cycle in the dual-frequency reactor are presented in F
5~b!. The positive ions, can respond to the LF to some ex
because the ion plasma frequencyvpi ~calculated to be 2.5
3107 s21, 5.33106 s21, and 5.83106 s21 for Ar1, CF3

1 ,
and N2

1 ions, respectively! and the applied LFv rf51.3
3107 s21 have comparable values. The main positive ion
again Ar1 and its density in the bulk is 1.431016m23. CF3

1

and N2
1 ions have densities of about 1.131015 and 0.6

31015m23, respectively@Fig 5~b!#. The Ar1 density as a
function of time in two LF cycles is given in Fig. 5~d!. The
density profile depends on time although the dependenc
weak.

D. Electron energy distribution

The main advantage of the PIC/MC method is tha
does not require any assumption for the electron energy
tribution function ~EEDF!, which is a crucial parameter in
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the discharge behavior. The EEDF is an output from the c
culation. Figure 6 shows the EEPFf e(«) @5Fe(«)«21/2,
whereFe(«) is the EEDF and« is the electron energy# at the
center of the discharge and averaged for one HF cycle in
single-frequency reactor and for 2 LF cycles in the du
frequency reactor. In the conventional HF reactor, the pro
of the EEPF is complicated and can be approximated b
Maxwellian distribution in its low-energy part~i.e., until
about 2 eV!, and by a Druyvesteyn distribution in the highe
energy part~Fig. 6—solid line!. A low-energy electron group
is formed with average energy of 1.5 eV. The electro
neutral ~mainly Ar because of the highest concentration
the gas mixture! collision frequency of this group ('7
3106 s21) is smaller than the applied frequency ('9
3107 s21), and the low-energy electrons oscillate witho
collisions in the bulk.32

In the dual-frequency reactor, the profile can be appro
mated by a bi-Maxwellian distribution~Fig. 6—dashed line!.
The two electron energy groups have energies of 3.5 and
eV. In the presence of the LF (vLF'107 s21), the two
groups effectively interact with the neutrals. The calcula
reaction rates show that all electron–neutral collisions in
dual-frequency regime have reaction rates from two to fi
times higher than the reaction rates in the single-freque
regime. The high-energy tails in both cases are due to
comparatively strong electric field in the bulk, which is
characteristic feature of electronegative discharges. The
eraged electron energy determined by the EEDF is calcul
to be 7.5 eV and 7.3 eV in the single- and dual-frequen
regime, respectively.

E. Ion energy distributions

Figure 7 presents the normalized F2 IEDF at the driven
electrode, where the wafer is placed in the dual-freque
reactor. Highly energetic F2 ions ~with energy up to 400 eV!
are detected at phasep/2 of the LF cycle@cf. also Fig. 5~c!#.
The incident negative ion flux on the wafer reduces the lo
charging, which is an important issue in improving the p
formance of the anisotropic etching processes. The nega
F2 ion injection was numerically observed also in an Ar/C4

discharge sustained in a pulsed two-frequency reactor du
the off phase.7 In the single-frequency reactor, the electro
and positive ion fluxes on the wafer have the same ma
tude for a short time during the anodic part of the rf cyc
During the cathodic part of the rf cycle, only positive ion
reach the wafer. In the dual-frequency reactor, the elec
flux on the wafer is substantial for a longer time during t
anodic part of the LF cycle and is replaced by the nega
F2 ion flux for a short time of the cathodic part of the L
cycle, reducing the accumulated charge in this way.

The Ar1, CF3
1 , and N2

1 IEDFs at the powered electrode
averaged over one HF cycle in the conventional cc rf reac
are presented in Figs. 8~a! and 8~b!. The Ar1, CF3

1 , and N2
1

IEDFs at the powered electrode, averaged over 2 LF cy
in the dual-frequency reactor are presented in Figs. 8~c! and
8~d!. The IEDFs in the single-frequency regime are narr
with one outstanding peak, whereas the IEDFs in the du
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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frequency regime are broad and bimodal as is expected in
presence of the LF.33,34

The parameter determining the shape of the IEDF is
relation t ion /t rf , wheret ion is the ion transit time andt rf

52p/v rf is the rf period.33

In the HF regime,t ion /t rf@1, i.e., the ions take many r
cycles to cross the sheath, and they respond only to the
erage sheath potential drop. In a collisionless sheath,
results in a narrow IEDF with one or two peaks, depend
on the value oft ion /t rf .

33,34The IEDF widthDE is defined
asDE5E22E1 , whereE1 andE2 are the energies at whic
the peaks are observed. The widthDE decreases with in-
creasingt ion /t rf until, at some point, the two peaks can n
longer be resolved. Analytical calculations and experime

in the HF regime show that the widthDE is centered ateV̄s ,

whereV̄s is the mean sheath voltage drop, and it depends
the ion mass (DE;mi

21/2). 33,34

However, the sheaths in the etching reactors, at the c
ditions under study, cannot be considered collisionless. E
tic and charge exchange collisions broaden the IEDF pro
and shift it toward lower energies. Charge exchange co
sions lead to the formation of secondary peaks, which
placed at energies lower thanE1 andE2 . 33,34

In the present simulation, for the single-frequency re

tor, the two peaks coincide at energies lower thaneV̄s (V̄s is
calculated to be 282 V! @Figs. 8~a! and 8~b!#. The number of
secondary peaks in the Ar1 and N2

1 IEDFs are due to the
frequent resonant and nonresonant charge transfer collis
between Ar1 or N2

1 and Ar or N2 . The charge transfer reac
tion, CF3

12CF3, is not considered in the model since th
density of the CF3 radicals is much lower in comparison wit
the CF4 density, with a value in the order of 1018m23. 9,10

The elastic collisions CF3
12CF4 shift the position of the

primary peak to an energy of 270 eV~cf. with the calculated

V̄s above!. The Ar1 and N2
1 peaks are placed at energies

240 eV and 260 eV, respectively, due to the influence of b
types of collisions. The dependence on the ion mass is
observed. Indeed, the heaviest CF3

1 ion has a narrow IEDF
maximum compared to the wider Ar1 and N2

1 primary
peaks.

In the LF regime, the ion transit timet ion is less than the
rf periodt rf , i.e., the ions cross the sheath in a small fract
of the rf cycle and they reach the electrode with an ene
equal to the instantaneous sheath potential drop.33,34 In this
simulation t ion /tLF , where tLF is the LF period (f
52 MHz), is calculated to be 0.9, 1.2, and 0.7 for Ar1,
CF3

1 , and N2
1 ions, respectively. The two outstanding pea

in the profile correspond to the averaged minimum and m
mum sheath potential drop. In collisionless LF sheaths,
distribution is independent of the ion mass.33 However, in the
present dual-frequency regime, the influence of the app
HF ~27 MHz! is observed and the IEDF width depends
the ion massmi , i.e., asmi is increased,DE is reduced@cf.
the IEDF width for the three positive ions in Figs. 8~c! and
8~d!, considering thatmN21,mAr1,mCF31]. The influence

of the collisions is the same as in the single-HF regime.
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IV. SUMMARY

A one-dimensional PIC/MC model has been develop
to describe the structure of a cc rf discharge in a gas mix
of Ar, CF4 , and N2. The model follows electrons, Ar1,
CF3

1 , F2, CF3
2 , and N2

1 ions. The collisions treated by th
MC method include electron – neutral~Ar, CF4 , and N2)
collisions, various kinds of collisions of Ar1, CF3

1 , F2,
CF3

2 , or N2
1 with neutrals, positive – negative ion recomb

nation, and electron – ion recombination.
The simulations are performed for 0.8/0.1/0.1 ratios

Ar/CF4 /N2 mixture at a pressure of 30 mTorr in single
~13.56 MHz! and dual-frequency (2127 MHz) cc reactors
and a comparison between the two frequency regime
made. The model yields results for the electron and vari
ion densities, their fluxes and energy distributions, the co
sion rates and the electric field, and potential distributio
The results are presented as a function of distance to
driven electrode and as function of time in one HF cycle
the single-frequency reactor, and in two LF cycles in t
dual-frequency reactor.

The results show that the structure of the discharge
electronegative in both investigated regimes, i.e. doub
layer structure and electron density maxima at the bulk
sheath interface are observed, and the main negative car
are the negative ions. The electron densities in the bulk h
similar values in the two regimes. In the dual-frequency
gime, the electrons oscillate in one of the sheaths for hal
a LF ~2 MHz! period with the applied HF~27 MHz!. The
main negative ion in the single-frequency regime is F2,
whereas it is CF3

2 in the dual-frequency regime. Indeed,
the presence of LF~2 MHz! and the strong electric-field
acceleration, the light F2 ions are not confined in the bul
plasma as in single-HF discharges and they have eno
time to move toward the electrodes. Highly energetic2

ions ~with energy up to 400 eV! are detected at phasep/2 of
the LF cycle at the driven electrode and at phase 3p/2 of the
LF cycle at the grounded electrode. The much heavier C3

2

ions cannot respond to the LF and they remain in the b
plasma. The positive ion densities do not depend on
phase in the single-frequency reactor. However, in the d
frequency reactor, the positive ions respond slightly to
LF. The main positive ion is Ar1. The densities of each o
the positive ions have similar values in the two regimes.

The calculated EEPF profiles can be approximated t
Druyvesteyn and bi-Maxwellian distribution with high
energy tails in the single- and dual-frequency regime, resp
tively. The IEDF in the single-frequency regime is narro
with one outstanding peak, whereas the IEDF in the du
frequency regime is broad and bimodal. The IEDF ene
width depends on the ion mass.

In conclusion, the present simulations show that
dual-frequency regime improves the following plasma p
rameters, which are very important in the etching proces

~1! It provides a significantly wider ion bombardme
energy range in comparison with the single-HF configu
tion.

~2! It reduces the charge accumulation by F2 injection to
the electrodes.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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~3! It randomizes the electron energy by a high
electron–neutral collision frequency in comparison with t
single-HF regime at the same pressure. This results in
EEDF distribution, close to the bi-Maxwellian, which ca
significantly simplify further calculations of plasma quan
ties determined by the EEDF.
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