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Dynamics of ion-ion plasmas under radio frequency bias
Vikas Midhaa) and Demetre J. Economoub)

Plasma Processing Laboratory, Department of Chemical Engineering, University of Houston, Houston,
Texas 77204-4792

~Received 10 October 2000; accepted for publication 4 May 2001!

A time-dependent one-dimensional fluid model was developed to study the dynamics of a positive
ion-negative ion~ion-ion! plasma under the influence of a rf bias voltage. The full ion momentum
and continuity equations were coupled to the Poisson equation for the electrostatic field. Special
emphasis was placed on the effect of applied bias frequency. Due to the lower temperature and
greater mass of negative ions compared to electrons, the sheath structure in ion-ion plasmas differs
significantly from that of conventional electron-ion plasmas, and shows profound structure changes
as the bias frequency is varied. For low bias frequencies~100 kHz!, the charge distribution in the
sheath is monotonic~switching from positive to negative! during each half cycle. For intermediate
frequencies~10 MHz!, when the bias period approaches the ion transit time through the sheath,
double layers form with both positive and negative charges coexisting in the sheath. For high
frequencies~60 MHz!, beyond the plasma frequency, plasma waves are launched from the sheath
edge, and the sheath consists of multiple peaks of positive and negative charge~multiple double
layers!. For a relatively large range of bias frequencies~up to the plasma frequency!, each electrode
is bombardedalternatelyby high energy positive and negative ions during a rf bias cycle. For bias
frequencies greater than the plasma frequency, however, the electrode is bombarded simultaneously
by low energy positive and negative ions with ion energies approaching the thermal value. The ion
energy was found to increase with the applied bias potential. Also, at relatively high pressures~20
mTorr!, the ion energy at low frequencies~100 kHz! is limited by collisions. The peak ion energy
may then be increased by using an intermediate bias frequency~10 MHz!. At lower pressures,
however, the effect of collisions is mitigated while the effect of ion transit time becomes significant
as the bias frequency increases. In this case, a low bias frequency~100 s of kHz! is favorable for
extracting high energy ions from the plasma. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1383260#
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I. INTRODUCTION

Ion-ion plasmas are plasmas that consist of positive
negative ions only~electron-free plasmas!. In practice, a
small number of electrons can coexist, provided that
dominant negative charge carriers are negative ions; see
1 for quantification. Ion-ion plasmas may be formed in t
afterglow of pulsed discharges in electronegative gases2–5

Simulations of a pulsed chlorine discharge, for examp1

showed that once the power is switched off, the elect
density decays rapidly as a function of time due to diffus
and dissociative attachment with neutral molecules. In
presence of a significant number of electrons, negative
remain trapped in the reactor due to the electrostatic fie
and are unable to diffuse to the walls. Therefore, while
average electron density drops in the afterglow, the aver
negative ion density increases due to dissociative attachm
Thus, the plasma becomes increasingly electronegative
function of time in the afterglow. Eventually, there is a tra
sition to an ion-ion plasma1–6 when the electron density an
temperature are low enough that negative ions become
dominant negative charge carrier in the plasma. This sta

a!Currently with General Electric-CRD, Schenectady, NY 12065.
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characterized by such weak electrostatic fields that nega
ions are now able to diffuse to the walls. Thus, in contras
electron-ion plasmas, it is possible to extract negative i
out of an ion-ion plasma.

The electrostatic fields in an ion-ion plasma are det
mined by ions instead of electrons. In conventional electr
ion plasmas, the reason of existence of electrostatic field
to balance wall losses of the lighter and more energetic e
trons out of the plasma with those of the heavier and col
positive ions. However, by replacing electrons with negat
ions in the plasma, the mass and temperature of the n
tively charged and positively charged species become c
parable. Ion-ion plasmas, therefore, are characterized
much weaker electrostatic fields, with a plasma potentia
the order of the ion temperature~without external bias!. In
the ideal case of a positive ion-negative ion plasma in wh
both ion species have equal masses and temperatures, io
plasmas are characterized by the absence of electros
fields and the absence of sheaths~when no bias voltage is
applied!. The spatial profiles of positive and negative io
coincide throughout the length of the reactor, and both io
are able to diffusefreely to the walls. Other salient feature
of ion-ion plasmas include:7–10 ~a! only heavy particles par-
ticipate in plasma chemistry,~b! the plasma impedance ca
be changed drastically by light irradiation~negative ion pho-
il:
2 © 2001 American Institute of Physics
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todetachment! that creates electrons,~c! the potential distri-
bution in an ion-ion plasma~without a bias or with a low
frequency bias! behaves as in liquid electrolytes,11 ~d! ion-
ion plasma properties can be measured by a Langm
probe.12

It is also possible to form ion-ion plasmas~with a small
number of electrons! under steady state conditions by ope
ating a strongly electronegative discharge at relatively h
pressure.13–15When the ratio of negative ion to electron de
sity ~electronegativity! becomes greater than about 100
electrons do not play a significant role and negative ion
traction should be possible.1,2 An ion-ion plasma~with a
small number of electrons! can coexist in the same vess
with a conventional electron-ion plasma.14–16 The transition
between the two plasmas can be smooth, or double la
may separate the two plasmas.17–20

Ion-ion plasmas offer unique possibilities for plasm
etching applications. In contrast to conventional electron-
plasmas in which negative ions remain trapped in the b
plasma, negative ions can participate in etching in ion-
plasmas,21–24 possibly reducing charging damage and et
profile distortions associated with electron-ion plas
etching.25 Ion-ion plasmas are also important in negative i
sources,26,27 the D layer of the atmosphere,28 and in dusty
plasmas.10

As mentioned above, an ideal~two ions with equal
masses and temperatures! ion-ion plasma without an applie
external bias potential is characterized by the absenc
electrostatic fields and free diffusion of ions to the walls. T
profile of positive-ion density simply overlaps with that
the negative-ion density. In the presence of a bias poten
however, the positive and negative ions separate to for
sheath near the electrode. In this article, the influence o
external rf bias on an ion-ion plasma is examined. A tim
dependent one-dimensional fluid model is developed wh
resolves the sheath regions near the electrodes. The m
includes the Poisson equation for the electrostatic fi
coupled with the continuity and momentum equations for
ion density and velocity, respectively. The effect of varyi
the bias frequency, bias potential and operating pressur
the dynamics of the plasma, and the flux and energy of i
bombarding the electrode are examined. Although the s
tiotemporal dynamics of conventional electron-ion plasm
have been studied extensively,29–32 we are not aware of any
published reports on the dynamics of ion-ion plasmas un
the influence of an external rf bias voltage.

II. MODEL DEVELOPMENT

A low-pressure ion-ion plasma formed in the late aft
glow of a pulsed chlorine discharge is considered. The mo
assumptions are outlined below.

~1! A high degree of gas dissociation is assumed. Th
the only ions present are Cl1 and Cl2 both at an ion tem-
perature of 300 K.

~2! The electron density is assumed to have decaye
low enough values compared to the ion density~electronega-
tivity greater than 1000! so that the presence of electro
may be completely neglected. Similarly, any electrons wh
Downloaded 18 Sep 2001 to 129.7.12.23. Redistribution subject to AIP
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may be generated due to capacitive coupling under the
plied bias are neglected.

~3! The parallel electrodes are assumed to be of eq
area~one-dimensional system!. A sinusoidal bias voltage is
applied to the driven~left! electrode, while the other~right!
electrode is grounded@Fig. 1~a!#.

A. Governing equations

A one-dimensional fluid model for an ion-ion plasm
under the influence of a externally applied bias potentia
developed. The model consists of the following set of go
erning equations: The continuity equation for the posit
and negative ions is given by

FIG. 1. ~a! Schematic of the one-dimensional parallel plate system con
ered.~b! Spatiotemporal evolution of the potential at base case conditi
for a bias frequency of 100 kHz.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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]ni

]t
52

]

]x
~niui !1Ri , ~1!

whereni is the ion density,ui is the ion fluid velocity, andRi

represents the rate of generation or loss of ions thro
chemical reaction~ion-ion recombination in our case, wit
rate coefficient of 531028 cm3/s!; i 5p and i 5n for posi-
tive and negative ions, respectively. The ion fluid velocit
are computed by the momentum balance equations:

]~niui !

]t
1

]~niuiui !

]x
5S siq

Mi
DniE2S kTi

M i
D ]ni

]x
2niuin i ,

~2!

whereMi is the ion mass,Ti is the ion temperature,n i is the
ion-neutral collision frequency,si is the charge number o
the ion, andq is the value of the elementary charge. T
terms in Eq.~2! ~from left to right! represent the time rate o
change in ion momentum or temporal inertia, spatial iner
electrostatic force, pressure gradient, and collisional d
respectively. The ion-neutral collision frequency was tak
as proportional to the ion velocity~low pressure constan
mean free path case, see Ref. 15!. The electrostatic field is
governed by the Poisson equation:

]E

]x
5

q

«0
~np2nn!, ~3!

where the electric field,E, is related to the plasma potentia
V, by E52]V/]x. Here«0 is the permittivity of free space
The potential at the driven~left, x50! electrode is assume
to be of the form

V~x50!2Vb sin~vt !, ~4!

where Vb is the amplitude andv is the frequency of the
applied bias. The potential at the grounded~right, x5L!
electrode is fixed at zero@Fig. 1~a!#.

The governing equations of the fluid model, therefo
consist of two continuity equations for ion densitiesnp and
nn , two momentum equations for ion velocitiesup and un

and the Poisson equation for the electrostatic field. Ini
conditions were: identical positive and negative ion dens
profiles as obtained in an ion-ion plasma with equal m
and temperature of the ions~nearly parabolic if ion-ion re-
combination is slow! with a peak ion density of 1011cm23,
and potential equal to zero everywhere. Boundary conditi
included zero positive and ion density on the walls.

B. Linear analysis „Ref. 33…

A preliminary analysis of the system of equations is
structive to estimate the time scales of important phys
processes. First, the time scale for ion-ion recombination
a peak ion density of 1011cm23 is long compared to othe
physical processes and is neglected in this analysis, i.eRi

50. If, in addition, a constant ion collision frequency is a
sumed for the moment, Eqs.~1! and~2! may be combined to
yield the following equation for ion density:
Downloaded 18 Sep 2001 to 129.7.12.23. Redistribution subject to AIP
h

s

,
g,
n

,

l
y
s

s

-
l
r

-

]2ni

]t2 1n i

]ni

]t
52

]2~niui
2!

]x2 2S siq

Mi
D ]~niE!

]x

1S kTi

M i
D ]2ni

]x2 . ~5!

This equation shows the nonlinear nature of ion transpor
the plasma. The nonlinearities are due to spatial inertia@third
term from the left hand side in Eq.~5!# and electrostatic
fields ~fourth term!. Assuming an initially flat density profile
(np5nn5n0) and small perturbations of that density, Eq.~5!
may be linearized to give

]2np

]t2 1n i

]np

]t
52S n0q

Mi
D ]E

]x
1S kTi

M i
D ]2np

]x2 , ~6!

for the positive-ion density and

]2nn

]t2 1n i

]nn

]t
51S n0q

Mi
D ]E

]x
1S kTi

M i
D ]2nn

]x2 , ~7!

for the negative-ion density. Equations~6! and ~7! may now
be combined to identify two modes of propagation.

~a! The total density (np1nn), evolves according to the
relation

]2~np1nn!

]t2 1n i

]~np1nn!

]t
5S kTi

M i
D ]2~np1nn!

]x2 . ~8!

For time scales greater than the characteristic collision t
(tc51/n i), temporal inertia is negligible and Eq.~8! reduces
to

]~np1np!

]t
5Di

]2~np1nn!

]x2 , ~9!

where Di is the ion diffusivity given byDi5(kTi /n iM i).
Therefore, over relatively long time scales, the overall d
sity of an ion-ion plasma simply decays due to ion diffusi
and is independent of the applied bias potential and
quency. Of course, over even longer time scales, ion-ion
combination~nonlinear term! enters the picture.

For time scales shorter than the characteristic collis
time tc , temporal inertia is dominant and Eq.~9! reduces to

]2~np1np!

]t2 5ci
2 ]2~np1nn!

]x2 , ~10!

where ci is the ion sonic velocity given byci5AkTi /Mi .
Equation ~10! represents the propagation of ion-acous
waves. In ion-ion plasmas, ion acoustic waves propag
slowly due to the thermal motion of the ions, whereas
electron-ion plasmas, ion-acoustic waves can also propa
due to the presence of electrostatic fields, which are g
erned by theelectron temperature. Therefore, the sonic v
locity of ions is significantly lower in ion-ion plasmas com
pared to electron-ion plasmas, since the electron tempera
is normally much greater than the ion temperature.

~b! The other mode of propagation obtained from Eq
~6! and~7! is the charge density (np2nn), which propagates
according to the relation
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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]2~np2nn!

]t2 1n i

]~np2nn!

]t
522S qn0

Mi
D ]E

]x

1S kTi

M i
D ]2~np2nn!

]x2 .

~11!

For long time scales compared totc , Eq. ~11! reduces to

]~np2nn!

]t
52~2m in0!

]E

]x
1Di

]2~np2nn!

]x2 , ~12!

wherem i5(q/n iM i) is the ion mobility. Equation~12! gives
the rate of decay of charge density due to ion drift and
diffusion. Since the time scales for ion drift and ion diffusio
are significantly less than those associated with electrons
charge density decays at a much slower rate in an ion
plasma compared to an electron-ion plasma.

For short time scales compared totc , Eq. ~11! reduces
to

]2~np2nn!

]t2 52v i
2~np2nn!1S kTi

M i
D ]2~np2nn!

]x2 , ~13!

wherev i5(2q2n0 /«0Mi) is an ion-plasma frequency. Equa
tion ~13! was derived by substituting Eq.~3! for the electric
field gradient into Eqs.~6! and~7!. Equation~13! represents
propagation of plasma or Langmuir waves in an ion-i
plasma. These plasma waves are similar in nature to
plasma waves in electron-ion plasmas and represent os
tions in charge density due to electrostatic fields and part
inertia. For frequencies greater than the plasma freque
these oscillations in charge density propagate in space du
thermal motion to produce a plasma wave. For frequen
less than the plasma frequency, the oscillations are unab
propagate in space and decay within a few Debye leng
Since the ion-plasma frequency is significantly less than
electron-plasma frequency, plasma waves may be prese
ion-ion plasmas even for relatively low-frequency perturb
tions.

Table I shows the parameter values used as a base
in this study and Table II summarizes the important tim
scales which emerge from the linear analysis. The respo
of an ion-ion plasma to a rf bias may be divided into diffe
ent regimes based on the characteristic time scale for c
sions and the ion plasma frequency. Over long time sc
compared to the collision time, the total density in the bu
plasma decays simply due to ion diffusion@Eq. ~10!# and is
unaffected by the presence of the applied bias. Similarly
long-time scales, the evolution of charge in the sheath
gions will evolve simply due to ion drift and ion diffusio
@Eq. ~12!#. For short-time scales compared to the collisi
time, the sheaths become collisionless and the time s

TABLE I. Base case parameter values used in the simulation.

Peak ion density 1011 cm23

Ion temperature 0.026 eV
Ion mass 35.5 amu
Pressure 20 mTorr
Bias potential~peak to peak! 130 V
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corresponding to the ion-plasma frequency is important
the time period of the bias is greater than the ion-plas
frequency, the ion-plasma frequency determines the t
scale over which quasineutrality is restored. Therefore,
ion-plasma frequency is a measure of the transit time of
ions through the sheath and may be expressed as

v i5
uav

Ls
5A S qVb

Mi
D

S «0Vb

2qn0
D , ~14!

whereuav is a characteristic velocity of ions in the shea
and Ls is a characteristic distance~sheath thickness! over
which charge separation occurs. Similarly, for time perio
less than the plasma frequency, there is insufficient time
quasineutrality to be restored and plasma waves may
launched.

Although linear analysis provides much physical insig
linear analysis cannot be used to provide quantitative in
mation on the dynamics of ion-ion plasmas. This is due
the following reasons:

~1! Linear analysis is valid only for small perturbation
in the ion density with an initially uniform profile. However
the ion-ion plasma formed in the afterglow is initially non
uniform with a maximum at the center and a minimum at t
electrodes. Consequently, the ion plasma frequency is
constant but varies spatially along the length of the reac
The ion plasma frequency is lowest at the electrode and
crease significantly towards the center.

~2! Application of a bias potential results in large pertu
bations in the charge density since the magnitude of the
plied potential for practical interest is several orders of m
nitude greater than the ion temperature. Therefo
perturbations in the ion density are of the order of the den
itself and cannot be considered small. Also, the contribut
of the electrostatic field@fourth term from left in Eq.~5!# is
nonlinear.

~3! At low pressures, the collision frequency is not co
stant; a constant mean free path is a better approxima
For length scales less than the mean free path, the nonlin
ity due to spatial inertia@third term from left in Eq.~5!#
becomes significant. The collision frequency is a function
the ion velocity and the collisional drag term in the mome
tum equations also becomes nonlinear. For these reaso
numerical solution of the governing Eqs.~1!–~3! is required
to obtain quantitative results.

TABLE II. Time scales of important physical process.

Collision frequencyn i ~evaluated atui5ci! 300 kHz

Frequency of ion diffusion across discharge length
(L53.8 cm)

1 kHz

Frequency of ion drift across sheath thickness
(LS50.2 cm)

3 MHz

Frequency of ion diffusion across sheath thickness
(LS50.2 cm)

75 kHz

Plasma frequencyvpi ~evaluated at sheath edge
ni51010 cm23!

30 MHz
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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III. NUMERICAL METHOD

The governing system of Eqs.~1!–~3! was discretized in
space using a finite-difference scheme based on a stagg
mesh.34 Ion densities and plasma potential were evaluated
one set of grid points while other dependent quantities~in-
cluding ion velocities, fluxes, and electric field! were evalu-
ated on a staggered set of grid points. Upwind-biased fin
difference operators were employed to approximate
spatial inertia terms in the ion momentum equations. D
cretization in space converted the original set of Eqs.~1!–~3!
into a time-dependent differential-algebraic equation~DAE!
system. This set of DAEs was solved using LSODI, a fu
implicit, variable order, variable time step integrator bas
on backward difference formulas.35 A nonuniform mesh of
301 grid points biased towards the sheaths near the e
trodes was employed. Typical CPU times for each run w
about 10–20 min on a 125 MHz Unix workstation depend
on the bias frequency. In order to obtain a periodic soluti
only a few cycles were required for low bias frequenci
whereas 100s of cycles were required for high bias frequ
cies.

IV. RESULTS AND DISCUSSION

Based on the preliminary linear analysis, the ion-i
plasma response to an applied rf bias may be divided
three regimes depending on the frequency of the applied
v, the characteristic ion collision frequencyn i , and the ion
plasma frequencyv i , the latter evaluated at the sheath ed
In all figures below,t is the dimensionless bias period; fo
0,t,0.5 the bias applied to the left electrode is negati
and for 0.5,t,1, the bias applied to the left electrode
positive @Fig. 1~a!#. All results refer to the base case cond
tions ~Table I! unless stated otherwise.

A. Low frequency regime „vËn iËv i…

At low bias frequencies, the bias period is greater th
the characteristic time scale for collisions. Therefore, co
sional drag dominates over temporal inertia and the ion
locity is in quasisteady state with respect to the local elec
field. In this regime, the bias period is also greater than
transit time of the ions through the sheath and the ions
able to respond faithfully to the instantaneous value of
plied bias without a significant phase lag.

The spatiotemporal potential distribution between
plates is shown in Fig. 1~b! for a bias frequency of 100 kHz
In contrast to electron-ion plasmas, in which the plasma
tential is the most positive potential in the system, the spa
potential profile in ion-ion plasmas is monotonic and is sy
metrically distributed between the two electrodes. This sy
metry is a direct consequence of the equal masses and
peratures of the positively and negatively charged spe
assumed for this particular ion-ion plasma. Such monoto
potential profiles are found in liquid electrolyte system
where the mass and temperature of positive and nega
ions are comparable as well. At any instant in time, o
electrode acquires a net positive potential with respect to
bulk plasma while the other electrode acquires an eq
negative potential. During the periodt50 – 0.5 the left elec-
Downloaded 18 Sep 2001 to 129.7.12.23. Redistribution subject to AIP
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trode (x50) is negatively biased with respect to the bu
plasma while the right electrode (x5L) is positively biased.
Similarly during the period 0.5–1.0, the left electrode b
comes positively biased while the right electrode becom
negatively biased with respect to the bulk plasma. At this l
frequency, the displacement current is negligible compa
to the conduction current in the bulk plasma and most of
potential drop occurs in the sheaths near the electrodes.
potential profile of Fig. 1~b! is related to the evolution o
charge density in the ion-ion sheaths formed at the two e
trodes.

Figure 2 shows the spatial profiles of the net charge d
sity at t50.25 and 0.75. During each half of the bias cyc
positive ions are attracted towards the negatively biased e
trode while negative ions are repelled. This results in
formation of a sheath with a net positive charge at the ne
tively biased electrode. Conversely, negative ions are
tracted towards the positively biased electrode while
positive ions are repelled. This results in the formation o
sheath with a net negative charge at the positively bia
electrode. Therefore, in contrast to electron-ion plasmas
which the sheaths contain a net positive charge, the elect
sheaths in ion-ion plasmas contain equal and opposite
charges. The polarity of the charge in each sheath is reve
during each half cycle of the rf bias.

Figures 3 and 4 show, respectively, the evolution of
positive and negative ion-density profiles near the left el
trode during the second half of a bias cycle (0.5,t,1). The
left electrode was previously (0,t,0.5) negatively biased
with respect to the bulk plasma, has no net bias att50.5 and
remains positively biased through the second half of
cycle. At t50.5, both positive and negative ions diffuse t
wards the electrode as the electrode potential is equal to
plasma potential. Since the bias period is comparable to
characteristic diffusion time of ions through the shea
~Table II!, the sheath does not have sufficient time to co
pletely collapse byt50.5 and a relatively small positive
charge persists in the sheath from the previous half cy
The electrostatic field due to this charge is responsible

FIG. 2. Spatiotemporal evolution of net charge at base case conditions
bias frequency of 100 kHz.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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small fronts in the ion-density profiles at the sheath edg
x50.08 cm. Similarly, the potential in Fig. 1~b! is not con-
stant for all spatial locations att50.5 and shows the forma
tion of minor peaks in the sheath regions@small blips in Fig
1~b!, at t50 and 0.5#. This effect is small at low operating
frequencies but becomes significant at higher frequen
and will be addressed in more detail in the following se
tions.

After t50.5, the electrode potential increases with tim
and negative ions are attracted towards the electrode w
positive ions are repelled away from the electrode. The
fore, the sheath acquires a net negative charge. A front in
positive-ion density profile is formed~Fig. 3! which repre-
sents a competition between repulsion due to the electros
field ~ion drift! and ion diffusion towards the electrode. A
the electrode potential increases, this front is gradually
placed away from the electrode towards the bulk plasma
sulting in an increase in the sheath width.

FIG. 3. Spatiotemporal evolution of positive ion density near left electr
at base case conditions for a bias frequency of 100 kHz.

FIG. 4. Spatiotemporal evolution of negative ion density near left electr
at base case conditions for a bias frequency of 100 kHz.
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The electrode potential decreases during the last qua
of the cycle (t50.75– 1.0), the electrostatic field weake
and the positive-ions begin to diffuse back towards the e
trode~Fig. 3, t50.9!. The sheath width gradually shrinks a
the magnitude of the bias potential decreases. As in the
of t50.5, the positive and negative ions are unable to diffu
back fully to the electrode att51.0. Therefore, the sheat
does not fully collapse and a small negative charge pers
in the sheaths for the next cycle. The sheath at the r
electrode also shows similar behavior but is 180° out
phase with respect to the sheath at the left electrode.

Figure 5 shows the evolution of the ion fluxes at the l
electrode during a bias cycle. For this low operating f
quency, the left electrode is bombarded alternately by p
tive ions and negative ions during each half of the bias cy
This is in agreement with experimental data.36 The peak in
the negative-ion flux is slightly less than the peak in t
positive-ion flux due to continuous depletion of the plasm
~no ionization in the ion-ion plasma!. At this relatively low
operating frequency, a significant fraction of the plasma
depleted during the course of each half cycle. Note that
difference in fluxes does not imply an accumulation of a
negative charge during the cycle. This is because the r
electrode is bombarded by an equal flux of negative ions~as
opposed to positive ions! in the first half of the cycle fol-
lowed by an equal flux of positive ions in the second half
the cycle. In other words, at any instant of the cycle, the fl
of positive ions exiting the plasma at one electrode is eq
to the flux of negative ions exiting the other electrode.

Figure 5 shows that the peak ion flux during a half cyc
is comparable to twice the diffusion flux of the ions in th
absence of a bias. The total flux of ions integrated over a
cycle is equivalent to the diffusion flux of ions without a bia
potential. Therefore, for low bias frequencies, the flux of io
bombarding the electrode is independent of the magnitud
the applied bias potential and is limited by the ion diffusi
flux. The only effect of the applied bias potential is to tem
porally redistribute this diffusion flux between the two ele

e

e

FIG. 5. Ion flux at the left electrode during a bias cycle at base case co
tions for a bias frequency of 100 kHz.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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trodes. Instead of exiting both electrodes simultaneously,
positive ions exit only the negatively biased electrode wh
the negative ions exit only the positively biased electro
during each half cycle.

A closer examination of Fig. 5 shows a small phase
between the ion flux and the applied potential which cor
sponds to the transit time of ions through the sheath. At
low frequency, the ion transit time is only a small fraction
the bias period~Table II!. During this period, the electrod
reverses polarity, and the sheath undergoes a transition
a net positive charge when the electrode is negatively bia
to a net negative charge when it is positively biased w
respect to the bulk plasma. Since the time for this transit
is short compared to the overall bias period, the charge in
sheath regions essentially remains monotonic in nature
each half cycle, i.e., either fully positive or fully negativ
This is not true, however, when the bias frequency is
creased.

B. Intermediate frequencies „n iËvËv i…

As the bias frequency is increased beyond the collis
frequency, temporal inertia of the ions starts to domin
over the collisional drag. The ion velocity, therefore, is
longer in equilibrium with the local electric field. In thi
regime, the bias frequency can approach the ion-plasma
quency. Physically, this represents the case when the tr
time of ions through the sheath constitutes a significant fr
tion of the bias period.

Figure 6 shows the plasma potential profiles at vario
instants of the bias cycle for a bias frequency of 10 MHz.
this frequency, there is insufficient time for the applied b
potential to be fully shielded in the sheaths and a signific
electric field exists in the bulk plasma. Therefore, the d
placement current in the bulk plasma is greater than in
low frequency case~Fig. 1~b!!. Its magnitude, however, is
still smaller relative to the conduction current since most
the potential drop occurs in the sheaths rather than the
plasma. Interestingly, the potential profiles in the sheath

FIG. 6. Spatiotemporal evolution of the potential at base case condition
a bias frequency of 10 MHz.
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gions are no longer monotonic, but show the formation
potential wells near each electrode when the electr
changes polarity with respect to the bulk plasma~Fig. 6, t
50 and 0.5!. This nonmonotonic sheath potential is relat
to the evolution of the charge distribution in the sheath.

Figures 7, 8, and 9 show the net charge density and
ion-density profiles in the sheath region near the left el
trode. At t50.5, the electrode potential is zero with respe
to the plasma center. However, due to the relatively lo
transit time of ions through the sheath, some positive io
continue to persist in the sheath~Fig. 8! while negative ions
are unable to diffuse back to the electrode~Fig. 9!. There-
fore, a net positive charge exists for some region in
sheath (0,x,0.14 cm) near the electrode att50.5 ~Fig. 7!.
Beyond this point, there is a region of net negative cha
(0.14 cm,x,0.18 cm) which is formed due to the inertia o
positive ions as they continue to be accelerated from the b
plasma towards the electrode even att50.5 when the elec-

orFIG. 7. Spatiotemporal evolution of net charge at base case conditions
bias frequency of 10 MHz.

FIG. 8. Spatiotemporal evolution of positive ion density near left electro
at base case conditions for a bias frequency of 10 MHz.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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trode potential is zero. The overall charge distribution in
sheath att50.5, therefore, consists of a double layer w
positive charge near the electrode followed by a sharp ne
tive charge spike at the sheath edge. This charge distribu
is responsible for the formation of a ‘‘well’’ in the spatia
potential profile in Fig. 6 att50.5 and is indicative of a
reversal in the direction of the electrostatic field in t
sheath. The electric field is positive close to the electro
(0,x,0.1 cm), and turns negative near the sheath e
(0.1,x,0.18 cm). At even higher frequencies this develo
into an oscillatory structure of the potential~see Sec. IV C!.

After t50.5, the left electrode becomes positively b
ased and attracts negative ions from the bulk plasma. Fig
9 shows that a significant period of time is required for t
negative-ion front to traverse the length of the sheath
reach the electrode. The negative-ion front first advan
during the periodt50.5– 0.6 as negative ions are attract
towards the electrode, but the velocity of the negative ion
still small. At later times, however, negative ions are acc
erated and the velocity of the bottom end of the negative-
front exceeds the velocity of the top end of the front. T
negative-ion front, therefore, spreads as a function of t
with the bottom end of the front advancing towards the el
trode while the top end retreats as negative ions are deple

By aboutt50.8, the negative-ion front first reaches t
electrode~Fig. 9! while the positive ions near the electrod
have been repelled~Fig. 8!. A net negative charge exist
throughout the entire length of the sheath att50.8 ~Fig. 7!
indicating that the potential distribution is monotonic and t
electric field is positive. The evolution of the plasma pote
tial and the electric field in the sheath region, therefore
clearly coupled with the transit time of the negative io
through the sheath region.

After t50.75, the electrode bias is decreasing~in mag-
nitude! with time, but the negative ions continue to be e
tracted from the bulk plasma due to ion inertia. The positi
ion front atx50.15 remains essentially stationary since t
bias period is much shorter than the ion diffusion time~Fig.
8!. As a result of inertia, the negative ions continue to ov

FIG. 9. Spatiotemporal evolution of negative ion density near left electr
at base case conditions for a bias frequency of 10 MHz.
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shoot and a net positive charge is gradually formed at
edge of the sheath during the periodt50.8– 1.0~Fig. 7!. By
t51.0, an inverted double layer exists with a net negat
charge near the electrode (0,x,0.14 cm) and a net positive
charge near the sheath edge (0.14 cm,x,0.18 cm). This
charge distribution is the inverse of the distribution whi
existed at the electrode att50.5. The overall evolution of
the space charge during the course of a half cycle, theref
describes a complete oscillation with the negatively char
region becoming positively charged and the positive
charged region becoming negatively charged.

Figure 10 shows the evolution of the ion fluxes at the l
electrode during the course of a bias cycle. The effect of
transit time of ions through the sheath is clearly evident
the evolution of fluxes. The positive-ion flux continues un
t50.7 even when the electrode is positively biased with
spect to the plasma. Negative-ion flux does not appear u
t50.8 representing the transit time of the negative-ion fro
through the sheath. As opposed to the low frequency c
the ion flux is significantly greater than the correspond
diffusion flux without an applied bias potential. At this bia
frequency, there is insufficient time for the applied bias p
tential to be fully shielded in the sheath regions. Due to
presence of these electric fields, therefore, the ion flux to
walls exceeds the diffusion flux in the bulk plasma. Con
quently, a high bias frequency, approaching the~ion! plasma
frequency is required to extract ions at a faster rate from
plasma.

C. High frequency „n iËv iËv…

At operating frequencies beyond the ion-plasma f
quency, the time period of the applied bias is significan
shorter than the transit time of ions through the shea
Therefore, ions essentially oscillate back and forth in
sheath region and exit the sheath only after several
cycles.

Figure 11 shows the plasma potential at various insta
of the bias cycle for a bias frequency of 60 MHz. The spa

e
FIG. 10. Ion flux at the left electrode during a bias cycle at base c
conditions for a bias frequency of 10 MHz.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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potential profile is highly nonmonotonic throughout the cyc
since the applied potential is not shielded effectively in
sheaths. Since the potential drop in the sheaths is less
the potential drop in the bulk plasma, displacement curren
the bulk plasma dominates over conduction current in
regime. The potential profile in the sheath regions also sh
the presence of finer scale oscillations. These oscillations
related to the charge density profile in the sheath.

Figures 12, 13, and 14 show the evolution of the
charge density and the ion density profiles near the left e
trode during the course of a half cycle. The evolution
charge-density profiles in the sheath region describes
propagation of a high-amplitude, plasma wave in a nonu
form plasma. These plasma waves are launched from
sheath edge corresponding approximately to the posi
where the bias frequency is equal to plasma frequency~Figs.
13 and 14,x50.25 cm!. For spatial locations beyond thi
point, the plasma density and consequently the plasma

FIG. 11. Spatiotemporal evolution of the potential at base case condi
for a bias frequency of 60 MHz.

FIG. 12. Spatiotemporal evolution of net charge at base case condition
a bias frequency of 60 MHz.
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quency increase sharply. Since the bias frequency is less
the plasma frequency corresponding to these spatial lo
tions, the plasma waves are unable to propagate in the
plasma and are quickly damped within a few Debye lengt

At t50.5, the spatial profile of the ion densities in th
sheath region shows several peaks and valleys~Figs. 13 and
14!. This ‘‘bunching’’ of ions occurs during the course o
several cycles as the ions are alternately attracted and
repelled away from the electrode. Similarly, the net char
density profiles show alternate peaks of net positive a
negative charge~Fig. 12!. As a result of this charge profile
electrostatic fields are generated which tend to attract
negative-ion peaks towards the intermediate positive-
peaks and the positive-ion peaks towards the negative
peaks. During the course of a half-cycle, ions migrate a
overshoot due to ion inertia. Byt51.0, the charge density
profile becomes the inverse of that att50.5 ~Fig. 12!. The
positive-ion density profile att51.0 is similar to the
negative-ion density profile att50.5 while the negative-ion

ns

for

FIG. 13. Spatiotemporal evolution of positive ion density near left electro
at base case conditions for a bias frequency of 60 MHz.

FIG. 14. Spatiotemporal evolution of negative ion density near left electr
at base case conditions for a bias frequency of 60 MHz.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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density profile att51.0 is similar to the positive-ion densit
profile at t50.5. Overall, the positive-ion density profile
show a small net displacement towards the electrode in
half cycle ~Fig. 13! while the negative ions are displace
away from the electrode~Fig. 14!.

Figure 15 shows the evolution of the ion flux at the le
electrode during a bias cycle. Since ions are no longer ab
respond to the applied frequency, the perturbation in the
velocities due to the applied bias is small. The ion flux
therefore, are only weakly modulated by the applied b
The electrode is continuously bombarded by both posi
and negative ions throughout the cycle with an average
equal to the diffusion flux of ions. As a result of a net d
placement towards the electrode, a peak in the negative
flux is formed aroundt50.5 while a peak in positive-ion
flux is formed aroundt51.0.

Based on the ion flux evolution at the electrode~Figs. 5,
10, and 15!, operation in the intermediate frequency regim
appears advantageous for rapidly extracting ions from
plasma at the conditions studied~Table I, 20 mTorr pressure
and bias potential of 130 V!. At low frequencies, alternate
bombardment by positive ions and negative ions is poss
but the ion flux is limited by the diffusion flux from the bul
plasma. In addition, if the bias period is comparable to
residence time of the charge on device features du
plasma processing, the device will still have adequate tim
charge during each half of the bias cycle. Therefore, cha
damage and etch profile distortions may still occur dur
each half cycle of the pulse. Alternate bombardment of
electrode by positive and negative is also possible with
termediate values of the frequency, albeit with a finite ph
lag with respect to the applied bias. There is less time
collisional drag to limit the ion flux at intermediate freque
cies and ions may be extracted at a faster rate from
plasma compared to low frequencies. Furthermore, less
is available during each half cycle for charging and e
profile distortions to occur. Increasing the bias frequency
yond the ion plasma frequency, results in ‘‘trapping’’ of th
ions ~back and forth oscillations!, and the ion flux at the

FIG. 15. Ion flux at the left electrode during a bias cycle at base c
conditions for a bias frequency of 60 MHz.
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electrode is essentially reduced to the diffusion flux of t
ions.

Another parameter critical for etching applications is t
energy of ions bombarding the electrode. Figure 16 sho
the energy of the positive ions at the left electrode during
course of a bias cycle for different values of bias frequen
The energy of the negative ions is, of course, identical bu
is shifted in phase by 180. As in the case of the ion flux,
effect of the ion transit time is also apparent in the io
energy evolution. At low frequencies~100 MHz! the ion en-
ergy essentially follows the applied bias while at interme
ate frequencies~5–20 MHz!, the ion energy lags the applie
bias by the ion transit time. For frequencies less thanv i

~5–20 MHz!, the peak ion energy also increases with b
frequency as less time is available for collisional drag
retard ions in the sheath. At 30 MHz, the bias period
shorter than the ion transit time through the sheath and
positive ions reach the electrode when it is positively bias
~i.e., repelling the positive ions!, and the peak ion energ
drops. Beyond this critical frequency, the peak ion ene
drops rapidly~40 MHz! with increasing bias frequency an
for a value of 60 MHz, the ion energy is essentially t
thermal energy of ions~not shown!. It is clear from this
analysis that bias frequencies in the intermediate regime
optimal for extracting high energy ions out from the plasm
for the conditions studied.

In Fig. 16, the peak ion energy is significantly less th
half the applied bias potential (Vb/2565 V). Half of the ap-
plied bias potential represents the maximum value of the
energy if the applied potential is symmetrically distribut
between the two electrodes. Since the ion mean free pa
20 mTorr is about 1 mm, while the sheath thickness is of
order of 2 mm, ions suffer on average of a couple of co
sions in the sheath before striking the electrode. Simila
due to the significant transit time of ions at intermedia
frequencies, ions experience a decreasing bias potentia
they accelerate through the sheath, resulting in lower
energy. In order to increase the ion energy, therefore, it

e
FIG. 16. Positive ion energy at the left electrode during a bias cycle
different values of bias frequency.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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comes necessary to either increase the bias potential o
crease the operating pressure.

D. Effect of pressure

Figure 17 shows the positive-ion flux at the left electro
for different values of pressure at a low bias frequency~100
kHz! and an intermediate frequency~10 MHz!. At low bias
frequencies, the ion flux is limited by ion diffusion. Ther
fore at 100 kHz, the ion flux at the electrode increases p
portionately as the collision frequency of the ions decrea
with pressure~remember that the peak ion density is ke
constant as pressure varies; in practice this can be achi
by also changing the power of the plasma that eventu
turns into an ion-ion plasma!. An increase in the peak valu
of the ion flux is also seen in the 10 MHz case as the pres
is reduced from 20 to 5 mTorr. At a pressure of 5 mTorr t
ion mean free path is significantly greater than the she
thickness and ion transport through the sheath becomes
lisionless. The ion-flux profiles at both frequencies show
cillatory behavior. These oscillations represent the format
of waves~or bunches! in the ion-density profiles as the ion
are trapped in potential wells when the electrodes reve
polarity. In contrast to the plasma waves shown earlier
high frequencies~60 MHz!, which are formed mainly due to
temporal inertia of ions~i.e., ions continue to overshoot i
time!, these low-frequency oscillations are mainly due to
spatial inertia of ions~i.e., ions overshoot in space!. Similar
oscillations in the ion flux profiles may also be observed
the numerical results of Kanakasabpathy and Overzet37 who
modeled the effects of a low frequency bias on highly el
tronegative plasmas under low pressure conditions.

Figure 18 shows the corresponding ion energies at
left electrode for different values of pressure. For both
low ~100 kHz! and intermediate~10 MHz! frequency values,
the ion energy increases as the pressure decreases an
transport becomes less collisional. At higher values of pr
sure~20 and 10 mTorr!, the peak energy of the ions extracte
at 10 MHz is greater than the peak energy at 100 kHz.

FIG. 17. Positive ion flux at the left electrode during a bias cycle for d
ferent pressures.
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these pressures, the greater collisional drag at low frequ
cies dominates over the effect of ion transit time at high
frequencies. At low pressures~5 mTorr!, however, the effect
of the ion transit time becomes more significant, and
peak ion energies are comparable at the two frequenc
Therefore, extraction of high energy ions at high pressure
favored by higher bias frequencies whereas at low press
lower bias frequencies become more favorable.

E. Effect of bias potential

Figure 19 shows the ion flux at the left electrode f
different values of the applied bias potential. At low bi
frequencies~100 kHz!, the ion flux is effectively limited by
ion diffusion and is nearly independent of the applied b
potential. At intermediate frequencies~10 MHz!, when the
bias period is less than the characteristic collision time,
ion flux shows a small increase as the bias potential
creases. In contrast, the ion energy at the electrode sh
significant increase at both frequencies as the bias pote

FIG. 18. Positive ion energy at the left electrode during a bias cycle
different pressures.

FIG. 19. Positive ion flux at the left electrode during a bias cycle for d
ferent bias potentials.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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is increased~Fig. 20!. The increase in ion energy, however,
not proportional to the applied bias potential because co
sional drag also increases with ion velocity. It may also
noted that despite a significant increase in ion velocity,
transit time of the ions through the sheath~at 10 MHz! is
only weakly affected. This indicates that the increase in
velocity is effectively offset by a corresponding increase
sheath length as the bias potential increases. The estima
the ion transit time being approximately the ion plasma f
quency, therefore, suffices for all values of bias poten
significantly greater than the ion temperature.

V. CONCLUSIONS AND RECOMMENDATIONS

A one-dimensional fluid model was developed to sim
late the effect of a radio frequency bias applied to a posi
ion-negative ion~ion-ion or electronless! plasma. The ion
continuity and momentum equations were coupled to
Poisson equation for the electric field. Ion-ion plasmas sh
significantly different behavior compared to convention
electron-ion plasmas.

~1! In contrast to conventional electron-ion plasmas,
plasma potential is not the most positive potential in an i
ion plasma. For low bias frequencies compared to the
collision frequency, the potential distribution between t
electrodes is monotonic, much like in electrochemical s
tems. For equal masses and temperatures of the posit
and negatively charged species, the applied bias potenti
distributed symmetrically between the electrodes.

~2! Each electrode reverses polarity with respect to
bulk plasma during a bias period. Consequently, the
charge in the sheath also changes polarity with a net nega
charge existing in the sheath for an equal duration as a
positive charge. This is in contrast to electron-ion plasma
which the sheath always has a net positively charge.

~3! Due to the lower temperature and greater mass
negative ions compared to electrons, the sheath structu
ion-ion plasmas changes significantly as the rf bias
quency is varied. For low bias frequencies~100 kHz!, the
charge distribution is monotonic during each half cycle. F

FIG. 20. Positive ion energy at the left electrode during a bias cycle
different bias potentials.
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intermediate frequencies~10 MHz!, when the bias period
approaches the ion transit time through the sheath, do
layers form with both positive and negative charges coex
ing in the sheath. For frequencies beyond the~ion! plasma
frequency~60 MHz!, plasma waves are launched from th
sheath edge, and the sheath contains multiple peaks of p
tive and negative charge~multiple double layers!.

~4! For a relatively large range of bias frequencies~up to
the plasma frequency!, each electrode is bombarded alte
nately by high energy positive and negative ions during a
bias cycle. This alternate bombardment by positive and ne
tive ions may help alleviate charging and notching effe
associated with electron-ion plasmas. For bias frequen
greater than the plasma frequency, however, the electrod
bombarded simultaneously by low energy positive and ne
tive ions with ions energies approaching the thermal valu

~5! At low bias frequencies, the peak ion flux in a
cycle is limited by ion diffusion and is independent of th
applied bias potential. The peak ion flux may be increased
lowering the pressure or by using a bias frequency approa
ing the ion plasma frequency.

~6! The ion energy increases with the applied bias pot
tial. At relatively high pressures~20 mTorr!, the ion energy at
low frequencies~100 kHz! is limited by collisions. The peak
ion energy may then be increased by using a higher b
frequency~10 MHz!. At lower pressures, however, the effe
of collisions is mitigated while the effect of ion transit tim
becomes significant as the bias frequency increases. In
case, a lower bias frequency~100 s kHz! is favorable for
extracting high energy ions from the plasma.
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