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Time evolution of an ion-ion plasma after the application of a direct current
bias voltage

Vikas Midha,a) Badri Ramamurthi, and Demetre J. Economoub)

Plasma Processing Laboratory, Department of Chemical Engineering, University of Houston,
Houston, Texas 77204-4004

~Received 4 October 2001; accepted for publication 18 February 2002!

A one-dimensional fluid model was developed to investigate the time evolution of a positive
ion-negative ion~ion-ion! plasma after the application of a direct current~dc! bias voltage. The ion
mass and momentum continuity equations were coupled to the Poisson equation for the electric
field. The applied bias is shielded and space charge sheaths are formed within the time scale of ion
response~ion plasma frequency!. When the ion collision frequency is low compared to the ion
plasma frequency, electric field oscillations develop in the bulk due to the ion inertia~overshoot!.
The net charge density in the sheath, the sheath electric field, and the flux and energy of ions
bombarding the electrodes all go through maximum values at a time comparable to the ion plasma
frequency. Over long time scales the sheaths are in quasiequilibrium with the bulk plasma. At this
time, the ion flux on each electrode is twice the free diffusion flux. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1468256#
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I. INTRODUCTION

Ion-ion plasmas consist of positive and negative io
only ~electron-free plasmas!. In practice, a small number o
electrons can coexist, provided that the dominant nega
charge carriers are negative ions; see Ref. 1 for quantifi
tion. Ion-ion plasmas can form in the afterglow of electron
gative gases,2–6 or in the active glow of strongly electrone
gative gases at relatively high pressures.7 In the latter case,
the plasma can be stratified in an electronegative core~with a
relatively small number of electrons! and an electropositive
edge~without negative ions!. The transition between the tw
regions can be smooth, or double layers may separate
two regions.8–11 Ion-ion plasmas are important in negativ
ion sources,12 the D layer of the atmosphere,13 in dusty
plasmas,14 and in materials processing.15–17

The electrostatic fields in an ion-ion plasma are de
mined by ions instead of electrons. The reason for the e
tence of electrostatic fields in conventional electron-ion pl
mas is to balance wall losses of the lighter and m
energetic electrons out of the plasma with those of
heavier and colder positive ions. By replacing electrons w
negative ions in the plasma, the mass and temperature o
negatively charged and positively charged species bec
comparable. Ion-ion plasmas, therefore, are characterize
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

a!Currently with General Electric-CRD, Schenectady, NY 12065.
b!Author to whom all correspondence should be addressed; electronic

economou@uh.edu
6280021-8979/2002/91(10)/6282/6/$19.00

Downloaded 18 Jul 2002 to 129.7.12.23. Redistribution subject to AIP
s

e
a-
-

he

r-
s-
-

e
e
h
the

e
by
f

h
-ion
tic

coincide throughout the length of the reactor, and both io
are able to diffuse freely to the walls. Other salient featu
of ion-ion plasmas include14,18 ~a! only heavy particles par-
ticipate in plasma chemistry,~b! the plasma impedance ca
be changed drastically by light irradiation~negative ion pho-
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,19 and ~d!
ion-ion plasma properties can be measured by a Langm
probe.20

As mentioned above, an ideal ion-ion plasma~ions of
equal masses and temperatures! without an external bias po
tential is characterized by the absence of electrostatic fi
and free diffusion of ions to the walls. The profile of positiv
ion density simply overlaps with the negative ion density.
the presence of a bias potential, however, the positive
negative ions separate to form ion sheaths near the electr
In this article, the influence of an external direct current~dc!
bias on an ion-ion plasma is examined. A time-depend
one-dimensional fluid model of an ion-ion plasma is dev
oped which resolves the sheath region near the electro
The model includes the Poisson equation for the electros
field coupled with the continuity and momentum equatio
for the ion densities and velocities, respectively. Sheath
mation during the initial transient after the application of
dc bias is examined. The rf case was treated in Ref. 21.
transient response of a conventional electron-ion plasm
an applied dc bias has been studied before in connection
plasma immersion ion implantation.22,23The application of a
dc bias in the afterglow of a rf plasma was reported by Ov
zet et al.24

II. MODEL DEVELOPMENT

A low-pressure ion-ion plasma formed in the late afte
glow of a pulsed chlorine discharge is considered. A h
il:
2 © 2002 American Institute of Physics
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degree of gas dissociation is assumed, making Cl1 and Cl2

the only ions present.~It should be noted that, in the presen
of undissociated gas, charge exchange between Cl1 and Cl2
can generate Cl2

1 ions.25! The electron density is assumed
have decayed to low enough values compared to the
density ~electronegativity greater than;1000!, so that the
presence of electrons may be completely neglected. S
larly, any electrons that may be generated due to the app
bias are neglected.4 The parallel electrodes are assumed to
of equal area~one-dimensional system!. A negative dc bias
voltage is applied to the driven~left! electrode, while the
other ~right! electrode is grounded~Fig. 1!.

A one-dimensional time-dependent fluid model of t
ion-ion plasma under the influence of an externally appl
bias potential is developed. The model consists of the follo
ing set of governing equations.

The continuity equation for the positive and negati
ions is given by

]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 this case!; i 5p
andi 5n for positive and negative ions, respectively. The i
fluid velocities are computed by the momentum balan
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

FIG. 1. Schematic of the one-dimensional parallel plate plasma system
sidered. The initial ion density profile is shown~overlapping positive and
negative ion densities!. A negative dc bias is applied to the left electrode
time t50. The right electrode is kept at ground potential at all times.
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electrostatic force, pressure gradient, and collisional dr
respectively. The electrostatic field is governed by the Po
son equation

]E

]x
5

q

e0
~np2nn!, ~3!

where the electric fieldE is related to the plasma potentialV
by E52 ]V/]x. Here e0 is the permittivity of free space
The potential at the driven~left, x50! electrode is assume
to be V52Vb , a negative dc bias. The potential at th
grounded~right, x53.8 cm! electrode is fixed at zero~Fig.
1!. A variable collision frequency model~constant mean free
path! was used whereby,n i(ui)5n i0uui u/cs . Here,uui u is the
absolute value of the ion fluid velocityui , andn i0 is a ‘‘ref-
erence’’ collision frequency corresponding to an ion flu
velocity equal tocs5AkTi /Mi , the ion acoustic speed. Fo
the base case conditions of Table I, the reference collis
frequency was taken as 300 kHz. Under the base case
ditions the ion mean free path is;1 mm.

The governing equations of the fluid model, therefo
consist of two continuity equations for ion densitiesnp and
nn , two momentum equations for ion velocitiesup andun ,
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 profile if ion-
ion recombination is slow, see Fig. 1! with a peak ion density
of 1011 cm23, and potential equal to zero everywher
Boundary conditions included zero positive and negative
density on the walls. The positive ion/negative ion recom
nation rate coefficient was taken as 531028 cm3/s.21

III. METHOD OF SOLUTION

The governing system of Eqs.~1!–~3! was discretized in
space using a finite-difference scheme based on a stagg
mesh.26 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.27 A nonuniform mesh of
301 grid points biased towards the sheaths near the e
trodes was employed.

n-

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

Initial peak ion density 1011 cm23

Interelectrode gap 3.8 cm
Ion temperature 0.026 eV
Ion mass 35.5 amu
Gas pressure 20 mTorr
Gas temperature 300 K
dc bias potential 2130 V
Reference collision frequency 300 kHz
Ion plasma frequency at the sheath edge ;30 MHz
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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IV. RESULTS AND DISCUSSION

An ion-ion plasma formed in the late afterglow of
pulsed chlorine discharge is considered. Initially, the posit
and negative ion density profiles overlap~for an ideal ion-ion
plasma with equal ion masses and temperatures! with a
nearly parabolic profile as shown in Fig. 1. Att50, a nega-
tive dc bias is applied to the left electrode, and the evolut
of the ion-ion plasma is examined. Figure 2 shows the e
lution of the potential along the interelectrode gap, while F
3 shows the evolution of the electric field at the left electro
and at the center of the plasma. Figure 4 shows the
charge density in the region near the left electrode. Figure
and 6 show the ion flux and ion energy evolution at the
electrode. All results refer to the base case conditions~Table
I!, unless noted otherwise.

FIG. 2. Time evolution of the potential between the two electrodes for
base case conditions~Table I!.

FIG. 3. Time evolution of the electric field at the center~right axis! and at
the left ~biased! electrode~left axis! for the base case conditions~Table I!.
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The initial potential profile is linear~Fig. 2, t50! and a
uniform electric field exists along the length of the gap. Th
electric field attracts positive ions towards the left electro
and negative ions towards the right electrode. Due to
inertia, however, a finite time is required for ions to respo
to the applied electric field. For short times~0,t!1027 s!,
therefore, the electric field remains essentially unchan
~Fig. 3! and the ion velocities increase linearly with time d
to the applied electric field.

For time scales of the order of 1027 s ~a time scale
comparable to the ion plasma frequency!, there is significant
change in the ion density profiles due to acceleration of
ions. At this point in time the applied bias starts to
shielded by the ion-ion plasma due to the formation
sheaths at the electrodes~Fig. 2!. Negative ions are repelled
from the left electrode while positive ions are attracted. T

eFIG. 4. Time evolution of the net charge density near the left~biased!
electrode for the base case conditions~Table I!.

FIG. 5. Time evolution of the positive ion flux on the left~biased! electrode
for the base case conditions~Table I!.
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results in accumulation of net positive charge at the left e
trode ~Fig. 4!. Similarly, negative ions are attracted to th
right electrode while positive ions are repelled. Due to
assumed equal masses and temperatures of the positive
negative ions, an equal negative charge is accumulated a
right electrode~not shown!.

As a result of charge accumulation, significant poten
gradients appear in the sheath next to the electrode~Fig. 2,
t.1027 s!. Therefore, while the magnitude of the electr
field decreases in the bulk plasma due to shielding, the e
tric field increases in the sheath regions~Fig. 3, 1027,t
,331027 s!. Positive ions in the left sheath are accelera
by the electric field resulting in an increase in the posit
ion energy and flux to the left electrode~Figs. 5 and 6, 5
31028,t,331027 s!. The negative ion flux at the lef
electrode drops to zero~Fig. 5! as the negative ions are re
pelled away from the electrode. Similarly, at the right ele
trode, the negative ion energy and flux increase with ti
while the positive ion flux is reduced to zero.

Again, as a result of charge accumulation in the shea
the applied bias potential is shielded in the bulk plasm
However, due to ion inertia, net charge continues to accu
late in the sheaths and an electric field with the reverse
larity ~overshoot! is established in the bulk plasma~Figs. 2
and 3, 231027,t,531027 s!. This field now retards posi
tive ions moving towards the left electrode and negative i
moving towards the right electrode. As a result, the flux
positive ions from the bulk plasma to the left sheath is
duced. However, within the left sheath, positive ions co
tinue to be accelerated from the sheath towards the electr
Due to the decrease in positive ion flux from the bulk plas
to the sheath and the continuous extraction of positive i
~out of the sheath towards the electrode! by the field, the
overall positive ion density in the sheath starts dropping a
function of time~Fig. 4, t.2.531027 s!. The potential pro-

FIG. 6. Time evolution of the positive ion energy on the left~biased! elec-
trode for the base case conditions~Table I!.
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file at long times~Fig. 2 att51 ms! indicates that the sheat
thickness increases to nearly 1 cm.

The overall evolution of the net charge density in t
sheaths, therefore, shows the formation of a peak~Fig. 4,
t52.531027!. The net positive charge in the left sheath in
tially increases as the negative ions are repelled and
decreases as the positive ions are depleted. Similarly, the
charge in the right sheath increases as the positive ions
repelled and then decreases as the negative ion density d
as a function of time~not shown!. Consequently, the electri
field in the sheaths also shows the formation of a peak w
the charge density and decreases after 331027s ~Fig. 3!. The
positive ion energy and flux at the left electrode peak w
the electric field in the sheath and then decrease as a fun
of time ~Figs. 5 and 6!. The ion mean free path at 20 mTo
is ;1 mm, while the sheath at long times is nearly 1 c
thick ~Fig. 2!. Hence ions suffer several collisions in th
sheath resulting in substantially lower ion energy at lo
times.

The nonmonotonic behavior~overshoot! of the electric
field in the bulk plasma under a dc bias is related to
temporal inertia of ions and occurs because the time s
corresponding to the ion plasma frequency~about 30 MHz
for an ion density of 1010 cm23 near the sheath edge! is
significantly lower than the characteristic collision time re
erence~collision frequency of 300 kHz at 20 mTorr! at the
base conditions examined here~Table I!. For time scales
longer than this characteristic collision time, oscillations
the electric field are damped in the bulk plasma and
transport is governed by ion drift and diffusion~the mobility
and diffusion coefficients for the ions, however, are not co
stant but change as the collision frequency varies with
velocity!. In the sheaths, the spatial inertia of the ions@sec-
ond term on the left-hand side of Eq.~2!# is also important
since the mean free path of the ions at this operating pres
~;1 mm! is smaller than the sheath thickness.

For time scales longer than the characteristic collis
time ~t.1026 s in this case!, the charge density in the lef
sheath decays as a function of time until the positive ion fl
from the sheath to the walls is balanced by the positive
flux from the bulk plasma to the sheath. Concurrently,
sheath edge expands as a function of time, and the neg
ion front sharpens until the negative ion drift flux~away
from the left electrode! is nearly balanced by the negative
ion diffusion flux ~towards the left electrode!. Beyond this
time scale, the sheath is in quasisteady state with respe
the decaying bulk plasma and the ion flux at the electrod
limited by diffusion~Fig. 5, 1025,t,1024 s!. Hence, even-
tually, the dc bias simply redistributes the total diffusion flu
between the two electrodes; all positive ions exit the l
electrode while all negative ions exit the right electrode. T
total ion flux at each electrode is limited by twice the diff
sion flux of ions, as in the case of liquid electrolytes wi
equal masses of positive and negative ions.19 The overall
plasma decays on a time scale corresponding to diffusio
ions across the gap and later on by ion-ion recombina
~for t@1024 s!.

Figures 7~a! and 7~b! show the effect of varying bias
voltage on the temporal evolution of the Cl1 flux on the left
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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electrode, for reference collision frequencies of 300 kHz a
30 MHz, respectively. As the bias voltage is increased,
velocity of ions through the sheath also increases. This le
to larger spatial inertia, hence an increase in the peak
flux. The width of the temporal profile is larger in Fig. 7~b!,
compared to that in Fig. 7~a!, due to larger ion collisionality.
The position of the peak shifts to smaller times as the b
voltage is increased in Fig. 7~a!, gradually approaching a
constant temporal position for large bias voltages. This is
to the nonlinearity of the collision term in the momentu
equation @Eq. ~2!#. For larger bias voltages, the ion flui
velocity is correspondingly higher, the ion collisionality in
creases, and the temporal location of the peak reaches a
stant value. This is consistent with Fig. 7~b!, where the peak
shift is comparatively much smaller due to already large c
lision frequency. Also, because of the larger collision f

FIG. 7. Time evolution of the positive ion flux on the left~biased! electrode
for bias voltages of21, 210, 250, 2100, and2130 V, and reference
collision frequencies of~a! 300 kHz and~b! 30 MHz. Other conditions are
as in Table I.
Downloaded 18 Jul 2002 to 129.7.12.23. Redistribution subject to AIP
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quency, the peak value of the flux is about an order of m
nitude smaller.

For practical purposes, one may think of the followin
scenario. A pulsed chlorine discharge may be employed w
a pulse period of 100ms and a duty ratio of 0.5~50 ms for
the active glow and 50ms for the afterglow!. During each of
the afterglow periods, electrons disappear within 15ms, leav-
ing behind an ion-ion plasma.1 A negative bias is then ap
plied to this ion-ion plasma for the remaining 35ms of the
afterglow. The spatial profile across the gap of the Cl1 flux,
35 ms after the application of the dc bias, is shown in Fig.
for three reference frequencies~30 kHz, 300 kHz, and 30
MHz!. The bias voltage was held constant at2130 V for all
three cases. For a collision frequency~30 MHz! comparable
to the ion plasma frequency, ion motion is in a quasistea
state, resulting in a constant flux across the bulk plasma
rapid changes near the walls~in the sheath! only. When the
collision frequency~30 kHz! is much smaller than the ion
plasma frequency, ion motion is not in a quasisteady st
giving rise to a nonuniform flux in the bulk plasma. An in
termediate situation is observed for an intermediate
quency~300 kHz!. The ion flux to the electrodes increas
considerably as the collision frequency~or pressure! de-
creases.

IV. CONCLUSIONS

A time-dependent one-dimensional fluid model was d
veloped to investigate the initial response of a positive io
negative ion~ion-ion! plasma to an applied dc bias. The io
mass and momentum continuity equations were coupled
the Poisson equation for the electric field. The applied bia
shielded and space charge sheaths are formed within the
scale of ion response~ion plasma frequency!. Because the
ion collision frequency is low compared to the ion plasm
frequency, electric field oscillations occur in the bulk due
the ion inertia~overshoot!. For time scales longer than th
ion collision time, however, these oscillations are damp
and ion transport is governed by drift and diffusion. The n

FIG. 8. Spatial dependence of positive ion flux 35ms after the application of
a dc bias of2130 V, for reference collision frequencies of 30 kHz, 300 kH
and 30 MHz. Other conditions are as in Table I.
 license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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charge density in the sheath, the sheath electric field, and
flux and energy of ions bombarding the electrodes all
through maximum values at a time comparable to the
plasma frequency. Over longer time scales the sheaths a
quasiequilibrium with the decaying bulk plasma. At th
time, the dc bias simply redistributes the total diffusion fl
between the two electrodes; all the positive ions exit the
electrode while all the negative ions exit the right electro
The total ion flux at each electrode is limited by twice t
diffusion flux of ions, as in the case of liquid electrolyte
with equal masses of the positive and negative ions.
overall plasma decays on a time scale corresponding to
fusion of ions across the length of the reactor and further
by ion-ion recombination~for t@1024 s!. As the ion colli-
sion frequency increases from 30 kHz to 30 MHz, the pe
ion flux drops by an order of magnitude.
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