
APPLIED PHYSICS LETTERS VOLUME 72, NUMBER 6 9 FEBRUARY 1998
Ion–ion plasmas and double layer formation in weakly collisional
electronegative discharges
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Department of Chemical Engineering, Plasma Processing Laboratory, University of Houston, Houston,
Texas 77204-4792

~Received 24 September 1997; accepted for publication 8 December 1997!

Plasmas of electronegative gases often separate into two distinct regions: an ion–ion core and an
electron–ion periphery. Under certain conditions, a double layer may form at the boundary between
the two regions. In weakly collisional three-component electronegative plasmas, formation of a
double layer depends on the ratio of the electron to negative ion temperatures, and the ratio of the
electron to positive ion densities. ©1998 American Institute of Physics.@S0003-6951~98!00606-8#
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Plasmas containing two negatively charged species w
different temperatures frequently separate into two dist
regions. The cold species occupy the core of the plasma
hot ones predominate at the periphery, forming two plasm
with different properties. The density of cold species dro
abruptly at the boundary of the two plasmas. Such a scen
takes place in a conventional electron–ion plasma with
groups of electrons having different temperatures~e.g., a bi-
Maxwellian electron distribution function1,2! and in a plasma
of electronegative gases containing a considerable fractio
negative ions.3,4 In a weakly collisional two-electron
temperature plasma, a double layer can form within
plasma.1 In a collisional electronegative plasma a smoo
potential profile in the plasma was reported.3,4 Weakly colli-
sional discharges in electronegative gases have not bee
plored yet.

Recent interest in weakly collisional discharges in el
tronegative gases has been generated by their use in
vanced semiconductor manufacturing. Novel plasma sou
used for etching of submicron features operate in the wea
collisional regime, and often contain a considerable fract
of negative ions. The temperature of negative ions is n
room temperature, whereas the electron temperature is a
eV. In a continuous-power regime, negative ions are c
fined in the plasma and give no contribution to etching. I
pulsed-power regime they can be extracted from the de
ing afterglow. The extraction of negative ions was claimed
be responsible for amelioration of charge-induced etch d
age and other benefits observed in pulsed-po
discharges.5,6 However, the formation and dynamics of ion
ion plasmas at low gas pressures, and the mechanism
negative ion extraction from the plasma remain poorly u
derstood. In this letter we try to shed some light on the s
tiotemporal dynamics of ion–ion plasmas in low-press
discharges and, in particular, to identify the conditions t
favor the formation of a double layer in the plasma.

Steady-state discharge: Consider a simple model o
steady-state electronegative discharge. Figure 1 shows s
matically the spatial distribution of a dimensionless elect
static potential for the most interesting case when a dou

a!Current address: CFD Research Corp., 215 Wynn Dr., Huntsville,
35805. Electronic mail: kolobov@uh.edu
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layer is formed within the plasma. The double layer cons
tutes a structure created by two equal but opposite sp
charge layers. It is characterized by an abrupt potential d
which separates an ion–ion plasma at the core of the
charge from an electron–ion plasma at the periphery. P
x0 within the double layer corresponds to the first inflecti
point of the potentialC(x). Another inflection point of
C(x) occurs in the electron–ion plasma. The thickness
the double layer~and of the space-charge sheath near
wall! is usually much smaller than those shown in Fig.
provided that the Debye length is small compared toL.
Thus, the double layer actually appears as a vertical
~potential ‘‘jump’’! at x5x0 . In Fig. 1, the potentials at the
interface between the double layer and the two plasmas
denoted asC l or C r . The potential at the sheath edge isCs

and that at the wall isCw .
Assuming one kind of negative ion and Maxwellian e

ergy distribution for electrons and negative ions, the to
density of negative carriers is given by

n~x!5ne0 exp~2C/d!1ni0 exp~2C! , ~1!

whereC5ef/Ti is a dimensionless potential (f is the elec-
trostatic potential!, Te and Ti are the electron and negativ
ion temperatures,d5Te /Ti , andne0 andni0 are the electron
and negative ion densities at the discharge center. The

LFIG. 1. Ion–ion and electron–ion plasmas separated by a double layer
thickness of the double layer and the sheath is exaggerated for clarity.
© 1998 American Institute of Physics
 AIP copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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sity of positive ions in the free-flight regime~no collisions! is
determined by the spatial distributions of ionization rateI (x)
and potentialC(x)1

p~x!5
1

v th
E

0

x dx8I ~x8!

AC~x!2C~x8!
, ~2!

wherev th5(2Ti /M )1/2 is the ion thermal velocity. The po
tential distribution in the plasma is found from the quasine
trality condition

E
0

x I ~x8!dx8

AC~x!2C~x8!
5G@~12a!exp~2C!

1aexp~2C/d!#. ~3!

Herea5ne0 /n0 , n05ni01ne0 is the plasma density at th
center, andG5n0v th is an ion flux. Assuming thatI 5nen,
wheren is the ionization frequency~assumed spatially con
stant!, the solution of~3! can be found in the form

panx

v th
5Q~C!. ~4!

The functionQ(C), shown in Fig. 2, is given by

Q~C!5E
0

C

F~C8!exp~C8/d!dC8, ~5!

where

F~C!5C21/222~12a!D~AC!22ad21/2D~AC/d!,
~6!

andD(z) is the Dawson integral.7 The spatial distribution of
C(x) found from ~4! has a singularitydC/dx5` ~an infi-
nitely high field! where Q(C) has a maximum. The
quasineutrality condition is violated at these points. T
maxima ofQ(C) correspond to roots ofF(C). These roots
are independent of the shape of the ionization rate and
determined solely bya andd.1 SettingF(C)50 gives

FIG. 2. FunctionQ(C) for d520 and differenta. A single maximum of
Q(C) ~curves 1 and 3! corresponds to no double layer formation, and t
potential at the maximum,Cs , corresponds to the sheath edge. Tw
maxima ofQ(C) ~curve 2! correspond to double layer formation. The p
tential at the boundary between the ion–ion plasma and the double lay
thenC l , and that between the plasma and the sheath isCs ~see also Fig. 1!.
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1/2x2D~z!

D~z/Ad!/Ad2D~z!
, ~7!

wherez[AC. For a givend, Eq. ~7! defines the potentia
C(a) at the points where quasineutrality is violated. Ford
,10.8, C(a) has a single value for eacha which corre-
sponds to the plasma-sheath boundary,Cs . In this case, the
potential drop in the plasma changes continuously fr
0.855 to 0.855d with an increase ofa ~curve 1 in Fig. 3!. For
d510.8, there is an inflection point ofC(a) at a50.33
~curve 2!. For d.10.8, there are three different values
C(a) in a rangea0,a,a1 and a single value fora,a0 or
a.a1 ~curves 3 and 4!. In the rangea0,a,a1 the poten-
tial in the plasma changes discontinuously with changinga.

The case of three different roots ofF(C) corresponds to
the formation of a double layer in the plasma.1 In the
quasineutral model, the double layer is formed whe
dC/dx→`. The spatial location of the double layer (x0 in
Fig. 1! depends on the specific ionization mechani
whereas the values ofC l or C r do not. Equation~3! is not
valid in the double layer and the potential profile is to
found from Poisson’s equation. The potential drop in t
layer,C r2C l , can be derived from

E
C l

Cr
dC8~p2n!50. ~8!

At C.C r , in the electron–ion plasma, the quasineutral
condition is valid again, and the potential profile is given
Eq. ~3!. To estimate the maximum potential drop in th
double layer, we equalize the density of positive ions crea
at x,x0 and accelerated in the layer to the electron den
at the boundary of the electron–ion plasma whereC5C r .
For a!1, whenC l50.855, this gives forC r

0.344/AC r5a exp~2C r /d!. ~9!

According to~9!, the maximum value ofC r5d/2 is reached
at a50.94(d/2)21/2. The potential drop in the double laye
can therefore be of the order of the electron temperature

Figure 4 shows the normalized electron and negative
densities, and the potential profiles in the plasma for
three different cases shown in Fig. 2. At lowa the potential

is

FIG. 3. The normalized potentialC at the point~s! where quasineutrality is
violated shown as a function of electron density fractiona for various ratios
of electron to ion temperatures,d.
 AIP copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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drop in the plasma is fairly small and the ion–ion plasm
extends up to the sheath edge. This is the case whenQ(C)
has only one maximum and there is no double layer form
~curve 1 in Fig. 2!. With an increase ofa, a double layer
forms as an abrupt potential jump separating the ion-
plasma from the electron–ion plasma. The potential at
plasma-sheath boundary,Cs , corresponds to the secon
maximum ofQ(C) whereas the first maximum correspon
to C l ~see Figs. 1 and 2!. The potential profile in the ion–ion
plasma is rather flat~defined by ion temperature!, so that the
electron density and the ionization rate in this plasma m
be almost uniform. At largera the double layer disappear
and the potential drop in the plasma becomes of the orde
electron temperature. This case corresponds to curve
Fig. 2.

Finally, the wall potentialCw is set up to equalize the
electron production and loss rates. In low pressure
charges,Cw must exceed the ionization potential of the a
oms. Since the potential at the plasma sheath boundaryCs is
reduced by the presence of negative ions~see Fig. 4!, the
potential drop in the sheath becomes larger. The presenc
a double layer modifies the energy distribution of posit
ions escaping the plasma which then becomes do
peaked.1 The lower energy peak corresponds to ions form
in the electron–ion plasma and accelerated by the sh
field. The higher energy peak corresponds to ions forme
the ion–ion plasma and accelerated by both the double l
and the sheath fields.

Pulsed-power discharges: In pulsed-power dischar
the power sustaining the plasma is modulated~e.g., square-
wave modulation! with a certain frequency and duty cycle
Some predictions on the temporal dynamics of ion–ion p
mas in pulsed-power discharges can be made based upo
steady-state solutions obtained above. In particular, two
quantities,a andd define the spatial distribution of plasm

FIG. 4. Spatial distributions of negative ion and electron densities, and
potential profile in a plasma for the conditions of Fig. 2.
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parameters. Under favorable conditions, a double layer m
form during the power-on fraction of the cycle. During th
power-off fraction of the cycle, high energy electrons co
tinue to escape to the wall, but the ionization is effective
switched off. While the decaying plasma is continually d
pleted of high energy electrons, bothd anda keep decreas-
ing due to electron losses to the wall and attachment to m
ecules. At some point in the afterglow, the double layer m
disappear asd,10.8 ora,a0 ~see Fig. 3!. Sufficiently late
in the afterglow, the negative ion density begins to exce
the electron density in the entire discharge volume, an
virtually electron-free plasma is formed.8 At this time it be-
comes possible to extract negative ions out of the plasm

An important difference exists between the properties
ion-ion plasmas in the collisional and near-collisionless
gimes. Although collisional electronegative plasmas a
tend to separate into ion–ion and electron–ion regio
quasineutrality remains throughout the plasma and the po
tial profile remains smooth. In our case, the quasineutralit
violated in the double layer which is formed within th
plasma under certain conditions. This double layer has m
in common with the double layer observed in a two-electro
temperature plasma.1 Such direct consequences of the doub
layer as an abrupt potential drop within the plasma and
appearance of two peaks in the energy distribution of po
tive ions extracted out of the plasma should be detecta
experimentally.

In summary, an ion–ion plasma can coexist with
electron–ion plasma in the same vessel. The boundary
tween the two plasmas may be smooth or abrupt. In the la
case, a double layer separates the two plasmas. Condi
favoring the formation of such a double layer have be
presented in this letter. Depending on conditions, poten
oscillations corresponding to multiple double layers9 may
also form. Relevant theories that have been developed
electropositive plasmas with bi-Maxwellian electron ener
distributions can be applied directly to electronegative pl
mas.

The work was supported by NSF Grant No. CT
9713262.
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