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Charged species profiles in oxygen plasma
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The charged species profiles have been studied in oxygen plasma of asymmetrically driven
capacitively coupled rf discharge. The electron (ne), negative (n), and positive (p) ion densities
have been measured by Langmuir probe in a wide range of pressures~3–30 Pa! and interelectrode
distances~2–10 cm!. At small powers (ne,1015m23) it was obtained that the electronegativity is
high (n/ne;10) and the electron density profile is flat in plasma bulk. The negative ion density
profile is nearly flat in the ion–ion core, wheren@ne , and falls off towards the plasma-sheath
boundary withn'0 with the spatial scalepADn /(2gd), determined by the negative ion diffusion
coefficientDn and detachment frequencygd . As the pressure decreases, this spatial scale exceeds
half of the interelectrode distance and the negative ion density profile tends to a parabolic one. The
obtained spatial distributions of charged particles are compared with the results of self-consistent
modeling by use of a fluid approach for ions, and kinetic equation for electrons. Numerical
simulation results agree well with both theory predictions and measurement data. ©2000
American Institute of Physics.@S0003-6951~00!00532-5#
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Processes in electronegative plasmas have attracted
siderable attention due to interest to the problem of atm
spheric electricity,1 development of negative ion plasm
sources,2 and wide use of these plasmas in the plasma-ai
materials processing industry.3 It was shown theoretically
that plasma transport of charged species in electronega
plasmas is nonlinear and very different from electroposit
plasmas.4,5 And it is expected that plasma stratifies into t
ion–ion core (n/ne@1! and electropositive region (n/ne

,1).6 The indication of plasma stratification was observ
in an experimental study of oxygen capacitively coup
plasmas.7 However, the large asymmetry of the discharge
the Ref. 7 was a serious obstacle for interpretation of
experimental data.

This letter reports the systematic experimental and
merical study of charged species density profiles in oxy
electronegative plasmas in a wide range of pressures~3–30
Pa! and interelectrode distances~2–10 cm!. For this purpose,
the symmetrically rf (v513.56 MHz) driven capacitively
coupled discharge was designed8 with a variable gap. The
large inner diameter~30 cm! compared to the interelectrod
distance (2L) insured that plasma profiles can be describ
as a one-dimensional system. Electrodes were symmetric
driven to provide the symmetry of the plasma profile and
small oscillation of the plasma potential.9 The charged spe
cies densities were measured by Langmuir probe with p
sive compensation up to 4v Fourier harmonics. The electro
energy distribution function~EDF! was obtained from the
second derivative of the probe volt–ampere characteris9

The electron density was found as an integral over the E
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The negative ion density was measured by use of two m
ods: laser-induced photodetachment10 and the ‘‘double-
peak’’method similar to the electron density.8 The positive
ion density was obtained from ion saturation current by u
of theory.11

The charged species density profiles were modeled
use of a fast modeling technique~FMT!, which we success-
fully applied for modeling of electropositive plasmas.12 FMT
calculates discharge self-consistently including EDF, plas
bulk, and sheath region. We assumed a symmetric o
dimensional geometry and modeled only a half of the d
charge.

Under the pressure range investigated, the ion mean-
path is small compared withL. Hence, ion fluid continuity
equations may be used:

]n

]t
2

]

]x FDn

]n

]x
1emn~E!EnG5nattne2gdn2b i i np,

~1a!

]p

]t
2

]

]x FDp

]p

]x
2emp~E!EpG5Zionizne2b i i np. ~1b!

In the above equations,b i i is the ion–ion recombination
rate coefficient, andZioniz , natt, andgd , are the ionization,
attachment, and detachment frequencies, respectively.Dk

andmk are thek-species diffusion coefficient and mobility
The diffusion coefficients for O2

1 and O2 adopted from
Ref. 13 at 1 Pa are 0.653104 and 0.923104 cm2/s, respec-
tively. The ion mobilities were taken from Ref. 13 as no
linear functions ofE/p.

Under the experimental conditions, as is shown in
Ref. 7, it is enough to consider the following charged sp
cies: positive ions O2

1, negative ions O2, and electrons. The
densities of O2

2 and O3
2 reach only 10%–20% of the tota

negative density and can be omitted.7

The ionization and attachment frequencies in Eq. 1
calculated by use of the EDF. We consider discharge at

h-

y,
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powers, when the ion and electron densities are sm
(n,p,10ne;1015m23). Hence, ion–ion and electron–ion re
combination can be neglected. The main source of the n
tive ion losses is detachment of electrons due to collision
negative ions with the metastable molecules O2* in

FIG. 1. ~a!, ~b!, and~c!:. Experimentally and numerically obtained profile
of charged particles forL53 cm, v513.56 MHz, andp56, 20, and 30 Pa
( j o50.31, 0.35, and 0.35 mA/cm2). Solid and dashed lines represent calc
lated densities of positive and negative ions, respectively. Symbols repr
experimental data. Solid squares denote the negative ion density mea
by the ‘‘double-peak’’ method, triangles denote the positive ion den
measured by the ‘‘saturation’’ method, and hollow circles represent
negative ion density measured by the photodetachment method.p(0) shown
in the pictures are the densities of the positive ions at the discharge ce
Downloaded 04 Nov 2002 to 198.35.5.248. Redistribution subject to AI
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O2 (a1Dg) state with the rate 3310210nnm,14 wherenm is
the O2 (a1Dg) density.nm is to be obtained from the conti
nuity equation

2
]

]x S Dm

]

]x
nmD5I m , ~2!

whereDm is the metastable diffusion coefficient~at 1 Pa it is
2.1 104 cm2 s21) and I m is the rate of electron excitation o
metastable molecules determined by use of the EDF
boundary condition for Eq.~2! is of the form@Dm](nm)/]x
2sv thnm#ux5L50, wherev th is the thermal velocity of meta
stable molecules ands51023 is the coefficient of the deac
tivation of metastable molecules during collisions with t
wall.15

In Fig. 1, the measured and calculated profiles of
densities are presented jointly forp56, 20, and 30 Pa;L
53 cm. For the same parameters, profiles of the elec
density are shown in Fig. 2. Calculated fluxes of ions cor
sponding to the results in Fig. 1 are shown in Fig. 3.

The experimental and calculated values of the ion d
sities and sheath thickness agree well. Since we did not
any fitting parameters, the good agreement validates
plasma chemical model described above.
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FIG. 2. Electron density for the same parameters as in Figs. 1~a!, 1~b!, and
1~c!. The curves represent the calculated results. Symbols represent the
tron density obtained by integrating the measured EDF.

FIG. 3. Calculated ion fluxes for the same parameters as in Figs 1~a!, and
1~c!. Dashed lines represent the negative ion fluxes. The line marked aGn8
corresponds to the negative ion flux divided byDn /Dp'1.415.
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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The shape of the ion density profile is close to the
rabola at lower pressures (p56P a). As can be seen from
Fig. 3, the negative ion flux is much smaller than the posit
ion flux. Consequently, in this case negative ions are in B
zmann equilibriumeE52Tid ln n/dx, the electric field is
small, and the electron density is flat. From ion continu
Eq. ~1b!, it follows that in ion–ion core (n@ne) the ion
ambipolar diffusion coefficient is 2Di because the ion re
combination is small. Equation~1b! gives the parabolic pro
file of the ion density.6,16 As the pressure increases, the
tachment rises and the negative ion flux becomes compar
to the positive ion flux. That indicates that the drift ter
becomes larger than the diffusion terms in the fluxes. Un
this conditions, the assumption of the negative ions bein
Boltzmann equilibrium is not valid. In this limiting case th
assumption of equal ion fluxes~with factors 1/Dp and 1/Dn!
can be used6,17 @see Fig. 3 (p530 Pa) the negative ion flux
divided byDn /Dp versus the positive ion flux#. Equality of
the fluxes results in the equality of the right-hand sides
Eq. ~1!:

~ZionizDn /Dp1natt!ne2gdn2~11Dn /Dp!b i i np50.
~3!

For not very high pressures and large gaps, it can be sh
that the electron density profile still remains flat6,17 ~see Fig.
2!. And from Eq.~3! it follows that the ion densities are als
flat in the ion–ion core region@see Figs. 1~b! and 1~c!#. The
width of the transition region from the plasma sheath bou
ary to the ion–ion core can be found as follows.6 Summing
up Eq. ~1! with factors 1/Dp and 1/Dn and assuming the
Einstein relation for the ratio of the ion diffusion coefficie
and mobilities and the electron Boltzmann relationeE
52 Te d ln ne/dx, yields

22
d2n

dx2 2
Te

Ti

d2ne

dx2 5S Zioniz

Dp
1

natt

Dn
Dne

2
gd

Dn
n2S 1

Dn
1

1

Dp
Db i i np. ~4!

FIG. 4. Positive ion profiles are presented forp510 Pa, v
513.56 MHz, jo50.35 mA/cm2, and L52, 3, 4 cm. Squares denote th
negative ion density measured by the ‘‘double-peak’’ method. Triang
denote the positive ion density measured by the ‘‘saturation’’ method.
experimentally and numerically obtained values ofp(0) are 3.9, 4.0, and
3.431015 and 4.31, 4.37, and 3.231015 cm23 for L52, 3, and 4 cm, re-
spectively.
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The profile ofne is flat and the second term on the left-ha
side of Eq.~4! can be neglected at low pressures.6 For low-
density plasmas, the ion–ion recombination is small co
pared with the detachment and the solution of Eq.~4! is

n5n0F12expSA gd

2Dn
~x2Lp! D G , ~5!

wheren05(Dn /gd) (Zioniz /Dp 1 natt/Dn)ne is the value of
the negative ion density in the ion–ion core andLp is the
difference betweenL and the sheath thickness. Therefore, t
width of the transition region from the plasma sheath bou
ary to the ion–ion core (n50.957n0) is L tr5e/Agd/2Dn.
Substituting values for the detachment frequency and
ion diffusion coefficient yields L tr50.30/p(Pa)

3Ane(1014m23) m. It givesL tr55.0, 2.6, 1.2, and 0.63 cm
for p56, 10, 20, and 30 Pa, respectively. Forp56 and 10
Pa,L tr.Lp and it corresponds to the case when the discha
width is not enough for the formation of the flat ion–io
core. Forp520 and 30 Pa,L tr,Lp and the flat ion–ion core
appears. In Fig. 4, the ion density profiles for different d
charge gaps are depicted forp510 Pa; L52, 3, and 4 cm.
It can be seen that if the gap width is extended beyondL tr

52.6 cm, the flat ion–ion core is formed. In the oppos
case the parabolic profile is observed. The estimated va
of L tr are close to the width of the transition regions obtain
in the experiment@see Figs. 1~b! 1~c! and 4#.
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