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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 electran)( negative (1), and positive p) ion densities

have been measured by Langmuir probe in a wide range of pre8«+88 Pa and interelectrode
distanceg2—-10 cm. At small powers ,<10*m~®) it was obtained that the electronegativity is

high (n/ng,~10) and the electron density profile is flat in plasma bulk. The negative ion density
profile is nearly flat in the ion—ion core, where>n,, and falls off towards the plasma-sheath
boundary withn~0 with the spatial scaleryD,/(2v4), determined by the negative ion diffusion
coefficientD, and detachment frequengy, . 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 dat200®
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Processes in electronegative plasmas have attracted cofike negative ion density was measured by use of two meth-
siderable attention due to interest to the problem of atmoeds: laser-induced photodetachnténand the “double-
spheric electricity, development of negative ion plasma peak’method similar to the electron densftythe positive
source< and wide use of these plasmas in the plasma-aidetdn density was obtained from ion saturation current by use
materials processing industiylt was shown theoretically ~of theory™
that plasma transport of charged species in electronegative The charged species density profiles were modeled by
plasmas is nonlinear and very different from electropositivel'se of a fast modeling techniq@eMT), which we success-
plasmag:® And it is expected that plasma stratifies into the fully applied for modeling of electropositive plasméMT
ion—ion core (/ns>1) and electropositive regionn(n, calculates discharge sglf—consistently including EDF, plasma
<1).8 The indication of plasma stratification was observedPUlk, and sheath region. We assumed a symmetric one-
in an experimental study of oxygen capacitively Coup|edd|men3|onal geometry and modeled only a half of the dis-

plasmas. However, the large asymmetry of the discharge incharge(.j . _ wated. the | .
the Ref. 7 was a serious obstacle for interpretation of the U_n er the pressure range mvestlga_lte ,t_e 'on mean-iree
experimental data path is small compared with. Hence, ion fluid continuity

This letter reports the systematic experimental and puauations may be used:

merical study of charged species density profiles in oxygen 9n ¢ an

electronegative plasmas in a wide range of press(@e80 ot x| Pngx TeMn(BE)EN|=vade— yan—Binp,
Pa and interelectrode distancé&&-10 cn). For this purpose, (1a)
the symmetrically rf =13.56 MHz) driven capacitively

coupled discharge was desigfiadith a variable gap. The p _dy - dp A

large inner diametef30 cm compared to the interelectrode at  Ix Dpax eup(B)EP|=ZionNe= Biinp.  (10)

distance (2) insured that plasma profiles can be described . . . . o
. . . In the above equationg;; is the ion—ion recombination
as a one-dimensional system. Electrodes were symmetrlcall)élte

: : . fficient, andyy, n re the ionization
driven to provide the symmetry of the plasma profile and the coefficient, anioniz, Vay, andyq, are the ionization,
s attachment, and detachment frequencies, respectizly.

small oscillation of the plasma potentfalThe charged spe-

ies densiti d by L . be with and u are thek-species diffusion coefficient and mobility.
cles densities were measured by Langmuir probe with pas- tpe gitfusion coefficients for Qand O adopted from

sive compensation up tawFourier harmonics. The electron Ref. 13 at 1 Pa are 0.6510" and 0.9 10* cn?/s, respec-

energy distribution functiolEDF) was obtained from the ey The jon mobilities were taken from Ref. 13 as non-
second derivative of the probe volt—ampere characteﬁstic."near functions ofE/p.

The electron density was found as an integral over the EDF.  jnder the experimental conditions, as is shown in the

Ref. 7, it is enough to consider the following charged spe-
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nical University, 195251, Russia; densities of @ and G, reach only 10%—-20% of the total
electronic mail: berezhnoj@phtf.stu.neva.ru negative density and can be omitted

YElectronic mail: chshin@madang.ajou.ac.kr DA ’ L
9Current address: Plasma Physics Laboratory, Princeton University, 1Ne ionization and attachment frequencies in Eq. 1 are

NJ 08543; electronic mail: ikaganov@pppl.gov calculated by use of the EDF. We consider discharge at low
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_ FIG. 2. Electron density for the same parameters as in Figs. I(b), and
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0, (a'A,) state with the rate 810 °nn,,,** wheren,, is
the G, (alAg) density.n,, is to be obtained from the conti-
nuity equation
17
ax

1%
Dm&xnm)zlma (2

whereD ,, is the metastable diffusion coefficief@t 1 Pa it is

2.1 10*cn?s™Y) andl,, is the rate of electron excitation of
metastable molecules determined by use of the EDF. A
boundary condition for Eq(2) is of the form[D ,d(n,)/dx
—SvhNml|x=L =0, Wherevy, is the thermal velocity of meta-
stable molecules ans=10"2 is the coefficient of the deac-
tivati%n of metastable molecules during collisions with the
l.

In Fig. 1, the measured and calculated profiles of ion
densities are presented jointly f@r=6,20, and 30 Pal

=3 cm. For the same parameters, profiles of the electron
density are shown in Fig. 2. Calculated fluxes of ions corre-
sponding to the results in Fig. 1 are shown in Fig. 3.

The experimental and calculated values of the ion den-
sities and sheath thickness agree well. Since we did not use
any fitting parameters, the good agreement validates the
plasma chemical model described above.
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FIG. 1. (a), (b), and(c):. Experimentally and numerically obtained profiles ~ ,7 "\\
of charged particles fdr=3 cm, w=13.56 MHz, ancb=6, 20, and 30 Pa g J ‘
(j,=0.31, 0.35, and 0.35 mA/cih Solid and dashed lines represent calcu- - ) \ (C)FD
lated densities of positive and negative ions, respectively. Symbols represent © 1 ) - ~
experimental data. Solid squares denote the negative ion density measured -— J AY ~—
by the “double-peak” method, triangles denote the positive ion density 5 7 s (C)Fn
measured by the “saturation” method, and hollow circles represent the =) A ‘:\‘\ .
negative ion density measured by the photodetachment meihdy shown L - Thso '\_\‘ (c)r n
in the pictures are the densities of the positive ions at the discharge center. o . ‘.{\
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powers, when the ion and electron densities are small
(n,p,10n,~10m3). Hence, ion—ion and electron—ion re-

X, cm

(’jom_bmatlon Caﬁn be neglected. The main source of t,h? N€Y&1G. 3. calculated ion fluxes for the same parameters as in K@sdnd
tive ion losses is detachment of electrons due to collisions OI(C). Dashed lines represent the negative ion fluxes. The line marke¢ as

negative ions with the metastable molecules; On

corresponds to the negative ion flux divided Dy /D ,~1.415.
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The profile ofn, is flat and the second term on the left-hand
side of Eq.(4) can be neglected at low pressufeSor low-
density plasmas, the ion—ion recombination is small com-
pared with the detachment and the solution of &g.is

1—exp< \/J—Sn(x—Lp))

wheren®=(Dy,/vg) (Zioniz/Dp + van/Dn)Ne is the value of
the negative ion density in the ion—ion core anglis the
difference betweeh and the sheath thickness. Therefore, the
width of the transition region from the plasma sheath bound-
ary to the ion—ion coren=0.95"M°) is L,=e/\y4/2D,.

X em Substituting values for the detachment frequency and the

FIG. 4. Positive ion profiles are presented fop=10Pa, w 1on d|ffu5|or31 coefflment ylelds Lt’:0'30/p(Pa)
~13.56 MHz, jo=0.35mAlcnf, and L=2, 3, 4 cm. Squares denote the X VNe(10*m~3) m. It givesL,=5.0, 2.6, 1.2, and 0.63 cm
negative ion dt_e_nsity measu_red by the “double-peak” rr_lethod. Trianglesfor p=6, 10, 20, and 30 Pa, respectively. for6 and 10
denot_e the positive ion der_15|ty meas_ured by the “saturation” method. Thepa,Ltr> L. and it corresponds to the case when the discharge
experimentally and numerically obtained valuespgd) are 3.9, 4.0, and . . P . . .
3.4 10% and 4.31, 4.37, and 3210%cm™2 for L=2, 3, and 4 cm, re-  Width is not enough for the formation of the flat ion—ion
spectively. core. Forp=20 and 30 Pal.,<L, and the flat ion—ion core
appears. In Fig. 4, the ion density profiles for different dis-
The shape of the ion density profile is close to the paCharge gaps are depicted for-10Pa; L=2, 3, and 4 cm.
rabola at lower pressurep£6P a). As can be seen from It can be seen that if the gap width is extended beybpd

Fig. 3, the negative ion flux is much smaller than the positive™ 2-6 €M the flat ion—ion core is formed. In the opposite

ion flux. Consequently, in this case negative ions are in Boltcase the parabolic profile is observed. The estimated values
zmann equilibriumeE=—T,d Inn/dx, the electric field is of L, are close to the width of the transition regions obtained
|

small, and the electron density is flat. From ion continuityl the experimentsee Figs. () 1(c) and 4.

Eq. (1b), it follows that in ion—ion core if>n,) the ion The work of one of the author$.K.) was funded by the
ambipolar diffusion coefficient is @; because the ion re- National Science Foundation, Grant No. CTS-9713262, and
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file of the ion density:'® As the pressure increases, the at-thors (U.B.) was supported by the Deutsche Forschungsge-
tachment rises and the negative ion flux becomes comparabieinschaft through the Sonderforschungsbereich 191. One
to the positive ion flux. That indicates that the drift term of the authorS.B) was supported by KISTEP Program No.
becomes larger than the diffusion terms in the fluxes. Undeg9oRI106-016, by INTAS Grant No. 96-0235, and by UTS
this conditions, the assumption of the negative ions being iGrant No. 378. The work of one of the authdB.S) was
Boltzmann equilibrium is not valid. In this limiting case the supported by KOSEF Grant No. 951-1107-018-2.
assumption of equal ion fluxdwith factors 1D, and 1D )

can be usetf’ [see Fig. 3 p=30Pa) the negative ion flux
divided byD, /D, versus the positive ion flix Equality of
the fluxes results in the equality of the right-hand sides of
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