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High-density oxygen plasma discharges are studied by using one-dimensional numerical modeling.
A three-fluid equilibrium discharge model is developed for charged species, and a diffusion equation
describes the behavior of the oxygen atom. The radial profiles of the neutral atom density and the
densities of charged species are calculated. The calculated density profiles are somewhat flatter for
lower gas pressures, and the profiles of the negative ions show a stronger density gradient to the
wall than those of the positive ions. Overall, the uniformity of the oxygen atoms becomes worse
as the pressure increases. The profile of oxygen atom is parabolic (peaked in the plasma center)
or hollow, depending on the fractional dissociation. As the fractional dissociation gets larger, the
profile becomes hollow, and as it decreases, the profile has a steeper down-slope. The results of the
one-dimensional discharge model are expected to be applicable to other discharges with different
geometries and electronegative gas chemistries.
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I. INTRODUCTION

Plasma processing utilizes chemically reactive dis-
charges in order to etch or deposit material onto sub-
strates of interest. Thus, the mechanisms which deter-
mine chemically reactive neutral uniformity are of inter-
est. Process uniformity depends strongly on the spatial
distribution of both charged and neutral particle densi-
ties and velocities, as well as potentials [1,2]. Process
uniformity is a key requirement to enable large wafers or
flat panels to be processed by plasma.

Most molecular gases, such as oxygen, chlorine, SFg,
and fluorocarbons, which are used extensively for vari-
ous applications of plasma processing, produce negative
ions in discharges. The presence of negative ions compli-
cates the discharge phenomena. In this study, an oxygen
plasma is employed as an example of an electronegative
discharge [3-5] since oxygen plasmas have found numer-
ous applications in plasma processing, such as plasma
enhanced chemical vapor deposition, reactive sputtering,
dry etching of polymers, oxidation, and resist removal of
semiconductors.

Atomic oxygen plays an important role in various
plasma processes like surface modification of synthetics,
surface cleaning, low-temperature growth of silicon diox-
ide, and etching [1,6,7]. The transfer of these processes
developed on the laboratory scale into industrial appli-
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cations demands large-scale plasma sources with high
atomic oxygen densities and uniform distributions.

Mathematical models of plasma generation and trans-
port can be useful for improving our understanding of
high-density oxygen plasmas and for investigating the ef-
fect of reactor design and operating conditions on plasma
uniformity over semiconductor wafers. Two-dimensional
direct simulation Monte Carlo studies were performed
for the rarefied reactive flow of neutrals and ions in a
low-pressure inductively coupled plasma [8,9]. However,
these methods require a lot of computational resources.
Here, we propose a simple method to predict the spatial
profiles of neutral atoms and charged species in high-
density plasmas.

For simplicity, we assume that the electronegative
plasma consists of three charged species, which are pos-
itive ions, negative ions and electrons. An analytic
model for a three-component electronegative plasma was
developed by Lichtenberg et al. [10]. They assumed
Boltzmann negative ions and a nearly uniform electron
density. An ambipolar diffusion equation for positive
ions was set up, and parabolic profiles were obtained.
In this study, we calculate the spatial distributions of
charged species and neutral oxygen atoms by using a
one-dimensional discharge model. The model includes
equilibrium fluid equations for charged species and a dif-
fusion equation for oxygen atoms. The assumptions of
Boltzmann negative ions and uniform electron density
are not necessary. The continuity and momentum bal-
ance equations for positive and negative ions are solved
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numerically.

II. MODEL EQUATIONS

The reactions in high-density oxygen discharges con-
sidered in this model are described in Table 1. The
rate coefficients are adopted from Ref. [11]. The spatial
profiles of densities of charged species and neutral oxy-
gen depend on the reaction rates of the constituents. A
three-fluid equilibrium discharge model is developed for
charged species, and a diffusion equation describes the
behavior of the oxygen atoms. The calculation scheme
has two steps. The first step calculates the spatial pro-
files of the charged species. For simplicity, we only con-
sider the dominant reactions in Table 1, which are re-
combination, ionization, and dissociative attachment. In
this step, the existence of O7 is neglected. The obtained
values of the spatial distributions of charged species are
substituted into the diffusion equation for neutral oxygen
atoms in the second step. In this step, all reactions listed
in Table 1 are considered. The charged species equilib-
rium model describes positive ions (my, e, ny, T4 ), neg-
ative ions (m_,—e,n_,T_), and Maxwellian electrons
(me, —e,ne, Te). Ion-ion recombination is assumed to be
the dominant loss mechanism for high density oxygen
discharges. The electron density is assumed to be the
difference between the positive ion density and the neg-
ative ion density. The ion continuity and momentum
balance equations are

V -niugp = Kizongne — Krecanqn_, (1)

Veon_u_ = Koyngne — Kreconyn_, (2)

myniuy-Vuy =nyeE—T,.Vny —nimiuivy,(3)

m-n_u_-Vu_ =—-n_eE-T_Vn_—n_m_u_v_,(4)
where vy = \/g;\—i, vy = \/%, E =
_Te Vne

Para n4 = n_ +ne, AL is the ion-neutral mean
free path, u4 and 74 are the fluid velocity and the ther-
mal velocity of charged species, vy is the momentum
transfer collision frequency, F is the electric field, and
ngy is the feed gas density.

Although the accurate modeling of the discharge needs
two-dimensional or three-dimensional treatment, our
analysis will be restricted to the one-dimensional case for
simplicity. The radial distribution of charged species can
be estimated by employing spherical coordinates. If we
neglect the dependence of the densities on the azimuthal
and the polar angles, we have

d 2
V- -nu = —n(r)u] + —n(r)u,. 5
g n(r)ur] + —n(r)u, (5)
We have the non-dimensionalized parameters
. N4 . n_ . Ne . U_
ny = y N =——5 MNe= y U= —,
Te0 Neo Neo V-
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Uy = —, kizl S —— kiz2 = -
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k o KattngL [N KdisizngL
att — — ’ disiz — — )
V4 V4
k - KgissngL [ KgengL
diss — — = de — — — >
V4 V4
_ Krecln—i-OL _ KT602n+OL
krecl - - krec2 - - -
V4 V4
e_r 4 _dd 14

L dr  drd¢  Ld¢

where L is the system length. The reaction rate con-
stants (K) are given in Arrhenius form in Table 1.

The non-dimensionalized ion continuity and momen-
tum equations are

d(ﬁ;:” n 271‘2“* = kisofie — ’“in—no; (6)
i) Pl e~ et (1)
dj—g =04y f - ﬁg? - fl+ﬂ+%a (8)
i e ®

where ag = n_o/neo, v+ = Te/T, dv = D+ /(v+L),
Di = Ti/(miui), and

Uy u;(l _ uz ) n_ kzugne  krugn_
f _dy d_ +/ ne+n_ Ne+n_ 1+ag (10)
(—u2)(ne+y-n_) :
'Y+ + Ne+n_

The convective term in the negative ion momentum
equation has been neglected.

The spatial profile of atomic oxygen depends on the
source rate and the sink rate of atomic oxygen. Based
on the reactions in Table 1, we can estimate this pro-
file. We simplify the problem by assuming a uniform
distribution of fractional dissociation, isothermal gases,
and a uniform electron temperature. It should be noted
that reactions with OF are considered because efficient
production of O7 is realized in high-density oxygen dis-
charges [12]. The diffusion equation of neutral atoms is
written as

2
_-DOv no = KattnenOg + KdisiznenOg
+ 2Kdissnen02 + Kreclno; n—
+ KrecZnO'*'nf + Kdenenf - Kizlnen07 (11)
where Do is the atomic oxygen diffusion coefficient

and no is the atomic oxygen density. The non-
dimensionalized neutral diffusion equation is

d’no  2dno
0 [d—gﬁzdﬂ
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Table 1. Model reaction set for an oxygen plasma.
Reactions Rate coefficients units
Tonization 2 e+ Oy — 0.1 + 2¢ Ko =9.0 x 10_16T2exp( 266) m 37!
Dissociative Attachment e+ 02 — 0O~ +0 Kot = 8.8 x 10 exp(—%: ) m~3s7!
Recombination 2 0.t +0~ — 02+ 0 Kireco = 1.5 x 10~ 13<300 63 m3s7!
0.5
Recombination 1 O~ +0* — 02+ 0 Krec1 =2.5 x 107 13<30 m3s7!
Detachment e+ 0O~ — O+ 2e Kaer = 2.0 x 10 Pexp(—%2) m 357!
Dissociative Ionization e+ 02 — O+0" +2e Kaisiz = 5.3 x 1071079 9exp( 22) m 357!
Tonization 1 e+ 0O — 0T + 2 K1 =9.0x 1072T1.% 7exp( 13. ) m 37!
Dissociation e+ 0o — 20 +e Kaiss = 4.2 x 10~ 15exp( m 37!
1-x o e .
= |:<X) (katt - kdisiz + deiss) - kiz1:| NeNoO POSItlve lon denSIty
Ne0 1 X o . 1.0 N
+—= <krec2 + —krecl) NN + kgeNen —
ng Log+1 1-X -
(12) 2 09 T
a
where np = no/ng, do = Do/VoL and the fractional S 08| 4
dissociation X is defined as m Therefore, we have I Y
© — 2 mTorr AR *
no, = (1 — X)ng and no = Xng,, and we assume that €070 — — 5mTor "\ 4
no ~ Mot - - S \
nooz ~ no+ [13], ny = Not +np+, and n_ =np-. S - - - 10mTorr \ .
The fractional dissociation X can be estimated if we 06| =—==20mTorr \ .
consider only the dominant generation and destruction = ===30 mTorr \
mechanisms for oxygen atoms: 05 ! . ! . !

2Kdissnen02 = OlossnO 5 (13)

A
where Ojpss = '77904 t\}}

is the oxygen atom loss rate

SkB Tg
™Mo

1
to the wall, vy, = ( )2 is the thermal velocity of

the neutral atom, ;... is the surface recombination rate,
and V and A are the volume and the surface area of the
chamber. Equation (13) becomes

1

_'7recvtThX 9 (14)

2K giss(1 — X)ne =
diss Je = [ Yree 5

where L(= V/A) is the characteristic length scale of the

plasma. Equation (14) gives

_ Snei/Kdiss
8neLKgiss + YrecVin

(15)

The electron density, the electron temperature, ¥,e., and
T, (temperature of atomic oxygen gas), can give estimate
of X. The fractional dissociation X has values larger
than 0.6 for most high-density oxygen plasmas.
Charged particle densities and the neutral oxygen
atom density are calculated from Egs. (6) to (10) and
Eq. (12) by using the fourth-order Runge-Kutta method
[14] with the initial values n.o = 1, g = ag, and
U4 = G_ = 0 at the center of the chamber ({=0). The in-
put values of n4o, o, 14,7, T,, L, and ny, must be sup-
plied. These values can be obtained by global modeling

0.0 05 1.0
Normalized Distance

Fig. 1. Density profiles of positive ions at various pressures
(p = 2, 5, 10, 20, 30 mTorr).

for a given pressure and input power condition [13]. The
formulation here can be extended to two-dimensional and
three-dimensional calculations and simulates real sys-
tems more accurately. Throughout this study, T, = 3
eV is used, and X=0.7 is chosen unless otherwise stated.

III. RESULTS AND DISCUSSION

Figure 1 shows the density profiles of positive ions at
various pressures. The calculated values are normalized
by the center values (the initial values). The calculated
density profiles are somewhat flatter for lower gas pres-
sures. This may be due to the neglect of the electropos-
itive edge region in the calculations. The boundary con-
dition on the particle density at the wall is not applied
since this model describes the plasma bulk region only.
Near the wall, presheath and sheath regions exist where
quasi-neutrality of charge and the Boltzmann relation of
electrons are not valid. As can be seen in Fig. 2, the
density profiles of negative ions have steeper slopes than
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Fig. 2. Density profiles of negative ions at various pressures
(p =2, 5, 10, 20, 30 mTorr).

those of positive ions along the distance. In other words,
the profiles of negative ions show stronger density gra-
dients to the wall than those of positive ions. Since the
electron density is the difference between the positive ion
density and the negative ion density, it has a profile sim-
ilar to those of the positive and the negative ions. In
a helicon oxygen discharge, the plasma uniformity has
been observed to be degraded at higher pressure [7].

The main drawback of this model is that the den-
sity profiles are not accurate near the wall since the
formulation of this study does not describe the behav-
ior of charged species in the electropositve region and
the sheath region. In the case of a capacitively coupled
plasma for which a spherical coordinate system is diffi-
cult to apply, this causes a significant error in estimating
the density profiles. However, in high-density plasma
sources, such as an inductively coupled plasma and a he-
licon, the discrepancies in the density profiles may not
be significant, especially so in large-area sources.

In Fig. 3, we can observe that the profile of oxygen
atoms is peaked in the center, in contrast to that of the
argon discharge. The feed neutral gas itself experiences
rapid depletion (ion-pumping effect). Because this re-
moval rate is much faster than the rate of thermal neu-
tral diffusion from the walls or gas injection sources, the
neutral density in the central portion of the plasma can
be significantly reduced [7,15]. The neutral atoms in an
oxygen discharge has a behavior different from that in the
monatomic feed gas case like argon. The calculated ra-
dial distributions of oxygen atoms are in agreement with
the experimental results [1,7]. Overall, the uniformity of
oxygen atoms becomes worse as the pressure increases.
In a microwave oxygen discharge with increasing pres-
sure, the atomic oxygen homogeneity is observed to de-
grade [16]. At lower pressure, the oxygen atom density is
nearly homogeneous due to the greater diffusion length
[16]. The calculated profile of oxygen atoms compares
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Fig. 3. Density profiles of oxygen atoms at various pres-
sures (p = 2, 5, 10, 20, 30 mTorr).
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Fig. 4. Density profiles of positive ions at various ag (o
= 0.3, 0.5,0.7, 0.9).

well with the relative radial distribution of the F density
which was obtained by optical emission actinometry in
SFg discharges [17] and CFy discharges [18]. The vari-
ation of the magnitude of the spatially averaged density
of oxygen atoms with operating pressure was predicted
by global modeling [13]. The oxygen atom density in-
creases with pressure in the low-pressure range, and this
was observed experimentally in an inductively coupled
plasma [19] and a microwave discharge [6].

Figure 4 shows the density profiles of positive ions with
varying «qg. As «q increases, the plasma uniformity im-
proves. For a given pressure, the increase in aq is due to
the decrease in input power. Therefore, at lower input
power, the uniformity of charged species is better. Al-
though not shown in figures, the density profile of nega-
tive ions has the same trend except that the decrease in
the density along the distance is quite drastic at ag = 0.3
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Fig. 5. Density profiles of oxygen atoms at various ao (o
= 0.3, 0.5, 0.7, 0.9).
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Fig. 6. Density profiles of oxygen atoms at various frac-
tional dissociations X (X = 0.7 - 1.0).

and 0.5. Figure 5 shows the density profiles of oxygen
atoms for various ag. As «q increases, the uniformity of
oxygen atoms improve. At lower input power, a better
uniformity of oxygen atoms is achieved, as in the case of
charged species.

Figure 6 shows the effect of the fractional dissocia-
tion on the density profiles of oxygen atoms. Whether
the profile of oxygen atoms is parabolic (peaked in the
plasma center) or hollow depends on the fractional dis-
sociation X. As X approaches 1, the profile becomes
hollow. As X decreases, the profile has a steeper down-
slope. The fractional dissociation depends on the elec-
tron density and the electron temperature, which are
determined by the operating pressure, the input power,
and the reactor geometry. As the pressure increases, the
fractional dissociation decreases; therefore, the profile of
oxygen atoms has a shape peaked at the center.
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IV. CONCLUSION

The equilibrium one-dimensional profiles of charged
species and neutral atoms of high-density oxygen dis-
charges are numerically calculated. The negative and
positive ion concentrations in the bulk are assumed to
be mostly determined by ionization, attachment, and re-
combination reactions. The simulation results compare
well with experiments. The plasma uniformity is ob-
served to degrade at higher pressure. The profiles of
negative ions show stronger density gradients to the wall
than those of positive ions. The profile of oxygen atoms
is parabolic (peaked in the plasma center) or hollow, de-
pending on the fractional dissociation. As the fractional
dissociation approaches 1, the profile becomes hollow,
and as it decreases, the profile has a steeper down-slope.
High-density and large-area oxygen plasmas can be ben-
eficial for process uniformity in industrial applications.
Optical emission actinometry experiments are being per-
formed to confirm the validity of this model.
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