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Abstract

Two-dimensional self-consistent fluid simulation of inductively coupled oxygen plasma is presented. The model equations include continuity

equations for charged species and neutral oxygen atom, the Poisson equation, and the electron energy balance equation. The drift–diffusion

approximation is employed. From the Maxwell equations, the induced electric field and absorbed power are calculated. The two-dimensional

spatial distributions of charged species densities, charged species flux, density and flux of atomic oxygen, electric potential, and electron

temperature are calculated. The effect of the gas pressure on the plasma uniformity is investigated. As the pressure increases, the spatial

distributions of charged species and neutral atom have their peak values in the toroidal region where a large amount of the input power is

absorbed by the plasma.
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1. Introduction surface modification of synthetics, surface cleaning, growth
Plasma processing utilizes chemically reactive discharges

in order to etch or deposit material onto substrates of

interest. The uniformity of radicals or neutral atoms on the

wafer has been an important issue in the plasma processing

utilizing high-density plasma sources. Thus, the mecha-

nisms that determine the uniformity of chemically reactive

neutrals are of interest. Process uniformity depends strongly

on the spatial distribution of both charged and neutral

particle densities 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.

In this study, an oxygen plasma is considered since it has

found numerous applications in plasma processing, such as

plasma enhanced chemical vapor deposition, reactive sput-

tering, dry etching of polymers, oxidation, and resist removal

of semiconductors. Especially spatial distributions of density

and flux of atomic oxygen are studied since atomic oxygen

plays an important role in various plasma processes like
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of silicon oxide films, and etching [1,3,4].

Two-dimensional self-consistent fluid simulation of

inductively coupled oxygen plasma with a one-turn

antenna placed on the top of the dielectric roof is

presented. In a previous study [5], we performed similar

calculations for inductively coupled oxygen discharge.

However, that study was based on consideration of three

species in the plasma (O2
+, O� and electron) and did not

include the equations for the oxygen atom and O+. Etch

rates and the shape of etched profiles depend on the

relative flux of O2, O, O2
+, and O+. The transition from an

O2 to O-dominated plasma is smooth, with almost no O2

dissociated in the capacitive mode, and a gradual increase

in percent dissociation with increasing power in the

inductive mode. The fractional densities of O+ and O2
+

influence both plasma steady state conditions and plasma

surface interaction during etching.

Numerical modeling of plasma generation and transport

can be useful for improving our understanding of high-

density oxygen plasmas and for investigating the effect of

reactor design and operating conditions on plasma uni-

formity over semiconductor wafers.
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2. Model equations

The model equations include continuity equations for

charged species and neutral oxygen atom, the Poisson

equation, and the electron energy balance equation. The

drift–diffusion approximation is employed. From the field

solver using full Maxwell equations, the induced electric

field and absorbed power are calculated. The reactions in

high-density oxygen discharges considered in this model

are described in Table 1. It should be noted that reactions

with O+ are considered because efficient production of O+

is realized in high-density oxygen discharges [6]. Meta-

stable excited state of O2(a
1Dg) is neglected for simplicity

of the model. The effect of O2(a
1Dg) is not significant for

the low pressure and moderate power region considered

in this study [7]. The rate coefficients are adopted from

Ref. [7]. The spatial profiles of densities of charged

species and neutral oxygen depend on the reaction rates

of the constituents. Ion–ion recombination is assumed to

be the dominant loss mechanism for high density oxygen

discharges.

The species conservation equations are given by

Bnj

Bt
þlI& j ¼

X
i

Rij: ð1Þ

Here nj is the density of species j (=O, O2
+, O+, e), & j is

the flux of species j, and Rij is the rate of production or

consumption of species j from homogeneous reactions of

the type i. To our best knowledge, the equations for O+ and

O species have not been included in other researcher’s

previous works for the fluid simulation of inductively

coupled oxygen plasmas. Instead of solving the momentum
Table 1

Model reaction set for an oxygen plasma

Reactions

Ionization 2 e +O2YO2
++2e

Dissociative attachment e +O2YO�+O

Recombination 2 O2
++O�YO2+O

Recombination 1 O�+O+YO+O

Detachment e +O�YO+2e

Dissociative ionization e +O2YO+O++2e

Ionization 1 e +OYO++2e

Dissociation e +O2Y2O+e
balance equation, the drift–diffusion approximation is used

for particle flux

& j ¼ � Djlnj T njljE: ð2Þ
The energy balance equation is written as

B

Bt

3

2
nekTe

� �
þlIq e þ e& e IEþ

X
l

HlRl ¼ Pabs: ð3Þ

The heat flux vector is

q e ¼ �
5

2
neDel kTeð Þ þ 5

2
kTe& e: ð4Þ

Poisson’s equation is expressed as

l
2V ¼ � 1

e0

X
j

qjnj: ð5Þ

Here Dj and lj are the diffusion coefficient and mobility of

species j and V, Te, k, e, e0 are potential, electron

temperature, Boltzmann constant, electron charge and

permittivity of free space, respectively. Hl is the electron

energy loss per collision. Boundary conditions are V=0,

nj =0, and lTe =0 at grounded cylinder wall.

The absorbed power Pabs is obtained by solving

Maxwell’s equation. For an axisymmetric external current,

Jext, we obtain the induced electric field in the vacuum

l
2ẼEh r; zð Þ þ x2

c2
ẼEh r; zð Þ ¼ � ixl0Jext ð6Þ

Then, this field is inserted as a source term of the Maxwell’s

equation for finding the induced electric field in the plasma

l
2Eh r; zð Þ þ x2

c2
Eh r; zð Þ ¼ ixl0r r; zð ÞẼEh; ð7Þ

where r(r, z) is the cold plasma conductivity, and l0 is the

permeability of free space. The spatial profile of energy
Rate coefficients Units

Kiz2 ¼ 9:0� 10�16T2
e exp � 12:6

Te

� �
m3 s�1

Katt ¼ 8:8� 10�17exp � 4:4

Te

� �
m3 s�1

Krec2 ¼ 1:5� 10�13
300

Tg

� �0:5 m3 s�1

Krec1 ¼ 2:5� 10�13
300

Tg

� �0:5 m3 s�1

Kdet ¼ 2:0� 10�13exp � 5:5

Te

� �
m3 s�1

Kdisiz ¼ 5:3� 10�16T0:9
e exp � 20

Te

� �
m3 s�1

Kiz1 ¼ 9:0� 10�15T0:7
e exp � 13:6

Te

� �
m3 s�1

Kdiss ¼ 4:2� 10�15exp � 5:6

Te

� �
m3 s�1
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deposition rate to the electrons is the time average over the

wave period,

Pabs ¼ Re rjEh r; zð Þj2
� �

: ð8Þ

In this study, a model of the collisionless electron heating

is not considered. The effects of the collisionless electron

heating can be incorporated into the conductivity term in

Eq. (8) by introducing the effective collision frequency

which includes the stochastic heating. The charged particles

flux and the flux of electron energy are obtained by the

method of exponential scheme [8]. The equations are

discretized by the finite difference method for the spatial

derivatives, while the time derivatives are discretized by the

forward Euler differencing (FTCS). The details of the

numerical method are in Ref. [9].
3. Results and discussion

We consider a cylinder with a planar single-turn loop

antenna. The cylinder chamber has dimensions of 35 cm

height and 17 cm radius. The quartz window of the

thickness 2 cm is inside the chamber. The antenna is

located at r =10 cm from the axis. The plasma volume is a

cylinder of 17 cm radius and 28 cm height (from the

location of quartz window to the bottom of the cylinder)

without a substrate plate. Fig. 1 shows the two-dimensional
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Fig. 1. The spatial profiles of potential, electron temperature, electron density, n
distributions of the electric potential, electron temperature,

electron density, negative ion density, and positive ion

densities. The electron temperature has a spatially uniform

distribution in the bulk region, and almost symmetric in

both sheaths. It is further observed that the charged particle

density is rather uniform in the radial direction. The electron

density decreases smoothly toward the radial sheath,

whereas the negative ion density has a quite drastic drop

near the radial sheath. As can be seen in Fig. 1, the density

profiles of negative ions have more steep slopes than those

of positive ions along the distance. In other words, the

profiles of negative ions show stronger density gradients to

the wall than those of positive ions. Moreover, in the bulk

region, quasi-neutrality is achieved. Although not shown in

the figure, the inductive electric field and thus the absorbed

power peak at 8 cm from the center axis and 3 cm below the

quartz window.

Fig. 2 shows the density profiles of the positive ions at

various pressures. The calculated density profiles are

somewhat flatter for lower gas pressures. At higher

pressures, the ratio of ion production or depletion rates

(ionization, ion–ion recombination, and attachment) to the

diffusion rates of positive or negative ion becomes larger.

Positive and negative ions are either produced or depleted

much faster than they are diffused; large concentration

gradients then develop [10]. The plasma uniformity has

been observed to degrade at higher pressure [4].
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Fig. 2. Density profiles of positive ions at various pressures ( p =2, 5, 10, 25 mTorr) where Prf =100 W.
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Fig. 3 shows the density profiles of the neutral O atoms

at various pressures. We expect a significant depletion of

neutral atom density due to both ionization and plasma

collisional heating. As the pressure increases, the spatial

distributions of charged species and neutral atom have their

peak values in the toroidal region where a large amount of

the input power is absorbed by the plasma through the one-

turn antenna. In Fig. 3, we can observe that the profile of

oxygen atoms is peaked in the center at pressures of 2, 5 and

10 mTorr, in contrast to that of the argon discharge. In the

case of monatomic gas, the feed neutral gas itself

experiences rapid depletion (ion-pumping effect). Because

this removal rate is much faster than the rate of thermal
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Fig. 3. Density profiles of oxygen atoms at various pres
neutral diffusion from the walls or gas injection sources, the

neutral density in the central portion of the plasma can be

significantly reduced [4,11]. The neutral atom in an oxygen

discharge has a behavior different from that in the

monatomic feed gas case like argon. The calculated radial

distributions of oxygen atoms are in agreement with the

experimental results [1,4]. The profile of oxygen atom is

parabolic (peaked in the plasma center) or hollow, depend-

ing on the gas pressure. Overall, the uniformity of oxygen

atoms becomes worse as the pressure increases. In a

microwave oxygen discharge, the atomic oxygen homoge-

neity is observed to degrade with increasing pressure [12].

At a lower pressure, the oxygen atom density is nearly
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sures ( p =2, 5, 10, 25 mTorr) where Prf =100 W.
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Fig. 4. Spatial profiles of O2
+ flux in the z-direction at various pressures ( p =2, 5, 10, 25 mTorr) where Prf =100 W.
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homogeneous due to the greater diffusion length [12]. The

calculated profile of oxygen atoms compares well with the

relative radial distribution of the F density which was

obtained by optical emission actinometry in SF6 discharges

[13] and CF4 discharges [14]. The variation of the

magnitude of the spatially averaged density of oxygen

atoms with operating pressure was predicted by global

modeling [15]. The oxygen atom density increases with

pressure in the low-pressure range, and this was observed

experimentally in an inductively coupled plasma [16] and a

microwave discharge [3].

Fig. 4 shows the spatial profiles of O2
+ flux in the z-

direction (which is normal to the substrate surface). Since
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Fig. 5. Comparison of radial distributions of positive ion density between the calcu

( p =2, 5 mTorr, Prf =200, 500 W).
we have not considered the substrate (power, geometry, and

rf frequency), the flux in this case means the vector quantity

of fluid velocity multiplied by the particle density. From the

figures, we can notice that the substrate should be placed

adjacent to the plasma generation region in order to have a

substantial amount of positive ion flux. The radial uni-

formity of the incident flux seems good, but the flux

uniformity in z-direction becomes worse as the pressure

increases.

The Langmuir probe measurement of positive ion

densities is performed in the radial direction of the chamber

and the normalized density profiles are compared with the

calculated values in Fig. 5. The values calculated by the
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lation and the Langmuir probe measurement at various pressures and powers
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fluid modeling are higher than the experimental values. The

reason for this is that, since the supplied rf power is partly

reflected and dissipated in the circuit and antenna, the actual

absorbed power is less than the input power of the power

supply. In addition, there are many losses of energy

associated with the various species, which are not consid-

ered by the numerical model. The details of the Langmuir

probe measurement are found in Ref. [17]. Overall, they

agree. Especially, a good agreement is achieved for a lower

pressure, higher power case (2 mTorr, 500 W).
4. Conclusion

The two-dimensional fluid simulation of inductively

coupled oxygen plasma is performed. The numerical model

includes the equations for O+ and O, which has not been

investigated previously. The equilibrium two-dimensional

profiles of charged species and neutral atoms of high-

density oxygen discharges are numerically calculated. The

negative and positive ion concentrations in the bulk are

assumed to be mostly determined by ionization, attachment,

and recombination reactions. The simulation results com-

pare well with experiments. The calculated density profiles

are somewhat flatter for lower gas pressures. At higher

pressures, the ratio of ion production or depletion rates to

the diffusion rates of positive or negative ions becomes

larger. Positive and negative ions are produced or depleted

much faster than they are diffused; hence, large concen-

tration gradients then develop. The plasma uniformity is

observed to degrade at higher pressure. The profile of

oxygen atoms is parabolic (peaked in the plasma center) or

hollow (in a strict manner, humped), depending on the gas

pressure. A model of collisionless electron heating for low

pressure discharge operation should be included in a
subsequent study. Optical emission actinometry experiments

are being performed to confirm the validity of this model.
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