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The gas phase kinetics and plasma chemistry of high density oxygen discharges are stud-
ied. A self-consistent, spatially-averaged model is developed to determine positive ion, negative
ion and electron densities, ground state and metastable free radical densities, and electron temper-
ature as functions of gas pressure, microwave input power, and cylindrical source diameter and
length. For an electron cyclotron resonance (ECR) discharge, the reduction in radial transport due
to the confining magnetic field is also modeled. The kinetic scheme includes excitation, dissocia-
tion, and ionization of neutrals due to electron impact, electron attachment and detachment, and
ion-ion neutralization. In addition, ion neutralization at the reactor walls is included. Model
results show that for a low neutral pressure, high plasma density discharge, oxygen molecules are
almost completely dissociated to form oxygen atoms, and the dominant positive ion is O rather
than O,*. The metastable species are not important for the pressure range studied (0.5 - 100
mTorr), and the confining magnetic field significantly affects the plasma chemistry, the total posi-
tive ion density, and the electron temperature. Comparisons are made to experimental data, and
qualitative agreement between experiment and model is observed.



1. Introduction

As the feature sizes of microelectronic devices shrink, processing steps become more crit-
ical and demanding, and a better understanding of plasma behavior becomes crucial in providing
process control. Numerous literature articles are available on the modelling of plasma discharges
1-7. however, most studies focus on the plasma physics, or the plasma chemistry of high pressure,
low power density systems.

Increasingly, industrial plasma etch and deposition tools are utilizing high plasma density,
low neutral pressure sources. 318 High density sources, such as ECR, helical resonator, helicon,
and RF inductive sources, have the capability of generating plasma densities higher than 101 cm-
3, which enhance the etch rate and ion flux to the substrate surface, operate at lower pressures,
favor anisotropic etch profiles, and permit independent control of ion energy and density.

High density sources can also allow the use of simpler gas mixtures because of their rela-
tively high dissociation rates. For example, fluorine containing gases such as CF, are often used
in mixtures with oxygen. The addition of a small percentage of oxygen into the etchant gas frees
up additional fluorine atoms, thereby enhancing the etch rate. In a high density discharge, the dis-
sociation rate is typically higher than in conventional capacitively coupled discharges. Therefore,
oxygen may be unnecessary and the plasma chemistry can be simplified.

A better understanding of the plasma chemistry of high density discharges will contribute
to the improvement of process control and the effective utilization of gas mixtures. Toward this
end, we have developed a global model for the investigation of the gas phase plasma and chemical
kinetics in a low pressure, high density oxygen discharge. By global model, we mean that species
concentrations are spatially averaged and temporal variations are not included. The advantages of
a global model are that the reaction and balance equations can be solved with minimal computa-
tional resources, and scaling laws can be obtained. Furthermore, analytical solutions are some-
times obtainable, and many chemical species can be easily included, such as different types of
positive and negative ions, neutral free radicals, and metastable species. In addition, simple cause
and effect relationships can be established between macroscopic variables of power and pressure,
and microscopic variables of ion density and electron temperature. The disadvantages of solving
volume integrated particle and energy conservation equations are that temporal and spatial varia-
tions are not taken into account, and no information about density profiles or uniformity can be
obtained.



2. Model Development

The structure of the model will be discussed in detail in this section. The basic assump-
tions of the model are as follows: (1) the reactor geometry is cylindrical, which is typical of an
electron cyclotron resonance source!?-23, (2) spatial variations are not included and steady state is
assumed; these assumptions allow the inclusion of multiple species without extensive computa-
tional resources, (3) the electron-energy distribution function is Maxwellian, (4) the differences in
the bulk and sheath-edge densities of positively charged species are accounted for based on the
derivations of Godyak and Maximov??, (5) the neutral gas temperature is constant at 600 K2> 26,
and (6) the ion temperature is 0.5 eV25 26_Global power and particle balances are based on an
extension of the basic equations for argon discharges presented by Lieberman and Gottscho?”.
The fundamental equations determine the electron temperature, ion density, and the ion bombard-
ing energy, which is a function of the plasma potential. For example, the electron temperature is
determined from the particle balance equation, in which the ion-electron pairs are created in the
bulk plasma through electron-neutral collisions and lost by flow to the endwalls,

k;,Nn,nR’L = n,Up (2nR%h; +27RLhg) - @1

where k;, is the ionization rate coefficient, N is the neutral argon density, n; is the ion density, Ug
is the Bohm velocity, ~ (cTc/Mi)m, and R, L are the dimensions of the cylindrical source. The
electron temperature Te is given in units of volts. The terms hy and hg account for the variation in
the density profile with pressure in the axial and radial direction.?# The functional forms will be
discussed in Sec. 2.2. Note that the ion density drops out from both sides of equation (2.1), and the
remaining terms are simply functions of Te. Once the electron temperature is obtained, and a
power density is specified, the ion density can be determined from

P¢ = ee,Upn, | (2.2)

where Py is the power density in W/cm?, e is the electron charge, ng is the sheath-edge ion density,
&t is the total energy loss (in volts) per electron-ion pair created, which is the sum of the colli-
sional electron energy loss per electron-ion pair created in the plasma, and the energy lost by elec-
trons and ions striking the endwalls. The ion bombarding energy is assumed to be approximately
6Te, and the electron energy loss is ~ 2Te. 2



Equations (2.1) and (2.2) are for single-component electropositive plasma. These equa-
tions become much more complicated for molecular gases. In this paper, we extend the basic
assumptions and equations of the global model presented by Lieberman and Gottscho?’ to a high
density oxygen discharge.

2.1 Charged and Neutral Species Balances

Steady state rate equations for the species of interest, 0,*, 0%, 0", O,, O, and O” (meta-
stable OlD) are discussed first. The particle balance equation has the general form

flow rate in + rate of generation = rate of accumulation + rate of loss + flow rate out.

This equation can be simplified further by realizing the following conditions:

1. Flow into the reactor is molecular oxygen, therefore, the only equation that includes this
term is 02.
2, Species leaving the reactor are pumped away; negatively charged species are trapped

because of the high positive potential of the plasma with respect to the walls, therefore, no
pumping loss and wall loss are possible for O".

For charged species, the formulation is

rate of generation = rate of accumulation + wall loss + recombination loss
+ pumping loss.

where ions can be created through electron-impact collisions with neutrals, ion-neutral collisions,
and ion-ion collisions in the plasma. For our model, we only considered the generation from elec-
tron-neutral collisions, which can be expressed as V;;N, where V;, is the ionization frequency, and
N is the neutral density responsible for the generation of the ion of interest. For example, N for
0,* is Oy, and for O* is O and O". The loss terms for ions are ionfion neutralization, wall neutral-
ization, and pumping loss. Gas phase and surface reactions used in the model are listed in Table 1.
From these reactions, continuity equations for O,* and O*, respectively, are written as
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where k; = 1/T;¢igence- The residence time was calculated from the expression t = V/ S, with V
the volume of the system and S the pumping speed, which is defined as neutral pressure/flowrate.
We maintained a constant inlet flowrate of 35 SCCM, and the neutral pressure adjusts itself to
compensate for changes in the pumping speed due to the throttling of the exhaust valve. The pres-
sure in this paper is the reactor pressure, P = NKT, where N is the total neutral density. This can be
different from the inlet pressure due to increase in gas temperature and degree of dissociation. We
have not included dissociative recombination of 02*' in eq. (2.4) since the dominant ion is O* (see
Section 3.1 for details), and the effect of reactions such as

play small role in the overall plasma chemistry.
For negative ions,

dn

neg

dt
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For neutral species, the source of O, is the flow into the reactor and the neutralization of
the O,* ion, whereas for ground state O, dissociation of O, O* neutralization, and O" de-excita-
tion are the generation mechanisms. Metastable O'is generated through O, dissociation, in addi-
tion to the excitation of the ground state O. Neutrals are depleted through dissociation, ionization,
dissociative attachment, excitation in the gas phase, and pumping losses. Although all three neu-
tral species are pumped away at slightly different speeds because of the difference in mass, in our
model, we have assumed the pumping losses for all three species are identical. Particle balance



and v, is the ion-neutral collision frequency,

(ST

8kT,
Vv, = (ng +ng+ng)0, (n_Ml) (2.14)

The ion-neutral collision cross section 6, was estimated to be 5 x 1015 cm2, 28

In equation (2.9), the two terms in square brackets give the number of ions per unit time
lost to the walls and in the volume due to recombination, respectively. In the steady state, the sum
of these losses is equal to the rate of creation of electron-ion pairs in the volume. The total energy
loss includes collisional electron energy loss per electron-ion pair created, energy of an ion strik-
ing the endwall (estimated at ~ 6 Te), and energy of an electron striking the endwall (2 Te).
Changes in the ion density profile in the bulk plasma and at the wall are also taken into account
through the h; and hg terms.

Along with the particle balance equations, charge neutrality was imposed as a restriction
on the model since the bulk plasma is essentially neutral, i.e.,

[e] + [07]=[0,*] + [O"]. (2.15)

With the steady state assumption, the time derivatives of equations (2.3) - (2.8) are zero, i.e.,

d
dt 0. (2.16)

and the equations are solved simultaneously and self-consistently to obtain concentrations of the
charged species, electron temperature, neutral molecules and radicals as a function of input power
and pressure. The Newton-Ralphson algorithm?® was used in solving the multidimensional non-
linear set of algebraic equations.

2.3 Gas Phase Kinetics

The set of reactions used in the model was determined from available collisional cross
section data?®-30 between electrons and ground state O, to generate O,*, O, O7, ground state
O(3P), and metastable O(ID). The likelihood of a particular reaction depends on the collision
cross section and the electron velocity distribution. Large cross sections and low threshold ener-
gies increase the reaction probability. Reactions with cross sections smaller than 1.0 x 107!° ¢cm?



and threshold energies greater than 18.0 eV were not included, and three-body recombination
reactions were also excluded because of the low pressure system considered. Although three other
types of metastable oxygen species can be formed, their effects on the overall positive ion density
are negligible over the pressure range of interest, i.e., 0.5 - 100 mTorr, therefore, they are not
included in the model (See Section 2.5). The chosen reaction set is listed in Table 1.

Rate constants for the electron impact collision reactions of (1) - (4), (7) - (9), and (13)
were obtained from integration of the electron collision cross sections over an assumed Max-
wellian electron speed distribution, i.e.,

k={ov)= [ [ [e()vE@ % = 4x[f(v) 6 (v)vidv 2.17)
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where

V=aVeV (2.18)

m 2 —IIIV2 .
f(v) = (m) CXP('Zk—Te) , 2.19)

and fitted over an electron temperature range of 1 to 7 eV. The collision cross sections for ion-ion
neutralization (5) and (6) were obtained from literature data on two-body recombination.33

Reaction (12) in Table 1 describes the diffusional loss of metastable O(ID) to the wall,
where

Kqp =Degd A2 5 7103439 (2.20)
h _ 1
where D, = ; - 1
+ —
D A.A‘ DKN

with Dy« = diffusion coefficient of O" in O/O,,
Dkn = Knudsen free diffusion coefficient = Vi A/3,



Vi, = neutral thermal velocity, which has the same form as that of equation (2.13)

A =effective diffusion length = volume of the reactor/ surface area of the reactor

Dpa+ was estimated using the Chapman-Enskog equation for gas diifusivity.36 Metasta-
ble oxygen species can also be quenched by collision with other neutrals in the gas phase, i.e.,
reactions (10) and (11). However, at low pressures, reaction (12) can be shown to be the main loss
mechanism.

No cross section data were available for the ionization of O(ID) to form O*. Therefore, as
an approximation, the rate constant for reaction (13) was based on the ionization rate constant of
ground state oxygen, with the threshold energy decreased to 11.6 from 13.6 eV. This decrease in
energy barrier makes the metastable more likely to be ionized than the ground state atom. (The
difference in thresholds is based on the 2 eV difference in energy levels of O!D and O3P.)

2.4 Surface Reactions

For low pressure discharges, surface reactions can play an important role in the plasma
chemistry. Ion neutralization and neutral surface recombination reactions are both possible. For
high pressures, the importance of surface reactions decreases and volume recombination becomes
the dominant loss mechanism for charged species.

We have assumed that the chamber walls are passivated with a monolayer of oxygen
atoms, and the only surface reaction taking place is the neutralization of positive ions upon strik-
ing the surface. We do not include the recombination of the neutralized O* ions with the wall to
form O, for two reasons: 1). the wall recombination coefficient of oxygen atoms on a clean silica
surface is very small®?, ~ 2.0x 104, the presence of a monolayer further decreases the recombina-
tion probability since the physisorption surface coverage is small due to the weak Van Der Waals
binding force38; 2). if the neutralized species does remain on the surface, the residence time is
very short compared to the recombination time scale®®, which makes formation of O, unlikely.
Therefore, we assumed that the neutralized positive ions are recycled back into the plasma with-
out recombination, providing an additional source for molecular and atomic oxygen. The surface

reactions used are as follows:

o*@ - >0 (@) (14)
0 (® >0, () (15)

Rate constants for reactions (14) and (15) are based on a variable mobility model?# for ion
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loss at moderate gas pressures and a free-fall ion loss at low pressures. Free-fall loss, which is the
simplest case of ion loss to the wall, occurs when ions “free-fall” to the chamber walls without
suffering significant collisions with other species in the plasma. The combination of collisional
loss at moderate pressures and free fall loss at low pressures leads to a ratio h of ion density at the
sheath edge to ion density in the bulk at the axial and radial walls?#. The results are incorporated
into the rate constants for reactions (14) and (15),

ky, = (UB’O)(21|:R2hL+2nRLhR) Is @.21)
nR2L
5 .

ks = ( B’f’)(znk2hL+ 27RLhg) /s 2.22)
®R°L

where

Up; = Bohm velocity of ionic species i = (eTe / Mi)ll Zem/s

R, L = dimensions of the cylindrical source = 3.5, 30 cm respectively

This scheme for ion loss is correct only if the plasma has a predominant electropositive
character, which is true for most of the pressure and power regime in high density oxygen sources.
Figure 1 shows the kinetic scheme of each species involved, with generation and loss mechanisms
of ions and neutrals connected by arrows for clarity. For example, molecular oxygen is the feed
gas into the systém. Upon collision with electrons, the molecules undergo electronic transitions to
form O,%, 0", O, and O°. The free radicals can further ionize to form O* and the positive ions
drift to the walls and are recycled back to the plasma as neutrals upon neutralization with elec-
trons on the wall surface. As can be seen from the figure, the strongest interaction arises for the
free radicals of O and O", where their concentrations are coupled with the behavior of O, O*, and
wall reactions.

Surface recombination of neutral radicals may also be important, reactions such as

O +wall -=--e-=----> 1/2 0y
can serve as an additional source for O,, which in turn may affect the degree of dissociation in the
plasma. The recombination coefficient, Y., for this process, however, is extremely difficult to

measure, especially due to the present of ion bombardment. Therefore, we have varied Yrec
between the values of zero and one, and observed how the fractional degree of dissociation is
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changed. The results of the simulation showed for 0.0 < Y < 0.01, no significant change in the
degree of dissociation is observed, and for Y, between values of 0.01 and 0.1, the degree dissoci-
ation has dropped to about 60% in the high pressure regime.

2.5 Metastables

The contribution of metastable oxygen species to the positive ion densities of 0,* and O*
was considered. Collisions between electrons and neutrals can generate metastables with long life
times in addition to vibrationally and rotationally excited states. The metastable is easier to ionize
or dissociate than the ground state species, which provides an additional low energy pathway to
generate charged species. Therefore, concentrations of metastables must be taken into account in
order to gain better insight into the plasma chemistry. '

Four different metastables were investigated: 02(a1A), Oz(blz), O(ID), and O(IS). In
order to determine the importance of each metastable, all possible reactions for generation and
loss were gathered, and time constants for each reaction were calculated based on the formula T =
17 kN;, for high and low pressures. The dominant generation and loss mechanisms of each meta-
stable were determined based on the time constants, and a simple calculation was performed to
determine its contribution to the respective positive ion density. For example, the O(!D) metasta-

ble was generated from
e+0; >0 CP)+0 (D) +e )
RN 0 1 ) Pmmm— >O0(D)+e )

and was lost through quenching by ground state neutrals,

O (ID) + Og ~=--memmm- >0(pP)+0, (10)

O('D)+0(p)---—------> 0 (3P) + OCP) 11
diffusional loss to the wall,

O(D) e >0¢p) (12)
and loss to ionization,
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e+ O('D) -—----—-> 0% + 2¢ 13)

Rate constants for each reaction were obtained from cross sectional data3? or available lit-
erature data?0. In cases where an electron temperature is required for the calculation of the rate
constant, results from the model with no metastables included were used (see Section 3.2). Table
2 lists the rate constants and time constants associated with each reaction for two pressures: 1
mTorr and 100 mTorr. From the time scales involved in the generation and loss reactions of O
(D), one can see that the main generation reaction is the excitation of ground state oxygen atoms,
and the main loss mechanism is diffusional loss to the walls at low pressures, and ionization at
high pressures. Ratios for the generation rate of O* with and without the presence of metastables
were then calculated for the two different pressure regimes. The metastable O(ID) appears to be
important, and its contribution to the overall O* density needs to be included. Similar calculations
were performed for Oz(alA), 02(b12), and O(IS). For these metastables, the contribution to gen-
eration of O, and O* was small over the pressure range of interest; therefore, they were not
included in the model.

3. Results and Discussions

In order to determine the importance of the metastable oxygen atom on the plasma chem-
istry, two separate simulations were performed. First, results of the simulation including the reac-
tions involving the metastable oxygen atom are discussed along with the effects of radial ion loss.
Second, metastable oxygen atoms are excluded and comparisons are made in the same parameter
space.

3.1 Effects of metastable oxygen

Particle and energy balance equations listed in Section 2 are solved simultaneously and
self-consistently to obtain species concentration and electron temperature as a function of input
power and pressure. Figure 1 shows the kinetic scheme for the model, including the interaction
between charged and neutral species present in the plasma. The interactions between species are
strongly coupled through the global particle and energy balances. For example, a change in the
molecular oxygen concentration will affect the oxygen atom and negative ion concentration,
which in turn will affect the O* and O® densities. The variation in the neutral and electron densi-
ties will also affect the electron temperature since it is obtained self consistently from the particle
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balance equation. For the initial global solution, we assume a strong confining axial magnetic
field, such that radial positive ion losses do not occur, and all positive ion losses are axial. Experi-
mental measurements, however, have shown that ion confinement in some sources is actually
quite poor‘"’42 Therefore, we also performed the global simulation by including radial loss to
observe how the results are affected. One would expect the ion density to decrease since the loss
surface area is increased, and to compensate for the decrease in ion density, the electron tempera-
ture must increase as a direct consequence.

The effect of input power and pressure on the overall positive ion density, i.e., O,* and O*
concentrations, is presented in Figure 2. Results at three different power densities were included;
for the cylindrical source geometry used in our model, 0.7 W/cm? (of chamber surface area) cor-
responds to approximately 500 W microwave power absorbed. From the figure, one can see that
the total positive ion density increases with increasing input power and (iccreasing pressure. At a
fixed pressure, the ion density increases monotonically as more power is applied to the system;
this has also been observed experimentally, as will be discussed in Section 3.3. As pressure
increases at a constant power density, the situation becomes more complex. Before we attempt to
explain this phenomenon, the behavior of electron temperature for the same parameters will be
examined. In Figure 3, one can see that the electron temperature is weakly dependent on power in
the low pressure regime and decreases with increasing pressure. Unlike single-component dis-
charges as described in Section 2, the electron temperature is determined by multiple particle bal-
ance equations which are strongly coupled. Therefore, Te is a function of both input power and
pressure. The dependence on power is much weaker than the pressure dependence. In Figure 2, as
pressure increases, the ion density decreases because the collisional energy loss per ion created is
much higher at low electron temperatures (see Figure 4), and the ionization process becomes less
efficient. For power density of 1.0 W/em?, the case of no magnetic field was also studied. As
expected, for the same power input, the ion density was depressed by a factor of ten at low pres-
sures and the electron temperature was increased. The effect of radial loss is also more pro-
nounced at low pressures, due to the volume recombination loss of positive ions at high pressures.
As the pressure increases, ion loss through ion-ion neutralization becomes more important, and
the effect of ion radial transport is less obvious. The presence of negative ions also contributes to
the decrease in the overall positive ion density at higher pressures. Recall from Section 2.1, that in
the presence of negative ions, positive ions are also lost through ion-ion neutralization. If the neg-
ative ion density is sufficiently high, as is the case at high pressures, (Figure 5) this loss mecha-
nism becomes more important, which further decreases the positive ion density. The decrease in
electron temperature with increasing pressure can be attributed to the decrease in the ionization
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rate per electron at higher pressures.

The presence of negative ions also affects the electron temperature at high pressures. Fig-
ure 3 shows that the electron temperature is highest for a power density of 0.1 Wi/cm?, in the high
pressure regime. This is contrary to what is observed for a plasma that is free of or consisting of
very few negative ions, which is the case for high input power densities. When a discharge con-
tains negative ions of comparable concentration to that of electrons, the electron density is greatly
affected. Since the condition of charge neutrality must hold for a quasineutral plasma, as the neg-
ative ion density increases, the electron density must go down. If this is the case, the overall ion-
ization rate will also decrease, and the electron temperature must go up in order to sustain the
ionization rate. As the negative ion concentration decreases, the electron temperature is lowered.
This is the case with increasing input power, and the plasma behaves as if the negatively charged
species were not present.

For low pressure, high density oxygen discharges, the concentration of negative ions has a
negligible effect on the plasma chemistry. At low power densities and high pressure ranges, the
effect of negative ions becomes more important. As can be seen from Figure 5, the ratio of nega-
tive ion density to electron density increases as power decreases and pressure increases. These
trends can best be explained by looking at the particle balance equation of O", Recall from Section
2.1 that the generation of negative ions is through electron-impact collisions with oxygen mole-
cules, and the generation term is expressed as Vi;N, where N is O,. The main loss term for the
negative ions is ion-ion neutralization with O,* and O* since the negatively charged species are
trapped in the plasma due to the high potential barrier at the reactor walls. At constant pressure,
the negative ion density increases with decreasing power. The reasoning behind this is twofold: 1)
the generation rate is higher -- molecular oxygen density is higher at lower power due to the lower
dissociation rate (see Figure 6); 2) the loss rate is lower since the positive ion density decreases
with decreasing power (see Figure 2). Therefore, at constant power, the negative ion density
increases with increasing pressure since the neutral density increases steadily with pressure while
the positive ion density decreases. The effect of radial ion transport is also presented. The ratio of
negative ion to electron density is increased since the oxygen molecule concentration is increased,
which generates more negative ions through dissociative attachment. Figure 5 shows that the ratio
of [0}/ [e] has increased by two orders of magnitude, however, the ratio is still too small to have
a significant effect on the electropositive nature of the plasma.

High density plasma sources typically dissociate the neutral molecules to an appreciable
extent. For an oxygen discharge, our global model demonstrates that the dominant neutral species
is oxygen atoms, and the oxygen molecules are almost completely dissociated. In formulating the
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model, we have allowed for the depletion of the oxygen molecule by writing a steady state parti-
cle balance equation that accounts for all the generation and loss processes associated with O,
rather than assuming that [O,] ~ 3.0 x 1013p cm’3, where p is pressure in mTorr. The latter
assumption is valid if the percent dissociation is very low, as in the case of high pressure, low
power plasma systems, and the background neutral density remains unchanged. However, for
high density sources, up to 10% ionization can be obtained, and the depletion of the background
neutral gas cannot be ignored. Figure 6 shows the behavior of the oxygen molecule concentration
in the same parameter space as the previous figures. The top dashed line in the figure applies to
the case of no depletion; the bottom four curves are results from the model where depletion has
been taken into account. The percent dissociation is highest at the low pressure and high power
range, and the O, molecule is almost completely fragmented. The effect of radial ion confinement
has weaker effects on the neutral species, although the O, concentration can be enhanced up to a
factor of five at low pressures.

Since oxygen atoms are the dominant neutral, it is not surprising to see that the dominant
positive ion in the plasma is O* instead of O,*. From the kinetic scheme presented in Figure 1, the
generation of O* depends on the oxygen atom concentration, therefore, a highly dissociative dis-
charge will generate O* as the dominant positive ion. This has also been observed experimen-
tally19 in an oxygen ECR discharge through the use of a mass spectrometer. Figure 7 shows that
for the parameter space studied in our model, the dominant positive ion is O*, and the ratio of O*
to O,* increases with increasing power and decreasing pressure. This fits well with the above dis-
cussion regarding the dissociation rate of oxygen molecules at low versus high pressures. For low
density, high pressure discharges, the dominant positive ion will be O,*, as observed in simula-
tions by Vahedi and Sommerer*344, Because power deposition in an RF parallel plate discharge is
capacitively coupled through the sheath, most of the energy is deposited as ion kinetic energy
losses in that region rather than in the bulk plasma. To compare our results of the global model
with previous work for an oxygen discharge in a parallel-plate system, we modified our energy
loss equation to simulate such a case by assuming a sheath voltage drop of 400 volts and a power
density of 0.01 Wi/cm?, i.e., the €; w term in equation (2.10) is 400 V instead of 6 Te. Figure 8
shows that under these conditions, the dominant positive ion is O,* when the pressure becomes
greater than 50 mTorr.

The behavior of the ground state oxygen atom concentration was also studied since it is
the dominant neutral species in a high density discharge. Figure 9 shows that the O atom concen-
tration increases with increasing pressure and is relatively independent of input power. The
increase in oxygen atom density with pressure follows directly from the result of Figure 6 where
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the oxygen molecule concentration also increases with pressure. To understand ihc behavior of O
atoms with variations in input power, we need only note that in the range of pressures and powers
considered here, O, is almost completely dissociated into O atoms and that the O atom density is
much larger than the densities of all other species. Therefore, we expect approximately [O] ~ 2. x
3.0x 10"p cm™3 (p in mTorr). This dependence is plotted as the dot-dashed line in Figure 9.

Results of the global model show that the metastable species concentration is not signifi-
cant in contributing to the formation of the O* density in the pressure range studied. Figure 10
shows the behavior of O concentration in the same parameter space as the O atom concentration.
Comparing Figures 9 and 10, one can see that the ground state oxygen atom concentration is
always greater than the metastable concentration throughout the pressure range of interest, except
for the highest power of 3.0 W/cm?, where O and O* concentrations are of comparable magni-
tude. The effect of O* on the O* density will be discussed in Section 3.2. One might wonder why
the 0" density increases with increasing power whereas the ground state concentration is indepen-
dent of power. This is because the rate of generation of O is proportional to n,,, which increases
with increasing power. At pressures greater than 20 mTorr, Figure 10 shows that the metastable
species concentration starts to drop. This is due to the effect of volume quenching of 0" with
other neutral species present in the plasma such as O and O,. As the pressure increases, the con-
centration of the ground state neutrals also increases, and the volume loss mechanisms of O
become more important. With the inclusion of radial ion transport, the metastable density shows a
difference in concentration up to a factor of ten.

3.2 Without Metastables

From the results of Figures 9 and 10, one might wonder how the metastables contributed
to the plasma chemistry, especially the positive ion density. In order to verify this, we eliminated
reactions (9) - (13) in Table 1, and only followed the concentrations of O, O, 0,*,0%, 0", and
electrons.

From Figures 11 (a) and (b), one can see that eliminating the metastable species does not
have a major effect on the positive ion and electron temperature behavior over the parameter
space studied. Figure 11 (a) shows the effect of metastables on the overall positive ion density.
The enhancement is due to multi-step ionization, which is more significant at higher power. The
increase in the density, however, is no more than a factor of five, and decreases as pressure
increases. The change in electron temperature due to the presence of metastables, as shown in
Figure 11 (b), is only a few percent. From the global model solution, we have found that the meta-
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stable species does not have a significant effect on the plasma chemistry, however, the spatial pro-
file of the metastable species might be of importance in affecting the plasma uniformity, where
multi-step ionization is more localized.45:46

3.3 Comparison with experimental results

The results from the global model were compared with experimental data obtained by
other researchers?0-2347_ Most commonly, researchers report measurements of ion density and
electron temperature versus power and pressure. A wide range of measurement techniques have
been used, including Langmuir probes, microwave interferometry, and Thomson scattering.

Figures 12 (a) and (b) show the dependence of ion density versus power and pressure,
respectively. Results from the model were from the case that included métastables. For each set of
experimental data, the model is modified to match the operating condition and reactor geometry
of the system where data is obtained. Figure 12(a) shows agreement between model and experi-
mental results, with the three experimental data sets displaying the monotonically increasing
behavior of ion density versus power. The pressure behavior is presented in Figure 12(b), and
again shows reasonable agreement to the global model predictions. The behavior of electron tem-
perature with input power and pressure is presented in Figures 13(a) and (b). The model predic-
tion of electron temperature being a weak function of power and strong function of pressures is
confirmed by experimental measurements. The comparison between experiment and model
results show qualitatively to semi-quantitative agreement. However, the agreement is not quanti-
tative. This is partly due to the inherent limitations of the global model, since no spatial or tempo-
ral variations are included.

4. Condusion

The gas phase kinetics and chemistry of a low pressure, high density oxygen discharge
have been investigated. Global power and particle balance equations were written for both neutral
and charged species, and their dependence on input power and pressure was studied.

For low pressure, high density discharges in oxygen, results of the model can be summa-
rized as follows:

1).  The dominant positive ion is O* rather than O,*;
2).  The dominant neutral species is ground state oxygen atoms, oCP);
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3). The metastable species o* (O'D) becomes more important at high power densities and
can enhanced the positive ion density by a factor of five;
.4).  The negative ion concentration is always smaller than the electron density, until the oper-
ating regime approaches high pressure and low power, i.e., less than 0.1 W/cm?2, and
greater than 100 mTorr.

Comparisons with simulations performed for low particle density, high pressure systems
such as a capacitively coupled parallel plate electrode discharge, showed that the trends are
reversed, i.e., the dominant jon and neutral species are 0,* and O,, respectively; and the negative
ion density becomes of equal, if not greater magnitude than the electron density. At high pressure
and low power density, the metastable species of interest will be O, rather than O.

Results of the global model were also compared with published experimental data. The
qualitative dependence of electron temperature and ion density on power and pressure were in
qualitative agreement with the model. To the best of the authors’ knowledge, the only published
report of ion composition in O, ECR discharges indicates that O* is that dominant positive ion, in
agreement with model predicﬁonslg.

For high density, low pressure sources, the plasma chemistry differs substantially from
low density, high pressure systems. The construction of a global model made possible the investi-
gation of these differences, and provided insight into the plasma gas phase kinetics. In addition,
relatively simple cause and effect relationships between the coupled plasma parameters were elu-
cidated.
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Figure Captions
Figure 1. General kinetics flow sheet for a low pressure, high density oxygen discharge.

Figure 2. Total positive ion density versus input power and pressure; ions are assumed to be per-
fectly confined radially.

Figure 3. Electron temperature versus input power and pressure.

Figure 4. Collisional electron energy loss per electron-ion pair created for molecular and atomic
oxygen.

Figure 5. Ratio of negative ion density to electron density versus input power and pressure.

Figure 6. Concentration of molecular oxygen versus power and pressure. (- — - — curve indicates

when no depletion is included for the background neutral gas, i.e., [0;] =3.0 x 1013p cm3, where

p is in mTorr.)
Figure 7. Ratio of the positive ion densities, [0*)/[0,*], versus power and pressure.

Figure 8. Ratio of positive ion densities for a low density, high pressure capacitive RF plasma sys-
tem.

Figure 9. Concentration of oxygen atoms versus power and pressure.

Figure 10. Behavior of metastable oxygen species O('D) versus input power and pressure.

Figure 11a. Effect of metastable species on the total positive ion density.

Figure 11b. Effect of metastable species on electron temperature.

Figure 12a. Comparison of model results and experimental data; total positive ion density versus

input power. (open legends are model results based on the conditions of the experimental setup,
closed legends are data points)
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Figure 12b. Total positive ion density versus pressure. (open legends are model results based on
the conditions of the experimental setup, closed legends are data points)

Figure 13a. Comparison of model and experimental data for electron temperature variations with
input power. (open legends are model results based on the conditions of the experimental setup,
closed legends are data points)

Figure 13b. Comparison of model and experimental data for electron temperature dependence on

pressure. (open legends are model results based on the conditions of the experimental setup,
closed legends are data points)

21



References
T'park, S. K., and D. J. Economou, J. Appl. Phys., 68, 3904 (1990).
2 Sommerer, T. J., and M. J. Kushner, J. Vac. Sci. Technol. B 10, 2179 (1992).
3 Deshmukh, S. C., and D. J. Economou, J. Appl. Phys. 72, 4597 (1992).
4 Lymberopoulos, D. P., and D. J. Economou, J. Appl. Phys. 73, 3668 (1993).
5 Deshmukh, S. C., and D. J. Economou, J. Vac. Sci. Technol. B 11, 206 (1993).

6 Gousset, G.,C. M Ferreira, M Pinheiro, P. A. Sa, M. Touzeau, M. Vialle, and J. Loureiro, J.
Phys. D: Appl. Phys. 24, 290 (1991).

7 Ferreira, C.M., and G. Gousset, J. Phys. D: Appl. Phys., 24, 775, (1991).

8 Hara, T, K. Kawaguchi, J. Hayashi, H. Nogami, and others, Jap. J. Appl. Phys. part 2, 32, L536
(1993).

9 Jurgensen, C.W., R. S. Hutton, and G. N. Taylor, J. Vac. Sci. Technol. B 10, 2542 (1992).
10 Charles, C., J. Vac. Sci. Technol. A 11, 157 (1993)

11 Chen E F, J. Vac. Sci. Technol. A 10, 1389 (1992).

12 Charles, C., R. W. Boswell, and R. K. Porteous, J. Vac. Sci. Technol. A 10, 398 (1992).
13 Perry, AJ., D Vender, and R. W. Boswell, J. Vac. Sci. Technol. B 9, 310 (1991).

14 Henry D., J. M. Froncou, and A. Inard, J. Vac. Sci. Technol. A 10, 3426 (1992).

15 Ebihara K.,T. Ikegami, T. Matsumoto, H. Nishimoto, and others, J. Appl. Phys., 66, 4996
(1989).

22



16 Maruyama, K., K. Kamata, M. Yamamoto, T. Morinaga, and others, Bull. Chem. Soc. Jap., 66,
975 (1993).

17 fanno, N. 1., S. Nafis, P. G. Snyder, B. Johs, and others, Appl. Surf. Sci., 63, 17 (1993).
18 Kondon, N., Y. Nanishi, and M. Fujimoto, Jap. J. Appl. Phys., part 2, 31, L913 (1992).
19 Lynch, B., Masters Thesis, Univ. of Cal., Berkeley, (1992).

20 popov, O.A., J. Vac. Sci. Technol. A 7, 894 (1989).

21 Heidenreich I, J.E., I.R. Paraszczak, M. Moisan, and G. Saurve, J. Vac. Sci. Technol. B 6, 288
(1988).

221 ee, Y. H., J. E. Heidenreich III, and G. Fortuno, J. Vac. Sci. Technol. A 7, 903 (1989).
23 Carl, D.A., D.W. Hess, and M.A. Lieberman, J. Vac. Sci. Technol. A 8, 2924 (1990).

2 Godyak, V. A., Soviet Radio Frequency Discharge Research, Chapter 5, Delphic Associates,
Inc., 1986.

25 Nakano, T., N. Sadeghi, and R.A. Gottscho, Appl. Phys. Lett. 58, 458 (1991).
26 Sadeghi, N., T. Nakano, D. J. Trevor, and R. A. Gottscho, J. Appl. Phys. 70, 2552 (1991).

21 Lieberman, M.A,, and R. A. Gottscho, in Physics of Thin films, ed. by M. Francombe and J.
Vossen, Academic Press, 1993.

28 Book, D.L., NRL Memorandum Rep. No. 2898.

29 Press, W. H., B.P. Flannery, S. A. Teukolsky, and W. T. Vetterling, Numerical Recipes, The Art
of Scientific Computing, p. 272, Cambridge University Press, New York, 1986.

23



30 Laher, RR., and FR. Gilmore, J. Phys. Chem. Ref. Data, 19, 277 (1990).
31 phelps, A.V. JILA Information Center Report, No. 28, 1985.

32 Eliasson, B., and U. Kogelschatz, Basic Data for Modelling of Electrical Discharges in Gases:
Oxygen, KLR 86-11 C., 1986.

33 Olson, R. E., J. R. Peterson, and J. Moseley, J. Chem. Phys., 53, 3391 (1970).
34 Phelps, A.V.,, J. Res. Natl. Inst. Stand. Technol. 95, 407 (1990).
35 Zipf, E. C., I. Chem. Phys., 7, 2034 (1963).

36 Bird, R. B., W. E. Stewart, and E. N. Lightfoot, Transport Phenomena, p. 511, John Wiley &
Sons, Inc., New York, 1960.

37 Greaves, J. C., and J. W. Linnett, Trans. Farad. Soc., 55, 1355 (1959).

38 Butterbaugh, I.W., D. C. Gray, and H. H. Sawin, J. Vac. Sci. Tech., 9,1461 (1991).

39 Ehrlich, G., J. Chem. Phys, 31, 1111 (1959).

40 vialle, M., M. Touzeau, G. gousset, and C. M. Ferreira, J. of Phys. D., 24, 301 (1991).

41 Rossnagel, S. M., K. Schatz, S. J. Whitehair, R. C. Guarnieri, D. N. Ruzic, and J. J. Cuomo, J.
Vac. Sci. Technol. A 9, 702 (1991).

42 Rossnagel, S. M., S. J. Whitehair, C. R. Guarnieri, and J. J. Cuomo, J. Vac. Sci. Technol., A 8,
3113 (1990).

43 Vahedi, V., 1992 GEC poster, to be published.

44 Sommerer T. J., and M. J. Kushner, J. Appl. Phys., 71, 1654 (1992).

24



45 Scheller, G.R., R. A. Gottscho, T. Intrator, and D. B. Graves, J. Appl. Phys., 64, 4384, (1988).
46 Scheller, G.R., R. A. Gottscho, D. B. Graves, and T. Intrator., J. Appl. Phys., 64, 598 (1988).

47Kcller, J. H., J. C. Forster, and M. S. Barnes, J. Vac. Sci. Technol., A 11, 2487 (1993).

25



Reaction

Table 1. Model Reaction Set

Rate Coefficients

L

Reference

e

R o ) — > Opt+2e kq =9.0x 10710 (Te)2 126/ Te) oy 3 -1 32
Y o S— > 0CP)+0O(D)+e ky =5.0x 108 ¢84/Te) o3 -1 32
X o S— > 03P +0O k3 = 4.6 x 10711291/ Te -1.26 / (Te)2 +6.92/ (Te)3) o, 3_o-1 32
PR 01 ) J—— —-> O%+2e kg =9.0 x 10(Te)07 e(13.6/Te) o371 32
0 +0;t e —> 0P +0, ks =1.4x 107 cm3-s'1 33
0+0% e ~-> 0Cp)+0¢p) kg=2.7x 107 cm3-s’1 33
e+ O > OCP) + 26 ky = 1.73 x 10"7e(-5:67/ Te + 7.3/ (Te)2 - 3.48/ (Te)3)gyp3 -1 39
X% o S— > OCP)+0CP) +e kg =4.23 x 109 ¢5:56/Te) o 3_ -1 32
e+0CP) - > O(D)+e ko = 4.47x 109 ¢(-2286/Te) o3 -1 30
o(lD)+0; - ~-> 0CP)+0, kio=4.1x 10" ¢m3-s1 40
o(ID) + O(3P)----------— > 0Cp)+0¢P) kg1 =8.1x 1012 cm-s1 40
o('p) a5 o@p) kq2 =Deg/ A2s°1 34,35
N0 1( ») J— > O*+2 kq3 =9.0x 107 (Te)0-7 116/ T) o3 -1 a
o* (g) -l 5 ocdp) (g) ki4 =212.3 (Te)% (76.9hy + 659.4hg) s b
0, (2) Al s 0yp) ky5 = 149.9 (Te)%5 (76.9hy_ + 659.4hg) 51 b

Te [=] eV; p [=] mTorr.

—
a. This rate coefficient is estimated from k4, where the same process takes place except the threshold energy is 13.6 eV instead of 11.6.
b. These surface loss rate coefficients are estimated from the free-fall of ions to the walls (see Section 2.4 for details).



Table 2. Time scale for generation and loss of O*

L

Reaction k 7(s) T(s)
(cm3-s'1) (1 mTorr) (100 mTorr)
Generation
e+0y e >0CP)+0(D)+e k= 276x107 (1mT) 1.2x 104
1.52x 1010 (100 mT) 22x 103
RN 0 . N — > O('D) +e kg= 20x10° (1mT) 9.8 x 10°6
92x 1010 (100 mT) 2.2x 107
Losses
o('p) + Oy oo > 0CP) +0, ko= 4.1x101 8.1x 103 8.1x 107
(074 0) R 0% ) Je—— > 200%P) +e kyjp= 8.1x1012 2.5x 103 2.5x 107
(0700 ») J—— > 0Cp) kiz= Degf/A2 (s 4.57x107 1.68 x 10
e+0(ID) e > 0t +2e k3= 443x1011 (1 mT) 4.51x10%

523x 1012 (100 mT) 3.80 x 107




Table 3. Excitation Energy Loss Reaction Sets for Oxygen Molecule

Lttt e e,

Reaction Process Reference

—

PP o Y —— > OgalAy) +e Metastable Excitation 41
........... > Oz(b]Zg*') +e Metastable Excitation 41
............ > Oyclz)+e Metastable Excitation 41
............. > OxALH+e Metastable Excitation 41
............ > Op+e Momentum Transfer 41
> Ot 4 Ionization 32
........... > Oy +e Rotational Excitation 41
............ > 0, (v=1-4)+e Vibrational Excitation 41
........... > 0CP)+0(D)+e Dissociation 32
.......... -> 0CP)+0CP)+e  Dissociation 32



Table 4. Excitation Energy Loss Reaction Sets for Oxygen Atom

“

Reaction Process Reference
“
e+00CP) e > 0@p*D)+2e Metastable Excitation 30
---------- -> 0@ptls)+e Metastable Excitation «
--------- -> 0@3sSYH +e Excitation «
----------- -> 0@3s3sY +e “ «
------------ > 0@3pP)+e “ ..
------------- > 0GpP)+e “ «
------------- > 03d3DY +e “ «
---------- ~> O(@s3sh +e “ “



k | (feed gas) ks

02+ . . 02 - O-
ks, k15
ks.kg,k7

5 ko.ks.Kg

0" = < 0
K10: k11> K2 >
kq
k ’
. ke K14
O+
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