28" ICPIG, July 15-20, 2007, Prague, Czech Republic

Topic number: 01

On the role of argon reactions in a low pressure Ar/O, discharge

J. T. Gudmundsson'? and E. G. Thorsteinsson'?

" Department of Electrical and Computer Engineering, University of Iceland, Reykjavik, Iceland
? Science Institute, University of Iceland, Reykjavik, Iceland

We use a global (volume averaged) model to study the argon reactions, and the role of
metastable species in an O, /Ar discharge in the pressure range 1 - 100 mTorr. The relative
reaction rates for the creation and loss of the metastable argon atom (the levels 1ss and 1s;) and
the argon ion Ar* are calculated and the important reactions determined and discussed. Penning
dissociation influences the loss of metastable atoms above 10 mTorr pressure and its role
increases with increasing pressure. Roughly 90 % of the argon ions are created by electron
impact ionization from the ground state atom while about 10 % are created by electron impact
ionization from metastable argon atom. Charge transfer and ion-ion recombination replace wall
recombination as the dominating loss channels for argon ions above 20 mTorr.

1. Introduction

Oxygen discharges have been applied in plasma
processing since the early days with applications
such as ashing of photoresist [1], removing polymer
films and oxidation or deposition of thin film oxides
[2].

Argon metastables are suggested to play an
important role in the dissociation process in oxygen
discharges diluted with argon. Worsley et al. [3]
suggest that the increase in O radical density upon
argon dilution in a dual frequency capacitively
coupled discharge is due to increasing contribution
of Penning dissociation. Similarly, Kitajima et al. [4]
report on increased density of metastable O('D)
atoms in highly argon diluted oxygen plasmas due to
dissociative quenching of metastable argon atoms.
The creation and destruction of negative ions in a
pure oxygen discharge [5,6] and the dissociation
processes in O,/Ar discharge [7] has been studied in
detail in earlier work. Here we intend to explore the
role of the argon metastables in the Ar/O, discharge
and in particular the reaction rates for the creation
and destruction of metastable argon atoms (the
levels 1ss and 1s;) and the Ar*ion.

2. The global (volume averaged) model

We assume a cylindrical chamber of radius R
and length L. A steady flow of neutral species is
introduced through the inlet. The content of the
chamber is assumed to be nearly spatially uniform
and the power is deposited uniformly into the plasma
bulk. We assume eighteen species in the discharge.
In addition to electrons the oxygen discharge
consists of molecular oxygen in the ground state
0,(X’%Z,), metastable molecular oxygen O,(a'A,),
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0,(b'Z,") and O(A’Z,, A’A, ¢'Z)), atomic oxygen
in the ground state OC’P), metastable atomic oxygen
O('D), ozone Os, the positive ions O* and O*, and the
negative ions O, O, and Os;. The argon discharge
consists of argon atoms in the ground state
Ar(3s°3p°®), metastable argon Ar™ (the metastable
levels 1ss and 1s;), radiatively coupled levels Ar' (the
levels 1s, and 1s,), Ar(4p) (all the 10 energy levels
belonging to the 4p manifold) and positive argon
ions Ar*. It has been suggested that electron
collisional mixing between the levels can be
important population transfer process [8]. Thus a
detailed reaction set of the transfer processes in the
argon atom was developed. Electrons are assumed to
have a Maxwellian-like energy distribution in the
range 1 - 7 eV. The reaction set and rate coefficients
for the argon and oxygen discharge are listed
elsewhere [7].

The plasma chemistry is described by a set of
first order differential equations [9,10]. For each
particle a continuity equation describes the creation
and the volumetric and surface reactions and losses.
For the present study the system of first order
differential equations is allowed to reach a steady
state. In addition the charged particle species must
satisfy the quasi neutrality condition. The power
absorbed within the discharge is accounted for by
electron collisional energy loss and the kinetic
energy lost per electron and ion lost to the wall.

The ion flux to the walls and the diffusional
losses of neutral atoms and molecules to the reactor
walls are estimated by an effective loss-rate
coefficient as described earlier [7,10]. The wall
recombination coefficient for atomic oxygen is
assumed to decrease with increasing pressure. A
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best fit through a collection of measured data in the
pressure range 2-150 mTorr gives VYo
0.1438exp(2.5069/p) where p is the pressure in
mTorr [7]. For pressures below 2 mTorr we assume
that the wall recombination rate coefficient increases
linearly with decreasing pressure from 0.5 at 2
mTorr to 1.0 at vacuum.

3. Results and Discussion

To explore the role of metastable argon atoms
and argon ions in the discharge we apply the global
(volume averaged) model to a cylindrical discharge
in a stainless steel chamber with radius R = 10 cm
and length L = 10 cm. We assume applied power of
500 W, neutral gas temperature of 7, = 600 K, and
gas flow rate of 50 sccm. For neutral species, the
main source of O, and Ar is the flow of O./Ar gas
mixture into the reactor. Here we assume 50 % O,
and 50 % Ar in the inlet flow.

The density of neutral oxygen atoms and
molecules versus pressure are shown in figure 1 (a).
The density of the ground state oxygen molecule
0,(X*Z,) is higher than the density of the oxygen
atom in the ground state O(’P) in the pressure range
of interest. The density of the metastable oxygen
molecule O,(a'Q,) is significant and accounts for 8.2
% of the total oxygen molecule density at 1 mTorr
but increases to 16 % at 100 mTorr. The density of
neutral argon atoms versus the pressure is shown in
figure 1 (b). We note that the density of metastable
argon atoms as well as the radiatively coupled levels
Ar" are roughly 10" m® The argon metastable
density is 0.18 % of the total argon atom density at 1
mTorr but decreases with increased discharge
pressure to 0.0013 % at 100 mTorr. The density of
charged particles versus the fractional argon flow
rate is shown in figure 1 (c¢). For low pressure the
dominant ion in the discharge is Ar*, and as the
pressure is increased O, becomes the dominant ion.
The density of the O," ions is roughly equal to the
O" ion density up to about 3 mTorr pressure. The O*
ion density decreases with further increase in
pressure, while the O," density increases. The
density of the negative oxygen ion O is 5 x 10 m™
at 1 mTorr but increases with increased pressure up
to 10" m? at roughly 20 mTorr and falls again
slightly with further increase in pressure.
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Figure 1 (a) The density of neutral oxygen atoms and
molecules, (b) the density of neutral argon atoms, and (c)
the density of charged particles versus pressure for 1:1
arogn-oxygen mixture. The applied power is 500 W, and
the gas flow rate 50 sccm. The chamber is assumed to be
made of stainless steel, cylindrical with R = 10 cm and L
=10 cm.
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The relative reaction rates for the creation of
the metastable argon atoms Ar™ versus pressure are
shown in figure 2. Emissive deexcitation from the
4p manifold

Ar(4p) P Ar" + hv

is the most important path for the creation of the
metastable argon atom Ar™ contributing to roughly
57 % at 1 mTorr but falling with increased pressure
to about 40 % at 100 mTorr. Electron impact
deexcitation from Ar" and Ar(4p) contributes in the
range 26 — 39 % to the creation of Ar™ depending on
the pressure. Electron impact excitation from the
ground state contributes to only about 18 % of the
Ar™ creation at 1 mTorr but its role increases with
increased pressure to about 32 % contribution at 100
mTorr. Figure 3 shows the relative reaction rates for
the loss of the metastable Ar™ versus pressure.
Electron impact excitation to the Ar" and Ar(4p)
states contributes to roughly 95 % of the loss of Ar™
for pressures up to 20 mTorr and then it falls with
increased pressure to roughly 42 % contribution at
100 mTorr. Penning dissociation has negligible
contribution for pressures below 5 mTorr but its role
increases with increased pressure to reach roughly
52 % contribution at 100 mTorr. Other processes
like quenching by oxygen atoms, electron impact
ionization and pooling ionization through Ar™ + Ar'
and Ar™ + Ar™ have small contributions to the loss of
Ar™.
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Figure 2 The relative reaction rates for the creation of the
metastable Ar™ versus pressure for 1:1 arogn-oxygen
mixture. The applied power is 500 W, and the gas flow
rate 50 sccm. The chamber is assumed to be made of
stainless steel, cylindrical with R =10 cm and L = 10 cm.
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Figure 3 The relative reaction rates for the loss of the
metastable Ar™ versus pressure for 1:1 arogn-oxygen
mixture. The applied power is 500 W, and the gas flow
rate 50 sccm. The chamber is assumed to be made of
stainless steel, cylindrical with R = 10 cm and L = 10 cm.

The relative reaction rates for the creation of the
Ar® ions versus pressure are shown in figure 4.
Electron impact ionization contributes to roughly 90
- 95 % of the Ar" creation. It decreases from about
94 % at 1 mTorr with increased pressure to a
minimum and increases again to about 95 %
contribution at 100 mTorr. Similarly the
contribution of electron impact ionization from the
metastable argon atom Ar™ contributes roughly 6 %
of the Ar* creation at 1 mTorr, increases with
increased pressure to a maximum and decreases
again to about 5 % contribution at 100 mTorr.
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Figure 4 The relative reaction rates for the creation of the
Ar" ion versus pressure for 1:1 arogn-oxygen mixture.
The applied power is 500 W, and the gas flow rate 50
sccm. The chamber is assumed to be made of stainless
steel, cylindrical with R =10 cm and L = 10 cm.
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Figure 5 shows the relative reaction rates for the loss
of the Ar* ion versus pressure. Wall recombination
accounts for 98 % of the loss of Ar*ions at 1 mTorr,
its contribution falls with increased pressure to
become roughly 8 % at 100 mTorr. The role of
charge transfer with oxygen atoms and molecules

O+ Arf 20"+ Ar

0, + Ar" 20, + Ar

increases with increased pressure from being
negligible at 1 mTorr to roughly 83% contribution at
100 mTorr. The contribution of ion-ion
recombination

O +Arf 20 + Ar
increases from being negligible at 1 mTorr to about
39 % at 20 mTorr. It then decreases again to roughly
10 % contribution at 100 mTorr.
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Figure 5 The relative reaction rates for the loss of the
Ar" ion versus pressure for 1:1 arogn-oxygen mixture.
The applied power is 500 W, and the gas flow rate 50
sccm. The chamber is assumed to be made of stainless
steel, cylindrical with R = 10 cm and L = 10 cm.

4. Conclusions

We have developed a global (volume averaged)
model of the O,/Ar discharge which allows us to
determine which reactions determine the discharge
properties. The creation and loss of metastable
argon atoms was explored. Penning dissociation
starts to influence the loss of metastable atoms
above 10 mTorr pressure and its role increases with
increasing pressure. Roughly 90 % of the argon ions
are created by electron impact ionization from the
ground state atom while about 10 % are created by
electron impact ionization from metastable argon
atom. Charge transfer and ion-ion recombination
replace wall recombination as the dominating loss
channels for argon ions above 20 mTorr.
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