Parametric study of a radio-frequency glow discharge using a continuum

model
Sang-Kyu Park® and Demetre J. Economou®

Department of Chemical Engineering, University of Houston, Houston, Texas 77204-4792

{Received 5 January 1990; accepted for publication 25 July 1990)

An efficient numerical algorithm was developed to solve the continuity equations describing
charged particle transport and potential distribution in a low-pressure glow discharge in an
argonlike gas. A parametric investigation of the effect of gas pressure and electrode

spacing on the discharge properties was conducted.

Plasma etching and deposition of thin films, using low-
pressure radio-frequency (rf) gas discharges, is of para-
mount importance in the modern microelecironics indus-
try. Despite the extensive use of gas plasmas, the intricate
nature of the glow discharge is poorly understood. This is
in part due to the complex interaction between charged
particle kinetics and potential distribution in the discharge.
Continuum models of glow discharges' ¢ appear to be use-
ful in an effort to better understand the discharge physics.
Furthermore, coupling of the glow-discharge models with
the rather well-developed neutral transport and reaction
models’ could result in powerful tools for the analysis and
design of plasma reactors. The models must be tested with
experimental observations® to upgrade the assumptions
and to extend the range of validity.

Continuum models for the glow discharges of interest
consist of a set of partial differential equations describing
the miass, momentumi, and energy balance for electrons and
ions (positive and negative), coupled to the Poisson equa-
tion for the potential distribution. Because of the severe
numerical complexity of the problem, simplifying assump-
tions are introduced, limiting the parameter range over
which the models are applicable. Despite the simplifying
sasumptions, the mode! equations are still very difficult to
solve because the system is stiff in both space and time. The
excessive computational time requirements limit the utility
of the models and hamper the extension of the models to
wiore realistic systems. Hence, the search for efficient nu-
merical techniques to solve the model equations continues.

In the present work, the model equations were solved
by the method of lines using orthogonal collocation on
finite elements for the spatial discretization. The efficiency
of the numerical algorithm allowed for a parametric inves-
tigation of an argonlike glow discharge to be conducted
using a reasonable amount of computer time. The effect of
gas pressure and electrode spacing on the discharge prop-
erties was studied.

The model equations used in the present work were the
same as in the work of Graves.” However, a larger peak-
to-peak applied rf voltage was used, the whole interelec-
trode gap was modeled (no push-pull arrangement), and
the temperature dependence of the reaction rate in the

charged species continuity equations was retained (instead
of using a constant mean temperature). The model equa-
tions are written as
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Equations (1) and (2) are the electron and ion conti-
nuity equations, respectively, Egs. (3) and (4) are in es-
sence the momentum balance for the electrons and ions,
respectively, and Eq. (5) is the electron energy balance,
with the total electron energy flux given by Eq. (6). Equa-
tion (7) is the Poisson equation for the potential distribu-
tion in the gap, and Eqs. (8) and (9) provide expressions
for the ionization and excitation rate, respectively. In the
above equations, n, and n . are the electron and ion den-
sity, respectively, J, and J _ are the electron and ion flux,
respectively, T, is the electron temperature, and q, is the
electron energy flux. Moreover, N is the neutral gas den-
sity, V is the potential, kg and k,,q are the preexponential
factors in Eqs. (8) and (9), respectively, E, and E,, are the
activation energy for ionization and excitation, respec-
tively, D, is the electron diffusivity, u, is the electron mo-
bility, D, is the ton diffusivity, and ¢ , is the ion mobility.
H,; and H,, are the electron energy loss per ionizing and
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FIG. 1. Time-averaged electron density (a) and electron temperature (b)
in the gap for different pressures.

exciting collision, respectively, and ¢, is the permittivity of
the free space. The parameter values used were the same as
in Ref. 9.

Boundary conditions on electron flux and ion flux were
the same as in Ref. 2. The left electrode was driven with a
voltage of the form V= — Vsin(27nft), and the right
electrode was assumed to be grounded (¥ = 0). The peak
rf voltage was 25 V (50 V peak to peak), and the excitation
frequency f was 10 MHz. The boundary condition on the
electron temperature is difficult to specify.? A constant
temperature of 0.5 eV was used for both electrodes. The
parameters varied in this study were pressure (values ex-
amined are 0.5, 1.0, 1.5, and 2 Torr), and interelectrode
spacing (values examined are 1.5, 3.0, 4.5, and 6.0 cm).

The coupled system of parabolic and elliptic partial
differential equations was solved by the method of lines.'
The equations were discretized in the spatial direction us-
ing orthogonal collocation on finite elements,'' with
B-spline (cubic polynomial) basis functions.'? The result-
ing system of differential-algebraic equations was solved by
an implicit variable-order, variable-time step, backward-
difference formula.'’> 50 finite elements were used, with
smaller element size near the electrodes, where steep gra-
dients are expected. The resulting system of 408 equations
was solved in double precision on an NEC SX-2 supercom-
puter. For a pressure of 1 Torr and a spacing of 3 cm, the
execution time was 20 central processing unit (CPU)
mins. Details on the numerical algorithm along with the
effect of frequency and peak voltage are presented else-
where.’

Figure 1{a) shows the time-averaged electron density
distribution in the gap, for a spacing 3 cm, and for different
pressures {or neutral number densities &, for constant 7).
The ion density profiles were identical except for the sheath
regions near the electrodes, where the ion density exceeded
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FIG. 2. Spatial and temporal variation of electron temperature (a) and
ionization rate (b) for a pressure of 1 Torr.

the electron density. Figure 1(b) shows the corresponding
electron temperature distributions. Owing to symmetry,
only half of the interelectrode space is shown. As pressure
increases, the electron density profile becomes flatter in the
bulk plasma, and the sheath thickness decreases. The elec-
tron temperature peaks near the plasma-sheath boundary
as the oscillating sheaths impart energy to the electrons.
The electron temperature decreases with increasing pres-
sure since the mean free path of the electrons decreases.
Hence, the electrons pick up less energy from the electric
field in the time between collisions. The decrease in the
mean free path with pressure is also responsible for the
peak in electron temperature appearing nearer the elec-
trode as the pressure increases. However, the electron tem-
perature is not a strong function of pressure in the range of
the parameter values examined. In the relatively high-
pressure, high-frequency regime, for which secondary elec-
trons do not penetrate the bulk, the glow may resemble the
positive column. The electron temperature in the positive
column is often expressed as a function of the product
pA,'* where A is the electron diffusion length (equal to
L/w for infinite parallel plates). For the range of pA values
covered in Fig. 1 (0.48-1.91 Torr cm), the electron tem-
perature in argon plasmas has been found to be a weak
function of pA.'* The power density was found to increase
from 1.86 mW/cm? for 0.5 Torr to 3.34 mW/cm? for 2
Torr. For the basic conditions (3 ¢m spacing and 1 Torr),
the current waveform was found to lag the voltage wave-
form by about 80°.

The spatial distribution of electron temperature and
ionization rate at different fractions of the rf cycle are
shown in Fig. 2. Time T = 0 corresponds to the negative
zero crossing of the potential waveform (thus 7=0. — 0.5
corresponds to the part of the cycle for which the left
electrode is the cathode). Only the left half of the inter-
electrode space is shown. The behavior on the right half

S. Park and D. J. Economou 4889

Downloaded 08 Mar 2002 to 129.7.12.23. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



10 i
(a) ]

1.5 cm

B L)
o 8 >
E ~
N @
) 2
:
§ "0 ! =
Q 41 | 5
c ! =
e ! 2
° | (7]

2 \

w 24 1

|

i

\

055 ¥ —

0 0.2 0.4 0.5

Dimensioniess Distance

FIG. 3. Time-averaged electron density (a) and electron temperature (b)
in the gap for different spacings. Pressure was 1 Torr.

can be obtained by flipping the plot horizontally, and add-
ing 0.5 to the time. One observes that the electron temper-
ature and ionization rate are modulated only near the elec-
trodes. Sharp electron temperature gradients are observed
in the sheath region, especially when the electrode poten-
tial has attained its peak negative value (for T'=0.25).
Then, electrons which had diffused near the electrode ear-
lier in the cycle, are “pushed” towards the bulk plasma by
the expanding sheath front. The ionization is also concen-
trated near the plasma-sheath boundary where the product
of electron density and ionization rate constant is high. A
double peak in the ionization rate is observed especially
when the electrode potential has its maximum negative
value (7 = 0.25). The first peak (nearer the electrode) is
associated with the peak in electron temperature [see Fig.
1(a)]. The electron density nearer the ciectrode is low, and
this is the reason the first peak is lower than the second
peak. The second peak forms further away from the elec-
trode where the electron density is high, and yet the elec-
tron temperature has not decayed to its lowest value.
The effect of interelectrode spacing on the time-
averaged electron density and electron temperature is
shown in Fig. 3, where a dimensionless axial coordinate
has been used to consolidate the results. The pressure was
set at 1 Torr. The electron density decreases with increas-
ing spacing, since the power density (W/cm?) decreases
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with spacing at constant applied voltage (in this case 50 V
peak to peak). In addition, the electron density profile be-
comes flatter in the bulk plasma as the spacing increases.
Further, the fraction of the gap length occupied by the
sheath decreases with increasing spacing. The electron
temperature decreases with increasing spacing. However,
the dependence of T, on spacing is rather weak for the
parameter values used. If the bulk electron temperature
were a unique function of pA (as in the positive column),
values of T, in the bulk plasma obtained from Figs. 1(b)
and 3(b) should have been identical for all combinations of
p and A resulting in the same value of pA. One concludes
that the bulk plasma in the present case cannot be consid-
ered as strictly equivalent to a positive column.

In summary, an efficient numerical algorithm, based
on the method of lines and collocation on finite elements,
has been developed to solve the continuity equations de-
scribing charged particle transport and potential distribu-
tion in an argonlike glow discharge. Parametric studies of
the effect of pressure and electrode spacing on the electron
density and temperature distributions have been presented.
The ultimate goal is to couple the glow-discharge models
with neutral species transport and reaction models to pre-
dict etching (or deposition) rate, uniformity, and anisot-
ropy.
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