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Incorporating the gas flow in a numerical model of rf discharges
in methane

A. Okhrimovskyy, A. Bogaerts,a) and R. Gijbels
Department of Chemistry, University of Antwerp, Universiteitsplein 1, B-2610, Wilrijk, Belgium

(Received 12 January 2004; accepted 17 June 2004)

A two-dimensional modified fluid model for a capacitively coupled rf discharge in methane, used for
the deposition of diamond-like carbon layers, is presented. The gas velocity calculated with a
computational fluid dynamics code is used as an input for the modified fluid model. Convection is
taken into account as an additional transport mechanism as well as diffusion and migration. The
calculations show that the gas flow results in a shift of the maximum of the densities of the plasma
species toward the grounded electrode. It is shown that this shift has a large effect on the fluxes of
the ions and radicals toward the substrate where the deposition occurs. As a result, the deposition
rate will increase if the gas velocity has a component directed to the surface and it will decrease in
the opposite case. However, the uniformity of the layer can become worse when the convection
velocity is too high for the reactor geometry studied here. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1782951]
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I. INTRODUCTION

The deposition of amorphous diamond-like car
(DLC) layers has been increasingly used in recent years
DLC thin films have important industrial applications
cause they are materials with unique properties such a
treme hardness, optical transparency, chemical inert
high electrical resistivity, and thermal conductivity.1 An ef-
fective way of fabricating the DLC is to utilize plasm
enhanced chemical-vapor deposition(PECVD) technology
In a plasma, different radicals that are essential for the d
sition can be easily created. Microwave, pulsed, inducti
coupled, or capacitively coupled rf discharges are use
plasma sources to assist the coating process.2,3

The deposition rate and the uniformity of the DLC lay
are two important parameters for industrial application
the PECVD method. They directly depend on the opera
conditions of the process. The most significant input v
ables are the gas temperature and flow rate, pressure
power applied to the discharge. The numerical modelin
the plasma is broadly used for finding optimal operating
ditions and predicting the properties of the deposited fil

A number of numerical models of the gas discharg
methane were recently developed. Among them are the
models4–8 and the particle-in-cell/Monte Carlo model.9,10

The main difference in the fluid models is in the way
treating the electron kinetics. Some of them4,5 use constan
electron reaction rate coefficients; others calculate thes
efficients on the basis of the Maxwellian6 or the
Druveysteyn7,8 electron energy distribution functio
(EEDF). A more accurate approach of calculating the e
tron reaction rates, based on the solution of Boltzma
equation for the local value of the reduced electric field,
used in the past in the modeling of the radio-frequency
charge in silane-hydrogen11 and methane-hydrogen12,13 mix-
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tures. The nonlocal effects were taken into account by
solution of a balance equation for the electron energy.

A one-dimensional and a two-dimensional compre
sive numerical model for a capacitively coupled rf discha
in methane for a PECVD reactor was developed in our g
in recent years.12,13 In this model, the neutral gas was
sumed to be thermal and uniformly distributed through
the reactor volume. The transport of charged plasma sp
was determined by diffusion and migration in the elec
field, whereas the transport of the neutral species was
governed by diffusion. However, the gas flow is technol
cally an important part of the deposition process in indus
applications. Therefore, the gas flow needs to be inco
rated in the plasma models to obtain reliable results.

Different methods are now being used for taking con
tion into account in gas discharge models. The prog
PLASIMO,14 which was developed at the Eindhoven Univ
sity of Technology can give a solution for the convec
problem in the modeling of a gas discharge, but it is stro
limited in geometry(only tube or sphere-type geometry
applicable). The convection transport mechanism was
taken into account in inductively coupled plasma(ICP) mod-
els in chlorine.15 In this work, a simplified model was used
investigate the effect of gas flow on the discharge.
model considers a plasma with only four species. The M
wellian EEDF was taken as an approximation. The gas
was included in the mass balance equation as a relax
term with a gas residence time. This approach cannot
in detail the local effects of the gas flow on the plasma c
acteristics, which can be important for the question of
uniformity of the deposited layers. The models for ICP
charges in nitrogen with convection included were descr
in Refs. 16 and 17. The authors of Refs. 16 and 17 take
account four and five species in their model, respecti
The gas flow was included in the flux equation, but still
Maxwellian EEDF was used in both models to calculate

action rates and transport coefficients.

© 2004 American Institute of Physics
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A model for a dc discharge in argon with convect
taken into account for a Grimm-type glow discharge
source was developed in our group.18 The main goal of th
present work is to integrate the convection transport me
nism in the modeling procedure of a capacitively couple
discharge in methane for a real geometry of a PECVD r
tor, based on the approach proposed before.18 The presen
model is not restricted to a limited number of species ta
into account and the EEDF can be non-Maxwellian. The
fect of the gas flow on the discharge properties, and
result on the deposition rate and the uniformity of the D
layers, will be discussed in this paper.

II. DESCRIPTION OF THE MODEL

As mentioned earlier, a two-dimensional model for a
pacitively coupled rf discharge in methane was previo
developed in our group. The described model was use
simulate the discharge in a PECVD reactor of H-t
geometry.13 This is a cylindrically symmetrical reactor wi
an interelectrode distance of 2.7 cm. The inlet region i
the side of the grounded electrode whereas the outlet
the side of the rf powereds13.56 MHzd electrode. A sche
matic picture of the reactor geometry is given in Fig. 1.

In the methane plasma, different species are create
to chemical reactions. Twenty species are taken into acc
in the model, among them are electrons, ions, radicals,
lecular, and atomic species. The full list is presente
Table I.

In the model, 27 electron-neutral, 7 ion-neutral, and
neutral-neutral reactions are taken into account12. The Bolt-
zmann equation is solved in the two-term approximation
the electron energy distribution function. This solution

FIG. 1. Schematic picture of the reactor geometry.
used to find the rate constants of the electron-neutral pro
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cesses and the electron transport coefficients as a funct
an average electron energy. A detailed description of
procedure can be found in Ref. 12. The reaction rate
ion-neutral and neutral-neutral processes are considered
constant and are taken from the literature(see Ref. 12).

For every species, the balance equations for their d
ties are solved

] n

] t
+ divsJd = S, s1d

whereJ and S represent the mass flux and the sum of
chemical reaction rates of creation and destruction o
species of a particular type. The rates for electron-ne
processes are calculated in the EEDF part of the model
tioned earlier. The fluxesJ are calculated in a drift-diffusio
approximation. It means that in the case without a gas
the expressions for the fluxes are calculated from the fo
ing equation:

J = − D ¹ n + mnE, s2d

whereD andm are the diffusion coefficient and the mobil
of the species in the background gas, respectively, andE is
the electric field vector. The Poisson equation for the ele
field E is solved together with the mass balance equatio
the electrons. The transport coefficients for the electron
calculated in the EEDF part of the model, as it was m
tioned earlier. The mobilitym is equal to zero for neutr
species, and it is positive for positive ions and negative
electrons and negative ions(if the latter are present in th
model).

The previous expression for the flux in Eq.(2) is also
valid in the case of a moving gas with a uniformly dist
uted gas velocityUconv when the reference frame is mov
together with the gas flow. From it, the average velocitie
a certain species in this reference frame can be calcula

vmv =
J

n
= − D

¹n

n
+ mE.

If we go back to the laboratory coordinate system,
will get the expression for the average velocity of the spe
as the sum of the convection velocityUconv and the averag
velocity vmv in the moving frame

vlab = vmv + Uconv.

From the last formula, we can obtain the expression fo
fluxes of the species in case of a nonzero gas flow. For
the average velocity of species in the laboratory sy

TABLE I. List of species taken into account in the model.

Molecules Charged particles Radicals Ato

CH4, C2H4 CH4
+, C2H4

+, CH3
+ CH, C2H5 H

H2, C2H6 H2
+, C2H5

+, CH5
+ CH2

C2H2, C3H8 C2H2
+, H3

+, e CH3
-should be multiplied by the density of the species
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J = − D ¹ n + mnE+ nUconv. s3d

The modified flux expression in Eq.(3) has to be substitute
in the balance equation as shown in Eq.(1). In case the
convection velocity is not uniformly distributed, the lo
values of this velocity can be taken as an approximatio

The distribution of the convection velocity,Uconv, is cal-
culated for theH-type reactor with computational flu
dynamics (CFD) software. We use the commercial co
FLUENT (version 6.1.18). For our calculations, we assum
a laminar gas flow; a two-dimensional axisymmetrical
proximation is used to model the methane/hydrogen flo
the reactor with this software. The chemistry was not
cluded in the FLUENT calculations. Our estimations sho
that it is not playing an important role in the formation of
mass-averaged velocity profile in industrially interes
cases. The balance equations for mass, impulse, and e
were solved together by using an implicit scheme.19

For this particular geometry and for a range of differ
boundary conditions(such as inlet gas flow rate and press
at the outlet, etc.), the spatial distribution of the neutral g
density and the components of the velocity vector were
tained. The fields of gas temperature and pressure wer
culated as well. The distribution of the mass-averaged v
ity of the gas flow is used as an input in the modified fl
part of the model.

In principle, it is necessary to make a coupling b
from the plasma model to the fluid dynamics code. T
consecutive iterations have to be made until the converg
of the models. In a rf plasma, the buffer gas is heated ac
ing to Joule’s law. This heating can be used as a source
in the energy balance equation in the gas flow mode
rough estimate of its effect on the gas flow was made
introducing a uniformly distributed power source based
the discharge input power. This estimation shows that fo
conditions of interest, the effect of the gas heating in
plasma is negligible. The profiles of gas pressure, tem
ture, and velocity are not disturbed. For this reason, a c
plete coupling was not necessary in this work.

The described approach of including the convection
new transport mechanism in a plasma model was previo
used in the modeling of a dc discharge in argon.18 It should
be noted that the flux equations for the neutral species d
contain the densities of the species(only their derivatives) if
no convection is included. It means that the balance e
tions for this type of species change their appearance
we incorporate a convection. Hence, in the present m
we now use the exponential Sharfetter-Gummel schem20,21

for neutrals as well as for charged species. This appr
reduces the numerical instability during the calculations

III. RESULTS OF THE MODEL

A. CFD calculations

The simulations have been carried out for a reacto
H-type geometry. The rf power is set to 5 W. The gas t
perature at the inlet, outlet, and the wall temperature wa
to 400 K. The pressure at the outlet was set to 20 Pa. Th

velocity at the inlet was taken as equal to 100 m/s unless
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mentioned otherwise. For this reactor, at the pressure
temperature mentioned earlier, it corresponds to 168 sc
about 10 slm. This is a high flow rate but still industria
relevant. Indeed, such a high gas flow rate is used, fo
stance, for the deposition of carbon-based thin films22 and for
other applications of plasma-based surface treatment.23 The
two-dimensional profiles of the axial and radial compon
of the gas velocity vector distribution are calculated with
CFD program.

The axial velocity at this configuration is highest at
inlet-outlet regions. The value of it corresponds to the v
of the velocity specified as a boundary condition of the
(i.e., 100 m/s) and it decreases by 15% –25% toward
outlet (i.e., to about 80 m/s). Inside the plasmas region, t
axial velocity is much lower. It varies from −10 to +10 m
and it is equal to zero on the walls because of the boun
conditions.

The radial velocity is much lower over the reactor
reaches maximum values of about 35–45 m/s near the
of the powered and grounded electrodes and it is about
in the middle of the plasma region. The value of radial
locity decreases away from the inlet-outlet regions tow
the axis of the reactor, because of the symmetry boun
condition on the axis of the reactor.

The velocity vectors scaled by velocity magnitude
presented in Fig. 2. From this figure, one can see that fo

FIG. 2. Velocity vectors scaled by velocity magnitude. The maximum m
averaged gas velocity is 102 m/s.
H-type geometry the main part of the gas flow goes directly
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from the inlet to the outlet but some part of it penetrates
the plasma region and can influence the discharge char
istics. Note that in this geometry, the axial component o
velocity vector in the plasma region has the opposite d
tion from that in the inlet-outlet regions. As a result,
position of the maximum of the densities of the ions
radicals created in the plasma will be slightly shifted tow
the grounded electrode.

At the condition under consideration, the variation of
gas temperature in the reactor does not exceed 0.5%
corresponds to the specified inlet gas temperature and
peratures of the walls, which is equal to 400 K.

B. Plasma model calculations

As expected, the plasma model shows that the ele
field near the electrodes is much higher than in the main
of the discharge. The corresponding values are a
100 kV/m in the sheaths and around 200 V/m in the b
At the pressure under consideration, the ion mobility is in
range of 1.5–3 m2/Vs. From this, the ion-drift velocity ca
be estimated. For carbon-containing ions, we have a
300 m/s in the bulk. This is in the same order of magnit
as the applied gas velocity.

1. Density profiles of the species

The time averaged two-dimensional distributions of
densities of all species and the components of the ele
field were calculated in the plasma model with convec
included. The results of these calculations for the main
species CH5

+ are presented in Fig. 3. The density is high
near the side of the electrodes. The same result was obs
before in a model without convection.13 The peak value o

14 −3

FIG. 3. Calculated time-averaged CH5
+ two-dimensional density profile wi

convection included, m−3.
the density is about 7.5310 m . However, compared to
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the previous model, the distribution is shifted toward
grounded electrode. This happens because the gas
moves the ions from halfway between the electrodes to
grounded electrode(see also Fig. 2). In the middle of the
plasma region, the time-averaged density is abou
31013 m−3. Near the powered electrode the density is alm
zero, near the grounded electrode it is about 1.531014 m−3.
The highest density gradients are also located nea
grounded electrode. The densities of all other ions hav
same behavior but with somewhat lower values.

The time-averaged density profile of the main rad
CH3 (Fig. 4) has the same behavior but the shift toward
grounded electrode is even more pronounced compar
the ionic profiles. Indeed, the ions are trapped by the ele
field near the position of equilibrium and they can re
against the moving effect of the gas flow; whereas the ne
radicals are more influenced by the convection velocity.
maximum of the radical densitys1.131019 m−3d is obtained
approximately in the same position in the radial directio
for the case where no convection was included13 but, again
shifted toward the grounded electrode. It should be n
that analogous density profiles with lower values were
tained for the other radicals present in the model.

The shift effect of the particle density profile can
easily seen on the 1D plot of the density as a functio
axial position. In Fig. 5, the calculated CH5

+ ion-density pro
file at a distance of 6 cm from the reactor axis is present
a function of axial position, for the cases when convectio
included and not included. The ion density profiles for b
cases look similar but they show a quantitative differenc
the position and the value of the maximum. At this ra
position, the density of CH5

+ ions reaches its maximum wh
no convection is included. Adding a gas flow shifts

FIG. 4. Calculated time-averaged CH3 two-dimensonal density profile wi
convection included, m−3.
maximum in the direction of the grounded electrode. Be-
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sides, at this radial position the gas flow also shifts the m
mum of the density to the inlet-outlet areas. This is why
peak value is lower for the case when convection is inclu
compared to the case when it is not included. In Fig. 6
axial cross section at the same radial position of the
dimensional profile of the CH3 radical density is present
for both cases(with convection included and not include).
As it was mentioned before, the shift because of the gas
is much more pronounced for radicals than for ions. E
more, the shape of the profiles is absolutely different. A
result of the gas flow, the radicals are compressed and
density profile has a sharp and high peak near the grou
electrode. Because the CH3 radicals do not stick very well
the walls, they are not only shifted toward the grounded e
trode but also blown out of the discharge area to the pu
and out of the reactor. This effect is easily seen by compa
the area under the curves in Fig. 6. It represents the ov
numbers of CH3 radicals in the discharge. For the case w
convection included this area is much lower.

2. Ion fluxes and densities near the walls

For the purpose of deposition, the fluxes of carbon-b
ions and radicals toward the depositing plates are much
important than their densities. The fluxes of all species to
powered and grounded electrodes were calculated in
plasma model with convection included. It is clear from
(3) that convection cannot play a direct role for these flu
because the component of the convection velocity, pe
dicular to the surface, is equal to zero according to

FIG. 5. Calculated time-averaged CH5
+ ion density at a distance of 0.06

from the axis, as a function of axial position with convection included(full
curve) and not included(dashed curve).

FIG. 6. Calculated time-averaged CH3 radical density at a distance
0.06 m from the axis, as a function of axial position with convection

cluded(full curve) and not included(dashed curve).
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boundary condition(i.e., the gas cannot penetrate into
wall). To see the effect of the gas flow on the fluxes of
ions, we performed the calculations also with zero con
tion velocity, as it was made before in Ref. 13. The flu
obtained in the calculations for both cases(with and withou
convection included) are presented in Fig. 7 for the main
CH5

+.
From this figure, one can see that at the earlier m

tioned condition the gas flow plays an indirect role on
fluxes of ions. It is the result of the redistribution of th
densities in the reactor. This effect can be seen in Fi
which shows the radial dependence of the density of the5

+

ions near powered and grounded electrodes. The red
uted density of the ions enters into the flux expression
drift term in an explicit form. It means that this parame
can play a direct role for the fluxes of ions toward the w
As shown in Figs. 3 and 5 the convection transport redis
utes the ions in the reactor in such a way that their den
increase near the grounded electrode and this leads
creasing their fluxes toward this electrode. The fluxes to
powered electrode, on the other hand, are reduced due
convection transport, for the same reason.

The ion flux profiles toward the grounded and powe
electrodes for other ionic species, which can be involve
the deposition process, have the same behavior but
lower values.

3. Fluxes of neutral molecules and radicals
near the walls

In the flux expression for the neutral molecules and r
cals, we have only a diffusion term near the wall in

FIG. 7. Calculated time-averaged CH5
+ ion flux toward grounded and po

ered electrodes as a function of radial position with convection incl
(full curve) and not included(dashed curve).

FIG. 8. Calculated time-averaged CH5
+ ion density near grounded and po

ered electrodes as a function of radial position with convection incl

(full curve) and not included(dashed curve).
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direction perpendicular to the wall. It means that only gr
ents of the densities can affect the fluxes of the neutral
cals, which can be important for deposition.

To investigate the effect of the gas velocity at the i
on the uniformity of the deposited layers, we compare
time-averaged fluxes of CH3 radicals(i.e., the main radica
in the methane plasma) toward the grounded electrode c
culated for the different gas velocities at the inlet. The re
of this calculation is shown in Fig. 9. From this figure, o
can see that with increasing the gas velocity at the inlet
flux of this radical toward the grounded electrode increa
According to the flux equation, this increase can be only
to the indirect effect of the gas flow via the gradient of d
sities of these particles. With higher gas velocity at the i
the convection fluxes penetrate deeper into the reacto
cause a higher moving effect on the radicals by concentr
them near the grounded electrode. As a result, the gradie
the density of these particles at this position of the rea
also increases. The time-averaged flux of CH3 radicals to
ward the powered electrode calculated at different gas
locities is presented in Fig. 10. The reduction of this
with increasing gas velocity is even more pronounced
for the ionic flux. It happens because almost all radicals
ated near the powered electrode are shifted toward
grounded electrode. When the velocity at the inlet is equ
100 m/s(not visible in Fig. 10) the calculated flux of CH3
radicals becomes several orders of magnitude lower
pared to the model without gas flow included.

FIG. 9. Calculated CH3 radical fluxes toward the grounded electrode
function of radial position at different gas velocitiesUin at the inlet:
—100 m/s – – – 10 m/s, — · — 1 m/s, and . . .0 m/s.

FIG. 10. Calculated CH3 radical fluxes toward the powered electrode a
function of radial position at different gas velocitiesUin at the inlet:--

-10 m/s —· —1 m/s, and . . .0 m/s.
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The higher gradients lead to higher fluxes of the rad
toward the grounded electrode and hence a higher depo
rate of the layer. However, it can also be seen in Fig. 9
the time-averaged flux of CH3 particles towards th
grounded electrode becomes less uniform near the axis
reactor at high convection velocity. As a result, the un
mity of the deposited layers will be worse when the
velocity at the inlet is too high. This happens becaus
higher convection velocities not only particles from
middle of the reactor are shifted toward the grounded
trode but in addition, the particles created near the axi
transported along the grounded electrode away from the
toward the inlet(see Fig. 2).

IV. CONCLUSION

Based on the approach previously developed for dc
charges in Ar, the convection-transport mechanism o
plasma species was integrated into a model for capaci
coupled rf discharges in methane in a plasma enhanced
reactor ofH-type geometry. Back coupling from the plas
model to the gas flow model was not necessary in this w
because the gas heating in the plasma is negligible fo
conditions under consideration. The calculation shows
the gas flow has an important influence on the plasma
acteristics in the case of a rf discharge. The density pro
and the fluxes to the walls of the carbon-containing ions
radicals, which play a role in deposition processes, ar
fected by convection. With increasing velocity at the in
the fluxes of these species toward the grounded electrod
increased. As a result, the deposition rate is also incre
However, the uniformity of the deposited layer can bec
worse when the convection velocity is too high. To impr
the convection effect on the deposition rate, the geomet
the reactor should be changed in such a way that the co
tion can penetrate deeper into the reactor and the ga
shift the particles toward the wall, or the substrate, w
they have to be deposited.
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