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Two-dimensional simulation of an oxy-acetylene torch diamond reactor
with a detailed gas-phase and surface mechanism
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~Received 19 January 2000; accepted for publication 13 July 2000!

A two-dimensional model is presented for the hydrodynamics and chemistry of an oxy-acetylene
torch reactor for chemical vapor deposition of diamond, and it is validated against spectroscopy and
growth rate data from the literature. The model combines the laminar equations for flow, heat, and
mass transfer with combustion and deposition chemistries, and includes multicomponent diffusion
and thermodiffusion. A two-step solution approach is used. In the first step, a lumped chemistry
model is used to calculate the flame shape, temperatures and hydrodynamics. In the second step, a
detailed, 27 species / 119 elementary reactions gas phase chemistry model and a 41 species / 67
elementary reactions surface chemistry model are used to calculate radicals and intermediates
concentrations in the gas phase and at the surface, as well as growth rates. Important experimental
trends are predicted correctly, but there are some discrepancies. The main problem lies in the use of
the Miller–Melius hydrocarbon combustion mechanism for rich oxy-acetylene flames.@J. A. Miller
and C. F. Melius, Combustion and Flame91, 21 ~1992!#. Despite this problem, some aspects of the
diamond growth process are clarified. It is demonstrated that gas-phase diffusion limitations play a
minor role in the diamond growth process, which is determined by surface kinetics. Except for
atomic hydrogen, gas phase diffusion is also of minor importance for the transport of species in and
behind the flame front. Finally, it is shown that penetration of nitrogen from the ambient air into the
flame cannot explain the observed changes at the center of the diamond films as reported in the
literature. © 2000 American Institute of Physics.@S0021-8979~00!06420-3#
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I. INTRODUCTION

The combination of computational fluid dynamics~CFD!
and detailed chemistry modeling has furthered our und
standing of chemical vapor deposition~CVD! processes. If
complex interactions occur, experiments in themselves c
not always explain the behavior of the system. For conv
tional thermal CVD processes, where gas-phase and su
reactions do not release significant amounts of heat, it
proved possible to design a reactor with the aid of CFD.
example, in low pressure tungsten CVD, simulations h
been used to explain and predict the influence of change
process conditions and reactor geometry to selectivity lo1

However, when gas-phase reactions are highly exother
such as in combustion CVD, they influence the tempera
profile and thus the velocity profile. Consequently, spec
concentrations, temperature, and flow are strongly coup
This complicates matters significantly. The modeling
combustion CVD combines the difficulties encountered
laminar flame simulations with those of classical therm
CVD modeling.

a!Author to whom correspondence should be addressed; electronic
crkleijn@klft.tn.tudelft.nl
4410021-8979/2000/88(7)/4417/12/$17.00

Downloaded 23 Oct 2007 to 131.155.151.66. Redistribution subject to AI
r-

n-
-
ce

as
r
e
in
.

al,
re
s
d.
f

l

In the field of laminar flame simulations, two approach
can be distinguished: study of detailed combustion chemi
with the aid of zero- or one-dimensional hydrodynam
models,2,3 and flow and flame investigations with the aid
two-dimensional ~2D! hydrodynamic simulations, using
simple, lumped chemistry.4–6

Recently, for methane–air flames, these approaches
started to come together Several groups have simulated
mixed 2D methane–air flames with detailed chemistry.7–9

Somers and de Goey7 applied the so-called skeletal reactio
mechanism for methane combustion, consisting of 25 re
tions and 15 species.10 An unstructured grid, locally refined
near the flame front, was used for the numerical simulatio
Multicomponent diffusion phenomena were modeled in
highly simplified way, assuming a constant Lewis numb
for each diffusing species, and thermodiffusion was n
glected. The model predictions were verified by compar
the predicted shape of the flame to experimental obse
tions. Zhouet al.8 used a 29-reaction, 13-species combust
mechanism based on Tsataronis.11 Diffusion was again mod-
eled with the simplified constant Lewis number approxim
tion. Simulated concentration profiles of several stable s
cies and of the OH radical were compared to Raman–
il:
7 © 2000 American Institute of Physics
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measurements. Ern and Giovangigli9 simulated the flame in
the most detail. They made use of a 46-reaction, 16-spe
kinetic mechanism, and fully included multicomponents a
thermodiffusion. No comparisons to experimental data w
reported.

The aim of the present work is to model an ox
acetylene flame CVD reactor for the deposition of diamo
layers. The reactor consists of an ordinary welding tor
pointed toward a cooled substrate~see Fig. 1!. The torch is
fed with acetylene and oxygen, with an amount of acetyle
slightly above the amount needed to form a neutral flam
The rich flame burns to CO and H2, in contrast to a flame
that burns to CO2, which is generally defined to be stoichio
metric. Due to the high flame temperature and the car
excess, carbon radicals are formed, causing the growt
diamond on the substrate. No full 2D simulations have b
reported for acetylene–oxygen flames. These flames h
higher flame speeds and adiabatic flame temperatures
methane–air flames. This, combined with the larger num
of species and reactions necessary to correctly model
combustion chemistry, makes the problem more complex
the present study, the simulation of the oxy-acetylene fla
is of secondary interest. The primary interest is in a corr
description of the diamond growth process, by combini
~1! a detailed combustion mechanism and~2! a detailed dia-
mond growth mechanism with~3! 2D CFD.

The starting point for our combustion mechanism w
the hydrocarbon combustion mechanism by Miller a
Melius,12 which consists of 48 species and 219 reactio
This model was successfully used for the simulation of o
acetylene flames by Meekset al.13 For a rich flame with a C2
fuel, the mechanism cannot be reduced to the same siz
for lean methane–air flames. In a previous study,14 we re-
duced the mechanism to one consisting of 27 species
119 reactions. This reduced mechanism is used in the pre
study.

The applied detailed surface mechanism for the gro
of diamond was constructed and tested earlier.14,15 Diamond
growth occurs because a free site is created on the hydr

FIG. 1. Computational grid for the two-dimensional reactor model. One
every three lines is depicted horizontally and vertically.
Downloaded 23 Oct 2007 to 131.155.151.66. Redistribution subject to AI
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covered surface, where a carbon containing gas-phase
cies can adsorb. After several surface reactions and reac
with gas-phase molecules, it is included in the diamond
tice. The surface mechanism used contains CH3 and C2H2 as
growth species, and atomic hydrogen, and atomic and
lecular oxygen as species that remove molecules from
surface. In the surface mechanism, the species are rand
distributed over the surface. Detailed Monte Carlo simu
tions, accounting for nonrandom distribution of species
the surface, are beginning to be employed fruitfully,16–18but
require lengthy computation times. Moreover, recent Mo
Carlo simulations17 show that multicarbon clusters are ra
on the ~100! surface, thus justifying the assumption of th
random distribution of species.

In the present article, we combine the above combus
and diamond growth models with 2D hydrodynamic flam
simulations, based on the simultaneous numerical solutio
the 2D axisymmetric conservation equations for mass, m
mentum thermal energy and chemical species. A two-s
solution approach is used. In the first step, a lumped ch
istry model is used to calculate the flame shape, temperat
and hydrodynamics. In the second step, the detailed
phase chemistry and surface chemistry models are use
calculate radicals and intermediates concentrations in the
phase and at the surface, as well as growth rates. The stu
geometry is modeled after the reactor used by Klein-Dou
et al.19 and is schematically depicted in Fig. 1. Simulat
radial and axial concentration profiles are compared to qu
tative LIF measurements and to quantitative CH measu
ments from the literature.

II. NUMERICAL MODEL

Simulation of the oxy-acetylene torch reactor involv
the simulation of a laminar reacting flow including surfa
reactions. Unlike those of classical thermal CVD process
the flow, species and heat equations are strongly coupled
a result, the numerical equations that result from the discr
zation of the model equations are stiff, and their numeri
solution is complicated. A description of the solution proc
dure is given in Sec. II A–D.

A. Equations

The simulation is based on the continuum assumpti
since the mean free path under the studied conditions is
the order of 1mm, and the flame–sheet thickness is on t
order of 100mm. Furthermore the flow can be assumed to
laminar. Although the Reynolds number is high (;7000) in
the outlet of the tapered burner nozzle, no signs of turbule
are observed experimentally. This is probably caused by~i!
the short time available for onset of turbulence in the noz
and~ii ! the stabilizing effect of the flame. In fact, the nozz
is specifically designed to create laminar flames.

Under these conditions, the continuum conservat
equations of mass, momentum, thermal energy and chem
species can be used to describe the system.20 The general
appearance of the transport equations for variablef is given
by

n

P license or copyright, see http://jap.aip.org/jap/copyright.jsp



,
in

r

id
b
,
re
a

n-

no

o
if

te
e
ica

k

c
e
fu

o
n
re
er
In
n
ar

io
f

en

n
a

zle
r o
ity

,
w

ty
on
in

d
of
e.

on-
the

ir,
d

ing
ies.
s.
e
the

he
of

ies
of-

m-
nd
ere

cu-
is no
o-
re
as
nd
the
or-

we

ari-
-
–air
ism
om-
de

the
s
n-
c-
on

4419J. Appl. Phys., Vol. 88, No. 7, 1 October 2000 Okkerse et al.
]rf

]t
52¹•~rvf!1¹•~Gf¹f!1Sf

0 1Sf8 f. ~1!

Here,r is the gas density,v the velocity vector,f the vari-
able to be solved,Gf its generalized diffusion coefficient
andSf5Sf

0 1Sf8 f its generalized source term, linearized
f. This equation is formulated forf equal to the radial ve-
locity v r , the axial velocityvz , the thermal energycpT, and
the N species mass fractionsv i . The equations can furthe
be simplified by the following assumptions:~i! the process is
stationary in time;~ii ! the gas behaves as a Newtonian flu
~iii ! buoyancy forces are negligible since the Grashof num
is on the order of 1022; ~iv! the flame is axisymmetric, i.e.
there are no gradients and velocities in the tangential di
tion; ~v! pressure effects in the thermal-energy equation
small, since relative pressure differences in the flame are
the order of 1%;~vi! transport of heat as a result of conce
tration gradients~the Dufour effect! can be neglected;9 and
~vii ! the absorption or emission of radiation energy does
influence the temperature profile significantly.13

The molecular transport properties of single comp
nents, i.e., the viscosity, thermal conductivity and binary d
fusion coefficient, are obtained from kinetic gas theory,20–22

using Lennard-Jones parameters. The equation-of-sta
given by the perfect gas law. The mixture viscosity and th
mal conductivity can be calculated using the semiempir
averaging equations given by Reid and Sherwood.22 The
thermodynamic properties are obtained from the Chem
thermodynamic database.23 Multicomponent diffusion is
modeled through the Wilke approximation.24 In order to en-
sure mass conservation, all species fluxes except one are
culated in this way. The remaining species, with the larg
mass fraction, is calculated from the constraint that all dif
sion fluxes should sum up to zero.

Species diffusion driven by temperature gradients,
thermodiffusion, is often neglected in flame simulatio
However, thermodiffusion generally is important if there a
large differences in the size of molecules or steep temp
ture gradients. Both conditions apply in laminar flames.
deed, preliminary one-dimensional flame simulatio
showed that if thermodiffusion is neglected, deviations
found near the flame front and near the substrate, where
rors up to about 25% in the predicted species concentrat
are observed. Therefore, thermodiffusion was accounted
using the Clark Jones approximation for multicompon
thermodiffusion.25,26

B. Boundary conditions

In the outlet of the burner nozzle, the temperature a
mass flow of species are imposed. The velocity profile w
obtained from a separate simulation of the flow in the noz
which tapers over a distance of 27.5 mm from a diamete
3.9 mm to a diameter of 1.4 mm. The resulting veloc
profile in the nozzle outlet could be fitted accurately by

vz~r !5
4

3
^v&S 12S r

RD 6D . ~2!

Here,^v& is the mean outlet velocity,r is the radial distance
andR is the inner radius of the burner outlet. The total flo
Downloaded 23 Oct 2007 to 131.155.151.66. Redistribution subject to AI
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was kept at 5.4 slm,19 which corresponds to a mean veloci
of ^v&564 m/s. The composition of the feed gas is based
the composition of a neutral oxy-acetylene flame, which
practice is a 47.5:52.550.9 molar ratio of acetylene an
oxygen.19 The excess acetylene is defined as the fraction
acetylene that is fed in excess to that of a neutral flam
Thus, a 5% excess of acetylene~Sac55%! corresponds to a
feed gas composition of 48.72:51.2850.95 molar ratio of
acetylene and oxygen. The acetylene bottle, in practice, c
tained about 1000 ppm of nitrogen. This was included in
simulations.

Due to entrainment, there is a coflow of surrounding a
which is 300 K. This coflow could in principle be calculate
self-consistently from the hydrodynamics model, by sett
fixed pressure boundary conditions at all outlet boundar
This, however, was found to lead to numerical instabilitie
Therefore, a fixed inflow velocity was imposed on th
boundary surrounding the nozzle. It was assumed that
coflow has a uniform velocity of 3 m/s when it enters t
computational domain, corresponding to a total flowrate
10 slm. This velocity is small compared to the gas velocit
in the nozzle. It is therefore expected, that the imposed c
low does not significantly influence the flame hydrodyna
ics. Indeed, variations of the coflow velocity between 1 a
10 m/s showed that the flame shape and hydrodynamics w
virtually insensitive to its exact value. Gradients perpendi
lar to the outlet plane are assumed to be zero, and there
velocity component parallel to this plane. The walls are is
thermal and no slip conditions are imposed. All walls we
kept at 300 K, except for the substrate, which was set
indicated in Table I. As a result of species adsorption a
desorption, there was a net flux of species toward or from
substrate, which led to a very small velocity component n
mal to this surface.

C. Discretization and numerical method

For the numerical solution of the model equations,
use our in-house CVD simulation codeCVDMODEL.26,27 This
code has been applied successfully to the simulation of v
ous thermal CVD processes,1,27–29as well as to the simula
tion of a steady-state atmospheric pressure methane
flame.30 For the latter, using the same gas-phase mechan
and transport properties, the flame length and thickness c
pared excellently to those simulated by Somers and
Goey.7

The model equations are discretized with the aid of
finite volume method.31 A power-law differencing scheme i
used for the spatial discretization of the diffusive and co
vective terms. The momentum-continuity coupling is a
counted for through the SIMPLE pressure correcti

TABLE I. Settings used for the 2D simulations.

Range Standard value

Sac 5%
d 0.6–2.6 mm 0.6 mm
T 1200–1500 K 1400 K
P license or copyright, see http://jap.aip.org/jap/copyright.jsp



th

n

,

as
sti
on
m
c
n
r

th
s
io

v
rd
fo

h
le

e
e
r
m
p
o

lv
he
ve
ca

e

the
-

re
-
he

the
as

d
th
l
the

dif-
grid

ion
ere
ix-
id
at

grid
ich

e
on-
ns
gh
me
m
on
ou-
m-

us-
one
p in
tion

The
ther-
cal-

4420 J. Appl. Phys., Vol. 88, No. 7, 1 October 2000 Okkerse et al.
scheme.31 This leads to (41N)3Nr3Nz nonlinear, coupled
algebraic equations for the two velocity components,
pressure correction, the temperature and theN gas species
concentrations in each of theNr3Nz grid points. When us-
ing first-order backward Euler time discretization, their ge
eral form is

S (
nb

af,nb2Sf,P8 1
r

Dt DfP5(
nb

af,nbfnb1Sf,P
0 1

r

Dt
fP* ,

~3!

wherea represents the discretization coefficients, andDt the
discretized time step. The subscriptsP and nb refer to a
particular grid pointP and its four neighboring grid points
respectively,fP* indicates the old value offP , and the sum-
mations are taken over the neighboring grid cells.

The relatively short time scales on which the gas-ph
reactions occur, make the set of equations to be solved
The stability of the solution procedures for these equati
can be improved by proper linearization of the source ter
The production rate of gas-phase species is added to the
stant partSf

0 , which is treated explicitly. The destructio
rate of the gas-phase species, which usually is first orde
the concentration, is included in the linearized part of
source termSf8 , thus solving it implicitly. The source term
in the thermal-energy equation resulting from the react
are linearized as recommended by Patankar.31 Furthermore,
false time-step underrelaxation is applied to achie
convergence,31 i.e., in the iterative solution procedure towa
the steady-state solution the time derivative is retained
numerical reasons only. Here,fP* is the value offP at the
previous iteration, rather than at a previous time level. T
value of the false time step is determined by the smal
time scale in the domain

Dt5min
i ,P

ci ,P

Ri ,P
g , ~4!

whereci ,P is the concentration of speciesi at grid pointP,
and Ri ,P

g is the maximum of either the production or th
destruction rate of speciesi . For this system, the value of th
false time step is typically 0.1ms. The relaxation of the othe
variables is carried out with an ordinary relaxation para
eter. Furthermore, underrelaxation of the gas-phase pro
ties is applied, since these are partly responsible for the c
pling of the balance equations. The system can be so
using a tridiagonal-matrix algorithm. The coefficients for t
species equations are calculated simultaneously to pre
dependence on the order of computation. As there is no
rier gas, all species equations are solved.

The fractional coverageu i of the surface species may b
obtained from a set of ordinary differential equations

]u i

]t
5

s i

h (
k51

K

n ikRk
s , ~5!

where h is the site density~mol/m2!, s i is the number of
sites that a surface species occupies,n ik is the stoichiometric
coefficient of thei th surface species inkth reaction, andRk

s
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is the reaction rate of thekth reaction~mol/m2 s!. Unlike Eq.
~1! for the gas-phase concentrations, Eq.~5! is an initial
value problem that can be integrated over time to reach
stationary solution att→` by means of an ordinary differ
ential equation solver for stiff problems.32,33

Figure 1 depicts the grid on which most simulations a
done. It hasNr3Nz5613149 grid cells. In the radial direc
tion the grid was the finest in the flame area. A cell at t
flame front typically has a radial dimension of 17mm. This
is enough to ensure that the sharp temperature rise in
flame front is spanned by at least five grid cells, which h
proved to be sufficient for methane–air flames.30 In the axial
direction, the typical grid size is 60mm, which is refined
near the substrate to 4mm. Grid independence was checke
by increasing the number of grid points by 50% in bo
directions toNr3Nz5923225 grid cells. This led to axia
concentration profiles that were somewhat smoother at
flame front. Past the flame front, however, concentration
ferences between the standard grid and on the refined
were less than 5% for all species.

D. Solution strategy

No accurate initial guess was needed for the solut
procedure to converge. As an initial guess, all velocities w
set to zero, except at the inlet boundary. The initial gas m
ture composition corresponded to that of air in all gr
points, except in the inlet boundary. To ignite the flame
startup, the temperature was set to 300 K, except for one
point at the top of the inner corner of the burner pipe, wh
was set toT52000 K. As soon as the flame had ignited~i.e.,
after several hundreds of iterations!, this fixed temperature
point was removed.

Although the need for the use of very small false tim
steps resulted in a large number of iterations, stable, c
verged solutions of the full set of coupled model equatio
could nevertheless be readily obtained on relatively rou
grids. On grids fine enough to accurately resolve the fla
front, however, a fully coupled solution of the proble
proved to be computationally prohibitive. Therefore,
these fine grids, we chose to simplify the problem by dec
pling the detailed chemistry model from the flow and te
perature simulations.

First, the flow and temperature field were calculated
ing a simple two-step reaction mechanism, consisting of
overall step from reactants to products and a second ste
which hydrogen dissociation led to the necessary reduc
of the flame temperature

C2H21O2�2CO1H2

k543107 expS 2
8600

T D ~m3/~mol3s!!, ~6!

2H1M�H21M k50.331073T21 ~m3/~mol3s!!.
~7!

The given rate constants are for the forward reactions.
reverse rate constants are calculated from the reaction
modynamics. The one-dimensional temperature profiles,
culated with the premixed-flame unit of theCHEMKIN
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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package,34 are compared in Fig. 2 for full and two-ste
chemistry. This shows that the two-step chemistry accura
predicts the flame temperature profile, and therefore the
locity profiles.

The two-step model cannot, however, predict the c
centrations of molecules and radicals leaving the flame fr
and causing diamond growth on the surface. Therefore,
two-step chemistry is only used to obtain the temperat
and velocity profile in the flame. Subsequently, the spec
concentrations are calculated from the full chemistry mod
using the temperature field from the two-step model. T
allows for the use of large false time steps and, as a resu
computationally less demanding. In the major part of
flame, this approach is not expected to have a large influe
on the results. However, in the zone where ambient air
fuses into the flame and reacts with the combustion produ
there could be a temperature effect that is not accounted
by the two-step mechanism.

III. RESULTS

A. Validation of the model

To validate the oxy-acetylene flame simulations, rad
and axial concentration profiles were compared to concen
tion profiles measured by Klein-Douwelet al.19,35 with the
aid of LIF. In LIF, a laser sheet of light of a certain wav
length is directed through the flame. Molecules are exci
and fall back to their normal state while emitting light. Lig
emitted perpendicularly to the flame is detected, thus pro
ing a 2D concentration profile. However, only qualitati
results are obtained, since an unknown fraction of the m
ecules falls back without emitting light, owing to collisio
with other molecules, i.e., quenching. The degree of quen
ing is, through the density, dependent on the temperature
on the type of molecules. Thus, care should be taken w
interpreting LIF results in the presence of large tempera
gradients, such as at the flame front and near the surfac

The shape of the simulated flame is indicated by
temperature profile and stream traces shown in Fig. 3.
model simulations correctly predict the experimentally o

FIG. 2. Comparison between the temperature profile predicted by the
tailed combustion mechanism~solid line!, and the two-step mechanism~dot-
ted line! in a one-dimensional free-burning premixed flame simulation, w
the PREMIX code described in Ref. 34.
Downloaded 23 Oct 2007 to 131.155.151.66. Redistribution subject to AI
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served cone-shaped flame with a length of about 7 mm a
flame–sheet thickness of about 0.2 mm. The flame reach
maximum temperature of 3800 K directly behind the flam
front. This maximum is well above the adiabatic flame te
perature of 3300 K. This can be explained by the fact that
the flame front, molecular hydrogen and water are formed
a supraequilibrium amount. Consequently, their radi
atomic hydrogen is present in a subequilibrium amou
Since the dissociation of molecular into atomic hydrog
consumes heat, the temperature directly behind the fla
front is higher than adiabatic. This phenomenon is referre
as temperature overshoot. In the zone behind the flame fr

e-

FIG. 3. Isotherms, marked in Kelvins~a! and stream traces~b! marked from
a to g, in the oxy-acetylene torch reactor as predicted by the t
dimensional reactor model.
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molecular hydrogen and water dissociate, and the temp
ture slowly decreases as a result. A more detailed discus
of this phenomenon can be found in Refs. 36, 15, and
Simulations for various values of the flame–tip-to-substr
distancesd show similar temperature profiles: After the tem
perature maximum of 3800 K directly behind the flame fro
the temperature slowly decreases to a temperature of a
3000 K at a few hundred microns from the surface. The
the temperature rapidly decreases to the substrate tem
ture of 1400 K. Thus, because the temperature changes
tively little between the flame front and a few hundred m
crons from the surface, LIF data in this region can
compared with simulations with some confidence.

In Fig. 4, the simulated axial atomic hydrogen profile
compared to the profile measured with LIF.35 The concentra-
tion predicted by 1D stagnation flow simulations is also d
picted. At this flame–tip-to-substrate distance, the 2D pro
matches the measured profile well, despite the large temp
ture gradients between the flame–tip and the substrate.
dently, the 2D simulations are in better qualitative agreem
with experiments than the 1D simulations.

For various flame–tip-to-substrate distances, the sim
lated axial atomic hydrogen concentration profiles are sho
in Fig. 5. Since the concentration is plotted, and not the m
fraction, the higher molecular density on the cold side of
flame front causes a peak in the concentration.

Regardless of the flame–tip-to-substrate distance,
profiles show two characteristics: First, as explained abo
the H concentration increases slowly downstream from
flame front, to reach a maximum at a few hundred micro
from the substrate. This maximum is higher as the flam
tip-to-substrate distance increases. Second, in a region w
a few hundred microns from the substrate, the concentra
decreases swiftly.

This second characteristic is also observed in meas
ments. Figure 5~b! shows that for all flame–tip-to-substra
distances, the experimental atomic hydrogen concentra
decreases rapidly toward the substrate. It is not poss
however, to verify the first characteristic on the basis of th
measurements. Only the experiments at a flame–tip

FIG. 4. Comparison between the atomic hydrogen profiles as predicte
stagnation flow calculations with theSPIN code, as described in Ref. 14, wit
d50.8 mm, the 2D calculations withd50.6 mm, and LIF experiments a
presented in Ref. 35, withd50.85 mm. The experimental values are
arbitrary units.
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substrate distanced50.85 mm cover the whole distanc
from the substrate to the flame tip. At this value ofd, how-
ever, the increase in concentration behind the flame fron
evident in neither the simulations nor the measureme
From 2D LIF pictures,35 and in particular from their color
reproductions in Ref. 38, however, it is clear that the ma
mum atomic hydrogen concentration lies some dista
away from the flame front, in agreement with our simu
tions.

Opposed to the simulations, the measured atomic hyd
gen LIF intensity at a fixed distance from the substrate
creases whend is increased. Moreover, the measureme
indicate a much longer distance over which atomic hydrog
decreases in concentration. Two causes can be pointed
~i! the different temperature profile near the substrate
different values ofd, which makes comparison problemat
and ~ii ! generation of atomic hydrogen, as predicted by
gas-phase reaction model, possibly is too slow. As a res
the simulated atomic hydrogen concentration does not re
its equilibrium value in the distance between the flame
and the substrate. Consequently, if the flame–tip-to-subs

by

FIG. 5. Effect of the variation of the flame–tip-to-substrate distance on
simulated~a! and measured~b! axial atomic hydrogen profile. The latte
have been taken from Ref. 35.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp



a
e
ro
rr
h

th
fa
i

he
6

e
ur
in
in
t
u

n
ts
on
he
lle
ri-

s

h
re
o

ls
u-
in

ons

g
py
e,

ath

0

he
ip-
e re-
te.

t

s

e

nor-
-

4423J. Appl. Phys., Vol. 88, No. 7, 1 October 2000 Okkerse et al.
distance is increased, higher maximum H concentrations
reached. At faster atomic hydrogen production rates, th
concentration reaches a maximum at a fixed distance f
the flame front, and only decreases thereafter. This co
sponds to the situation found in the measurements. The
pothesis of too slow a generation of atomic hydrogen in
gas phase chemistry model is further supported by the
that the maximum in the atomic hydrogen concentration
2D measurements is much closer to the flame front~0.7
mm!38 than in the simulations~2 mm!.

The radial atomic hydrogen profiles directly above t
surface are compared with LIF measurements in Fig.
Good qualitative agreement is found between measurem
and simulations. For both the simulations and the meas
ments, at largerd, Fig. 7 shows that there is a minimum
the concentration profile in the center that deepens with
creasing flame–tip-to-substrate distance. Furthermore,
simulated peaks have about the same width as the meas
peaks.

Figure 8 shows predicted 2D concentration distributio
for C2 and OH. C2 is present at the flame front, and i
concentration rapidly decreases away from the flame fr
OH is present in a thin layer at the flame front and in t
border area of the flame and the ambient air, the so-ca
‘‘lobes.’’ All these predictions are in agreement with expe
mental observations.19,35

When comparing measured and predicted axial~Fig. 9!
and radial~Fig. 10! C2 concentration profiles, similar trend
are observed: The width of the radial C2 profile increases
with increasingd, whereas the C2 concentration at a fixed
distance from the surface decreases with increasingd. How-
ever, the C2 concentration decreases at a somewhat hig
rate in the simulations than in experiments. Furthermo
comparison of Fig. 11 with 9 shows that the CH decomp
sition rate is slower than the C2 decomposition rate in the
simulations. This is not found in the measurements,19 and it
indicates that the degradation of carbon containing radica
not predicted correctly. Another indication for this concl
sion is that the decrease of the growth rate with increas

FIG. 6. Comparison between the radial atomic hydrogen profiles above
substrate as predicted by 2D calculations withd52.6 mm, and LIF experi-
ments, as described in Ref. 35, withd52.3 mm. The experimental value
are in arbitrary units.
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flame–tip-to-substrate distance is faster in the simulati
than in experiments~see Fig. 12!.

A quantitative validation was performed by comparin
the simulation results to cavity ring down spectrosco
~CRDS! measurements of the CH concentration in the flam
as published by Stolk and ter Meulen.39 In CRDS, absolute
molecular densities integrated along the absorption p
length are obtained. Measurements of CH39 at 0.44 mm from
the substrate, for flame–tip-to-substrate distancesd
51.08 mm andd52.48 mm, both yielded a value of 1
31016m22. The simulations predict a value of 15
31016m22 for d50.6 mm, which is a factor of 102 higher
than the measurements, and a value of 1.1631016m22 for
d52.6 mm, i.e., almost exactly the measured value. T
overprediction of the CH concentration at short flame–t
to-substrate distances again indicates that the gas-phas
action mechanism predicts too low a CH decomposition ra

he

FIG. 7. Simulated~a! radial atomic hydrogen profiles directly above th
surface, and profiles measured with LIF, as presented in Ref. 35~b!, both as
a function of the flame–tip-to-substrate distance. The concentration is
malized with the concentration atr 54 mm which, in the case of the simu
lations, is 21.3 mmol/m3 for d50.6 mm, 23.7 mmol/m3 for d51.6 mm, and
22.2 mmol/m3 for d52.6 mm. The experimental curves correspond to~1!
d50.85 mm,~2! d51.68 mm,~3! d52.3 mm, and~4! d53.05 mm.
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Summarizing, the validation of the 2D gas-phase mo
shows that it correctly predicts the shape, length, and s
thickness of the flame, as well as general trends in the r
tion product concentrations. However, for the rich ox
acetylene flames studied, the Miller–Melius combust
mechanism12 appears to incorrectly predict the rate at whi
certain species, e.g., H, CH, and C2, are produced or con
sumed behind the flame front. As a result, the predicted c
centrations at specific locations in the reactor can be off b
or 2 orders of magnitude. Further study and optimization
the gas-phase mechanism for rich flames is necessary to
prove the gas-phase predictions.

B. Regime characterization

Film-thickness profiles in oxy-acetylene flame CVD
diamond exhibit a striking similarity with radial mass
transfer profiles from jets impinging on a surface. As a res

FIG. 8. Predicted C2 ~a! and OH ~b! concentration profile~mol/m3!, d
50.6 mm. The maximum C2 concentration is 0.0011 mol/m3.
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the thought comes to mind that diamond film growth mig
well be determined by mass transfer limitations, rather th
surface kinetics. This has consequences for the importanc
hydrodynamic optimization of diamond CVD reactors: In t
mass transfer limited regime, hydrodynamic optimization
of much greater importance than in the surface kinetics l
ited regime. To shed some light on this issue, we used
2D flame simulations to determine the growth-limitin
mechanisms in oxy-acetylene flame diamond CVD. T
analysis is complicated by the fact that species concen
tions are determined by the complex interaction of gas-ph
reactions, surface reactions, and transport phenomena.

In the torch reactor, convection dominates diffusion o
side a surface boundary layer, since local Pe´clet numbers are
of the order Pe5O(100). Inside a thin boundary layer adja
cent to the substrate, diffusion is the dominating spec
transport mechanism. The surface Damko¨hler number, which
is the ratio between the characteristic time for diffusi
through this boundary layer and the characteristic time

FIG. 9. Simulated~a! and measured~b! effect of variation ofd on the C2

concentration profile. Experimental data from Ref. 35. The experime
profiles ford50.88 mm andd51.52 mm are normalized to have the sam
maximum intensity. The profile ford52.8 mm is scaled arbitrarily as don
by Klein-Douwelet al. ~see Ref. 35!.
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FIG. 10. Simulated~a! radial C2 profiles directly above the surface an
profiles measured with LIF~see Ref. 35! ~b!, as a function of the flame–
tip-to-substrate distance. The concentration is normalized with the con
tration at the center, which is 4.531029 for d50.6, 3.4310210 for d
51.6, and 6.2310214 for d52.6. The latter is barely above the lower co
centration limit.

FIG. 11. Simulated effect of variation ofd on the CH concentration profile
Downloaded 23 Oct 2007 to 131.155.151.66. Redistribution subject to AI
surface reactions,40 determines the transition betwee
transport-limited and kinetics-limited growth. The bounda
layer thicknessd, estimated from the equation derived fo
stagnation flows,41

d

d
5

1

Pe
expS 2

Pe

2 D1A p

2Pe
erfSAPe

2 D ~8!

is on the order of 100mm. The corresponding Damko¨hler
number is smaller than 0.1 for all gaseous growth precurs
This indicates a kinetically controlled process. This obser
tion is supported by a test where a 10% faster surface me
nism was implemented in the 2D simulations. If mass tra
fer limitations were of importance, this would lead to a le
than 10% increase of the film growth rate. In agreement w
the observation that the growth is fully controlled by surfa
kinetics, however, this modified surface reaction mechan
led to an almost exactly 10% higher growth rate over
entire substrate surface.

Outside the boundary layer, convection and homo
neous reaction dominate over diffusion. If diffusion we
completely negligible, the composition evolution of a sm
gas volume moving along a stream trace could be tra
formed into the time evolution of an isolated, perfect
stirred, gas volume with identical initial composition. In Fi
13~b!, the CH3 concentration integrated along four differe
stream traces is plotted. The four curves are almost ident
except for stream trace~a!, which passes along the substra
Figure 13~a! shows the time evolution of the CH3 concentra-
tion integrated along the center line of the 2D flame. Al
plotted is the time evolution of the CH3 concentration as
calculated for a perfectly stirred tank reactor. There is a st
ing similarity between the time evolution in a 0D stirre
tank, and the time integration along stream traces in the
flame, both in the maximum value of the temperature and
the widths of the temperature peak. The latter, however
approximately 50% larger in the 2D simulations, indicating
minor effect of diffusion. Similar observations were ma

n-

FIG. 12. Comparison between simulated~lines! and experimental~see Ref.
35! ~points! growth rate at various flame–tip-to-substrate distances.
depicted is the growth rate atd52.6 mm, which is 0.1 nm/s at its maximum
The experimentally measured increase in growth rate atr 53 mm is ascribed
to in-diffusion of nitrogen into the flame~see Ref. 42!. Nitrogen is not
included in the surface chemistry.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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for the other hydrocarbon radical species, where the rela
importance of diffusion was found to further decrease w
increasing molecular size, i.e., with decreasing diffusivi
This indicates that diffusion is of minor importance com
pared to convection for the transport of hydrocarbons outs
the substrate boundary layer. Similar comparisons sho
that this is not the case for atomic hydrogen, the diffusion
which causes flame propagation. It has a much larger di
sivity than hydrocarbon species and its diffusion plays a s
nificant role in smearing out the H concentration profiles

To compare the relative importance of reaction and c
vection behind the flame front, the following should be co
sidered: If convection were much faster than reaction, c
stant concentration profiles would be found between
flame front and the substrate, which is obviously not
case. If reactions were much faster than convection, the m
ture would be close to local equilibrium everywhere.
postflame conditions we found that the gas mixture is
from its equilibrium state; hydrocarbon radical concent

FIG. 13. Development of the CH3 concentration over time in the case of
time integration both along the center of a 2D premixed flamed
52.6 mm) ~a! and along stream traces in the 2D simulation. The init
conditions of the time integration were the same as those in a 1D prem
flame reactor at the point where the temperature is 2000 K. The curves i~b!
represent the concentration along stream traces g, e, c, and a, respec
depicted in Fig. 3.
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tions are 5 orders of magnitude higher than in equilibriu
Thus, both the gas-phase reactions and convection pla
important role in the region between the flame front and
substrate boundary layer.

C. Nitrogen in-diffusion

Experimentally,42 a central region of uniform good qua
ity diamond growth is found to be limited by an annulus
enhanced growth, which starts 2 mm from the center. T
diamond deposited in this annulus displays amorphous
tures. The presence of this annulus is attributed to
diffusion of nitrogen into the flame.42 Here, this hypothesis is
tested against our 2D simulations. To this end, nitrogen
included in the simulations as an inert species. As in
experiments, a small amount of nitrogen, i.e., 1000 ppm
present in the feed gas, whereas the coflow of ambient
consists of 80% nitrogen. Simulated radial nitrogen conc
tration profiles directly above the surface are shown in F
14. It shows that the concentration above the center is e
to that in the feed. From 2 mm onwards, nitrogen from t
ambient air is present. Nitrogen, or a nitrogen contain
species, could thus very well be responsible for the obser
annular region of enhanced growth.

Experiments35 also showed that the diamond growth ra
in the central region of the substrate changes with the flam
tip-to-substrate distanced. Since it is known that nitrogen in
the gas phase causes an increased film growth rate,
growth rate in the central region may be influenced by
increase in nitrogen contamination of the gas owing to
creased in-diffusion of nitrogen gas from the ambient a
Figure 14, however, shows that whend is increased, the
nitrogen concentration above the central region of the d
mond surface does not change significantly. Apparently,
diffusion of nitrogen is not strongly dependent on the flam
tip-to-substrate distance. This is possibly because
diffusion takes place over the entire nozzle-to-substr
length, which does not vary much whend is increased.

D. Variation of substrate temperature

The influence of the substrate temperature on the
mond growth was studied for the ranges of process co

l
ed

ely,

FIG. 14. Effect of the variation in flame–tip-to-substrate distance on
radial nitrogen concentration above the diamond substrate.
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tions specified in Table I. Figure 15 shows the influence
the surface temperature on the diamond growth rate. It
creases with the temperature until 1400 K. This was alre
observed in our 1D simulations.14,15What attracts attention is
that at lower surface temperatures, growth at the center le
off, or even shows a minimum. A center of constant grow
rate is also found experimentally.43 This flat center is all the
more noteworthy since CH3, the main carbon source of dia
mond, exhibits a distinct maximum above the center. Usin
simple first-order dependence of the growth rate on the C3

concentration as, e.g., proposed by Goodwin,44 would thus
lead to a maximum growth rate in the center.

To be able to explain this behavior, 0-D, perfectly stirr
reactor simulations23 were performed under the condition
shown in Fig. 16~see Table II!. In these simulations, the
atomic and molecular hydrogen and methyl radical conc
trations were set equal to the concentrations directly ab
the surface as predicted by the 2D simulation. Figure
shows the dependence of the growth rate on the CH3 concen-
tration. In our growth model, it has a first-order dependen
of the growth rate on the CH3 concentration at lower
concentrations.14 Under these conditions, the reaction ste
that follow the initial adsorption of CH3 are fast. At higher
CH3 concentrations, however, the growth rate levels off. T
effect is more noticeable at lower temperatures. At these h
CH3 concentrations, the surface reactions are no longer
enough to transform the adsorbed carbon into diamond,
thus the number of sites available for CH3 adsorption de-
creases. A surface reaction with an activation energy,
so-called beta-scission reaction, becomes limiting.

FIG. 15. Effect of the variation in substrate temperature on the growth
of diamond.

TABLE II. Gas-phase composition applied in the surface kinetics simu
tions with the aid of a perfectly stirred tank reactor in Fig. 16. Temperatu
of 1300 and 1400 K were applied, and the pressure was 105 Pa.

Species Mole fraction

CH3 131025– 131023

C2H2 0/1.331022

H 3.731023

H2 0.256
CO Remainder
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This, however, does not explain the minimum in t
growth at the center at a temperature of 1200 K. The sim
lations were repeated in the presence of 1.3% acetylene,
the acetylene concentration at the center predicted by the
simulation. Figure 16 demonstrates that the growth rate n
even decreases at higher CH3 concentrations for lower sub
strate temperatures. This is caused by acetylene, which
tributes significantly to the growth at these concentrations
the CH3 concentration is increased, the reduction of the nu
ber of free sites hinders the adsorption of acetylene. T
results in a decrease in the adsorption of acetylene and in
growth rate. Figure 16 shows that, either with or without t
presence of acetylene, a temperature that is too high is
beneficial for the growth of a flat diamond layer.

IV. CONCLUSIONS

We presented 2D simulations of the hydrodynamics a
detailed chemistry in oxy-acetylene flames for diamo
CVD.

Comparison to LIF experiments shows that certa
trends are predicted correctly by the model. An increase
the flame–tip-to-substrate distance leads to a deepenin
the minimum in the atomic hydrogen concentration profi
above the center of the substrate, and a widening of the2

profile in both experiment and simulation. Other predictio
were less accurate, viz. the position of the atomic hydro
maximum in the reactor and the degradation rate of C2 and
CH. The cause of these discrepancies is likely to be foun
the application of the Miller–Melius hydrocarbon combu
tion mechanism to rich oxy-acetylene flames. We sugg
that the predicted production rate of atomic hydrogen is
low, resulting in a temperature overshoot that is too large

Nevertheless, several conclusions can be drawn from
simulations concerning fundamental mechanisms in o
acetylene diamond CVD. Compared to diffusion in t
boundary layer near the substrate, the deposition chemist
slow and thus rate-determining. In the flame and postfla
region, diffusion plays a minor role compared to homog
neous chemistry and convection. Atomic hydrogen is an

teFIG. 16. Intrinsic study of the effect of the variation in gas-phase C3

concentration and surface temperature on the diamond growth rate. The
were obtained from a perfectly stirred tank reactor simulation under
conditions specified in Table II.
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portant exception. Exemplary in this respect is the fact t
the flame propagates because of upstream diffusion
atomic hydrogen. To describe the atomic hydrogen profi
correctly, thermodiffusion must be included in the simu
tions.

Simulations show that nitrogen penetration from the a
bient air into the flame is hardly affected by the flame–t
to-substrate distance. Thus, in-diffusion of nitrogen can
explain the experimentally observed effect on the diamo
growth rate of a change in flame–tip-to-substrate distan
Nitrogen in-diffusion, however, is likely to be responsib
for the observed annulus of enhanced growth.

It was also shown that the growth of the diamond lay
is not proportional to the concentration of the main gas-ph
precursor CH3 above the surface. The diamond layer is mu
flatter than would be expected from the distribution of th
species. The reason for this can be found in the surface
netics. At higher CH3 concentrations, the growth rate leve
off, since surface reaction steps become limiting. This res
in fewer sites available for adsorption. Finally, the comp
interaction between the CH3 and C2H2 precursors was
shown. Their combined effect on the diamond growth is
the simple addition of their separate growth contributio
Addition of acetylene to the reaction mixture above the s
strate in large amounts relative to CH3, leads to a small
minimum in growth at the center. At high acetylene conce
trations, acetylene contributes significantly to diamo
growth. A high CH3 concentration, however, reduces t
number of sites available for the adsorption of acetyle
Combined with the zeroth order dependence of the gro
rate on the CH3 concentration, this results in a decrease
the growth rate.
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