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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 fldthes. Miller

and C. F. Melius, Combustion and Flafdg 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 Physid$S0021-897800)06420-3

I. INTRODUCTION In the field of laminar flame simulations, two approaches

o ) ) . can be distinguished: study of detailed combustion chemistry
The combination of computational fluid dynami€sFD) with the aid of zero- or one-dimensional hydrodynamic

and detailed chemistry modeling has furthered our underfnodelsz,'3 and flow and flame investigations with the aid of

standing of chemical vapor depositig@VD) processes. If two-dimensional (2D) hydrodynamic simulations, using

complex interactions occur, experiments in themselves can-. A
simple, lumped chemist#.

not always explain the behavior of the system. For conven- Recentlv. for methane—air flames. these approaches have
tional thermal CVD processes, where gas-phase and surfac? red t Y togeth S_ | ’ h ppr lated
reactions do not release significant amounts of heat, it ha arted to come fogether several groups have simulated pre-

proved possible to design a reactor with the aid of CFD. FofMixéd 2D methane-air flames with detailed chem@fﬁ_/.
example, in low pressure tungsten CVD, simulations have©mMers and de Goéypplied the so-called skeletal reaction
been used to explain and predict the influence of changes ffeéchanism for methane combustion, consisting of 25 reac-
process conditions and reactor geometry to selectivity losstions and 15 specieS.An unstructured grid, locally refined
However, when gas-phase reactions are h|gh|y exothermdﬂear the flame front, was used for the numerical simulations.
such as in combustion CVD, they influence the temperaturdulticomponent diffusion phenomena were modeled in a
profile and thus the velocity profile. Consequently, speciedighly simplified way, assuming a constant Lewis number
concentrations, temperature, and flow are strongly coupledor each diffusing species, and thermodiffusion was ne-
This complicates matters significantly. The modeling ofglected. The model predictions were verified by comparing
combustion CVD combines the difficulties encountered inthe predicted shape of the flame to experimental observa-
laminar flame simulations with those of classical thermaltions. Zhouet al® used a 29-reaction, 13-species combustion
CVD modeling. mechanism based on Tsataroti®iffusion was again mod-
eled with the simplified constant Lewis number approxima-
dAuthor to whom correspondence should be addressed; electronic maiﬂon' Simulated concentration profiles of several stable spe-
crkleijn@klft.tn.tudelft.nl cies and of the OH radical were compared to Raman—LIF
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8- air C,H+0, covered surface, where a carbon containing gas-phase spe-
coflow inlot cies can adsorb. After several surface reactions and reactions
with gas-phase molecules, it is included in the diamond lat-
6] % tice. The surface mechanism used containg @itl GH, as
‘2 i growth species, and atomic hydrogen, and atomic and mo-
:t:g S lecular oxygen as species that remove molecules from the
€ % % % surface. In the surface mechanism, the species are randomly
E 4'§ ‘z:g E distributed over the surface. Detailed Monte Carlo simula-
N o 12 tions, accounting for nonrandom distribution of species on
s the surface, are beginning to be employed fruitfdfiy:®but
27 % require lengthy computation times. Moreover, recent Monte
8 Carlo simulation$” show that multicarbon clusters are rare
0 substrate

on the (100 surface, thus justifying the assumption of the
A A ? ] A random distribution of species.

(mm) In the present article, we combine the above combustion

and diamond growth models with 2D hydrodynamic flame

FIG. 1. Computational grid for the two-dimensional reactor model. One inSimulations, based on the simultaneous numerical solution of

every three lines is depicted horizontally and vertically. the 2D axisymmetric conservation equations for mass, mo-
mentum thermal energy and chemical species. A two-step

solution approach is used. In the first step, a lumped chem-
measurements. Ern and Giovangiglimulated the flame in

istry model is used to calculate the flame shape, temperatures
the most detail. They made use of a 46-reaction, 16-speci¢¥!d Nnydrodynamics. In the second step, the detailed gas

kinetic mechanism, and fully included multicomponents angPhasé chemistry and surface chemistry models are used to
thermodiffusion. No comparisons to experimental data wer&alculate radicals and intermediates concentrations in the gas
reported.

phase and at the surface, as well as growth rates. The studied
The aim of the present work is to model an oxy-

geometry is modeled after the reactor used by Klein-Douwel
acetylene flame CVD reactor for the deposition of diamondf®

tall® and is schematically depicted in Fig. 1. Simulated
layers. The reactor consists of an ordinary welding torc

phradial and axial concentration profiles are compared to quali-
pointed toward a cooled substratee Fig. 1L The torch is

tative LIF measurements and to quantitative CH measure-
fed with acetylene and oxygen, with an amount of acetylenénents from the literature.

slightly above the amount needed to form a neutral flame.
The rich flame burns to CO and,Hin contrast to a flame

that burns to CQ which is generally defined to be stoichio- || NUMERICAL MODEL
metric. Due to the high flame temperature and the carbon
excess, carbon radicals are formed, causing the growth of

Simulation of the oxy-acetylene torch reactor involves
diamond on the substrate. No full 2D simulations have beetthe simulation of a laminar reacting flow including surface

reported for acetylene—oxygen flames. These flames haveactions. Unlike those of classical thermal CVD processes,
higher flame speeds and adiabatic flame temperatures thate flow, species and heat equations are strongly coupled. As
methane—air flames. This, combined with the larger numbea result, the numerical equations that result from the discreti-
of species and reactions necessary to correctly model theation of the model equations are stiff, and their numerical

combustion chemistry, makes the problem more complex. Iolution is complicated. A description of the solution proce-
the present study, the simulation of the oxy-acetylene flamelure is given in Sec. Il A-D.

is of secondary interest. The primary interest is in a correc
description of the diamond growth process, by combining
(1) a detailed combustion mechanism @il a detailed dia- The simulation is based on the continuum assumption,
mond growth mechanism witt8) 2D CFD.

since the mean free path under the studied conditions is on
The starting point for our combustion mechanism wasthe order of 1um, and the flame—sheet thickness is on the

the hydrocarbon combustion mechanism by Miller andorder of 100um. Furthermore the flow can be assumed to be
Melius'? which consists of 48 species and 219 reactionslaminar. Although the Reynolds number is higk 7000) in
This model was successfully used for the simulation of oxy-the outlet of the tapered burner nozzle, no signs of turbulence
acetylene flames by Meeles al1®

For arich flame witha &  are observed experimentally. This is probably causediby:
fuel, the mechanism cannot be reduced to the same size & short time available for onset of turbulence in the nozzle

for lean methane—air flames. In a previous stiftlwe re-  and(ii) the stabilizing effect of the flame. In fact, the nozzle
duced the mechanism to one consisting of 27 species ard specifically designed to create laminar flames.

119 reactions. This reduced mechanism is used in the present Under these conditions, the continuum conservation
study.

k. Equations

equations of mass, momentum, thermal energy and chemical
The applied detailed surface mechanism for the growttspecies can be used to describe the systefihe general
of diamond was constructed and tested eatfiér.Diamond

appearance of the transport equations for varigbig given
growth occurs because a free site is created on the hydrogéy
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pe TABLE I. Settings used for the 2D simulations.
——=-V-(pvg)+ V- (I' V) + S5+ S, . 1
ot (pveh) TV )+ S5+ Sy @ Range Standard value
Here, p is the gas densityy the velocity vectorg the vari- Sac 5%
able to be solvedl', its generalized diffusion coefficient, 9 0.6-2.6 mm 0.6 mm
1200-1500 K 1400 K

and s¢,=sg+ S;,)d) its generalized source term, linearized in
¢. This equation is formulated fop equal to the radial ve-
locity v, , the axial velocity,, the thermal energg, T, and

the N species mass fractions; . The equations can further a5 kept at 5.4 sin which corresponds to a mean velocity
be simplified by the following assumption§) the process is  f ()= 64 m/s. The composition of the feed gas is based on
stationary in timefii) the gas behaves as a Newtonian fluid; the composition of a neutral oxy-acetylene flame, which in
(iii) buoyancy forceszare_ negligible since the Grashof numbepyactice is a 47.5:5250.9 molar ratio of acetylene and
is on the order of 10% (iv) the flame is axisymmetric, i.e., oyygen!® The excess acetylene is defined as the fraction of
there are no gradients and velocities in the tangential d'recacetylene that is fed in excess to that of a neutral flame.
tion; (v) pressure effects in the thermal-energy equation arehys, a 5% excess of acetylef@ac=5%) corresponds to a
small, since relative pressure differences in the flame are opgg gas composition of 48.72:51:28.95 molar ratio of
thelorder of' 1%;vi) transport of heat as a result of concen- acetylene and oxygen. The acetylene bottle, in practice, con-
tration gradientdthe Dufour effect can be neglecteiand  tained about 1000 ppm of nitrogen. This was included in the
(vii) the absorption or emission of radiation energy does nogjmuylations.
influence the temperature profile significantfy. Due to entrainment, there is a coflow of surrounding air,
The molecular transport properties of single compo-yhich is 300 K. This coflow could in principle be calculated
nents, i.e., the viscosity, thermal conductivity and binary dif-se|f.consistently from the hydrodynamics model, by setting
fusion coefficient, are obtained from kinetic gas the®fY”  fixed pressure boundary conditions at all outlet boundaries.
using Lennard-Jones parameters. The equation-of-state {js, however, was found to lead to numerical instabilities.
given by the'p'erfect gas law. The mixture wscosnyland Fher'l’herefore, a fixed inflow velocity was imposed on the
mal conductivity can be calculated using the semiempiricahoundary surrounding the nozzle. It was assumed that the
averaging equations given by Reid and Sherwodhe _coflow has a uniform velocity of 3 m/s when it enters the
thermodynamic properties are obtained from the Chemkiompytational domain, corresponding to a total flowrate of
thermodynamic databa_%%. Multicomponent diffusion is 10 sim. This velocity is small compared to the gas velocities
modeled through the Wilke approximati6hin order to en- i the nozzle. It is therefore expected, that the imposed cof-
sure mass conservation, all species fluxes except one are Cfyy does not significantly influence the flame hydrodynam-
culated in this way. The remaining species, with the largesfes ndeed, variations of the coflow velocity between 1 and
mass fraction, is calculated from the constraint that all diffu-1 m/s showed that the flame shape and hydrodynamics were
sion fluxes should sum up to zero. . virtually insensitive to its exact value. Gradients perpendicu-
Species diffusion driven by temperature gradients, Ofjgy tg the outlet plane are assumed to be zero, and there is no
thermodiffusion, is often neglected in flame simulation.e|ocity component parallel to this plane. The walls are iso-
However, thermodiffusion generally is important if there aréthermal and no slip conditions are imposed. All walls were
large differences in the size of molecules or steep temperaeept at 300 K, except for the substrate, which was set as
ture gradients. Both conditions apply in laminar flames. IN-jngicated in Table 1. As a result of species adsorption and
deed, preliminary one-dimensional flame simulationsyesorption, there was a net flux of species toward or from the

showed that if thermodiffusion is neglected, deviations areyypstrate, which led to a very small velocity component nor-
found near the flame front and near the substrate, where efy4) to this surface.

rors up to about 25% in the predicted species concentrations
are observed. Therefore, thermodiffusion was accounted for
using the Clark Jones approximation for multicomponentC. Discretization and numerical method

H H 5,26
thermodiffusiort. For the numerical solution of the model equations, we
B. Boundary conditions use our in-house CVD simulation codepMoDEL.?®?" This

ode has been applied successfully to the simulation of vari-

In the outlet of the burner nozzle, the temperature ancguS thermal CVD processéd’2as well as to the simula-
Mass flow of species are |.mpos¢d. The veIocny profile Wa%ion of a steady-state atmospheric pressure methane—air
obtained from a separate simulation of the flow in the nozzleLll

. ) . ame’™ For the latter, using the same gas-phase mechanism
which tapers over a distance of 27.5 mm from a diameter o g gasp

. . .. _and transport properties, the flame length and thickness com-
3.9 mm to a diameter of 1.4 mm. The resulting Veloc'typared excellently to those simulated by Somers and de

profile in the nozzle outlet could be fitted accurately by Goey’
4 r\6 The model equations are discretized with the aid of the
vAr)= §<U>< 1- (ﬁ) ) (20 finite volume method® A power-law differencing scheme is

used for the spatial discretization of the diffusive and con-
Here,(v) is the mean outlet velocity, is the radial distance, vective terms. The momentum-continuity coupling is ac-
andR is the inner radius of the burner outlet. The total flow counted for through the SIMPLE pressure correction
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schemé’ This leads to (4 N) XN, XN, nonlinear, coupled s the reaction rate of thkth reaction(mol/m?s). Unlike Eq.
algebraic equations for the two velocity components, thg1) for the gas-phase concentrations, Ef) is an initial
pressure correction, the temperature andhgas species value problem that can be integrated over time to reach the
concentrations in each of thé, XN, grid points. When us-  stationary solution at—o by means of an ordinary differ-
ing first-order backward Euler time discretization, their gen-ential equation solver for stiff problenié=3
eral form is Figure 1 depicts the grid on which most simulations are
done. It had\N, X N,=61X 149 grid cells. In the radial direc-
/ P _ 0 P tion the grid was the finest in the flame area. A cell at the
% Bg.m~ ot 1 ¢P_% Aot Sg,pF 3y Po flame fro?It typically has a radial dimension of L. This
(3) is enough to ensure that the sharp temperature rise in the

) o o flame front is spanned by at least five grid cells, which has
wherea represents the discretization coefficients, andhe  roved to be sufficient for methane—air flanién the axial

discretized time step. The subscriféssand nb refer to a  gjrection, the typical grid size is 6@m, which is refined
particular grid pointP and its four neighboring grid points, pear the substrate to 4m. Grid independence was checked
respectively ¢ indicates the old value abp, and the sum-  py increasing the number of grid points by 50% in both
mations are taken over the neighboring grid cells. directions toN, x N,=92x 225 grid cells. This led to axial
The relatively short time scales on which the gas-phasggoncentration profiles that were somewhat smoother at the
reactions occur, make the set of equations to be solved stiffiame front. Past the flame front, however, concentration dif-

can be improved by proper linearization of the source termsyere |ess than 5% for all species.

The production rate of gas-phase species is added to the con-
stant partS}, which is treated explicitly. The destruction .
rate of the gas-phase species, which usually is first order iR. Solution strategy

the concentration, is included in the linearized part of the  Ng accurate initial guess was needed for the solution

source tern,,, thus solving it implicitly. The source terms procedure to converge. As an initial guess, all velocities were
in the thermal-energy equation resulting from the reactioryet 1o zero, except at the inlet boundary. The initial gas mix-
are linearized as recommended by.Pataﬁkj’.Erurthermore', ture composition corresponded to that of air in all grid
false t|me-s§e;p underrelaxation is applied to achieveygints, except in the inlet boundary. To ignite the flame at
convergencéli.e., in the iterative solution procedure toward startup, the temperature was set to 300 K, except for one grid
the steady-state solution the time derivative is retained foboint at the top of the inner corner of the burner pipe, which
numerical reasons only. Herey is the value of¢p at the  \yas set toT = 2000 K. As soon as the flame had ignitee.,

previous iteration, rather than at a previous time level. Theyster several hundreds of iterationshis fixed temperature
value of the false time step is determined by the smallesggint was removed.

time scale in the domain Although the need for the use of very small false time
steps resulted in a large number of iterations, stable, con-
i Ci.P d soluti f the full set of led model ti
At=min_¢", (4)  verged solutions of the full set of coupled model equations
ip Rip could nevertheless be readily obtained on relatively rough

grids. On grids fine enough to accurately resolve the flame
wherec; p is the concentration of speciesat grid pointP, front, however, a fully coupled solution of the problem
and RY; is the maximum of either the production or the proved to be computationally prohibitive. Therefore, on
destruction rate of speciésFor this system, the value of the these fine grids, we chose to simplify the problem by decou-
false time step is typically 0.4s. The relaxation of the other pling the detailed chemistry model from the flow and tem-
variables is carried out with an ordinary relaxation param-perature simulations.
eter. Furthermore, underrelaxation of the gas-phase proper- First, the flow and temperature field were calculated us-
ties is applied, since these are partly responsible for the coung a simple two-step reaction mechanism, consisting of one
pling of the balance equations. The system can be solvedverall step from reactants to products and a second step in
using a tridiagonal-matrix algorithm. The coefficients for thewhich hydrogen dissociation led to the necessary reduction
species equations are calculated simultaneously to preveot the flame temperature
dependence on the order of computation. As there is no car-

rier gas, all species equations are solved. CoHpT0,=2C0+H,
The fractional coverage,; of the surface species may be . 860 5

obtained from a set of ordinary differential equations k=4X10"exp — ——|(m7(molxs)), (6)
90, o 2H+MSH,+M  k=0.3x 10" T~ 1 (m¥(molxs)).
— =13 R, (5) (7)
/=]

The given rate constants are for the forward reactions. The
where 7 is the site densitymol/m?), o; is the number of reverse rate constants are calculated from the reaction ther-
sites that a surface species occupiggijs the stoichiometric modynamics. The one-dimensional temperature profiles, cal-
coefficient of theith surface species ikth reaction, and?}  culated with the premixed-flame unit of theHEMKIN
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FIG. 2. Comparison between the temperature profile predicted by the de-
tailed combustion mechanis¢solid line), and the two-step mechanigiot-
ted line in a one-dimensional free-burning premixed flame simulation, with

the PrREMIX code described in Ref. 34.

package” are compared in Fig. 2 for full and two-step
chemistry. This shows that the two-step chemistry accurately
predicts the flame temperature profile, and therefore the ve-
locity profiles.

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

z(mm)

IIl. RESULTS

A. Validation of the model

To validate the oxy-acetylene flame simulations, radial (b)
a_nd aXIa_l concentration proflles_ were Compiiiges(g to_ ConcentrqflG. 3. Isotherms, marked in Kelvirig) and stream trace®) marked from
tion profiles measured by Klein-Douwet al=>*> with the 4 t0 g, in the oxy-acetylene torch reactor as predicted by the two-
aid of LIF. In LIF, a laser sheet of light of a certain wave- dimensional reactor mode!.
length is directed through the flame. Molecules are excited,
and fall back to their normal state while emitting light. Light
emitted perpendicularly to the flame is detected, thus providserved cone-shaped flame with a length of about 7 mm and a
ing a 2D concentration profile. However, only qualitative flame—sheet thickness of about 0.2 mm. The flame reaches a
results are obtained, since an unknown fraction of the molmaximum temperature of 3800 K directly behind the flame
ecules falls back without emitting light, owing to collision front. This maximum is well above the adiabatic flame tem-
with other molecules, i.e., quenching. The degree of quenclperature of 3300 K. This can be explained by the fact that, at
ing is, through the density, dependent on the temperature arte flame front, molecular hydrogen and water are formed in
on the type of molecules. Thus, care should be taken whilea supraequilibrium amount. Consequently, their radical
interpreting LIF results in the presence of large temperaturatomic hydrogen is present in a subequilibrium amount.
gradients, such as at the flame front and near the surface. Since the dissociation of molecular into atomic hydrogen
The shape of the simulated flame is indicated by theconsumes heat, the temperature directly behind the flame
temperature profile and stream traces shown in Fig. 3. Th&ont is higher than adiabatic. This phenomenon is referred to
model simulations correctly predict the experimentally ob-as temperature overshoot. In the zone behind the flame front,
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FIG. 4. Comparison between the atomic hydrogen profiles as predicted by
stagnation flow calculations with ttepin code, as described in Ref. 14, with (a)
d=0.8 mm, the 2D calculations witd=0.6 mm, and LIF experiments as
presented in Ref. 35, witld=0.85 mm. The experimental values are in
arbitrary units.

molecular hydrogen and water dissociate, and the tempera__ 4 |
ture slowly decreases as a result. A more detailed discussioS NS d=2.3 mm
of this phenomenon can be found in Refs. 36, 15, and 372 4| T )
Simulations for various values of the flame—tip-to-substrate’a /
distancesd show similar temperature profiles: After the tem- '
perature maximum of 3800 K directly behind the flame front,
the temperature slowly decreases to a temperature of abo
3000 K at a few hundred microns from the surface. There, Tr
the temperature rapidly decreases to the substrate temper. [
ture of 1400 K. Thus, because the temperature changes rel: :

tively little between the flame front and a few hundred mi- 0 0.5 ] 1 15 2 25 3
crons from the surface, LIF data in this region can be Distance from substrate (mm)

compared with simulations with some confidence. (b)

In Fig. 4, the simulated axial atomic hydrogen profile is
compared to the prOﬁIe measured with L3ﬁ:The concentra- FIG. 5. Effect of the variation of the flame—tip-to-substrate distance on the
tion predicted by 1D stagnation flow simulations is also de-simulated(a) and measuredb) axial atomic hydrogen profile. The latter
picted. At this flame—tip-to-substrate distance, the 2D profiléhave been taken from Ref. 35.
matches the measured profile well, despite the large tempera-
ture gradients between the flame—tip and the substrate. Evi-
dently, the 2D simulations are in better qualitative agreemensubstrate distancel=0.85mm cover the whole distance
with experiments than the 1D simulations. from the substrate to the flame tip. At this valuedpfhow-

For various flame—tip-to-substrate distances, the simuever, the increase in concentration behind the flame front is
lated axial atomic hydrogen concentration profiles are showevident in neither the simulations nor the measurements.
in Fig. 5. Since the concentration is plotted, and not the molérom 2D LIF pictures® and in particular from their color
fraction, the higher molecular density on the cold side of thereproductions in Ref. 38, however, it is clear that the maxi-
flame front causes a peak in the concentration. mum atomic hydrogen concentration lies some distance

Regardless of the flame—tip-to-substrate distance, thaway from the flame front, in agreement with our simula-
profiles show two characteristics: First, as explained abovejons.
the H concentration increases slowly downstream from the Opposed to the simulations, the measured atomic hydro-
flame front, to reach a maximum at a few hundred microngjen LIF intensity at a fixed distance from the substrate de-
from the substrate. This maximum is higher as the flame-ereases whem is increased. Moreover, the measurements
tip-to-substrate distance increases. Second, in a region withindicate a much longer distance over which atomic hydrogen
a few hundred microns from the substrate, the concentratiodecreases in concentration. Two causes can be pointed out:
decreases swiftly. (i) the different temperature profile near the substrate for

This second characteristic is also observed in measuralifferent values ofd, which makes comparison problematic
ments. Figure &) shows that for all flame—tip-to-substrate and (ii) generation of atomic hydrogen, as predicted by the
distances, the experimental atomic hydrogen concentratiogas-phase reaction model, possibly is too slow. As a result,
decreases rapidly toward the substrate. It is not possibléhe simulated atomic hydrogen concentration does not reach
however, to verify the first characteristic on the basis of thesés equilibrium value in the distance between the flame tip
measurements. Only the experiments at a flame—tip-toand the substrate. Consequently, if the flame—tip-to-substrate

nsity (A

HLIF inte

o

L Il
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substrate as predicted by 2D calculations vdth2.6 mm, and LIF experi- (a)
ments, as described in Ref. 35, with=2.3 mm. The experimental values
are in arbitrary units.

—_—

distance is increased, higher maximum H concentrations an?t-
reached. At faster atomic hydrogen production rates, the I—E
concentration reaches a maximum at a fixed distance froné’
the flame front, and only decreases thereafter. This corre€
sponds to the situation found in the measurements. The hy%
pothesis of too slow a generation of atomic hydrogen in thex 17
gas phase chemistry model is further supported by the fac
that the maximum in the atomic hydrogen concentration in

2D measurements is much closer to the flame fr@h? 4 3 2 0 1 2 3 4
mm)>8 than in the simulation62 mm). Radial distance (mm)

The radial atomic hydrogen profiles directly above the
surface are compared with LIF measurements in Fig. 6. (b)

Good qualitative agreement is found between measurements
and simulations. For both the simulations and the measuré~G. 7. Simulated(a) radial atomic hydrogen profiles directly above the
ments, at Iarged, Fig. 7 shows that there is a minimum in surface_, and profiles mea_sured with LIF, as presented in Re{b)SBo_th as
the concentration profile in the center that deepens with ing fu_nct|on_of the flame—t|p-t_o-substrate dlstgnce_. The concentranon_ is nor-
; . . malized with the concentration at=4 mm which, in the case of the simu-

creasing flame—tip-to-substrate distance. Furthermore, thgions, is 21.3 mmol/ffor d=0.6 mm, 23.7 mmol/ffor d=1.6 mm, and
simulated peaks have about the same width as the measurezl2 mmol/ni for d=2.6 mm. The experimental curves correspondip
peaks. d=0.85mm,(2) d=1.68 mm,(3) d=2.3 mm, and4) d=3.05 mm.

Figure 8 shows predicted 2D concentration distributions
for C, and OH. G is present at the flame front, and its
concentration rapidly decreases away from the flame front.
OH is present in a thin layer at the flame front and in theflame—tip-to-substrate distance is faster in the simulations
border area of the flame and the ambient air, the so-callethan in experimentg¢see Fig. 12
“lobes.” All these predictions are in agreement with experi- A quantitative validation was performed by comparing
mental observations:*® the simulation results to cavity ring down spectroscopy

When comparing measured and predicted affagd. 9) (CRDS measurements of the CH concentration in the flame,
and radial(Fig. 10 C, concentration profiles, similar trends as published by Stolk and ter Meul&hln CRDS, absolute
are observed: The width of the radial, @rofile increases molecular densities integrated along the absorption path
with increasingd, whereas the Cconcentration at a fixed length are obtained. Measurements of €&t 0.44 mm from
distance from the surface decreases with increagindow-  the substrate, for flame—tip-to-substrate distances
ever, the G concentration decreases at a somewhat higher=1.08 mm andd=2.48 mm, both yielded a value of 1
rate in the simulations than in experiments. Furthermorex10'®*m™2. The simulations predict a value of 150
comparison of Fig. 11 with 9 shows that the CH decompo-x 10'®*m™2 for d=0.6 mm, which is a factor of Fohigher
sition rate is slower than the,@lecomposition rate in the than the measurements, and a value of X.16m~? for
simulations. This is not found in the measureméfnd it d=2.6mm, i.e., almost exactly the measured value. The
indicates that the degradation of carbon containing radicals isverprediction of the CH concentration at short flame—tip-
not predicted correctly. Another indication for this conclu- to-substrate distances again indicates that the gas-phase re-
sion is that the decrease of the growth rate with increasingction mechanism predicts too low a CH decomposition rate.
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FIG. 8. Predicted € (a) and OH (b) concentration profilegmol/m®), d
=0.6 mm. The maximum Cconcentration is 0.0011 molfn

the thought comes to mind that diamond film growth might
Yvell be determined by mass transfer limitations, rather than

Summarizing, the validation of the 2D gas-phase mOdesurface kinetics. This has consequences for the importance of

shows that it correctly predicts the shape, length, and She%&/drodynamic optimization of diamond CVD reactors: In the

t_h|ckness of the flame, as well as general trends n the raGhass transfer limited regime, hydrodynamic optimization is
tion product concentrations. However, for the rich oxy-

. . . > of much greater importance than in the surface kinetics lim-
acetylene flames studied, the Miller—Melius combustion. 9 b

: ) . . ited regime. To shed some light on this issue, we used our
mechanisrt appears to incorrectly predict the rate at which . . . o
. . 2D flame simulations to determine the growth-limiting
certain species, e.g., H, CH, and, Gre produced or con-

sumed behind the flame front. As a result, the predicted Conrpechanlsms in_oxy-acetylene flame diamond CVD. This

. o : ) nalysis is complicated by the fact that species concentra-
centrations at specific locations in the reactor can be off by L ' . .
. L ions are determined by the complex interaction of gas-phase
or 2 orders of magnitude. Further study and optimization o

the gas-phase mechanism for rich flames is necessary to inr1eactions, surface reactions, and transport phenomena,
gas-p y In the torch reactor, convection dominates diffusion out-

prove the gas-phase predictions. side a surface boundary layer, since locatiPenumbers are
B. Regime characterization of the order Pe O(100). Inside a thin boundary layer adja-
- Regime characterizatio cent to the substrate, diffusion is the dominating species

Film-thickness profiles in oxy-acetylene flame CVD of transport mechanism. The surface Dalmlleo number, which
diamond exhibit a striking similarity with radial mass- is the ratio between the characteristic time for diffusion
transfer profiles from jets impinging on a surface. As a resultthrough this boundary layer and the characteristic time for
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FIG. 12. Comparison between simulatgides) and experimentalsee Ref.

35) (points growth rate at various flame—tip-to-substrate distances. Not
depicted is the growth rate dt=2.6 mm, which is 0.1 nm/s at its maximum.
The experimentally measured increase in growth rate=& mm is ascribed

to in-diffusion of nitrogen into the flamésee Ref. 42 Nitrogen is not
included in the surface chemistry.

surface reaction® determines the transition between
transport-limited and kinetics-limited growth. The boundary
layer thicknesss, estimated from the equation derived for

stagnation flow$!
+ il f \/P\e 8
Vet V2 ®

6 1 Pe

d peoA ™2
is on the order of 10Qum. The corresponding Damkter
number is smaller than 0.1 for all gaseous growth precursors.
This indicates a kinetically controlled process. This observa-
tion is supported by a test where a 10% faster surface mecha-

FIG. 10. Simulated@) radial G, profiles directly above the surface and nism was implemented in the 2D simulations. If mass trans-

profiles measured with LIFsee Ref. 35 (b), as a function of the flame—

tip-to-substrate distance. The concentration is normalized with the conce

tration at the center, which is 48107° for d=0.6, 3.4x10° for d

fer limitations were of importance, this would lead to a less

"than 10% increase of the film growth rate. In agreement with

=16, and 6.X 10 ™ for d=2.6. The latter is barely above the lower con- the Observation that the growth is fully controlled by surface

centration limit.
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FIG. 11. Simulated effect of variation of on the CH concentration profile.

kinetics, however, this modified surface reaction mechanism
led to an almost exactly 10% higher growth rate over the
entire substrate surface.

Outside the boundary layer, convection and homoge-
neous reaction dominate over diffusion. If diffusion were
completely negligible, the composition evolution of a small
gas volume moving along a stream trace could be trans-
formed into the time evolution of an isolated, perfectly
stirred, gas volume with identical initial composition. In Fig.
13(b), the CH; concentration integrated along four different
stream traces is plotted. The four curves are almost identical,
except for stream trac@), which passes along the substrate.
Figure 13a) shows the time evolution of the Gloncentra-
tion integrated along the center line of the 2D flame. Also
plotted is the time evolution of the GHconcentration as
calculated for a perfectly stirred tank reactor. There is a strik-
ing similarity between the time evolution in a 0D stirred
tank, and the time integration along stream traces in the 2D
flame, both in the maximum value of the temperature and in
the widths of the temperature peak. The latter, however, is
approximately 50% larger in the 2D simulations, indicating a
minor effect of diffusion. Similar observations were made
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(a) FIG. 14. Effect of the variation in flame—tip-to-substrate distance on the
radial nitrogen concentration above the diamond substrate.
0.03 . . . ] o
tions are 5 orders of magnitude higher than in equilibrium.
“c g e ¢ a Thus, both the gas-phase reactions and convection play an
=§ ) important role in the region between the flame front and the
= 002 E substrate boundary layer.
I i
&) i
S i\ C. Nitrogen in-diffusion
®
£ 001¢ Experimentally*? a central region of uniform good qual-
§ ity diamond growth is found to be limited by an annulus of
3 enhanced growth, which starts 2 mm from the center. The
0 ] e diamond deposited in this annulus displays amorphous fea-
0 80 120 tures. The presence of this annulus is attributed to in-
time (ps) diffusion of nitrogen into the flam& Here, this hypothesis is

tested against our 2D simulations. To this end, nitrogen is

(b) included in the simulations as an inert species. As in the

experiments, a small amount of nitrogen, i.e., 1000 ppm, is

FIG. 13. Development of the GHoncentration over time in the case of a present in the feed gas, whereas the coflow of ambient air

time integration both along the center of a 2D premixed flame ( oqnqicis of 809% nitrogen. Simulated radial nitrogen concen-
=2.6mm) (a) and along stream traces in the 2D simulation. The initial . . . . .
conditions of the time integration were the same as those in a 1D premixelfation profiles directly above th? surface are shown n Fig.
flame reactor at the point where the temperature is 2000 K. The curgigs in  14. It shows that the concentration above the center is equal

represent the concentration along stream traces g, e, ¢, and a, respectively, that in the feed. From 2 mm onwards, nitrogen from the
depicted in Fig. 3. ambient air is present. Nitrogen, or a nitrogen containing
species, could thus very well be responsible for the observed

. . .- annular region of enhanced growth.
for the other hydrocarbon radical species, where the relative . .
) e . Experiment®® also showed that the diamond growth rate
importance of diffusion was found to further decrease with.

. . . . . . ... .. inthe central region of the substrate changes with the flame—
increasing molecular size, i.e., with decreasing diffusivity.

This indicates that diffusion is of minor importance COm_t|p—to—substrate distana® Since it is known that nitrogen in

the gas phase causes an increased film growth rate, the

pared to convection for the transport of hydrocarbons OUtS'd%rowth rate in the central region may be influenced by an

the substrate boundary layer. Similar comparisons showe d crease in nitrogen contamination of the gas owing to in-
that this is not the case for atomic hydrogen, the diffusion of g 9 9

creased in-diffusion of nitrogen gas from the ambient air.

which causes flame propagation. It has a much larger dlfful-:igure 14, however, shows that whehis increased, the

ivity than hydrocarbon [ nd its diffusion pl ig-_. . . .
St _tyt a Yd oca b(.) species and its d usion plays a s gmtrogen concentration above the central region of the dia-
nificant role in smearing out the H concentration profiles.

S . mond surface does not change significantly. Apparently, in-

To compare the relative importance of reaction and con-,... . : .

. i . diffusion of nitrogen is not strongly dependent on the flame—
vection behind the flame front, the following should be con-; : e . :

tip-to-substrate distance. This is possibly because in-

sidered: If convection were much faster than reaction, con-,. . h
diffusion takes place over the entire nozzle-to-substrate

stant concentration profiles would be found between tht?en th. which does not varv much wheris increased
flame front and the substrate, which is obviously not the gt y '

case. If reactions were much faster than convection, the mi)TD
ture would be close to local equilibrium everywhere. At

postflame conditions we found that the gas mixture is far  The influence of the substrate temperature on the dia-
from its equilibrium state; hydrocarbon radical concentra-mond growth was studied for the ranges of process condi-

. Variation of substrate temperature
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FIG. 15. Effect of the variation in substrate temperature on the growth ratéFIG. 16. Intrinsic study of the effect of the variation in gas-phase; CH

of diamond. concentration and surface temperature on the diamond growth rate. The data
were obtained from a perfectly stirred tank reactor simulation under the
conditions specified in Table II.

tions specified in Table I. Figure 15 shows the influence of

the surface temperature on the diamond growth rate. It in-

creases with the temperature until 1400 K. This was alreadé

observed in our 1D simulatio4®*What attracts attention is 9'© : :

that at lower surface temperatures, growth at the center Ieve|%tlonS were repeated in _the presence of 1'3%. acetylene, i.e.,

off, or even shows a minimum. A center of constant growtht e acetylene concentration at the center predicted by the 2D

rate is also found experimentally This flat center is all the simulation. Figure 16. demonstrates thqt the growth rate now
more noteworthy since C§lthe main carbon source of dia- even decreases at h|gh.er.§bbncentrat|ons for lower .SUb'
mond, exhibits a distinct maximum above the center. Using gt.rate tempgrgtures. This is caused by acetylene, Wh.'Ch con-
simple first-order dependence of the growth rate on the CHtrlbutes S|gn|f|cantly to. the growth at these copcentratlons. If
concentration as, e.g., proposed by Goodifimould thus the CH; concgntratlpn is increased, thg reduction of the num-
lead to a maximum growth rate in the center. ber of free sites hlno_lers the adso_rptlon of acetylene. _Thls
To be able to explain this behavior, 0-D, perfectly stirredreSUItS ina de_crease in the adsorpﬂo_n of agetylene_ and in the
reactor simulatiorfS were performed under the conditions growth rate. Figure 16 shows that, either W't.h or W'thOUt. the
shown in Fig. 16(see Table Ii. In these simulations, the presence of acetylene, a temperature that is too high is not
atomic and molecular hydrogen and methyl radical concenpeneflCIaI for the growth of a flat diamond layer.
trations were set equal to the concentrations directly above
the surface as predicted by the 2D simulation. Figure 16V. CONCLUSIONS
shows the dependence of the growth rate on the €idcen- . . .
tration. In our growth model, it has a first-order dependency We presentted 2[,) simulations of the hydrodynarmcs and
of the growth rate on the CHconcentration at lower detailed chemistry in oxy-acetylene flames for diamond
concentrations? Under these conditions, the reaction stepsCVD' . . .
that follow the initial adsorption of Cklare fast. At higher Companson_ to LIF experiments shows th_at certain
CHj, concentrations, however, the growth rate levels off, This'ends are predicted correctly by the model. An increase in
effect is more noticeable at lower temperatures. At these hig € ﬂgme—hp-_to-substrate_ distance leads to a d(_eepenlng of
CHs concentrations, the surface reactions are no longer fadfl® minimum in the atomic hydrogen concentration profile
enough to transform the adsorbed carbon into diamond, an ove -the center of.the substralte, anq a widening Of. t‘he c
thus the number of sites available for Cedsorption de- profile in both experiment and simulation. Other predictions

creases. A surface reaction with an activation energy, thd/ere less gcc;ljrate, viz. the dpcr)13|t|;)n ofdthg atomic hggrjogen
so-called beta-scission reaction, becomes limiting. maximum in the reactor and the degradation rate 9

CH. The cause of these discrepancies is likely to be found in
the application of the Miller—Melius hydrocarbon combus-
TABLE Il. Gas-phase composition applied in the surface kinetics simula-tion mechanism to rich oxy-acetylene flames. We suggest
tions with the aid of a perfectly stirred tank reactor in Fig. 16. Temperatureghat the predicted production rate of atomic hydrogen is too
of 1300 and 1400 K were applied, and the pressure wa$ao low, resulting in a temperature overshoot that is too large.
Nevertheless, several conclusions can be drawn from the
simulations concerning fundamental mechanisms in oxy-
CH, 1X10°°-1x10°3 acetylene diamond CVD. Compared to diffusion in the

This, however, does not explain the minimum in the
wth at the center at a temperature of 1200 K. The simu-

Species Mole fraction

CH, 0/1.3x 1_2’2 boundary layer near the substrate, the deposition chemistry is
: 8';;(610 slow and thus rate-determining. In the flame and postflame
2 .

co Remainder region, diffusion plays a minor role compared to homoge-
neous chemistry and convection. Atomic hydrogen is an im-
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