Numerical modeling of the filament-assisted diamond growth environment
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A numerical model of the filament-assisted diamond growth environment has been developed
and used to calculate temperature, velocity, and species concentration profiles, accounting
both for transport and detailed chemical kinetics. The computed hydrocarbon concentrations
agree well with previously measured values, when allowance is made for 3D effects not
included in our model. Upper-bound, diffusion-limited film growth rates for various assumed
growth species have been computed, and it has been found no hydrocarbon species other than

CH,, C,H,, or CH, can account for measured diamond growth rates. The effect of thermal
diffusion on H-atom profiles has been examined, and found to be only 10%. Although the
environment is far from thermodynamic equilibrium, several reactions are close to partial
equilibrium throughout the region from the filament to the substrate. It is also shown that
homogeneous H-atom recombination is too slow to explain the experimentally observed
decrease in the concentration of H with increasing initial methane concentration.

I. INTRODUCTION

Diamond is currently grown using many different tech-
niques, ranging from low-pressure plasma and thermal pro-
cesses to high-speed dc arcjets to oxyacetylene torches.'
Studies of the gas-phase environment in which diamond nu-
cleation and growth occurs are of considerable interest, since
aknowledge of the gas composition at the substrate may give
important clues regarding the kinetic mechanism leading to
diamond formation. In addition, variations in gas composi-
tion may at least partly explain the empirically observed
composition and temperature range over which crystalline
diamond may be grown, as well as the dependence of film
quality on process conditions.

At present, quantitative species concentrations have
been reported only for the filament-assisted environment.>”’
Since this is a purely thermal process, the gas-phase chemis-
try is also easier to model and understand for this system
than it is for plasma processes. Of the many gaseous dia-
mond precursors which have been proposed, in situ concen-
tration measurements in filament-assisted reactors, com-
bined with kinetic arguments, have identified the most likely
species as CH,, C,H,, C,H,, and CH,.>* Reactivity con-
siderations’® suggest that of these, either the methyl radical
or acetylene is the probable growth species.

Theoretical mechanisms have been presented both for
diamond growth from acetylene® and for growth from meth-
y1.*!° Molecular dynamics calculations'' indicate that the
original methyl mechanism of Tsuda and co-workers’ is un-
likely, since it appears to have a large activation energy (210
kcal/mol). However, Harris'® has recently proposed a
mechanism for growth from CH; on the (100) surface of
diamond, and has shown that the mechanism is feasible, to
the extent that each step has AG <0 and predicted growth
rates are of the same order as those measured. Recent experi-
mental evidence obtained in a low-pressure flowtube reactor
appears to point to a C, hydrocarbon as the precursor to
diamond. "
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Detailed numerical modeling of the gaseous environ-
ment can serve as a useful complement to experimental stud-
ies, providing spatially resolved velocity, temperature, and
concentration fields that may be compared to experiment.
Carefully validated models can provide significant insights
which are difficult to obtain from experiment alone. The
value of detailed modeling has been convincingly demon-
strated in other chemical vapor deposition systems, such as
silicon deposition, for which temperature and species (SiH,,
Si, Si, ) profiles have been calculated which agree very well
with the those measured using laser probes.'*

For studies of diamond growth, the only detailed model-
ing presented to date has been for atmospheric pressure ther-
mal plasmas. '* For the filament-assisted environment, only
zero-dimensional kinetic calculations have been presented,
using an assumed temperature history, though in some cases
diffusion has been included approximately.>”!5-1¢

A satisfactory model of the gaseous environment re-
quires solving for the velocity, temperature, and concentra-
tion fields, including both convective and diffusive trans-
port, together with a detailed reaction mechanism. To model
the actual reactor geometries currently in use would require
at least a two-dimensional model, and in many cases, a three-
dimensional one, which becomes computationally prohibi-
tive if detailed chemistry is included.

We have chosen instead to model a simplified geometry
which retains the essential physical characteristics of a real
reactor, but allows a one-dimensional formulation of the
governing equations. In this way, we can calculate exact ve-
locity, temperature, and species concentration profiles near
the substrate, even though we do not model precisely the
geometry of current diamond growth reactors. For future
experimental work, a reactor could easily be designed which
would approximate the geometry we assume here.

The model is formulated generally, and may be used to
investigate both high- and low-pressure diamond synthesis
environments. In the present paper, we restrict our attention
to the filament-assisted environment, and compare our re-

© 1990 American institute of Physics 6393

Downloaded 15 Jan 2006 to 131.215.240.9. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



sults with the available experimental data for species concen-
trations and film growth rates.

Il. MODEL

Our approach follows closely that employed by Coltrin,
ee, and Evans in their study of silicon CVD in a rotating
disk reactor.!”” We consider a porous, infinite-radius plate
(the gas inlet) located at z = L, through which gas is forced,
which emerges with a uniform, purely axial downward gas
velocity — u, . The substrate, also of infinite radius, is locat-
ed at z = 0. We seek the solution for the velocity, tempera-
ture, and species concentration fields in the gap between the
inlet and the substrate, 0<z< L, 0<r< 0. For complete gen-
erality, we allow the substrate to rotate with angular velocity
(Q, although we are interested here only in the case { = 0.
The flowfield is determined by solving the conservation
equations for mass, momentum, energy, and species with
appropriate boundary conditions at the inlet and substrate.
It may be shown'” that the conservation equations admit an
axisymmetric similarity solution for this geometry, with the
properties that the axial, radial, and circumferential velocity
components u,u,w are given by u = u(z), v=r¥(z), and
w = rW(z), respectively. Furthermore, the temperature
T(z) and species mass fractions Y, (z) are independent of 7,
and the pressure has the form

p(rz) =po(2) + Ar?/2, (1)

where A is constant.

Substituting these forms into the exact, three-dimen-
sional conservation equations results in the following set of
ordinary differential equations in z.

Continuity:
dz p dz

radial momentum:
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equation of state:
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Using Eq. (8) as the equation of state instead of the
exact form p = pRT is necessary to obtain a set of equations
that is independent of . Consequently, a necessary condition
for the similarity solution to hold is that p, (z) > Ar 2/2.

Two further minor assumptions are required to yield
this set of equations. Buoyancy effects must be negligible for
the similarity solution to be valid. Although the buoyancy
term — pgz may be easily added to Eq. (4) without violating
similarity, the entire similarity solution will be unstable with
respect to development of convection cells if the density is
unstably stratified (d7T /dz < 0) and the Rayleigh number is
greater than the critical value. However, for the flows we are
interested in here, the density is stably stratified (d7 /dz > 0)
and the Rayleigh number is in any case far less than critical.
Of course, for finite-radius geometries, buoyancy can be im-
portant.'®

In deriving Eq. (6), we have also discarded the flow-
work and viscous dissipation terms which appear in the gen-
eral energy equation.'” These terms, which cannot be re-
duced to similarity form, are only important in high-velocity
flows (typically Mach number > 1). For the cases of interest
here, the neglect of these terms is a very good approximation.

The term U, in Egs. (6) and (7) is the diffusion velocity
of species k. In the present version of our model, -we use
mixture-averaged mass diffusion coefficients, and include
thermal diffusion only for H and H, . The diffusion velocity
is assumed to be given by

_Pi[®k T ka]

Tx, T 4 e

where X, is the mole fraction of species k, D, is the mixture
diffusion coefficient, and ®, is the thermal diffusion ratio,
taken to be nonzero only for H and H, .

We use the CHEMKIN-1I subroutine package®® to facili-
tate the evaluation of the thermodynamic and chemical
terms in our equations. The related transport property pack-
age®' is used to evaluate the viscosity i, thermal conductiv-
ity A, mixture diffusion coefficients D,, and thermal diffu-
sion ratios ®,.

The velocity boundary conditions are that
V0)=V(L)=0, W(O0)=Q, W(L)=0, and u(L)
= — u, . The axial velocity boundary condition at the sub-
strate is that pu(0) = — s, where rir, is the mass depo-
sition rate (g/cm?/s). For the hot-filament conditions we
are interested in here, measured film growth rates imply that
u(0) = — 0.015 cm/s. In light of this, we simply take the
boundary condition #(0) = 0.

The temperature is specified at the inlet and at the sub-
strate: T(L) = T,, T(0) = T,. The species mass fractions
Y, are assumed specified at the inlet. As will be discussed
below, to model hot-filament diamond growth we choose T,
and Y, at the inlet to be representative of gas which has
passed near the filament. At the substrate, we assume that
each carbon-bearing species has a probability ¥, of reacting
on the substrate surface, incorporating its carbon atoms into
the diamond lattice and releasing its hydrogen in molecular
form. (A better assumption would be that hydrogen leaves
the surface as an equilibrium mixture of H and H,, but at a
surface temperature of 1000 K, the equilibrium atomic H

(9)

k
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mole fraction is negligible.) Consequently, for carbon-bear-
ing species we apply the boundary condition

143 n.Cy
= , (10
1—(n/2)m"( 4) 10

where m, is the mass of one & molecule, ¢, is the mean

thermal speed ( = \/8kT /mm,, ), and n, is the number den-
sity of species k. This expression differs by the factor
1 — /2 in the denominator from the standard boundary
condition (e.g., Ref. 22). For y, €1, the two expressions
agree, but for ¥, — 1, Eq. (10) results in a surface concentra-
tion half that which would be predicted otherwise. It may be
shown?*?* that Eq. (10) is the more correct expression, and
accounts to first order for the non-Maxwellian velocity dis-
tribution of species k near the surface when ¥, is large. The
boundary condition for H, is that the flux of H, away from
the surface balances the hydrogen released at the surface in
surface reactions.

We solve the full set of Eqs. (2-8), subject to these
boundary conditions, to determine the flowfield. If we were
to make the additional assumption that p, (z) is constant, it
would be possible to avoid solving the axial momentum
equation. For hot-filament conditions, this assumption is
fully justified, as it is for the silicon CVD simulations of Ref.
17, where axial momentum was eliminated from the set of
equations. However, we include axial momentum, since the
added computational expense is small, and we may then cal-
culate general cases with nonconstant p, (z). We find in ad-
dition that examining p,(z) is often a useful indicator of
whether or not a solution is fully converged.

The set of equations is solved using a hybrid Newton/
time-integration scheme, based on the approach used by
Grecar et al.® for laminar, premixed flames and by Coltrin
and co-workers!'’ for silicon CVD. The computation is di-
vided in two major phases. First, an initial guess is made for
the velocity and temperature profiles, chemistry is turned
off, and an initial value of the parameter A is chosen. The
model converges quickly to a solution with a certain inlet
axial velocity u(L;A), which depends parametrically on the
chosen A. We iteratively adjust A until #(L) = —u; to
within a specified tolerance (usually 1% of u, ).

At this point, chemistry is turned on, and the computa-
tion is continued until full convergence is obtained. In this
way, we start the reacting solution with an initial guess for
the temperature profile that is very close to the correct one,
since under these conditions chemistry has only a minor ef-
fect on T'(z). This significantly speeds up convergence, since
the chemical production terms in the species equations are
strongly temperature dependent.

We solve the equations on a fixed mesh, spaced uniform-
ly in the variable 5(z), given by

[pYi(u+ U)o

n/L=(1—e Ly/(1 —e™ ), (1

where a is a fixed constant. The limit ¢ —0 gives a uniform
mesh, while a> 0 concentrates more points near the sub-
strate. For the cases discussed below with 25 species, 56 reac-
tions, and a gas composition of 0.5% methane in hydrogen,
typical run times are 2 h on a VA Xstation 3100 workstation
running YMS, using a relative error tolerance of 10~ *. For
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higher initial methane concentrations, the run times can be
several times longer. For the cases considered here, conver-
gence was always obtainable using the damped Newton
method alone, and therefore time integration was not neces-
sary.

1I. SIMULATIONS OF THE FILAMENT-ASSISTED
ENVIRONMENT

Quantitative gas-phase concentrations have been mea-
sured during filament-assisted diamond growth by two
groups: Harris ef al. have measured stable species concentra-
tions at the substrate using sampling mass spectroscopy,’”’
and Celii ez al. have reported concentrations for CH,, C, H,,
CH,;, and C, H,, measured with infrared diode laser absorp-
tion spectroscopy.>™ To the best of our knowledge, these
measurements are the only quantitative absolute concentra-
tions reported to date for any diamond growth environment.

We have applied our model to simulate the experimental
conditions of Harris and co-workers® and of Celii eral.® The
simulation is necessarily approximate, since the geometry of
neither experiment is one-dimensional. Both employ stan-
dard hot-filament configurations, with a single tungsten fila-
ment suspended 0.5 to 2 cm from the substrate. Three-di-
mensional effects can enter, for example, through diffusion
of gas from the cold regions away from the filament to the
substrate. This is evident in the results of Ref. 5 at large
filament-substrate separations, for which the acetylene mole
fraction decreases and the methane mole fraction ap-
proaches the initial, unreacted value. Since the destruction
of acetylene under these conditions is very slow, this effect is
presumably due to dilution of acetylene created near the fila-
ment with unreacted gas.

Another three-dimensional effect arises due to thermal
diffusion, which can reduce the overall carbon content of the
gas near the filament and substrate with respect to the colder
wall regions by as much as a factor of 2.° Still another 3D
effect enters in interpreting the concentrations reported in
Ref. 3, since these are averaged over the line of sight of the
absorption measurements, which encompasses both hot and
cold gas regions. For these reasons, we can only expect ap-
proximate agreement between our calculated concentrations
and the measured values.

The actual chemistry occurring at the filament is not yet
well understood. It is likely that both homogeneous and he-
terogenous chemistry contribute to H, dissociation and
methane conversion. The near-filament region also clearly
deviates from our assumption of a one-dimensional geome-
try. Consequently, we do not attempt to model these near-
filament processes in detail. We simply take the gas composi-
tion and temperature at the gas inlet in our model problem to
be characteristic of gas which has passed “near” the fila-
ment. Following Harris and co-workers,® we estimate the
near-filament gas composition by allowing the initial gas
mixture to evolve isothermally at a specified tem perature for
aresidence time ¢, . Based on the gas tempersture measure-
ments of Ref. 5, we take this temperature to be 2000 K.

We choose . to yield approximately the 1:1
CH, /C, H, ratio measured in Ref. 5 near the filament. Us-
ing the kinetic mechanism discussed below at 2000 K, this
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= 0.2 s for a 0.29% CH,/H, mixture.
For consistency, we use 2000 K and 0.2 s residence time to
calculate the gas inlet composition for all cases we consider.

The primary effect of the assumed residence time is on
the methane/acetylene ratio. Since at equilibrium at 2000 K
most of the initial methane would be converted to acetylene,
the measured 1:1 ratio shows that equilibrium is not attained
near the filament. At ¢ = 0.2 s, the atomic H concentration
1s within a factor of 2 of its equilibrium value for all cases we
consider. As will be shown below, most minor hydrocarbons
are strongly affected by chemistry between the filament and
the substrate; consequently, their concentrations at the sub-
strate are only weakly dependent on their assumed values at
the filament (but may be more strongly affected by ¢,
through dependence on [H], [CH, ], and/or [C, H, ]).

The kinetic mechanism is based on that used by Harris*®
in previous simulations of filament-assisted diamond
growth. For C, and C, chemistry, we use the mechanism
given in Ref. 26, although we include pressure-dependent
rate constants for the unimolecular reactions describing pyr-
olysis of CH,, C. H,, C, H,, and C, H, (reactions A2, A14,
A5, and A22, respectively, of Ref. 26). The limiting high-
pressure rate constants are taken from Warnatz®’ for these
reactions, and we assume a Lindemann falloff function. We
include chemistry up through the C, hydrocarbons, taking
the relevant C, and C, reactions from Ref. 28. The complete
model consists of H, H,, and 23 hydrocarbons, with 56 reac-
tions.

To model the experiments of Harris and co-workers,”
we take a gas composition of 0.29% methane in hydrogen at
a pressure of 20 Torr. An inlet velocity of 1 cm/s is assumed,
and we take the substrate temperature to be 1000 K. Since
diamond growth rates are reported in Ref. 5 for a 0.5-cm
filament-substrate separation, we take L = 0.5 cm.

Under these conditions, the Reynolds number
Re = pu, L /u based on inlet conditions is 5.3 10 * The
convective terms in Egs. (2)-(7) are therefore negligible,
and the velocity field is determined simply by viscous diffu-
sion. Since the Prandtl number pc,u/k is of order one
(0.68), the temperature profile is also dominated by diffu-
sion, and we expect approximately the linear heat-conduc-
tion profile. Species transport is also primarily by diffusion,
since the largest mass-transfer Peclet number u, L /D has
the value 2.3 10 ™ *. Consequently, the species profiles are
largely decoupled from the velocity profiles, and indepen-
dent of the assumed u, (verified numerically as well).

In a real hot-filament reactor, buoyancy-induced veloc-
ities will be present, which we estimate to be comparable to,
or somewhat greater than, the convective velocity. However,
the very small mass-transfer Peclet numbers indicate that
even in the presence of buoyancy, mass transfer will be domi-
nated by diffusion, since diffusion velocities will be roughly
three orders of magnitude larger than buoyancy or convec-
tive velocities.

An approximate analytical solution describes the veloc-
ity and temperature fields for our model problem in the
creeping flow limit Re € 1. Assuming constant viscosity, the
solution to Eq. (3) in the limit Re< 1 is

V(z) = — (A22u)z(L — 2). )

occurs at about ¢,

s
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For a general density profile p(z), no analytical solution for
u(z) is possible. To obtain a simple analytical result, we ap-
proximate the density gradient term in Eq. (2) by a linear
profile:

u T —T,
&iﬂz_i<m' ‘)_z_. (13)
p dz L T, L

With this approximation, we find

u(z) =u, [20(z/L)* — (2t + 1)(z/L)?], (14)

where ¢t = (T, + T,)/2T.. The radial pressure gradient
eigenvalue is given approximately by

A= —6uu,t/L" (5)

If the heat generation terms in the energy equation are
negligible and the thermal conductivity is constant, then the
temperature profile in this limit is simply

T(z)=T,+ (T, — T,)(z/L). (16)

The velocity and temperature fields computed numeri-
cally for the conditions discussed above are shown in Fig. 1,
along with the approximate results of Egs. (12)-(16). It is
apparent that the analytical expressions provide good esti-
mates of the flowfield, even though variations in u and A are
actually non-negligible, and in spite of the approximate
treatment of the density gradient term.

The mole fraction profiles calculated for these condi-
tions are shown in Fig. 2 for all species reaching 0.1 ppm,
assuming kinetically limited diamond growth (all sticking
probabilities set to zero). The major species concentrations
at the substrate are in qualitative agreement with the predic-
tions of the constant-temperature kinetic analysis of Ref. 5,
although we find C,H, and C, H, concentrations about an
order of magnitude lower than estimated in Ref. 5. We also
find non-negligible concentrations at the substrate for CH,
and several C, hydrocarbons. (Due to the uncertainties as-
sociated with C; chemistry, the C, profiles should be taken
as indicative only.)

1.5 T T 7 T T T T T T 2000

1800

T\n‘ 1600
§ 3
> —
= — 1400
1200
1000

z (cm)

FIG. 1. Comparison of the exact velocity and temperature profiles calculat-
ed numerically (solid lines) with those calculated from the approximate
analytical solution for the creeping flow limit (dashed lines).
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FIG. 2. Mole fraction profiles for all species reaching 0.1 ppm, calculated
for conditions simulating experiments of Harris and co-workers (see Ref.
5).

Thermal diffusion has only a slight influence on the H-
atom concentration profile. From Eq. (9), the temperature
gradient will induce an H-atom concentration gradient giv-
en roughly by AX /X, =®, In(7,/T,)/X,,. For the pres-
ent case, this gives AX, /X, =~10%, which compares well
with the actual calculated gradient.

Some insight into these concentration profiles may be
gained by examining the relative effects of chemistry and
diffusion. A local chemical timescale for each species is given
by the chemical destruction time 7, (2), defined as the
molar concentration divided by the molar destruction rate.
Each molecule exists, on average, a time 7, before being
consumed again by chemistry. During this time, an average
molecule will diffuse a distance /, normal to the substrate,
given approximately by

ld :V DTchem .

If , €L, then the concentration profile is determined pri-
marily by local chemistry. In the opposite limit, /, > L, mole-
cules may freely diffuse over distances larger than L without
reacting, and thus chemistry is unimportant in determining
the species profile.

Profiles of /, for several species are shown in Fig. 3.
These results show that the species H,, C,H,, and, to a less-
er extent, H, may diffuse relatively unimpeded from the fila-
ment to the substrate. Methyl radicals, on the other hand,
may diffuse only about 1 mm before they are consumed,
primarily through the fast bimolecular reaction

CH, + H,=CH, + H. (18)

Therefore, methyl radicals reaching the substrate do not dif-
fuse directly from the filament, but are created through
CH, + H-CH; + H, near the substrate.

The gas composition is far from thermodynamic equi-
librium in this system. Most species have concentrations or-
ders of magnitude different from the values they would have
if homogeneous equilibrium prevailed at the local tempera-
ture. The nonequilibrium is maintained primarily by diffu-
sion of reactive species with large /, (e.g., H atoms). (Of
course, if we consider heferogeneous equilibrium, allowing

(17)
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FIG. 3. Characteristic diffusion lengths for several species.

for precipitation of solid carbon, then all of the hydrocar-
bons are in superequilibrium, even if the gaseous species are
in equilibrium with one another.)

However, several reactions are found to be nearly in
partial equilibrium throughout the gas, including reaction
(18). In particular, many (but not all) of the H-abstraction
reactions

C,H,+H,=CH,,, +H (19)

are in partial equilibrium. A quantitative measure of partial
equilibrium is provided by the partial equilibrium ratio R,
defined for a general reaction of the form

aAd + bB=cC + dD (20)

as
1 _[C¥[D])?

(21

" Kq 41181
For R, €lor R, > 1, thereaction proceeds irreversibly
forward or backward, respectively, while for R, =1 the
forward and backward rates are equal and partial equilibri-
um holds.
The reactions

CH, + H=CH + H,, (22)
C,H, + H=C,H + H,, 2
C,H, + H=C,H + H,, (24)
are all highly equilibrated- for O<x<I, with

|1 — R, | <7X 107" Although the radicals C and C, are
not included in our model, the analogous reactions
CH + H=C + H, and C,;H + H=C, + H, would surely
be in partial equilibrium as well under these conditions. Sev-
eral other reactions are near partial equilibrium, as shown in
Fig. 4.
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FIG. 4. Partial equilibrium ratios for several reactions.

The concentrations of all C, radicals are therefore tight-
ly linked to the local methane and H-atom concentrations
through relations of the form

[H]
[H.]

and C, and C, H are similarly coupled to acetylene and H by

(25)

[CH,,]o:[CIL]( )4 n=03,

(26)

[C.H, ]« [C,H,] (1[:2]])2 " n=o0,1

The proportionality factors are the (temperature-depen-
dent) equilibrium constants for the overall reactions implied
by Eqs. (25) and (26).

We may ask which species are possible candidates as the
diamond growth species. The growth rateis given in Ref. 5 as
greater than 0.1 zm/h; a subsequent estimate of the actual
rate under these conditions is 0.5 to 1.0 um/h.** Following
the discussion given in Ref. 5, all of the species shown in Fig.
2 except C,H, and C,H; have surface collision rates high
enough to account for this growth rate. However, a gas-
phase production rate large enough to maintain this surface
flux is also required.

To investigate this question, we have carried out a set of
rans for the above conditions, systematically allowing each
minor lrydrocarbon species shown in Fig. 2 in turn to have a
sticking probability of one, with all others zero. In this way,
we may calculate upperbound, diffusion-limited growth
rates for each assumed growth species. The growth rates so
computed are given in Table I.

These results indicated that none of these species can
account for the measured diamond growth rates. Thus,
purely on grounds of gas-phase abundance the possible dia-
mond growth species are limited to CH,, C, H,, and (possi-
bly) CH,, though the low reactivity of CH, would make it
unlikely. If the methyl radical or acetylene is the primary
growth species, then growth under these conditions is kineti-
cally limited. For CH,, a sticking probability of
y=4x10 * gives a growth rate of 0.5 um/h, while for
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TABLE I: Upper-bound, diffusion-limited diamond growth rates for var-
ious assumed growth species.

Species Growth rate (um/h)
CH, 0.075

C,H, 0.172

C,H, 0.022

C,H, 0.117

C;H, 0.235

C,H, 0.156

C,H, 0.232

C,H, 0.093

C,H,, y=4Xx10"* would be required to produce this
growth rate.

We next apply our model to simulate the experiments of
Celii et al*™* Concentrations determined from absorption
measurements are reported for a methane/hydrogen ratio of
f=10%, p=20 Torr, and a filament temperature of
2200 °C.* To model this experiment, we use the same proce-
dure as discussed above to determine the inlet gas composi-
tion, and we take a substrate temperature of 1200 K and
L=2cm.

Species profiles calculated for this case, with all sticking
probabilities set to zero, are shown in Fig. 5. In comparison
to the profiles discussed above, the C,H,/CH, ratio is
greater here, due to faster methane pyrolysis resulting from
the higher initial methane concentration. For f= 19, the
acetylene concentration attains 90% of its equilibrium value
at the inlet after the assumed residence time of 0.2 s, in con-
trast to 57% of equilibrium for f=0.29%. The CH, and
CH, mole fractions are almost the same here as for the pre-
vious case.

Due to the larger inlet-substrate separation, C, hydro-
carbons now have sufficient time to be partially consumed
before reaching the substrate, and therefore their concentra-
tions at the substrate are lower. On the other hand, C,H,
and C, H now appear at the 1-ppm level. The C, H, concen-
tration is determined by the partial equilibrium of
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FIG. 5. Mole fraction profiles for all species reaching 0.1 ppm, calculated
for conditions simulating experiments of Celii et al. (see Ref. 3).
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C,H, + C,H=C,H, + H and C,H is maintained by
C,H + H,=C,H, + H. Consequently, we expect

[C.H,] [ [ZHHZ]]Z (27
and
[C.H] « [C,H, ] [[:]] . (28)

We have not considered hydrocarbons larger than C,
species in our model; similar partial equilibria may occur for
other, heavier hydrocarbons. Although these species are
probably insignificant as growth species, aromatic hydrocar-
bons (not included in our model) have been postulated to
contribute to graphitic sp®> carbon deposition.’® This sug-
gests that modeling heavier hydrocarbons may be important
to predict sp’/sp’ ratios.

The number densities reported by Celii et al.,’ measured
with an optical path passing 0.5 cm from the substrate, are
compared in Table IT with the values we calculate at z = 0.5
cm. For most species, we find reasonably good agreement.
Our results confirm the failure to detect C;H,, C;H,, and
C,H, above the detection limit of the ir absorption measure-
ments. The largest discrepancies are seen in the measured
and calculated CH, and CH, concentrations, The most like-
ly factor responsible for the discrepancy is the line-of-sight
nature of the diode laser measurements,” which were made
with a pathlength of 25 cm within the chamber. The non-
negligible contribution from gas in cold regions far from the
filament or substrate is indicated by the measured acetylene
rotational temperature of 200-300 K.

Ifit is assumed that CH, is primarily localized along the
filament (3 cm in length), then the local methyl concentra-
tion would be 10 times larger than the pathlength-averaged
value, and would agree very well with our calculated methyl
number density. The discrepancies for CH, and C,H, can
similarly be understood, since cold regions would be expect-
ed to contain significant amounts of unreacted methane, and
correspondingly less acetylene than in the hot region. In
light of these considerations, the agreement between calcu-
lated and measured values is probably as good as can be
expected for a one-dimensional model.

Butler and Celii* have also reported the interesting re-
sult that the spatially resolved atomic H REMPI (reso-
nance-enhanced multiphoton ionization) signal decreases

TABLE II: Comparison of measured® number densities with those calcu-
lated at z = 0.5 cm.

by an order of magnitude as fincreases from zero to 3%. As
they point out, this cannot be explained on the grounds of
equilibrium thermodynamics. Two possibilities exist: If he-
terogeneous chemistry is responsible for H-atom production
at the filament, then a variation in the catalytic efficiency
with gas composition due to hydrocarbon poisoning of the
filament surface could be responsible. A second possibility is
that enhanced gas-phase recombination of H at higher f
could lead to a lower H-atom concentration where the
REMPI measurements were made.”®> We cannot answer
questions about heterogenous chemistry with our present
model, but we may examine the possibilities for homoge-
neous recombination of H atoms.

In the hot-filament environment at low f, H-atom re-
combination is slow, occurring primarily through

H+GCH, + M-C,H; + M, (29a)

C2H3 +H"C2H2 +H2’ (29b)
and

H+CH, + M-CH, + M, (30a)

CH, + H-CH, + H,. (30b)

A variety of other recombination paths involving C,
and C, hydrocarbons become increasingly important as f
increases. The total recombination rate through hydrocar-
bon channels is much larger than the direct recombination
rate due to H + H + M- H, + M for typical hot-filament
conditions. A characteristic recombination time may be de-
fined as

Teee — [H]/|a)HI’ (31)

where |y | is the net chemical disappearance rate of H
atoms. [Note that 7. > 7., since the net consumption of
H is rate-limited by the siow three-body steps of Eqs. (29a)
and (30a).] Profiles of .. (z) are shown in Fig. 6 for
S=0.5% and 1.0%. For comparison purposes, the recombi-
nation time for the direct process H + H + M—H, + M is
also shown, calculated for the conditions of the f= 0.5%
case.

The quantity 7' is the probability per unit time of an H
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CH, 8+ 3x10™" 1.1x 10"
CH, 2+ 1.5%x10" 1.6x 10"
C,H, 24 1x 10" 6.0X 10"
C,H, 6+ 2% 10" 2.0x 10"
C,H, <8% 10" 9.4%10"
C,H, <14x10"" 2.2x10°
C,H, <3x10" 2.0%10"

* Reference 3.
" Sum of methyl acetylene and cyclopropane.
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FIG. 6. H-atom recombination times for f = 0.5% and 1.0%. The dashed
curve shows the recombination time for the direct reaction
H+ H + M—H, + M, calculated for the conditions of the /' = 0.5% case.
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atom irreversibly recombining. Making the reasonable as-
sumption that the average recombination cross section is not
strongly dependent on gas composition, this quantity must
be proportional to the collision frequency of an H atom with
all hydrocarbons. Since the total hydrocarbon concentration
scales at most linearly with /£, 7,..' cannot increase faster than
/- The results shown in Fig. 6 verify this reasoning, since 7,
differs by somewhat less than a factor of 2 between the cases
/=0.5% and 1.0%.

Consequently, at f= 3%, 7,.. must be at least 20 ms.
Converting this time to a diffusion length /., = /Dr,,., we
find that /.. will be at least 4.5 cm at = 3%. We conclude,
then, that homogeneous recombination of H will only signif-
icantly affect the H concentration profile beyond 4 ¢cm from
the filament. Since the REMPI H-atom measurements were
made 0.8 cm from the filament, these results suggest strongly
that the order-of-magnitude decrease in [H] observed in
Ref. 4 as fis increased to 3% cannot be explained on the basis
of homogeneous recombination. The most likely explana-
tion, then, is heterogeneous chemistry at the filament sur-
face. This in turn implies that heterogeneous, rather than
homogeneous, chemistry must be primarily responsible for
H-atom production under typical hot-filament conditions.

V. SUMMARY

In this paper, we have presented a one-dimensional
model for simulation of the gaseous diamond growth envi-
ronment, which allows calculation of velocity, temperature,
and species concentration profiles. We have applied the
model to simulate the hot-filament experiments of Harris
and co-workers® and Celii er al.’> To our knowledge, this
represents the first detailed simulation of the filament-assist-
ed diamond growth environment.

Calculations of upper-bound growth rates for various
assumed growth species indicate that no hydrocarbon spe-
cies other than CH,, C.H.,, or CH; is present in sufficient
quantities to account for the measured growth rate under
these conditions. We also find that although the gas compo-
sition is far from equilibrium, a numher of reactions are very
close to partial equilibrium. In particular, the concentra-

local CH, and H concentrations, through partial equilibria
of bimolecular H-absiraction reactions. Similarly, the con-
centrations of C, and C, H are determined only by the local
C,H. and H concentrations.

We calculate species concentrations in reasonable
agreement with the values measured using infrared diode
laser absorption spectroscopy. The largest discrepancies
may be attributed to the pathlength-averaged nature of the
measurements.” We have also examined homogeneous H-
atom recombination in this environment, and find the rate
insufficient to explain the large decrease in the H concentra-
tion observed by Butler and Celii* when the methane con-

6400 J. Appl. Phys., Vol. 68, No. 12, 15 December 1890

centration is increased. These results suggest that heterogen-
eous chemistry at the filament is primarily responsible for
H-atom production.
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