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Scaling relations are developed to allow estimation of the atomic hydrogen concentration at the 
substrate during diamond chemical-vapor deposition for both diffusion-dominated and 
convection-dominated reactors. In the convection-dominated case, it is shown that there exists 
an optimal Mach number which maximizes the H concentration delivered to the substrate. In 
addition, when homogeneous recombination is taken into account, there exists an optimal 
operating pressure. This analysis shows that a sonic tlow of highly dissociated hydrogen at a 
pressure near atmospheric is optimal for rapid growth of high-quality diamond. 

I. INTRODUCTION 

To scale up diamond chemical-vapor deposition pro- 
cesses, two factors must be considered. The dependence of 
film growth rate and quality on the local chemical environ- 
ment at the substrate must be known, and the relation of 
this environment to controllable process parameters must 
also be understood. In a companion paper to this one* we 
have presented a simplified model of diamond surface 
chemistry, which results in simple approximate expressions 
for the growth rate and defect density in terms of the con- 
centrations of H and CHs at the substrate. It was shown 
that a simple defect formation model, in which defects are 
assumed to result from interaction of surface species, leads 
to a relationship between the defect density Xdef, the linear 
growth rate G, and the atomic hydrogen concentration at 
the surface m]c, 

(1) 

where n~2. This expression shows that increasing the 
growth rate (for example, by adding additional hydrocar- 
bon) requires a compensating increase in the atomic hy- 
drogen concentration to maintain the same film quality. 
This qualitative conclusion is in accord with much experi- 
ence in diamond film growth, and with a similar analysis 
by Butler and Woodin.” 

Therefore, a critical issue for process scale-up and op- 
timization is to determine the scaling of [II&, with process 
parameters. This question is complex, since the H concen- 
tration at the substrate is determined by a balance between 
surface recombination and transport to the surface, either 
by diffusion or convection, and may be affected by homo- 
geneous recombination as well. 

In this article the question of H transport under dia- 
mond chemical-vapor-deposition (CVD) conditions is ex- 
amined in detail. Simple scaling relations are derived for 
the effects of pressure, flow velocity, substrate diameter, 
and degree of gas activation on the H concentration at the 
substrate, for both diffusion-dominated and convection- 
dominated reactors. 
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After first deriving the basic relations valid for all re- 
actors, transport in low-pressure diffusion-dominated reac- 
tors is considered, followed by a detailed discussion of H 
transport in high-growth-rate, convection-dominated reac- 
tors (primarily plasma and combustion torches). In the 
latter case, it is shown that there exists an optimal Mach 
number and pressure for H transport. Expressions are also 
given for the heat flux to the substrate. 

For most of the results presented here, simple trans- 
port theory is used to derive the scaling relations. In some 
cases, particularly when gas-phase chemistry is considered, 
these results are supplemented by numerical simulations of 
the flow. In this way we may assess the importance of 
effects (such as variable transport properties, large temper- 
ature gradients, and gas-phase chemistry) which we ne- 
glect in the simple theoretical derivations. 

The code used for the simulations is one we have de- 
veloped and used extensively for diamond CVD 
modeling.3-7 In this code, the governing transport equa- 
tions for axisymmetric flow are solved with appropriate 
boundary conditions to determine the velocity, tempera- 
ture, and concentration profiles near the surface. Both het- 
erogeneous and homogeneous chemistry are included, 
along with variable transport properties calculated using 
the subroutines of Kee et al. .’ Green et aL7 have recently 
compared species and temperature profiles in the 
stagnation-point boundary layer of an atmospheric- 
pressure, inductively coupled plasma torch calculated us- 
ing this code with measured profiles obtained with degen- 
erate four-wave mixing, and find good agreement. 

The general equations derived here are evaluated nu- 
merically for the case of a dilute hydrocarbon in hydrogen 
gas mixture. These evaluated formulas are given in mixed 
units, with lengths in cm and the pressure in Torr. The 
substrate temperature is assumed to be 1200 K in all cases. 

II. BASIC EQUATIONS 

For the purposes of species transport to the surface, 
the Peclet number provides a useful means of classifying 
different diamond growth methods.g The Peclet number is 
deflned by Pe=uL/D, where u is a characteristic flow 
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velocity, L a characteristic length scale (for example, the 
substrate diameter), and D is the diffusion coefficient for 
the species in question. If Pe<l, species transport is dom- 
inated by diffusion, and is independent of the gas velocity. 
Low-pressure, low-velocity diamond CVD reactors (for 
example, conventional hot-filament and microwave sys- 
tems) operate in this regime.3~g-” 

In the opposite limit, Pe>l, convective species trans- 
port is dominant. High-growth-rate methods (combustion 
torches, plasma jets) typically operate in this regime. In 
this case, transport of species in regions far from any sur- 
face is primarily due to bulk fluid motion. However, even if 
Pe$l there is always a thin fluid layer near all solid sur- 
faces where diffusive transport dominates, since the veloc- 
ity must go to zero at the surface. This thin layer, through 
which species must diffuse to reach the surface, is the 
boundary layer. The characteristics of the boundary layer 
determine H transport to the substrate in these systems. 

A parameter similar to the Peclet number is the Rey- 
nolds number, defined by Re= u L/v, where v is the kine- 
matic viscosity of the gas. The Reynolds number deter- 
mines the nature of the velocity field, and governs the 
transition of turbulence. For gases, Re and Pe are similar 
in magnitude, since the ratio v/D (the Schmidt number) is 
of order one. For example, for H, diffusing through air, 
v/D=O.22, while for CO, diffusing through HZ 
v/D= 1.58.i2 A third transport property, important for 
heat transfer is the thermal diffusivity (r. This, too, is sim- 
ilar in magnitude to v for most gases. For most diatomic 
gases at reasonable temperatures, the ratio v/a (the 
Prandtl number) is approximately 0.7. 

Since the gas velocity is zero at the surface whatever 
the value of Pe (neglecting the small Stefan velocity due to 
net mass deposition), the molar flux of H to the surface j, 
may be expressed as13 

(2) 

where no=p/RTo is the molar gas density at the surface, 
DH is the diffusion coefficient for atomic hydrogen, xu is 
the atomic hydrogen mole fraction, and z is the distance 
from the surface. 

At steady state, the flux of H to the surface will just 
balance the loss of H due to surface recombination, and 
therefore 

jH=iH, (3) 

where riu is the surface recombination rate, given by 

~H=yHE!p. 
Here yn is the recombination coefficient, and Zu is the 
mean thermal speed of a H atom. 

Recently, two groups have reported measurements of 
7r.r at temperatures near 1200 K.14*15 Both studies indicate 
yu at this temperature is slightly greater than 0.1, indicat- 
ing that H recombines readily on the diamond surface. 

Substituting from Eqs. (2) and (4) into Eq. (3), the H 
mole fraction at the surface Xu,, may be expressed as 

(5) 

The H concentration at the surface is then given by 

WIO=~SH,O. 
_~ 

(6) 

Let us define a characteristic diffusion length scale id such 
that 

=xX,ref-xH,O 

z=o ld ’ 
(7) 

where XH,ref is the H mole fraction at some specified “ref- 
erence” position (for example, the filament surface in a 
hot-filament reactor, or a point outside the boundary layer 
in a high-Pe reactor). Then Eq. (2) may be rewritten as 

and Eq. (5) as 

““--i l+r”&)-l, 

xH,ref 
(9) 

The quantity Id is clearly an important parameter for H 
transport: H at the surface will be maximized when ld is 
made as small as possible. (In the mass-transfer literature, 
the nondimensional ratio L/Id, where L is a characteristic 
length scale for the problem, is known as the “Sherwood 
number”.‘2”3 ) Note that Eq. (9) is always valid, since it is 
based only on the definition of rd. The value of kd, or, 
equivalently, the Sherwood number, depends on all prop- 
erties of-the flow (geometry, Peclet number, etc.) and is 
determined by solving the governing transport equations. 
If Pe< 1 and homogeneous recombination can be neglected, 
then Id depends primarily on reactor geometry; on the 
other hand, if Pe> 1, then the flow velocity and gas prop- 
erties also affect rd. 

Note that from Eq. (8) the quantity &/@u may be 
interpreted as a “resistance” for H transport, with the mole 
fraction difference as the driving potential. Since noDH is 
independent of pressure and only weakly dependent on 
temperature, the resistance for H transport is a function 
primarily of ld. Explicit values for Id are given below. 

Let us de8ne another length scale Au as 

This length scale is a function only of temperature, pres- 
sure, and gas composition, and is independent of flow ve- 
locity. Since from simple kinetic theory DH is roughly 
given by (f)Zr.&rr, ,I3 where ilmf, is the mean free path, AH 
is approximately equal to the mean free path. In fact, we 
may take Eq. (10) to deflne the mean free path for H 
transport. Then Eq. (9) may be written as 

xHO --..-L-)= 

xH,ref 

where 

(11) 
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TABLE I. Diffusion length scales in the low-Pe limit, assuming constant 
diffusion coefficient and no gas-phase chemistry. 

Geometry IdIt Id,2 

Intinite parallel 
planes separated by L L L 

Infinitely long 
concentric cylinders, 
RI<& 

Concentric spheres, 
RI CR, 

RI ln(Rp’Rd R2 NWR, 1 

RI(~-RI/R~) MRd4--1) 

(12) 

is the Knudsen number for H based on Id. 
In the lim it Kn>yu, Eq. ( 11) reduces to XH,O===XH,ref. 

In this lim it, spatial gradients in H mole fraction are neg- 
ligible. In the opposite lim it (Kn(&, the H mole fraction 
at the surface is much less than that at the reference loca- 
tion. In this lim it, gradients in H mole fraction are large, 
and Fq. (11) reduces to 

xHpO Kn -=- 
XH,ref 3/H * 

(13) 

This liiit defmes the regime in which H transport is dif- 
fusion lim ited. 

The value of jlH may be estimated for typical CVD 
diamond growth conditions. For atomic hydrogen diffus- 
ing through a bath gas of Hz, DH (cm2/s) at 1200 K is 
approximately 1.7 X 104/p,’ where p is the pressure in Torr. 
(A few percent hydrocarbon mole fraction does not signif- 
icantly change DH.) At this temperature, FH=5X lo5 
cm/s; therefore, 

0.14 
&z-j- cm, 

with p in Torr. Since H transport begins to become diffu- 
sion liited when Knz yu, if YH ~0.1, then at 20 Torr 1, 
must be less than 0.7 m m  to avoid diffusion lim itations to 
H transport; at 1 atm, td would have to be less than 18 pm. 
As discussed below, for most current diamond CVD meth- 
ods Id is not this small; therefore, in most cases H transport 
is diffusion lim ited, and we would expect large spatial gra- 
dients in H concentration within the reactor. In this case, 
to increase H at the surface ld should be made smaller; we 
consider below means to do this both for low-Pe and 
high-Pe reactors. 

Ill. DIFFUSION-DOMINATED METHODS 

If Pe(1, then ld is determined by the solution of the 
diffusion equation. If the diffusion coefficient is constant 
and homogeneous recombination can be neglected, then Id 
is a function only of reactor geometry. Some values for 
simple geometries are given in Table I. Note that for cy- 

lindrical and spherical geometries ld at the outer surface 
can be significantly greater than the radius, due to the 
increase of area with radius. 

It is shown in the following section that convection- 
dominated, high-Pe methods can easily achieve Id< 1 m m . 
Comparable surface H concentrations (and therefore 
growth rates) could in principle be obtained in low-Pe 
systems if the geometry were such that a similar ld resulted. 
We show below that in conventional hot-filament and m i- 
crowave plasma systems Id is of order several centimeters, 
although by placing the source of atomic hydrogen closer 
to the substrate, smaller values could be obtained. 

A. Hot-filament reactors 

Let us estimate ld and the H mole fraction at the sub- 
strate for a “typical” hot-filament reactor. Quantitative 
measurements of H mole fraction in this environment have 
been made by Schafer et al. l6 and Chen et al. l7 using non- 
intrusive optical methods, and by Hsu’*~‘~ and Hsu and 
Tung2’ using molecular-beam mass spectroscopy, sampling 
gas through a hole in the substrate. The optical measure- 
ments show that the H concentration decreases with in- 
creasing distance from the filament, clearly demonstrating 
diffusion-limited H transport away from the filament.‘69’7 

In the experiments of Hsu, the conditions employed 
were a pressure of 20 Torr, an uncoiled filament consisting 
of a tungsten wire of diameter 0.25 m m  and length 5 cm, 
and a filament-substrate separation of 1.3 cm. As a first 
approximation, let us assume that the filament is infinitely 
long, and that the substrate is an infinitely long cylinder of 
radius 1.3 cm, concentric with the filament. From Table I, 
taking Ri=0.0125 cm and R2= 1.3 cm, we find l&Z=6 cm. 
At 20 Torr, we then find from Eq. ( 10) that &=70 ,um, 
and from Eq. ( 11) we estimate XH,dXH,sl~O.011, assum- 
ing yu =O. 1. If it is assumed that the H mole fraction at the 
filament corresponds to chemical equilibrium at TN (2600 
K), then XH,m=O.21. We therefore estimate the value of 
Xu,c to be 0.21 X0.011=2.4>< 10m3. The value measured 
by Hsu for these conditions is 2X lOA for the lowest- 
methane case reported (0.5%).” Thus, an estimate based 
on simple diffusion theory is able to reproduce the experi- 
mental result to within experimental uncertainty. (How- 
ever, an uncertainty of at least a factor of 2 should be 
assigned to the estimated value, since Xu,a is probably 
somewhat less than the equilibrium value,16 and the geo- 
metric assumption of an infinitely long filament and a cy- 
lindrical substrate will introduce some error.) 

To achieve a smaller ld (and therefore a larger Xu,e) in 
a filament system requires moving the lilament closer to the 
substrate or using a larger diameter filament. Taking these 
ideas to the logical extreme, a conceivable high-rate dia- 
mond growth method m ight be a “sandwich” geometry, in 
which an electrically heated refractory metal mesh is sep- 
arated from a water-cooled substrate by a small gap (say 1 
mm), which contains a hydrogen/hydrocarbon gas m ix- 
ture. In this case, 1, is approximately the gap width, which 
can be made very small, and film  uniformity would not be 
a problem. While the electrical power requirements would 
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be large, they would be no larger than those for current 
high-rate methods for the same area. 

B. Microwave plasma reactors 

Hsu has also measured the H mole fraction at the sub- 
strate in a standard low-Pe microwave plasma system at 20 
Torr, and found that the value is 1.2~ 10-3--close to that 
for the filament system.rg This suggests that Zd for a 
diffusion-dominated microwave system is also several cen- 
timeters. Since we would expect from diffusion theory that 
Zd is of the order of (but somewhat less than) the plasma 
ball dimensions, this estimate appears reasonable. We 
would expect, then, that H transport is usually diffusion 
limited in low-Pe microwave plasma reactors, in the sense 
that XH,O<XH,~I~~~~. 

Rau and Picht2’ have reported experimental evidence 
for diffusion-limited film growth in a microwave plasma at 
300 Torr, by growing on a substrate containing raised flat- 
tened cones. Assuming Id> 1 cm in this experiment (a con- 
servative estimate), we estimate using the above proce- 
dures that X~O/X~,plasma < 5 X 10e3; therefore H transport 
should be strongly diffusion limited. Since CH3 is tightly 
coupled chemically to H through the reaction3 

CI-Ls-tHsC&+Hz, (15) 
the CH3 distribution will follow the H distribution. Since 
the growth rate under these conditions is expected* to de- 
pend on both [H] and [CH,], the spatial dependence of 
growth rate should reflect the diffusion-limited transport of 
H. By comparing their experimental results with simula- 
tions, Rau and Picht estimate that some species which af- 
fects the growth rate has a destruction probability on the 
surface of 0.1. Although they assume this is the growth 
species (they do not consider H transport), this value 
agrees well with the recombination coefficient of H on di- 
amond. 

These examples have shown that simple diffusion the- 
ory is able to rationalize experimental observations in both 
filament and plasma systems when Pe( 1. The H mole frac- 
tion at the substrate can be estimated with reasonable ac- 
curacy, and the observation of film growth features associ- 
ated with diffusion-limited transport is explained. Diffusion 
theory also indicates the modifications needed to achieve 
higher H mole fractions at the surface in these systems. 
Higher input power can be used to fully dissociate hydro- 
gen near the filament or in the plasma; beyond this, it is 
necessary to decrease I,. This is difficult to do in low- 
pressure, low-Pe plasma systems, since the plasma dimen- 
sions are governed by the excitation wavelength. However, 
modifications of current filament systems could in principle 
achieve a small Id and become an alternate means of 
achieving high film growth rates. 

IV. CONVECTION-DOMINATED METHODS 

Due to the difficulties of achieving a small diffusion 
length scale at low Pe, most high-rate diamond growth 
techniques make use of convective transport. In a high-Pe 
(or high-Re) fiow, the diffusion length scale at the sub- 
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FIG. 1. Typical configurations for high-rate diamond growth: (a) a small 
high-velocity jet impinging on a larger substrate; (b) a small substrate 
immersed in a uniform gas flow. 

strate is not determined by reactor dimensions, but by an 
inherent length scale of the flow-the boundary layer 
thickness. 

A typical configuration for high-rate diamond growth 
is shown m Fig. 1 (a). A high-velocity, high-temperature 
gas jet impinges at normal incidence on a cooled substrate 
and is deflected radially. A second type of flow, which is 
used occasionally for diamond growth,6*7122*23 is shown in 
Fig. l(b). Here a small substrate is immersed in a larger, 
uniform gas flow. 

The flow in Fig. 1 (a) is more difficult to analyze that 
that in Fig. 1 (b), since the effects of viscous drag, heat 
conduction, and radial species diffusion may significantly 
broaden and cool the jet after it leaves the torch nozzle 
before impinging on the substrate. For this reason, we will 
consider primarily the flow in Fig. 1 (b), although most of 
the results will apply qualitatively to the flow in Fig. 1 (a) 
by substituting dj for d,, where dj is an approximate jet 
diameter at the substrate (or the deposit diameter). We 
will assume that far from the substrate the flow is uniform 
and is directed downward with velocity U, , and has tem- 
perature T, and species mole fractions X,, . 

An important flow parameter is the approach Mach 
number iLi, , defined as the ratio of U, to the sound speed 
at T,. Both subsonic flows (III, < 1) and supersonic 
flows (M, > 1) are considered here. We restrict attention 
to the continuum flow regime, where the mean free path is 
much less than the substrate dimensions. From Eq. (lo), 
this is reasonable for pressures above a few Torr. (While 
most convective diamond growth reactors operate in this 
flow regime, the supersonic arcjet reactor of Loh and 
Cappelli24’25 does not, and therefore is beyond the scope of 
this analysis. ) 

We defer the issue of homogeneous chemistry to Sec. 
IV B, where recombination of H in the boundary layer is 
examined, and begin by considering the “frozen flow” limit 
in which homogeneous chemistry is neglected. The issue of 
homogeneous chemistry outside the boundary layer (due, 
for example, to a nonequilibrium freestream, or to the pres- 
ence of a shock wave) is not considered here. 

In high Reynolds number flows, the effects of diffusive 
transport (viscosity, heat conduction, and molecular spe- 
cies diffusion), are significant only in a thin region near 
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FIG. 2. Geometric interpretation of the boundary-layer conduction thick- 
nesses 8, and ST. 

solid surfaces (the boundary layer) and in the wakes be- 
hind objects. Within the boundary layer, gradients in ve- 
locity, temperature, and species mole fractions are large: 
The radial velocity rapidly decreases from its value outside 
the boundary layer (given by potential flow theory) to zero 
at the surface, and the temperature decreases from T, to 
the substrate temperature. [It may be shown from kinetic 
theory that the translational gas temperature at the surface 
must equal the surface temperature if the substrate dimen- 
sions are much larger than the gas mean free path.26 While 
temperature discontinuities have been measured” at fila- 
ments in hot-filament CVD (HFCVD) reactors, this is 
possible since the filament diameter is similar to the mean 
free path.] If a particular species reacts on the surface or in 
the boundary layer, then its mole fraction will also vary 
sharply through the boundary layer. 

In a gas the boundary layers for velocity, temperature, 
and species are all similar in thickness, since the transport 
properties determining each (the kinematic viscosity Y, the 
thermal diffusivity a, and the diffusion coefficients Dk, re- 
spectively) are all similar in magnitude. The boundary 
layer thickness may be defined in various ways. For the 
present purposes, the most useful definition is the conduc- 
tion thickness.12 For H transport, this is defined as 

(16) 

With this definition for the boundary layer thickness it is 
clear by comparison with Eq. (7) that the diffusion length 
scale for H transport is simply given by &=&. A similar 
thermal boundary layer thickness may be defined 

T----To 
ST= (dT/dz),,o ’ (17) 

The geometric interpretation of 8H and ST is shown in 
Fig. 2. 

We are most interested in the boundary layer near the 
center of the substrat+i.e., near the stagnation stream- 

TABLE II. The constant C in E!q. (19) for flow normal to spheres, 
cylinders, and disks of diameter Ds in the limits of low and high approach 
Mach number (Refs. 26 and 30). 

c 

Substrate geometry M,-+O M,-+m 

Sphere 
Cylinder 
Disk 

3 1.14 
4 1.14 

4/s -0.3 

line. Since the flow decelerates approaching the substrate, 
the velocity is always small in this region. For this reason, 
the stagnation-point boundary layer is always laminar, 
even if the oncoming flow is turbulent. Nevertheless, tur- 
bulence may play some role, since it is known that free- 
stream turbulence can enhance heat and mass transfer 
through the laminar stagnation-point boundary Iayer.28129 
The possible effects of free-stream turbulence will not be 
considered here. 

The boundary-layer thickness at the stagnation point is 
determined by the transport properties and a single param- 
eter a which characterizes the velocity field outside the 
boundary layer. The a parameter, known either as the 
stagnation-point velocity gradient parameter or the strain 
rate, is defined by 

dv 
(18) 

where v is the radial (tangential) velocity just outside the 
boundary layer. For radii not too large, a is independent of 
r,26 and thus the boundary-layer thickness is constant over 
the central portion of the substrate. It is shown in Sec. 
IV B that a-* is the characteristic time for species to dif- 
fuse through the boundary layer, and therefore a may be 
thought of also as an inverse boundary-layer diffusion time. 
From dimensional considerations, the a parameter must 
scale with the ratio U,/d,, 

u 
a=C?. 

4 

The constant C depends on the geometry of the substrate 
(i.e., disk, sphere, cylinder, etc.), as well as the approach 
Mach number of the flow M , . Values for some simple 
geometries are given in Table II. 

If the temperature difference between the free stream 
and the surface is small, so that the transport properties 
and density are constant through the boundary layer, then 
simple analytical expressions for the boundary layer thick- 
ness may be obtained.12 At the stagnation point, 

/Y\ 1/2/,\0.4 
ST= 1.32(a) (5) 

and 

assuming a/v and D&V are not too far from 1.0. 

(20) 

(21) 
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For a dilute hydrocarbon mixture in Hz at 1200 K, 
~=:8XlO~/p cm’& and cr~1.2~ 104/p cm2/s (p in 
Torr) .s Therefore, 

&z$$ cm 

and 

(22) 

(23) 

with a in s-’ and p in Torr. 
Although Eqs. (22) and (23) are derived for the case 

of constant properties (small temperature changes), com- 
parison with numerical simulation results shows that they 
are in fact reasonably accurate for typical boundary layers 
in diamond CVD reactors, with temperature changes of up 
to 4000 K through the boundary layer. For the simula- 
tions, the gas was assumed to be a 1% CH, in HZ mixture 
in chemical equilibrium outside the boundary layer, and 
chemistry in the boundary layer was neglected. Both mul- 
ticomponent mass diffusion and thermal diffusion were in- 
cluded. The boundary-layer thicknesses from the simula- 
tions agreed with those predicted by Eqs. (22) and (23) to 
within 120% for free-stream temperatures from 3000 to 
5000 K. 

Using Eq. (23) for Id in Eq. ( 11) results in 

+-[ l+llooyH~a(~~~)1’2]-1. (24) 

Equation (24) shows that H transport through the 
boundary layer is determined by the ratiop/a. For optimal 
H transport, the flow velocity (or Mach number) should 
be chosen to give an a value such that the second term in 
Eq. (24) is of order 1; for smaller a, H transport will be 
diffusion limited and therefore H will be significantly de- 
pleted at the substrate, while larger a values do not sub- 
stantially increase ,U,,,. Therefore, since yusO.1, p/a 
should be of order 10L4 Torr s or less to avoid significant 
diffusion limitations to H transport. 

Simulations indicate that typical oxyacetylene torch 
flames at 1 atm operate with a in the range 103-lo4 s-l.5 
Therefore, p/azO.O8-0.8 Torr s, which is well into the 
diffusion-limited regime. On the other hand, some plasma 
jet reactors may achieve a values as large as lo’-lo6 s-i for 
small substrates (several mm) .5 In this case, p/a is be- 
tween 2~ low4 and 2~ lop3 Torr s, near the edge of the 
diffusion-limited regime. For larger substrates, however, it 
is likely that here too H transport is nearly completely 
diffusion limited. 

In the diffusion-limited regime, Eq. (24) reduces to 

a (s-t) l/2 XH,O -9.1X low4 
XH,, YH (P Uorrl) ’ 

Since [H]o=XH,o(p/RTo), for T,-,= 1200 K, 

1.2x lo-” 
[HI,= yH XH,, & mol/Cm3, 

(25) 

with p in Torr and a in s-i. This expression shows that if 
XH,, is constant and boundary-layer chemistry may be 
neglected, then the H concentration at the substrate in the 
diffusion-limited regime is proportional to &$. Therefore, 
increasing either a or p will result in an increase in [HI,. 
However, as is discussed in the following sub-section, a 
cannot be increased indefinitely. Also, at sufficiently high 
pressures H will begin recombining homogeneously in the 
boundary layer, which will set an upper limit on the desir- 
able operating pressure. In the subsections below, we turn 
to the question of the “optimal” conditions which maxi- 
mize the H concentration at the surface. It is shown that 
there exists both an optimal flow Mach number and an 
optimal pressure. 

A. Optimal Mach number for H transport 

Since a = CU,/d,, to increase a for a specified sub- 
strate diameter requires increasing the flow velocity Vi. 
However, there are limits on the velocity to which a gas 
may be accelerated, since the flow acceleration is provided 
by expanding the gas through a nozzle. The largest obtain- 
able velocity is of the order of the sonic velocity at the 
temperature upstream of the nozzle. Therefore, if this tem- 
perature is fixed (for example, by materials constraints), 
then there is a maximum attainable flow velocity, and 
therefore a maximum dgz. 

To get an estimate of a,,, let us consider a gas with 
constant specific heat, which is at temperature Tc and pres- 
sure p” upstream of the nozzle, and is expanded reversibly 
and adiabatically to a Mach number M, . (In a real nozzle 
heat losses and other irreversibilities are significant. In this 
case, Ts and p” should be interpreted as the stagnation 
temperature and pressure, respectively, downstream of the 
nozzle, which may be significantly less than the upstream 
static temperature and pressure.) In this case,31 -’ 

u, =M, (F)1’2[ 1+(~)Mz,]-1’2, (27) 

where k=cdc,, and m is the molecular weight of the gas. 
Note that U, asymptotically approaches a finite value as 
M,-+cQ. 

Since a= C(M, ) Urn/d,, we may substitute from E@. 
(27) for U, resulting in 

1 RTO 1’2 
a’& m (--) AN, ,k), (28) 

where 

k 

A(Mmyk)=CMm ~+[(k--l)/2]&f; 
(29) 

The function A (iw, ,k) is plotted in Fig. 3 (a) for the two 
k values 1.3 and 1.7, which bracket those expected for a 
mixture of H and H,. These calculations were done for a 
spherical substrate, since data are available on the depen- 
dence of C on Mach number for this geometry. (C de- 
creases from 3 at low Mach number to 1.14 at high Mach 
number.26 These data take into account the presence of the 
bow shock for M, > 1.) 

6900 J. Appl. Phye., Vol. 74, No. 11, 1 December 1993 D. G. Goodwin 6900 

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



Mach Number 

I I I (‘4 

0 1 2 3 

Mach Number 

FIG. 3. (a) Dependence of the velocity gradient parameter for flow past 
a sphere on Mach number; (b) Relative ;I concentration at the substrate 
vs Mach number. The solid curves are fur specific heat ratio k= 1.3, and 
the dashed curves for k= 1.7. 

The results in Fig. 3(a) show that A(M, ,k) attains a 
limiting value of approximately 3 at high Mach numbers. 
For a flat disk, the dependence of Con Mach number is not 
as well known; however, C is estimated to be about a factor 
of 3 lower than for a sphere at high Mach numbers.26 The 
maximum value of a for a disk is then 

1 RF 1’2 
amd==d, I~ . 

c-1 
(30) 

From this relation it is clear that high p and low gas 
molecular weight result in the largest possible velocity- 
gradient parameter. If we take, as extreme values, Te= lo4 
K and m= 1, then a,,,d,z lo6 cm/s. Therefore, if d,= 10 
cm, then a,.,,== lo5 s-t. From E$. (24), for this substrate 
diameter H transport will be necessarily dithrsion limited 
for pressures greater than approximately 10 Torr. Since 
most high-rate growth methods operate at a pressure sig- 
nificantly higher than this, this calculation illustrates that, 
in general, large-area growth processes always operate in 
the diffusion-limited regime. 

The effect of molecular weight on am, is worth noting, 
since some plasma methods make use of an argon/ 
hydrogen mixture. If we substitute Eq. (21) into Eq. (9) 
and use Eq. (30), we find approximately that in the dilfu- 
sion limit 

xH,O ( 1 - ad%ZE 
XHm max 

(31) 

If the mean molecular weight of the gas is increased by 
argon addition, both DH and amax decrease (since the 
sound speed is lowered), and therefore the maximum H 
concentration achievable at the substrate is lower (in ad- 
dition to the effects of argon dilution on XH, a, ) . 

In the absence of homogeneous chemistry, the maxi- 
mum H concentration at the surface will be achieved when 
the product ap is maximized, where p is the pressure at the 
substrate. Therefore, the variation of p with Mach number 
must also be considered. For a subsonic flow, pressure re- 
covery is nearly complete, and therefore pzp’. For a su- 
personic flow, however, a shock wave forms above the sub- 
strate. Due to the loss of stagnation pressure across the 
shock wave, p at the substrate will be less than p” if 
M, > 1. Therefore, for a given upstream stagnation pres- 
sure p” 

(32) 

where p/p0 is the stagnation pressure ratio across the 
shock. In Fig. 3 (b), the dependence of No on M, given 
by Eq. (32) is shown. For these calculations, a is taken 
from Fig. 3 (a), and p/p0 is calculated from standard nor- 
mal shock relations.3’ These results show that [HJo is max- 
imized at a Mach number between 1 and 2 for the frozen 
flow case (no chemistry). 

In realityi’the frozen flow assumption may not hold, 
particularly if a shock wave is present. At the high tem- 
perature and pressure behind the shock, the H mole frac- 
tion may equilibrate rapidly; in this case, the value of Xu,, 
(behind the shock but outside the boundary layer) may be 
dependent on Mach number. Therefore the Mach number 
at which [HI0 is maximized may differ somewhat from that 
for the frozen flow case. To better determine the optimal 
Mach number would require a full reacting flow simulation 
of the shock layer, which is beyond the scope of the present 
work. 

B. Homogeneous recombination 

In addition to recombination of atomic hydrogen on 
the diamond surface, H may recombine in the gas phase at 
high pressures. This too will affect H at the surface, and 
will set an upper limit on the pressure at which it is desir- 
able to operate. 

To examine the effects of homogeneous recombination, 
let us consider a flow which, outside the boundary layer, is 
in chemical equilibrium at T, . In this case, the H concen- 
tration outside the boundary layer is maintained by the 
temperature, and recombination only occurs within the 
boundary layer. 

The characteristic time for a H atom at the edge of the 
boundary layer to diffuse to the substrate is approximately 

Using E?q. (2 1) for aH results in 

(33) 
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-1 Tdza . (34) 
Therefore, the a parameter may be thought of as an inverse 
boundary-layer diffusion time, in addition to its fluid- 
mechanical interpretation as a velocity gradient. 

We may also define an effective first-order recombina- 
tion rate coefficient oR as 

W-U 
-=--R[H]. dt (35) 

Clearly, homogeneous recombination in the boundary 
layer will be important whenever aR>a. The nondimen- 
sional ratio aR/a defmes the Damkohler number Dad for 
this problem. Recombination is therefore significant when 
Dad> 1. 

In a pure hydrogen gas, H recombines through 

H+H+H2-2Hz. 
In this case, 

(36) 

aR=kdHlkbl, (37) 
where k36 is the rate constant for this reaction, equal to 
9.7 X 10-6T-0.6 cm6/(mo12 s) .32 At constant mole frac- 
tion, Eq. (37) shows that (YR c=zp2. Therefore, for a given 
degree of dissociation, the condition Dad= 1 will be at- 
tained when the parameter group p/ail2 exceeds some crit- 
ical value. 

With a small amount of added hydrocarbon, a second 
path competes with reaction (36), and in many cases dom- 
inates the recombination rate. This path is due to the two 
reactions 

CH3+H+M-+CH4+M 
and 

(38) 

CHG+ H+CH3 + Hz. (39) 

The rate-limiting step is reaction (38), which is in the 
low-pressure (termolecular ) limit even for pressures 
greater than 1 atm,33 and is effectively irreversible. As soon 
as a methyl is consumed by reaction (38), a H atom is 
abstracted from the resulting methane molecule by reac- 
tion (39), maintaining a steady-state methyl concentra- 
tion, but resulting in a net loss of H atoms. This path is 
fast, since reaction (38) has no activation barrier33 and the 
barrier for reaction (39) is less than 9 kcal/mo1.32 

Since the CH3 and CH4 concentrations in the bound- 
ary layer are strongly affected by boundary-layer chemis- 
try, it is difficult to develop criteria for the significance of 
homogeneous H recombination based on simple arguments 
when hydrocarbons are present. In this case, it is preferable 
to examine the results of numerical simulation of the 
boundary layer. 

As an example, calculated species profiles are shown in 
Fig. 4 for a set of conditions where H recombination is 
significant. For these conditions, acetylene is the most 
abundant hydrocarbon, and is hardly affected by 
boundary-layer chemistry. Methane, on the other hand, 
increases by two orders of magnitude within a few mm of 
the substrate. The H profile is seen to be strongly affected 
by boundary-layer chemistry. 

,oJoI_ 
0.4 0.0 

: (cm) 

FIG. 4. Selected species profiles calculated for 8’ 1% methane/hydrogen 
mixture, assuming chemical equilibrium outside the boundary layer, with 
parameter values T, = XXIOK, a- lOOOs-‘,p=lCCQTorr, Z-,=12COK, 
and yH=O.l. The dashed line shows the H profile resulting if boundary 
layer chemistry is neglected. 

The contributions of several reactions to the homoge- 
neous recombination rate for the conditions of Fig. 4 are 
shown in Fig. 5. Reaction (36) contributes 24% to the 
total recombination rate integrated through the boundary 
layer for these conditions, and reactions (38) and (39) 
each contribute 34%. Therefore, these three reactions to- 
gether account for 92% of the total homogeneous recom- 
bination rate. Although acetylene is the most abundant 
hydrocarbon, the reaction 

H+C&+M+C&+M (4.0) 
only contributes 3% to the H recombination rate under 
these conditions. 

To quantify the effect of homogeneous recombination, 
a correction factor FR may be defined as 

xW 
FR= (XH,o)nC ’ (41) 

-_-.- H+H+MclH,+M 
--- CH3+H+MctCH4+M - 
~ CH4+HtiCH3+H2 
.......‘.. C,H, + H + M  c, C2H3 + M  

0 0.2 0.4 0.8 

z @ml 

FIO. 5. Contribution factors for several reactions to H recombination, for 
the conditions of Fig. 4. 
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FIG. 6. Ratio of H mole fraction at the substrate including boundary- 
layer chemistry to that calculated neglecting boundary layer chemistry YS 
p/a . I/2 The conditions other thanp and a are the same as those for Fig. 4. 

P (Ton) P (Tori) 

FIG. 7. H concentration at the substrate vs pressure at fixed a and T, , 
assuming chemitial equilibrium outside the boundary layer. The dashed 
curves show the results if boundary-layer chemistry is neglected. 

where (XH,O)nC is the H mole fraction at the substrate ne- 
glecting boundary layer chemistry (but still including het- 
erogeneous recombination on the substrate). The H con- 
centration at the substrate is then determined by 
multiplying Eq. (26) by FR. 

Calculations of boundary-layer profiles were carried 
out with and without boundary-layer chemistry for a range 
of a and p values, and the correction factor FR determined. 
The gas was taken to be a mixture of 1% CH4 in Hz, and 
the gas outside the boundary layer was assumed to be in 
chemical equilibrium at T,=3000 K. The factor FR is 
shown in Fig. 6 plotted against p/all2 fo? the three pres- 
sures 100, 1000, and 10 000 Torr. It is seen that the depen- 
dence of FR on p/a’” is approximately the same for all 
three pressures, and thereforep/a1’2 is a valid approximate 
scaling parameter for homogeneous recombination. Homo- 
geneous recombination is seen to become significant for 
p/all2 greater than a few Torr s”~. 

Since FR falls off approximately linearly with pressure 
in the regime where recombination is significant, while in 
the absence of recombination [H],c~p”~, for a specified a 
and XH,, there will be some pressure at which [HI, is 
maximized, above which it falls off as P-“~. If X,,, also 
varies with pressure (as it may if the gas outside the 
boundary layer is in chemical equilibrium), then the scal- 
ing with p will be modified, but a maximum at a particular 
pressure is still expected. 

This behavior is shown in Fig. 7, in which simulation 
results for [HI0 are plotted versus p at fixed a and T, , 
assuming chemical equilibrium outside the boundary layer. 
For T, =3000 K, [HI, is nearly independent of p over a 
wide range if boundary-layer chemistry is neglected, due to 
the decline of the equilibrium value of XH,, with increas- 
ing p. With chemistry included, [H], peaks and then de- 
creases at high p. The pressure at which [HI, is maximal is 
seen to be just where homogeneous recombination begins 
to become significant, given approximately by p/di2=2 
Torr s”~. 

For T, =5000 K, the free stream is nearly fully dis- 
sociated up to lo3 Torr, and the pressure dependence is 
approximately asp “’ at low p. For this more activated gas, 
[HI0 is maximized at p/u “2~5 Torr s~‘~. For a= lo5 s-l, 

the maximum value of [HI, is seen to be approximately 
10m6 mol/cm3. Since this a value is the largest achievable 
for a lo-cm-diam substrate, and at 5000 K the free stream 
is fully dissociated, this H concentration is an absolute 
upper bound on the H con&ntratibn achievable by means 
of convective transport at the surface of a lo-cm-diam sub- 
strate. The pressure at which this maximum occurs is ap- 
proximately 2 atm. 

C. Substrate heat flux 

The conditions which lead to high H concentrations at 
the surface also result in substantial heat fluxes to the sub- 
strate, which may in fact be a limiting consideration for 
process design. Here we develop an expression for the sub- 
strate heat flux for the case where boundary-layer H re- 
combination can be neglected (p/a1’2 < 1 Torr sin). 

Substrate heating results primarily from two sources: 
thermal conduction and heating due to recombination of 
atomic hydrogen. The heat flux to the substrate may be 
written as 

+AHRdH, 
z=o 

(42) 

where k is the thermal conductivity of the gas at the sub- 
strate, AH, is the heat of recombination of atomic hydro- 
gen (223 kJ/mol at 1200 K), and d, is the atomic hydro- 
gen recombination rate (moles of H/cm2/s>. From Eq. 
(81, 

DH 
RH=no s, (XH,, -xH,O)* 

Using the definition of ST, Eq. (42) may be rewritten as 

r&-z [C&T+~R($$$~H], (44) 

where AT=T, - To and AXH=XH,, -XH,w In writing 
Eq. (44), we have also made use of the relation k=anocp, 
where cP is the molar heat capacity at constant pressure at 
the substrate. Since the ratio ST/S, is simply (a/D,)o.4 
[Eqs. (20) and (21)], we may simplify this to 
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Substituting numerical values we have 

qs=3.5x IO-~ &(A~+8600U~), (46) 

where qs is in W/cm’, a is in s-l, p is in Torr, and AT is 
in K. The heat flux given by this expression agrees with 
simulation results to within about 10%. From Eq. (46), it 
is clear that heat conduction and recombination heating 
will contribute similar amounts to the total substrate heat 
flux, since AT may be of order 2000 K, and AX, < 1. 

Since both the heat flux and the H concentration at the 
surface depend on 6, a high H concentration at the sur- 
face will always be accompanied by a large heat flux to the 
substrate. Some typical values illustrate the magnitudes in- 
volved. Lf we take a= 10’ s-l, p= 1 atm, and Xn,, =0.5, 
then qs= 1300 W/cm’. 

For comparison, the heat flux to the substrate during 
typical oxyacetylene torch growth is roughly 200 W/cm2, 
while the heat flux to the water-cooled cathode in an arcjet 
is of order 2ooO W/cm2.34 For a more extreme case, the 
heat flux at the throat of the nozzle of the Space Shuttle 
main engine is of order 13 000 W/cm2.35 In this case, cool- 
ing is accomplished using integral cooling passages in the 
nozzle wall which carry pressurized hydrogen. 

These heat flux estimates show that an important com- 
ponent of reactor design for high growth rates is the sub- 
strate thermal design. To handle these heat fluxes and 
achieve reproducible substrate temperatures, it is critical to 
eliminate thermal contact resistance and low-conductivity 
materials. Therefore, metal substrates (for example, mo- 
lybdenum) with integral cooling passages will be required 
for high-rate, large-area diamond growth. Since the ther- 
mal conductivity of molybdenum at 1200 K is about 1 
W/C~/K,~~ the temperature drop through a l-mm-thick 
sheet would be 130 K for a heat flux of 1300 W/cm2. 
Therefore, molybdenum would be an acceptable substrate 
material. Pressurized boiling water would probably be an 
acceptable coolant. With such a substrate design, heat 
fluxes of order 1000-2000 W/cm2 should not present ma- 
jor problems. 

V. PROCESS SCALING RELATlONS 

The results in the previous sections may be combined 
to yield relations relating growth rate and process elli- 
ciency to controllable process parameters. The most im- 
portant relation for process scaling is Eq. ( 1)) which may 
be rewritten as 

G a &,d@i (47) 

For a specified defect density (film quality), the sustain- 
able growth rate is predicted to scale quadratically with 
[H]e . Of course, the model which led to this expression was 
highly simplified.’ For this reason, this quadratic depen- 
dence on [HI0 is uncertain. Experimental data on the rela- 
tion of G, X,, and [HI0 are needed; in the absence of such 
data, here we explore the scaling implications of Eq. (47). 

In the regime where H transport is diffusion limited 
but boundary-layer recombination is insignificant, [H]c 
a &Xn,, [Eq. (26)]. Using this result in Eq. (47) re- 
sults in 

Ga (UP&&,,. 

Therefore, to maximize G for a specified Xdef, the velocity 
gradient parameter should be maximized (sonic flow), and 
the pressure at the substrate should be set at that value 
where homogeneous recombination just begins to become 
important, as discussed above. Even more important, the 
gas should be highly activated, since the growth rate for a 
specified X,, is quadratic in the degree of gas activation 
(xH,, 1. 

Note that since a a l/d,, the growth rate at constant 
defect density is inversely proportional to substrate diam- 
eter. Therefore, growing over a larger substrate diameter at 
the same rate and quality as achieved for small d, requires 
either increasing the flow velocity (if the flow is subsonic) 
to maintain the same a, increasing the pressure, or achiev- 
ing higher gas activation. 

This also suggests that ifit is not necessary to grow a 
large-area film, then it is preferable to mount several small- 
area substrates in the gas flow (such that gas can tlow 
between the substrates) rather than a single substrate of 
equivalent area. In this case, each small substrate will have 
a larger a parameter (and therefore thinner boundary 
layer) than would the single large substrate. 

The process efficiency may be more important than the 
absolute growth rate in many cases. Several different mea- 
sures of efficiency may be delined-for example, the ratio 
of mass deposition rate of diamond to the gas flow rate qg 
or the ratio of mass deposition rate to the electrical power 
required q6. The mass flow rate per unit area may be ex- 
pressed in terms of the upstream stagnation temperature 
Te and pressure p”, Mach number M, , and specific heat 
ratio k.34 

Assuming that Eq. (48) is valid, and using Eqs. (28) 
and (29) for a, we find that 

where, as above, p/p0 is the stagnation-pressure ratio 
across the shock if M, > 1 and is’ 1.0 otherwise. This func- 
tion is shown in Fig. 8, normalized to the value at low 
Mach number. The efficiency 7s is higher for supersonic 
conditions, since although the growth rate is low here, the 
gas density (and therefore the gas flow rate per unit area) 
is even lower. However, the increased efficiency (a factor 
of 2) may not be enough to justify operation under super- 
sonic conditions. 

Equation (49) shows that qs is strongly dependent on 
xH,co, * therefore, the dissociation degree should be maxi- 
mized for high process efficiency. The process efficiency is 
independent of pressure, if H transport is diffusion limited, 
since both the growth rate and the gas flow rate are linear 
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FIG. 8. Predicted scaling of process efficiency Q  with flow Mach number. 

in pressure. The process efficiency is also inversely propor- 
tional to d,--again, this suggests that there is a price to be 
paid for large substrate diameter. 

Similar scaling relations would hold for qe. If it is 
assumed that power consumption is due largely to the en- 
ergy required to dissociate hydrogen, then Q  a q,/Xu, m . 
Therefore, the same scaling with pressure, substrate diam- 
eter, and Mach number is obtained, but qe is now only 
linearly proportional to Xu,, . 

It should be noted that these conclusions stem from 
Eq. (47)~in particular, from the result that the growth 
rate at constant defect density scales faster than linear with 
[HI,. If, instead, G  scaled only linearly with [13’Jo, then 
these conclusions would be modified significantly. In par- 
ticular, in this case the greatest efficiency would be 
achieved at the lowest pressures. Clearly, experimental 
data on the scaling of growth rate at constant defect den- 
sity with [HI, are needed. 

The efficiencies discussed here are “single-pass” effi- 
ciencies, which do not account for possible gas or energy 
cycling. Employing cycling is the most significant way to 
increase the overall process efficiency. Hydrogen may in 
principle be indefinitely recycled, and the hydrocarbon 
feedstock need only be added to make up that lost due to 
film growth. Also, the heat removed from the substrate and 
other reactor components (cathodes, walls) can be used to 
preheat the feedstock gas, or to cogenerate electrical 
power. 

VI. SUMMARY AND CONCLUSIONS 

In this article scaling relations have been developed for 
atomic hydrogen transport in diamond chemical-vapor- 
deposition reactors. It was shown that simple ideas based 
on diffusion theory suffice to estimate the H concentration 
at the substrate in low-Pe hot-filament and microwave 
plasma systems. For convection-dominated, high-Pe reac- 
tors, H transport is dominated by the characteristics of the 
boundary layer. It was shown that most reactors operate in 
a regime in which H transport is diffusion limited, in which 
case the H concentration at the substrate scales with 
II;;);, if homogeneous recombination may be neglected. 
Loss of H through homogeneous recombination in the 
boundary layer was shown to occur primarily through two 
chemical pathways (direct recombination, and through 

CH3 + H + M -+ CH4+ M) . Since these reactions are termo- 
lecular, the effects of homogeneous recombination were 
shown to depend on p/a112, and to become significant when 
this parameter exceeds a few Torr sI’~. 

Finally, the optimal conditions which maximize H 
transport were determined for high-Pe reactors. It was 
shown that approximately sonic flow at a pressure of 
roughly 1 or 2 atm is optimal for H transport, and there- 
fore should allow the highest film growth rates. Achieving 
these conditions is difficult in current laboratory-scale 
CVD reactors, due to materials constraints and heat losses. 
It may be possible to achieve them in large-scale (mega- 
watt) arcjets, or possibly in inductively coupled plasma 
torches or microwave torches. Also, chemical rockets 
might provide a similar hot, high-speed gas flow, with ad- 
ditional benefits due to residual oxygen. 

There are, of course, many issues not considered here 
which will affect process scaling and optimization. For ex- 
ample, in plasma reactors lower pressures may be neces- 
sary for discharge stability and flow uniformity over rea- 
sonable areas. Also, there are economic tradeoffs which 
must be assessed in comparing different reactor designs to 
determine conditions which minimize cost. For example, 
achieving the highest possible growth rate will not lead to 
the minimum cost if the reactor must be significantly more 
complex than a simpler design which has a somewhat 
lower growth rate. Nevertheless, the relations presented 
here provide a starting point both for optimizing current 
reactors and designing larger-scale, next-generation reac- 
tors. 
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