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In t roduc t ion  

There has been considerable interest in the growth of diamond thin films in  recent 
years','. This interest derives from the superlative properties of diamonds: they are very 
hard, have a high thermal conductivity, are chemically inert, and have an extremely wide 
optical transmission window. In addition, single crystal diamonds have the potential for 
being uniquely good semiconductors'. 

Unfortunately, at present we have little understanding of the chemical processes which 
are involvedin and which control diamond nucleation and growth. This is because there have 
been no experiments which have simultaneously characterized both the chemical environment 
and the kinetics of diamond growth. Recently C2Hz (acetylene)',', c2H4 (ethylene)', CH3 
(methyl radical)', and H (atomic h y d r ~ g e n ) ~  have been detected during filament-assisted 
diamond growth experiments. Harris e t  al.' used a simple zero-dimensional chemical kinetics 
model to show that only CH4 (methane), CzH,, C2H2, and/or CH3 could be contributing 
significantly to surface growth in those experiments. This result is consistent with semi- 
empirical quantum mechanical studies of the diamond growth mechanism which suggest 
that the growth species is either C2HZ5 or CHJ'. 

Earlier detailed measurements of the kinetics of diamond growth on diamond seed crys- 
tals from CH4-H2 mixtures were made by Chauhan, Angus, and Gardner'. Although the 
chemical species present were not determined in their work, we recognized that the gas phase 
chemistry could be approximately modeled based on the information that was provided. In 
this work we analyze the da ta  of Chauhan et al.' to determine which species accounted for 
the diamond growth that was observed. 

Analysis 

The experiments of Chauhan et al.' were carried out on a microbalance which allowed 
the rate of diamond growth to be measured. For the particular experiment that  we modeled, 
labeled 44-C, a 0.5 torr mixture of 70% CH4 and 30% H2 passed through a cylindrical 
2.54 cm diameter flow tube  into the top of a spherical 10.16 cm diameter pyrex reaction 
chamber, at the center of which was suspended a crucible holding 98.934 mg of diamond 
seed crystals. The  gases were pumped away at  the bottom of the  reaction chamber through 
a 3.81 ern diameter flow tube. The seed crystals, which had a BET surface area of 7 m2/g, 
were heated to 1438 K by radiation from a lamp; there were no other heaters in the  system. 
The wall temperature of the reaction chamber was maintained below 500 K,  eliminating 
heterogeneous pyrolysis chemistry there. The gas velocity was not specified, but Chauhan 
et ai.' stated that the gases flowed at a rate "such that the methane available was more 
than 50 times that required to obtain the observed deposition rates." This implies an input 
flow velocity of a t  least 94 cm/s, readily achieved in flow tubes of this size. Chauhan et  al.' 
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determined that all of the initial weight gain as monitored by the microbalance was due to  
diamond, although as time progressed more and more of the weight gain came from non- 
diamond (pyrolytic) carbon. In this work we model only the initial growth period, before 
any formation of pyrolytic carbon. 

The measurements of Chauhan et  al.' showed an  initial fractional growth rate of 

where m is the mass of the diamond crystals. This rate corresponds to a specific surface 
growth rate of 3.1 x g/cm2.s. For a growth species depositing n, carbon atoms with 
each reaction, Eqn. (1) implies that 1.6 x 10'3/n, molecules reacted/cm2. s. This reaction 
rate is equal to the collision rate of growth species with the diamond surface (calculated from 
the kinetic theory of gases8) times the reaction probability R that a given collision leads to 
reaction, 

(2) 
1.6 x 1013 P -- - 3.52 x lo2'- 

nc m R* 
where P is the growth species pressure in torr, M is the molecular weight of the growth 
species, and T is the temperature in degrees Kelvin. For M = 15n, and T = 1438 K, the 
growth species mole fraction is X = 1.3 x 10-'/R&. Since R 5 1 the mole fraction for 
the growth species must be at least Xmin = 1 x lo-' (0.1 parts per million) for reasonable 
(ie., small) values of a,. This is our first constraint on the growth species. 

Diamond growth acts as a sink for growth species, so in order t o  maintain a steady state 
concentration greater than Xmin the growth species must not be depleted faster than they 
are created and transported to the diamond seed crystals for reaction. From Eqn. (l), the 
diamond growth rate was 2.2 x lo-' g/s, all of which mass must ultimately have come from 
CH4. This implies that  at least 8.1 x 1OIs CH4 molecules reacted per second, and that a t  
least 8.1 x 10Ib/n, growth species were formed per second (unless CHd was itself the growth 
species). This is our second constraint on the growth species. 

We have modeled the gas phase pyrolysis chemistry in  this system in order t o  determine 
which hydrocarbons satisfied these two constraints in the system of Chauhan et  al.' Several 
approximations and assumptions were used; these are discussed in a separate section below. 

The experiment is modeled as follows. We assume 1-dimensional flow so tha t  the gas 
temperature and species concentrations depend only on the distance Z along the tube or 
reaction chamber. The gas is assumed to enter the 2.54 cm diameter flow tube at Z = 0, 
T = 300 K, and uo = 94 cm/s. The gas flows into the reaction chamber a t  Z = 35.1 cm and 
T = 500. Beyond that point the gas temperature is assumed to rise linearly with Z until 
it reaches a maximum of 1438 K at  the crucible, taken to  be at Z = 40. The  temperature 
then falls slowly (heat loss to the relatively distant reaction chamber walls assumed small) 
to 1250 K as it exits the reaction chamber at Z = 44.7. For Z > 44.7, where the  gas is 
again in a flow tube, the temperature drops to  500 K by 2 = 85 em. The gas velocity in the 
system is calculated assuming that the flux is given by p u A  = constant, where p is the gas 
density and A is the cross sectional area of the tube or reaction chamber. We estimate that 
u = 28 cm/s at the crucible and that the gas has a residence time in the reaction chamber 
of 250 ms. The gas phase chemistry is modeled using the Sandia burner code9 together with 
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the reaction mechanism shown in Table I. A similar mechanism was successful in predicting 
the species concentration profiles in a number of premixed flat flameslo~ll. Although the 
mechanism considers species as large as c4H6, only the C1 and Cz part of the mechanism is 
shown since the concentrations of larger species are always extremely small and since the C3 
and C4 chemistry is less well known. The pressure-dependent reactions shown in the Table 
are in the low pressure limit. Rate constants k = AT"e-Ea/RT are given for the forward 
direction; rate constants for the reverse direction are calculated using thermodynamic data 
from the Chemkin data basel', supplemented where necessary by other standard sources13. 

Resu l t s  

The predictions of the model are shown in Figure 1, which displays steady s ta te  profiles 
of all species that reach mole fractions of a t  least lo-". The reaction chamber is located 
between 2 = 35.1 and 44.7 cm, and the crucible is located at 2 = 40. 

Chemical reaction is initiated in this system by the reverse of Reaction 2 of Table I 
[denoted A-1) which produces H and CH3 and which occurs only at the highest temperature 
positions near 2 = 40. The  H is rapidly consumed by A3, forming additional CH3.  Within 
the reaction chamber the CH3 mole fraction (and the mole fractions of many other species) 
is nearly independent of 2 because the gas velocity there is low, and mixing by diffusion 
is rapid. As the CH3 formed by A-2 and A3 diffuses upstream toward the flow tube, it is 
consumed by A-3, creating H atoms. CH, decay for 2 < 35.1 is due mainly to  A-11, which is 
nearly irreversible at the low temperatures in the flow tube. C2H6, formed mainly between 
2 = 33 and 2 = 35 by A-14, is for the most part carried downstream into the  reaction 
chamber. However, some c2H6 diffuses upstream against a high gas velocity, giving the 
falloff in concentration for 2 < 34. CzHs (ethyl radical) is formed in the reaction chamber 
by both Aiz and A13, but near 2 = 40 it decomposes rapidly via ,415 to make C2H4, 
accounting for the drop in  the CZH5 mole fraction there. A17 produces small amounts of 
CzH2 at 2 = 40. Some CzH, and CzH2 formed there diffuse upstream into the flow tube. 

Because of the low pressure (0.5 torr) and short residence time (250 ms) in the  reaction 
chamber, the chemical reactions are far too slow for the CH4/Hz mixture to attain equilib- 
rium. For example, a t  equilibrium the mole fraction of CzH2 at the crucible would be 0.19, 
thirteen orders of magnitude higher than shown in Figure 1. The equilibrium mole fractions 
of some other relevant species are Xt>, = 3.2 x 
Xz",x,, = 3.6 x Comparing these values to those shown in 
Figure 1, it is clear that  the assumption of equilibrium is totally unjustified in  this sys- 
tem. We showed previously' that  the assumption of equilibrium is equally untenable during 
filament-assisted diamond growth. Instead, the compositions in these systems are kinetically 
controlled. 

Xz = 2.8 x X&, = 4.8 x 
and X:k3 = 2.7 x 

Discussion 

The first conclusion we draw from Figure 1 is that aside from CH4 (X = 0.7), only C z f f ,  
and CH3 have mole fractions above X,.,,," = 1 x lo-'. Using Eqn. (2), we can calculate 
the reaction probability R required if we assume that one of these species is responsible for 
the observed diamond growth. The result is RCH, - lo-', while and Rcat - io-'. 
To put these numbers into perspective, the reaction probability for C H ,  decomposing on 
pyrolytic carbon" is 1.5 x IO-' at 1438 K, with a roughly similar reaction probability for 
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CzH6I5. Based on these data, the value required here for RCH, appears quite reasonable 
while that  for Rc2,ys does not. On the other hand, a high value for Rc,ys is plausible, as CH3 
is a radical. XC,H, and especially XC,H, are so small that these species can be excluded 
from further consideration. 

Although Xc,ys and Xc,,ye both exceed &,in, we must also consider our second con- 
straint and estimate the rate that CH3 and could have been generated from CH4 
decomposition. For purposes of this analysis we will make two extreme assumptions: (1) 
Every molecule of CH4 which reacted at all was converted permanently into C H j  or CzHs. 
That is, we ignore all reactions such as A-3 which destroyed either species. (2) No matter 
where in the system these species were formed, they were transported to the crucible for 
addition to the diamond seed crystals. With these two assumptions we can calculate an 
upper limit t o  the rate of diamond growth from CHJ and CZH6. 

Our analysis shows that a t  steady state approximately 95% of the CH4 that reacted did 
so uia A3, with nearly all the rest reacting via A-2. Thus, we can calculate the total number 
of CH4 molecules reacting/s by evaluating for each 2 the rates of these 2 reactions, shown 
in Figure 2, multiplying them by the volume element dV = A d z ,  and then integrating 
with respect to 2. The result is that  the calculated steady state reaction rate integrated 
over the entire apparatus is 1.8 x l O I 4  CH4 molecules/s. Since this rate is nearly 500 times 
lower than that required by our second constraint, we conclude that neither CH3 nor CzH6 
(nor any other species) was produced in this system a t  a rate fast enough to contribute 
significantly to diamond growth. We infer that diamond growth occurred in this system by 
direct decomposition of CH4 on the diamond surface. 

It is interesting to compare growth of diamond from CH4 with growth of pyrolytic carbon 
from C2H2. The kinetics of the latter reaction can be described using a single Arrhenius 
expression between 600 and 1700 K with an activation energy of only 25 k ~ a l / m o l e ’ ~ J ~ .  
Since it is unlikely that a reaction involving radicals made from CzHz would have such a low 
activation energy at 600 K,  we expect that  the acetylene reaction forming pyrolytic carbon 
is also a direct molecular decomposition on the carbon surface. It is, however, substantially 
faster than the decomposition of CH4 to make pyrolytic carbon or diamond. 

As pointed out above, the value we obtained here for &,y4 is similar to that for CH4 
decomposition on pyrolytic carbon“J6. Furthermore, the 55 kcal/mole activation energy 
measured by Chauhan et al? (or the 58 kcal/mole activation energy measured by Tesner et 
al.IB for the same reaction) is similar to the 65 kcal/mole for addition of CH4 to pyrolytic 
carbon”. Finally, we note that Hz acts as an inhibitor to growth of both diamond7 and 
pyrolytic carbonI4 in CH4 systems. It is tempting to imagine that diamond and pyrolytic 
carbon growth are similar processes. If so, we would speculate that diamond-like pyrolytic 
carbon-can grow from a direct reaction of a variety of hydrocarbonsI6, although the re- 
action probabilities for different species could vary considerably. Continuing with this line 
of speculation, the propensity of different growth species to form pyrolytic carbon (rather 
than diamond) could be different. For example, a molecule such as CzHz, with its multi- 
ple bonds, could be more likely to form pyrolytic carbon than CH4, which is already sp3 
bonded. (However, even CH4 does produce pyrolytic carbon.) In that c u e ,  since the C2 Ha 
concentration increases approximately as the square of the CH4 concentration when CH, is 
the starting material, we would expect a deterioration in the quality of the diamond films 
grown with increasing CH, concentration. Such a deterioration is in fact observed’. 
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Although one of the main conclusions of this work is that the diamond growth results of 
Chauhan e t  al.T cannot be accounted for by CzHz or CH3, we emphasize that our results do 
not contradict the calculations of Frenklach and Spear' or Tsuda et  d6, who claimed that 
C2Hz or CH3 is the principal growth species in filament- or plasma-assisted diamond film 
growth. Our results show, instead, that diamond films can and dogrow from CH4, and that 
neither CzHz nor CH3 is required. However, given the roughly similar concentrations of 
CH4, C H I ,  C2Ha, and CzHz under filament-assisted diamond growth condi t ion~~~ ' ,  CzH4,  
CzH2 and/or CH3 could well contribute more than CH4 to diamond growth there. 

Because some of the experimental parameters used in  this modeling effort were not 
measured, we had to make a number of approximations and assumptions. In this section we 
consider how they affect our conclusions. 

The most important approximation is that the temperature and species mole fraction 
fields were 1-dimensional. In fact, the wall temperatures werestated to  be below 473 K, even 
at the location we have called Z = 40, where we have assumed a temperature of 1438 K. 
And we have not accounted for radical destruction which can take place on the walls. Thus, 
for both temperature and chemical reasons the walls are sinks for radicals. Because of the  
importance of diffusion in  this system, processes which occur a t  the walls can be expected 
to have an impact at the crucible, 5 cm away. In our model we can simulate the presence of 
such a sink 5 cm from the crucible by changing the assumed temperature profile so that  i t  
drops to 500 K (instead of 1250 K)  by Z = 45. This results in reductions by factors of 2-3 
in X C H ~  and XH and factors of 4-6 in Xc2,y, and XC,H,.  By no means does this simple 
exercise accurately take into account the effect of the walls. What i t  does show, however, 
is that the presence of the  cool walls lowers the mole fractions of the pyrolysis products 
(species other than CHd and H z ) .  We conclude that the mole fractions shown in Figure 1 
are upper limits to their true values, reinforcing our conclusion that no species besides CH4 
could have contributed significantly to diamond growth. 

Beyond considering the walls as radical sinks, we have not attempted to model any possi- 
ble heterogeneous chemistry taking place in this system. We do not expect that  extraneous 
heterogeneous chemistry affected the diamond growth kinetics for three reasons. (1) The  
rate for pyrolytic carbon growth measured by Chauhan et al.' is within a factor of 2 of the  
rate of pyrolytic carbon growth calculated from the formula of Fedoseev et al." for the same 
CH4 and Hz pressures but in the absence of any diamond. Since this difference is smaller 
than the experimental uncertainty, we conclude that the presence of diamond has no effect 
on the growth rate of pyrolytic carbon. Similarly, the analysis of Chauhan et al.' shows 
that the presence of pyrolytic carbon does not affect the growth rate of diamond (except to 
the extent that it reduces the available diamond surface area). These results make plausible 
the assumption that extraneous heterogeneous chemistry on the diamond also did not affect 
the kinetics of diamond growth. (2) The kinetics of diamond growth was the same in flow 
tubes with hot (- 1200 K)I8*l9 and cool (< 500 K)' walls. We conclude that heterogeneous 
chemistry on walls of the system did not affect the kinetics of diamond growth. (3) The  
kinetics of diamond growth was unaffected when platinum, graphite, or quartz were used as 
crucibles'Jg. That even a highly active catalytic material such as platinum did not affect 
the kinetics of diamond growth is perhaps not surprising if the growth species was CH4. 

I 
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Table  I 

M e t h a n e / H y d r o g e n  m e c h a n i s m  

REACTIONS A n E. Ref 

9.7Et16 
8.0Et26 
2.2Et04 
1.OEt13 
8.OE+14 
7.2Et14 
2.OE+13 
1.OEt16 
4.OEt13 
6.OEt13 
3.OEt13 
5.4Et02 

1.OE+19 
1.OE-I-17 
7 . 9 E t l l  
2.6Et17 
2.6Et17 
1.5E+14 

5.5E-01 

A20) CzH4 + CH3 = CH4 + CzH3 
A21) CzHj + H = CaHi + Hz 
A22) CzH3 + M = CzHz + H + M 
A23) ClHs + CH3 = CzH2 + CH4 
A24) CzHz + M = C2H t H + M 

k = AT"e-En/RT, R = 1.99 x 
Units are cm3, moles, seconds, kilocalories 

4.2EI-11 
2.OEI-13 
3.OE+15 
7.9E+ll 
4.OEt16 

A25) ClHz + H = C2H t H Z  6.OE+13 0.0 23.7 20 

kcal/mole-deg 

a Results at 2 = 40 are more sensitive to the value of this rate constant than t o  any other 
rate constant. 

-0.6 
-3.0 
3.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
3.5 
4.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
8.8 
0.0 
26.5 
15.1 
0.0 
90.6 
0.0 
0.0 
0.0 
5.2 
8.3 
68.0 
31.0 
0.0 
79.4 
96.6 
10.2 
11.2 
0.0 
32.0 
0.0 
107.0 

20 
20a 
20 
21 
20 
21 
21 
20 
20 
22 
22 
20b 
20b 
20b 
20b 

20b 
23 

20 
20 
20 
20 
20 
23 
20 

Results a t  2 = 40 show significant sensitivity to the value of this rate constant. 
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z (CM) 
1. Loglo of mole fractions of all species calculated t o  have mole fractions of at least IO-". 

The vertical dotted lines indicate the location of the reaction chamber; the crucible 
holding the diamond seed crystals is at 2 = 40 cm. Solid squares, CzHs; open squares, 
CH3; solid circles, H ;  open circles, C2H4; triangles, CzHs; crosses, CzHz; inverted 
triangles, CHz. CH4 and Hz, with mole fractions of 0.7 and 0.3, respectively, are not 
shown. 
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I 

W O  
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1 
0 

WFsD - m m  
I 

0 

z (CM) 

2. Molecules of CH, which reacted/cmJ.s as a function of 2. Solid squares, Reaction AJ: 
CH4 + H -+ CHJ + Hz. Open squares, Reaction A-2: CH, t M + CHJ + H t M. For 
this analysis these reactions are considered only in the direction indicated by the arrows. 
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