
Temperature dependence of species concentrations near the substrate 
durirng diamond chemical vapor deposition 

E. J. Corata) and D. G. Goodwin 
Division of Engineering and AppIied Science, California Institute of Technology, Pasadena, 
California 91125 

(Received 3 August 1992; accepted for publication 9 April 1993) 

Measurements have been made of the temperature dependence of CHs, CH4, and C,H, very 
near the substrate during filament-assisted diamond growth. CH3 was detected using (2+ 1) 
resonance-enhanced multiphoton ionization (REMPI), and CH4 and C,H,concentrations were 
measured using sampling mass spectrometry. A strong dependence of the CHs REMPI signal on 
substrate temperature was observed, which at low temperatures may be characterized as having 
an activation energy of approximately 4+ 1 kcal/mole. Methane and acetylene, on the other 
hand, are relatively independent of substrate temperature. These results are most likely due to 
recombination of methyl to methane or ethane in the cool gas layer near the substrate or on the 
surface at low substrate temperatures. 

I. INTRODUCTION 

The technology of diamond film deposition has devel- 
oped rapidly since the discovery that diamond could be 
grown efficiently under metastable conditions by chemical 
vapor deposition (CVD). Polycrystalline films can now be 
produced with optical, mechanical, and thermal properties 
approaching those of natural diamond. Nevertheless, many 
proposed applications for diamond require that several re- 
maining problems be overcome, for example, the high 
growth temperatures needed, the incorporation of hydro- 
gen and sp’ carbon impurities, and the relatively low.effi- 
ciency (and therefore high cost) of current growth pro- 
cesses. 

One barrier to overcoming these problems is that the 
fundamental mechanisms of diamond growth and graphite 
suppression under CVD conditions are not well under- 
stood. Recent work in several laboratories has shown that 
the methyl radical CHs is the dominant growth species 
under typical conditions,‘” but under some conditions di- 
amond can grow from acetylene as we11.4 It has also been 
proposed that atomic carbon may contribute to diamond 
growth in some plasma environments.6*7 Mechanisms have 
been proposed for incorporation of carbon into the dia- 
mond lattice from either methyl*-I2 or acetylene.‘2-‘5 

One important test of a growth mechanism is whether 
it can reproduce the observed dependence of the growth 
rate on substrate temperature. 16.17 The measured tempera- 
ture dependence, however, may have two sources: the in- 
trinsic temperature dependence of the surface growth 
mechanism, and the variation with substrate temperature 
of the gas-phase reactants (e.g., CHs, C&H,, H) at the 
surface. To compare theory with experiment, it is first nec- 
essary to measure the dependence of the gas-phase reactant 
concentrations at the surface on substrate temperature. 
This information is also useful for validating computa- 
tional models of the diamond growth environment.7”8-22 

‘)Permauent address: Instituto National de Pesquisas Espaciais, !?.Xo Josh 
dos Campos, SP, Brazil. 

In this paper, we examine the effect of substrate tem- 
perature on the gas-phase concentrations of CHs, CH4, 
and &Hz very close to the substrate during filament- 
assisted diamond growth. The methyl radical is detected in 
situ using resonance-enhanced multiphoton ionization 
(REMPI), which has been shown previously to be a sen- 
sitive diagnostic for methyl under filament-assisted dia- 
mond growth conditions.23 Methane and acetylene are 
measured by sampling mass spectrometry. 

The results of this study show that the CH3 concen- 
tration near the substrate is significantly depleted at sub- 
strate temperatures below 1000 K. The CH4 and C2H2 
concentrations near the substrate are only weakly depen- 
dent on substrate temperature. As discussed below, the 
most likely explanation for these results is either homoge- 
neous recombination of methyl to form methane or ethane 
occurring in the cool gas region near the substrate, or het- 
erogeneous recombination on the diamond surface. How- 
ever, surface reactions which produce CH3 (particularly 
etching of sp2 carbon by atomic hydrogen) may contribute 
as well to the observed temperature dependence. 

II. EXPERIMENTAL 

The experimental apparatus is shown schematically in 
Fig. 1. The hot filament reactor consists of a 2.0 inch od 
five-way cross with water-cooled walls. The gas inlet and 
the electrical feedthroughs for the filament current and the 
ionization probe bias are in the top arm of the cross, and 
the electrical feedthrough for the substrate temperature 
control and the gas exhaust to the vacuum pump are in the 
bottom arm. A tee in the exhaust line diverts a small por- 
tion of the exhaust to a quadrupole mass spectrometer for 
on-line analysis during the REMPI measurements. Two 
opposing side arms are fitted with calcium fluoride win- 
dows to allow the. laser beam inside the reactor. 

Figure l(b) shows the filament, substrate and ioniza- 
tion probe geometry in more detail. The substrate consists 
of a 5 mm wide, 20 mm long, and 125 pm thick molybde- 
num foil. The substrate is heated electrically using a dc 
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FIG. 1. (a) Schematic of experimental setup. (b) Close-up showing 
filament, substrate, ionization probe, laser beam, and biasing scheme. 

current, which allows us to control its temperature inde- 
pendently of the filament temperature. The substrate tem- 
perature is measured with an icepoint-corrected chromel- 
alumel thermocouple (type K) spot-welded to the center 
of the substrate lower surface. The substrate is supported 
by two 1.6 mm diameter tungsten posts, which are in turn 
mounted on a water-cooled copper feedthrough. 

The filament consists of a single, straight 200 pm di- 
ameter tungsten wire, approximately 25 mm long, and was 
typically kept at a distance of 7 to 15 mm from the sub- 
strate. The lowest attainable substrate temperature (with 
no power applied) was 900 K at 7 mm and 700 K at 15 
mm, when the filament temperature was kept at 2200 K. 

The filament brightness temperature is measured 
through a glass viewport on a side arm using a one-color 
disappearing-filament pyrometer. While we report here 
only the directly-measured brightness temperature, an 
emissivity correction can be applied to estimate the true 
filament temperature.24 

The ionization probe is a 250 pm platinum wire sup- 
ported by a ceramic tube. A bead was formed on the probe 
end by a standard arc thermocouple welder. The probe 
bead is located 2 mm above the center of the substrate. The 
laser is focused just above the substrate, at a distance from 
the substrate of less than 0.5 mm. Since modeling studies18 
have shown that the chemical mean free path of CH3 is 
approximately 1 mm under filament-assisted conditions, 
we expect the methyl concentration at the measurement 
position to be essentially the same as that at the tim sur- 
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face. Either a 20 or 50 cm focal length focusing lens is used, 
resulting in a beam waist of less than 40 pm. 

To make the CH4 and C2H2 measurements, the exper- 
imental setup was modified to accommodate a quartz mi- 
croprobe for mass spectroscopic sampling. In the present 
apparatus it was not possible to accommodate both the 
microprobe and the ionization probe simultaneously, and 
so Cl& and GH2 concentrations were measured with the 
microprobe in separate experiments which replicated the 
conditions of the REMPI CH3 measurements. To insure 
that the conditions were identical, the gas exhaust compo- 
sition was measured both during the REMPI and micro- 
probe experiments, and used as a check that the conditions 
were the same. We found that changes in the gas compo- 
sition at the substrate, as measured with the microprobe, 
were always reflected in the exhaust gas also, even though 
the measured absolute mole fractions were different. 

The microprobe is a 6 mm diameter quartz tube, 
drawn down to a probe tip diameter of 150 ,um. The pres- 
sure inside the probe is held at 0.3 Torr, to quench chem- 
istry other than radical recombination. This sampling 
method has been used successfully by Harris, Weiner and 
Perry under similar conditions.25 The sampled gas flows 
past an orifice, which allows a small portion of the gas into 
the quadrupole mass spectrometer ionizer. Methane and 
acetylene are monitored from mass peaks 15 and 26,- r-e 
spectively. A calibration gas mixture of 0.3% CH4 and 
0.3% C$H2 in Hz was used to calibrate the signal to yield 
absolute mole fractions. 

The UV beam used for the REMPI measurements was 
produced by frequency-doubling the output of a YAG- 
pumped pulsed dye laser (Continuum YG 661 pumping a 
TDL 5 1) in an autotracking converter (INRAD). The dye 
used was DCM, dissolved in DMSO to extend its emission 
to 670 nm. The dye laser linewidth is approximately 0.08 
cm-‘. After frequency doubling, a pulse energy of 1 mJ 
with a typical duration of 7-8 ns was obtained at the wave- 
length of the CH3 REMPI line (333.5 nm). 

The REMPI signal from the ionization probe was am- 
plified and detected by a boxcar averager (Stanford Re- 
search Systems SR 250)) using an integration gate width of 
100 ns. The signal was then digitized and sent to a micro- 
computer for further processing. 

Before any measurements were taken, the substrate 
was scratched with diamond paste and a diamond film was 
grown for at least 12 hours, using a gas flow of 100 seem of 
0.5% methane in hydrogen, a filament brightness temper- 
ature of 2200 K, and a substrate temperature of 1000 K. 
Under these conditions, a continuous diamond film with 
typical crystal size of approximately 1 pm was always ob- 
served to grow. 

All results presented here were obtained for a pressure 
of 35 mbar. 

Ill. VALIDATION OF REMPI DETECTION SCHEME 

A typical survey ionization spectrum is shown in 
Fig. 2. This spectrum was taken immediately above the 
substrate, using a gas mixture of 0.5% CH, in HZ. The 
main features in this spectrum are the CH3 (2 + 1) REMPI 
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FIG. 2. Typical survey ionization spectrum. Dashed line shows laser 
energy variation. 

signal at 333.5 nm and the atomic carbon (2+ 1) REMPI 
signal at 320.2 nm, which results from photolytically pro- 
duced C. We were not able to identify the broad peak near 
326 run. Another feature is the high background ionization 
level, which is a function of laser energy. The two broad 
peaks near 319 and 329 nm are close to CHs assignments. 
Celii et aLz3 observed, however, that the CH, 3p2A;2i 
transition is hidden under an unassigned peak at 329.1 nm. 
We did not observe the other unattributed peak at 332.1 
run observed by Cclii et aZ., even at the highest filament 
temperatures in our system. 

The peak at 333.5 nm results from the vibrationless 
(O-O) two-photon absorption from the X2A,” electronic 
ground state of CH3 to the 3p2Ag Rydberg state, followed 
by an incoherent single-photon ionization. The observed 
peak is the strong Q branch of the band, whose rotational 
structure is completely unresolved, due to the effect of pre- 
dissociation on the rotational linewidth. 

All results reported below are obtained from the peak 
of this transition, correcting for background ionization. To 
relate this signal to the CH3 concentration, several factors 
must be considered: ( 1) the electron collection must be 
saturated, (2) the collection efficiency must be indepen- 
dent of changes in parameters to be varied (i.e., tempera- 
ture), and (3) the Boltzmann distribution of population 
among the vibrational and rotational levels of the lower 
electronic state must be accounted for. 

Obtaining saturated electron collection depends prima- 
rily on shaping the electric field near the probe appropri- 
ately. The biasing scheme used in these measurements is 
shown in Fig. 1 (b). The substrate is grounded and the 
probe and filament are positively biased. The filament bias 
was maintained at 20 V less than the probe bias. The elec- 
trical noise due to thermionic electron emission was filtered 
when the filament biasing power supply was used. Its out- 
put shunt capacitance was found to substantially reduce 
the thermionic emission noise, and no further shielding of 
the probe from the filament was necessary. This biasing 
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FJIG. 3. Dependence of CH, REMPI signal on probe bias voltage for three 
substrate temperatures. 

scheme resulted in saturated electron collection for various 
experimental conditions, as evidenced by the plot of col- 
lected current vs bias voltage shown in Fig. 3. For the 
measurements discussed below, the probe bias voltage was 
set at 100 V. 

To verify the relationship of the REMPI signal to the 
concentration of the probed species near the surface, a 
small amount of argon was bled into the reactor 
and the (3 + 1) REMPI signal at 314.4 nm from the 
Ar 3p” ‘S -+ 3p54s4s’[ 1/2]“J = 1 transition was measured 
as a function of filament and substrate temperatures, under 
the same conditions used for the CH3 REMPI measure- 
ments. Since argon is non-reactive, we expect the Ar con- 
centration to vary inversely with gas temperature, due to 
the change in gas density with temperature. A similar pro- 
cedure has been used previously by Smyth and Tjossem26 
to calibrate the REMPI collection efficiency in flame ex- 
periments. 

Since the 4s’ transition is dipole-allowed, retroreflec- 
tion of the beam to form a standing wave geometry is 
necessary to avoid cancellation of the REMPI signal by 
competing third harmonic generation2’ This was accom- 
plished using two 20 mm focal length lenses and one mir- 
ror. Due to the sensitivity of the Ar (3 + 1) REMPI signal 
to the precise overlap of the beams at the focus, as well as 
to the stronger dependence of the signal on laser pulse 
energy (which was stable only to 5%)) the fluctuation in 
the Ar (3 + 1) REMPI signal is larger than that we ob- 
served for the methyl (2+ 1) signal. Nevertheless, the Ar 
REMPI signal shows the expected l/r dependence on 
substrate temperature to within experimental error, as seen 
in Fig. 4. 

Since the CH3 REMPI signal results from the u = 0 
vibrational ground state, it measures directly only the pop- 
ulation in this state. To relate this to the total CH3 popu- 
lation, we assume 

ICI531 a%&(T), (1) 
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FIG. 4. Dependence of the Ar 4s’ (3+ 1) REMPI signal on substrate 
temperature. The dashed curve shows a fit to a T-’ variation expected 
due to ideal gas expansion. 

where S is the measured REMPI signal, Qtib is the vibra- 
tional partition function, and T is the gas temperature at 
the measurement location. This temperature is not mea- 
sured, but since the gas temperature must equal the stib- 
strate temperature at the substrate, we estimate that it is 
within 50 K of the substrate temperature at the measure- 
ment location. We therefore evaluate Eq. ( 1) using the 
substrate temperature; the resulting error in Qtib is well 
within the experimental uncertainty. 

The partition function is calculated from the known 
frequencies and degeneracies of the vibrational modes of 
CH3 (Ye = 2992.6 cm-‘, v2 = 606 cm-‘, v3 = 3158.9 
cm-‘, v4=1394.6cm-‘,gl=g2=l,g3=g4=2),using 
measured and calculated vibrational energy levels for the 
first 5 levels of the vz mode28’29 and the harmonic oscillator 
approximation otherwise. Over the temperature range of 
interest here (700-1300 K), Qvib varies from 1.5 to 3.4, 
resulting in more than a factor of 2 correction in the tem- 
perature dependence data. The large value of Qvib results 
primarily from the low-frequency out-of-plane vibrational 
mode v2, which becomes significantly populateQ at these 
temperatures. 

In principle, a similar partition function correction 
should be applied to the rotational levels as well, to ac- 
count for the fact that the laser pumps only some rota- 
tional lines. However, this is not feasible in practice since 
the Q branch is rotationally unresolved due to upper-state 
predissociation, and therefore the rotational lines are broad 
and overlapping. Instead, we assume, like previous 
investigators,30 that the unresolved rotational manifold of 
the Q branch is relatively temperature-independent. This 
assumption is plausible, since many rotational lines are 
simultaneously pumped. Further support for this approach 
is given by the spectra in Fig. 5, taken at substrate temper- 
atures of 800 K and 1200 K, which show no significant 
differences in the shape of the manifold. In this case, the 
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PIG. 5. Rotational manifold of the CH, REMPI Q branch. The solid 
curve shows the measured profile at a substrate temperature of 800 K, and 
the dashed curve shows the profile at 1200 K. Both curves are normalized 
to equal area, and some smoothing has been done to allow a better com- 
parison between the curves. 

signal at the peak (where the concentration measurements 
are made) is proportional to the area under the curve to 
within experimental error. However, we cannot at present 
rule out the possibility that the appearance of the manifold 
is affected by J-dependent predissociation. In this case, 
there may be some temperature dependence to the REMPI 
signal which we do not account for here. 

iv. RESULTS 

A. Filament temperature dependence 

While the focus of this work is the effect of substrate 
temperature on species concentrations, some measure- 
ments of the filament temperature dependence were also 
made. The variations with filament temperature of the 
CH3 REMPI signal and the CH, and qH2 mole fractions 
near the substrate are shown in Fig. 6, for an initial gas 
composition of 0.5% CH4 in Hz. All measurements were 
performed with the substrate temperature fixed at 1000 K. 
The conversion of methane to acetylene increases sharply 
above a filament brightness temperature of 2100 K, accom- 
panied by a sharp increase in the methyl REMPI signal. 
The CH4 and C$H2 results are similar to those reported 
previously for a gas composition of 3% CH4 in Hp24 Also, 
Celii and Butle?3 report a similar variation of CH3 with 
filament temperature. The present results show conclu- 
sively that the sharp changes seen in CH4, qH2, and 
CH3 all occur over the same filament temperature range, 
and occur even for the more typical composition used for 
diamond growth of 0.5% CH4 in Hz. 

Sommer and Smith24 have argued that the sharp 
change in gas composition as the filament temperature is 
increased results from filament poisoning’at low tempera- 
tures, due to a graphite layer coating the filament. For a 
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FIG. 6. Measured CHs REMPI signal (arbitrary units) and CH4 and 
GHz mole fractions vs filament brightness temperature for 0.5% q in 
Hz,p=35 mbar, and T, = loo0 K. 

composition of 0.5% C& in Hz, the carbon-hydrogen 
equilibrium phase dia 

$ 
ram shows that graphite is stable 

below about 2170 K,2 and our measurements are consis- 
tent with this interpretation. (The actual filament temper- 
ature is somewhat higher than the brightness temperature, 
but when the filament is graphite-coated the emissivity is 
approximately 0.9, so the difference is not large.) 

As shown in Fig. 6, once the graphite layer desorbs 
from the filament, the CHs, CH,, and GH2 signals satu- 
rate, and are apparently unaffected by further increases in 
filament temperature. This is in contrast to atomic hydro- 
gen, which several studies. have shown to continue to in- 
crease with increasing filament temperature.31-33 

The effect of gas flow rate on the methane and acety- 
lene mole fractions is shown in Fig. 7. While the CH4 mole 
fraction in the exhaust gas was measured to be 0.5% at low 
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FIG. 7. Methane and acetylene mole fractions vs filament temperature for 
two different gas flow rates. Solid symbols: CH, mole fraction; open sym- 
bols: f&Hz mole fraction; squares: 100 seem; circles: 400 seem. 
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FIG. 8. Substrate temperature dependence of CH, and GH,, (a) 7’s, 
= 2100 R; (b) T, = 2200 K. Circles: C$H,; triangles: CH+ 

filament temperatures, near the substrate it is always less 
than this value, and shows a dependence on gas flow rate. 
This behavior is consistent with thermal diffusion (the 
Soret effect), which will cause heavy species to diffuse pref- 
erentially to cold regions of the reactor near the walls, 
depleting the hot filament/substrate region of hydrocar- 
bons. The conversion of methane to acetylene is seen to be 
relatively unaffected by gas flow rate, since for both cases 
the change in the CH4 signal and the magnitude of the 
CzH2 signal are nearly the same. 

B. Substrate temperature dependence 

The substrate temperature dependence of the CH4 and 
GH2 mole fractions is shown in Fig. 8. At TN = 2100 K 
(where the filament is still partially graphite-coated and 
CH4 concentrations are still high) some conversion of 
methane to acetylene occurs as the substrate temperature is 
raised; this may, however, be due to an increase in the 
average gas temperature, rather than direct conversion on 
the substrate. (The possibility that increasing the substrate 
temperature could affect the filament temperature was ex- 
amined by monitoring the filament power, voltage drop, 
and brightness temperature. Since these were found to be 
independent of substrate temperature, we conclude that the 
conversion of methane to acetylene is not due to a slight 
increase in the filament temperature.) At T,l = 2200 K, 
where the graphite layer has largely been removed from the 
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filament, no effect of substrate temperature on acetylene is 
seen, and only a small decrease in the methane mole frac- 
tion is observed.. 

The substrate temperature has a larger effect on the 
near-substrate methyl radical concentration, however, as 
indicated in Fig. 9. The relative CH3 concentration near 
the substrate is shown as a function of substrate tempera- 
ture for two different flow rates ( 100 seem and 400 seem) 
and filament temperatures (2100 K and 2200 K). In each 
case, the methyl concentration rises as the substrate tem- 
perature is increased from 700 to 1000 K, then increases 
more slowly or begins to decrease at higher substrate tem- 
peratures. The change in the CH3 REMPI signal observed 
for increasing substrate temperature was completely re- 
versible when the substrate temperature was lowered, and 
was very repeatable from run to run. Also, the results do 
not appear to be reactor-specific, since we found the same 
behavior in REMPI measurements carried out in a much- 
larger bell jar reactor as in the small 5-way cross. 

The substrate temperature dependence of the CHs sig- 
nal measured near the substrate is compared in Fig. 10 
with the signal observed 4 mm above the substrate. Since 
the gas temperature away from the substrate is not mea- 
sured, no partition function correction could be applied to 
this data, and therefore the uncorrected REMPI signals at 
the two locations are compared in this figure. These results 
indicate that the fall-off in methyl seen near the .substrate at 
low temperatures is not observed further away. We there- 
fore conclude that it is due to chemistry occurring in the 
gas phase in the immediate vicinity of the substrate, or else 
directly on the surface. 

An Arrhenius plot of the data of Fig. 9 is shown in Fig. 
11. At temperatures below about 1000 K, the data fall on 
reasonably straight lines, and can all be described by an 
activation energy of approximately 4 kcal/mole. We may 
compare this value to reported activation energies for the 
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FIG. 10. Comparison of uncorrected REMPI signal vs substrate temper- 
ature just above substrate to that 4 mm away. 

diamond growth rate. Kondoh et al. l6 have measured 
growth rates which peak at about 1200 K, and decline for 
higher temperatures. They report an activation energy in 
the temperature range of 1000-1200 K of 22-24 kcal/ 
mole. Chu et al. ” have measured the homoepitaxial 
growth rates on (lOO), (ill), and (110) faces over the 
temperature range of 950-1250 K. They report activation 
energies of 8, 12, and 18 kcal/mole for homoepitaxial 
growth on the ( loo), ( 111)) and ( 110) faces, respectively, 
although the temperature dependence appears to be larger 
in the range 950-1000 K, and they assign an activation 
energy of 50 kcal/mole in this region. This comparison 
indicates that the temperature dependence of the methyl 
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FIG. 11. Arrhenius plot of data in Fig. 9. The low temperature fall-off of 
CHs may be characterized by an activation energy of approximately 4 
kcal/mole. 
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FIG. 12. Relative CH3 concentration at the substrate vs substrate tem- 
perature for three different substrate to filament distances. 

radical concentration at the surface contributes to the mea- 
sured activation energies for growth, but is less important 
than other factors. 

A similar dependence of the CH, concentration on 
substrate temperature is observed for different filament- 
substrate separations, as seen in Fig. 12. In all cases, the 
rise with temperature is approximately the same below 
1000 K, and a saturation or decline is seen above 1000 K. 
The larger absolute signal at 7 mm compared to 11 mm 
indicates a larger CHs concentration closer to the filament, 
in agreement with expectation and previous measure- 
ments,” although variations ‘in REMPI collection effi- 
ciency with filament-substrate distance may affect the rel- 
ative magnitude of the signal at the three distances. 

The effect of different gas compositions on the CH3 
temperature dependence is shown in Fig. 13. At low tem- 
peratures, the rate of increase of CHs is very similar for the 
three compositions shown here. However, there is a pro- 
nounced shift in the location of the peak of the CHs con- 
centration as the hydrocarbon content of the gas increases. 
For the 5% case, CH3 declines at higher substrate temper- 
atures. The methyl concentration is also seen to be approx- 
imately proportional to the initial methane fraction. As the 
CH, fraction is increased to 1% from 0.5%, the measured 
CHs concentration increases by about a factor of two be- 
low 1000 K, but somewhat less than this at higher temper- 
atures. 

V. DISCUSSION 

The methyl concentration at the surface is determined 
both by chemistry, which may occur either in the gas- 
phase near the substrate or on the surface, and transport 
from further away in the gas. To properly interpret this 
data requires a numerical simulation which can account 
for all of these effects. A detailed comparison of this data 
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FIG. 13. Relative CHB concentration at the substrate vs substrate tem- 
perature for three different methane percentages in the initial gas mixture. 
The 5% curve has been scaled to fit on the same plot. 

with model predictions will be presented elsewhere. Here 
we only indicate the most likely factors influencing the 
methyl concentration at the substrate. 

Modeling studies “Jo have shown that away from the 
substrate the methyl concentration under typical filament- 
assisted conditions is set by the partial equilibrium of the 
rapid reaction. 

CH4 + H=CHs + Hz. (2) 

The equilibrium constant for this reaction is nearly inde- 
pendent of temperature. Thus, if this reaction controls the 
CH3 concentration, we have that [CH3] a [CHJ[H]/[H;I. 

The observed results could be explained if reaction (2) 
is in partial equilibrium near the substrate and the atomic 
hydrogen concentration decreases at low temperatures. 
However, both simulations’9 and measurements34 show 
that the partial equilibrium of reaction (2) breaks down 
near the surface. Also, the atomic hydrogen concentration 
at the surface is governed by a balance between diffusion to 
the surface and surface recombination; a lower H concen- 
tration at low substrate temperatures would require that 
the surface recombination coefficient of H on diamond be 
larger at low temperatures than at high temperatures. 
However, recent measurements3”36 show that the recom- 
bination coefficient increases with temperature, as it does 
on similar surfaces, such as quartz and glass.37*38 

A second type of gas-phase reaction which might ac- 
count for the present results is a radical-radical recombi- 
nation reaction, such as 

CH3 + CH3 + C2H6 (3) 
or 

CH3+H--CH4. (4) 
Both of these reactions have pressure-dependent rate con- 
stants with negative temperature exponents (faster at 
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lower temperature) .39,40 Using rate constants appropriate 
for 35 mbar and estimated mole fractions based on the 
measurements of Hsu41 for a similar filament-assisted ex- 
periment, we find that these two reactions contribute al- 
most equally to methyl consumption in this temperature 
range. We estimate that the methyl destruction time, con- 
sidering both reactions, is 200 ps at 700 K, while at 1400 K 
it is an order of magnitude longer (2 ms) . An additional 
factor may be that reaction (2) has an activation energy of 
almost 9 kcal/mole,39 and therefore cannot replenish me 
thy1 lost by (3) or (4) as rapidly at lower temperatures. 

fully acknowledges support from the Conselho National de 
Desenvolvimento Cientifico e Tecnol&ico, Brazil. 

It is also possible that CH3 could recombine heteroge- 
neously on the diamond surface. Also, methyl is known to 
be a primary etch product of H-attack on amorphous 
carbon.42*43 Etching of non-diamond carbon by atomic hy- 
drogen is widely thought to be an essential aspect of CVD 
diamond growth, resulting in suppression of non-diamond 
phases. Since etching of carbon 6lms by atomic hydrogen 
typically has a small positive activation energy (e.g., 
5.3 f 1.9 kcal/mole@), if this process occurs rapidly 
enough it could result in production of methyl at higher 
temperatures, leading to a temperature dependence similar 
to that observed here. We are currently carrying out de- 
tailed modeling studies, incorporating diffusion, gas-phase 
chemistry, and surface chemistry, to assess the relative im- 
portance of these mechanisms. 

VI. SUMMARY 

The filament- and substrate-temperature dependence 
of the CH3, CH4, and C$H, concentrations near the sub- 
strate during filament-assisted diamond growth has been 
determined. The dependence on filament temperature is 
consistent with previous studies, and clearly shows that a 
reduction in filament activity at low temperatures occurs 
even for the dilute 0.5% C& in H2 gas composition. The 
substrate temperature studies show that CH4 and GH, are 
relatively independent of substrate temperature at suffi- 
ciently high filament temperatures. On the other hand, 
CH3 near the substrate exhibits a distinct temperature de- 
pendence which is qualitatively similar for all gas compo- 
sitions, filament-substrate separations, flow rates, and lila- 
ment temperatures. The most likely explanation for this 
behavior is recombination of CH3 to C& or qH6 at low 
substrate temperatures, either through homogeneous 
chemistry occurring near the substrate, or heterogeneous 
chemistry on the substrate. These results suggest that de- 
pletion of growth species due to recombination may need 
to be considered in designing low-temperature processes 
for CVD diamond growth. 
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