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Diamond was formed by plasma CVD in a CH—H, gas system at an H; flow rate of 1.67 cm®/s, a CHa4 concentration of
either 3 or 9% relative to the volume of H, and a microwave power of 220 W. A small addition of Oz, CO; or CO to the
reaction gas accelerated the growth of diamond deposits. The former two were effective for improving the crystallinity of
the diamond thus formed, while the latter had very little effect. The favorable gas composition in terms of achievable
idiomorphism corresponds to an O/ C ratio of approx. 1/1, regardless of the kind of the additive gas or the CH, level. CO;
was found to most effective for improving the diamond deposition in terms of both growth rate and crystallinity. The
addition of an increasing concentration of O, or CO; resulted in crystals with more marked idiomorphic faces and less
secondary growth on them. An addition in excess, however, reduced the growth rate. It is possible that such favorable
effects of CO: on the growth rate and crystallinity of diamond deposits are the collective contribution of an increase in
carbon content in the reaction system due to the addition of CO,, the removal of amorphous carbon by activated oxygen,

and the formation of methyl radical, an intermediate product on the way to diamond.

1. Introduction

The gas system CH4—H> is widely used in dia-
mond synthesis processes by either thermal or
plasma CVD."™ Addition of O, to the mixed gas
is effective for improving the achievable crystal-
linity and rate of deposited diamond.””” The exact
mechanism of how the addition of O, affects the
process has not been understood yet; it is, however,
possible that there is a large contribution by either
CO or CO,, which can form in the process of a
pla:)ma reaction of the gas system CH4-H; plus
0..

This paper treats the results of experiments in
which the effects of O,, CO, and CO as added to
the system CH4—H; were investigated in terms of
the growth rate and crystallinity of the deposited
diamond.

2. Experimental

We used the same apparatus as in our earlier
work.” Invariably, the microwave (2.45 GHz)
power was set at 220 W, reaction gas pressure at
3.3 kPa, reaction duration at 3 hrs, and H, flow

rate at 1.67 cm’/s. Two different levels of CH,
concentration were used: 3 and 9%; Oz, CO; and
CO were added up to 7, 12 and 15%, respectively,
each relative to the volume of H,. Recovered
diamond products were examined under SEM for
observation of the morphology. Particle sizes were
also measured at times in order to determine the
growth rate. X-ray diffraction was employed for
identification of the deposits.

The CH,4 to H, ratios used in this work have
been found optimal in our earlier works.*””

3. Results

3.1 Growth rate of diamond deposits

Figures 1(a) and (b) show the growth rate of
diamond particles as a function of additive gas
concentration. The CH4 concentration is either 3
or 9%, while the additive gas concentration is
varied up to 7, 12 and 15% for O, CO; and CO,
respectively. The marks on the figures qualitatively
show the achievable morphology as well-idiomor-
phic with little secondary crystallization (O,4A, O),
idiomorphic but with much secondary crystalliza-
tion (@, A, M) and non-idiomorphic (@, A, H).
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O/ C ratios giving idiomorphic crystals are about
1, regardless the kind of additive gas or CH,
concentration employed. Further CO- addition is
especially effective for achieving idiomorphic crys-
tals, as CO; has the greater growth rate, offers a
wider range of additive concentrations than the
two others, and the product has more remarkable
idiomorphic faces.

3.3 X-ray diffraction analysis of deposited dia-
mond

Figure 3 shows X-ray diffraction patterns for

the diamonds described in reference to Figs. 1(a)
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Fig. 3. X-ray diffraction patterns of the grown diamond with
various additive gases.

and 2. At the top of this figure is the corresponding
pattern for a specimen from the run without any
additive. In the case of O, addition, apparently,
there is no significant difference in pattern with the
varying concentrations: they differ little from that
for the case with no additive. In the case of CO;
addition, each specimen exhibits an intense (111)
reflection; (220), (311) and (331) reflections are
also remarkable. In the case of CO addition, all
such reflections at 2% CO are weaker than without
the additive. At either 3% or 5% CO, however, the
(111) reflections are as intense as in the case of no
addition, while the (220) reflection becomes some-
what more intense as the CO addition is increased.

4. Discussion

All of the additives O,, CO; and CO, as de-
scribed above, are effective for increasing the
growth rate. The former two are also effective for
improving the idiomorphism of the product, while
the latter is not. Such observations allow us to
suggest some possible mechanisms, which are:

a. For O, addition:

(1) Promotes decomposition of CH4 and re-
moval of non-diamond C by activated O: in the
plasma, O; is decomposed to form active radicals
of O and/or OH, which promote the decomposi-
tion of CHa. Further, in the plasma state, oxygen
is possibly more reactive with carbon than hydro-
gen, so the former works more effectively to
remove non-diamond C and thus favors deposition
of diamond.

(2) Activation of the surface of deposited dia-
mond by etching: deposited diamond is etched and
activated on the surface by oxygen in plasma, so
the deposition rate increases.

(3) Contribution of the thermal decomposition
of CO: the decomposition of CO and CO,, once
formed in the process, takes place in parallel with
that of CHa4. The deposition is accelerated by the
formation of methyl radicals almost in accordance
with the Fischer-Tropsch equation.'®” With the
CO-H; system, the growth rate is higher than with
the CH4-H; system at corresponding parameters.'"
b. For CO, addition:

With the CO; additive, the greater overall
amount of C contained and higher O/C ratio of
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the system (Table 1) yields CO and/or methyl
radical (CH,), an intermediate product on the way
to diamond, more plentifully than with the O
additive. This effect, somehow in cooperation with
the favorable effects of activated oxygen, results in
the deposition of more idiomorphic diamond crys-
tals at higher growth rates.

c. For CO addition:

With the CO additive, the overall amount of C is
greater but the O/ C ratio is smaller than with the
CO; additive. The smaller etching effect by oxygen
here results in apparently increased growth rates,
but with less improvement in morphology of the
deposited crystals.

5. Conclusion

(1) A small concentration of either O,, CO; or
CO, as added to the system CH4-Ha, is effective
for improving the growth rate of deposited dia-
mond by plasma CVD.

(2) O, and CO; are effective for promoting
idiomorphism, while CO is only slightly effective.
At the additive concentrations giving idiomorphic
crystals, the volume ratio of O/C corresponds to
about 1/1 at both 3% and 9% CH, for each sort of
additive gas. The idiomorphism improves with
increasing O; or CO; concentration. An addition
in excess, however, decreases the growth rate.

(3) As added to the CHs-H> system, CO; is

more effective than O, for improving both the
growth rate and idiomorphism in diamond deposi-
tion. The former also offers a wider range of
concentration available for the process control.
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