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In this work we study the influence of oxygen addition to several halocarbon-hydrogen gas
systems. Diamond growth have been performed in a high power density MWCVD reactor built in
our laboratory. The growth experiments are monitored by argon actinometry as a reference to
plasma temperature and atomic hydrogen production, and by mass spectrometry to compare the
exhaust gas composition. Atomic hydrogen actinometry revealed that the halogen presence in the
gas phase is responsible for a considerable increase of atomic hydrogen concentration in the gas
phase. Mass spectrometry shows similar results for all gas mixtures tested. Growth studies with
oxygen addition to CF/H,, CCl/H,, CCLF/H, and CH,CI/H, reveals that oxygen increases the
carbon solubility in the gas phase but no better diamond growth conditions were found. Halogens
are not, per se, eligible for diamond growth. All the possible advantages, as the higher production
of atomic hydrogen, have been suppressed by the low carbon solubility in the gas phase, even
when oxygen is added. The diamond growth with small amount of CF, added to CH /H, mixture is
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not aggressive to the apparatus but brings several advantages to the process.
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1. Introduction

The growth of polycrystalline diamond films by chemi-
cal vapor deposition (CVD) has been considerably devel-
oped!?. Many features of this development are the subject
of many good reviews that show its importance from the
scientific and technological viewpoints®. Many aspects on
gas phase chemistry and some of the surface processes have
been uncovered, mainly for the C-H and C-H-O systems*>.
Prospects for hybrid activation methods have been consid-
ered for growth rate enhancement?®.

The introduction of halogens in the precursor gas mix-
ture has also shown some specific characteristics and ad-
vantages’!!. Lower gas activation, growths at lower substrate
temperatures, better diamond quality at higher carbon con-
tent and also higher growth rates have been reported with
the use of halogens. However, very little has been revealed
about the influence of halogens on the gas phase. The study
of the growth rate for diamond growth with halogens as a
function of substrate temperature reveals an activation en-
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ergy in the range from 9 to 11 kcal/mol, which is very simi-
lar to the growth in C-H-O systems or in the C-H systems
with high atomic hydrogen concentration®. Recently,
Petherbridge et al.’ reported the activation energy for growth
from CH,/CO, to be around 6 kcal/mol and proposed that a
new growth mechanism could be responsible for such a low
value. However, the comparison of Petherbridge et al. data
together with the normalized data collected by Corat et al.'
clearly reveals that no new process exists and that diamond
growth dependence on substrate temperature is very simi-
lar, independently of the gas system used. The different ac-
tivation energies obtained by different authors are only due
to variations on their particular data. The observation of all
sets of data together is much more significant and reveals
that probably the same limiting step is responsible for the
diamond growth activation energy, independently of the gas
phase.

Studies of atomic hydrogen actinometry!'®!! revealed that
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the halogen presence in the gas phase is responsible for a
considerable increase of atomic hydrogen concentration in
the gas phase. This observation could indicate the halogen
gas system as a good candidate to decrease the power needed
for diamond growth, which would have a beneficial impact
on economical aspects of the process. However, besides the
higher production of atomic hydrogen as a result of the gas
kinetics process, the introduction of halogens brings a gas
phase with low carbon solubility. The equilibrium chemis-
try indicates a large amount of carbon in solid phase and
there is the tendency to deposit non-diamond carbon'?,

In this work we study the influence of oxygen addition
to several halocarbon-hydrogen gas systems. The idea of
introducing oxygen in these gas systems was to increase
the carbon solubility in the gas phase. The advantage of a
higher atomic hydrogen production and a gas phase with
higher carbon solubility could bring better conditions for
diamond growth. In this work we use actinometry of the
H, line to access the relative atomic hydrogen concentra-
tion, and exhaust gas mass spectrometry to analyse the sta-
ble species formed in the reactor. The increase of the H atom
concentration is confirmed and it further increases with O,
addition. Mass spectrometry shows similar results for all
gas mixtures tested. Growth studies with oxygen addition
to CF/H,, CCl/H,, CCl,F,/H, and CH,CI/H, reveals that
oxygen increases the carbon solubility in the gas phase but
no better diamond growth conditions were found.

2. Experimental

A microwave plasma assisted reactor for diamond growth
has been used in these experiments. This reactor operates at
1 kW microwave power but its cavity has been designed to
obtain high power density in the plasma ball, equivalent to
more powerful reactors. Four mass flowmeters were used
to feed the gas at a total flow rate of 100 sccm. Three of
then were used for H,, O, and argon, respectively, and the
fourth was used to feed the halocarbon gas. CF,, CCLF,
and CH,Cl were feed directly from high purity gas cylin-
ders. CCl, was feed by bubbling hydrogen in the liquid sol-
vent. Argon was used as the actinometer in the actiometry
experiments. The halocarbon and oxygen concentrations
ranged from 0 to 3 vol%. The system used for optical emis-
sion measurements consisted of a lens of 500 mm focal
length for imaging the center of the plasma ball, as sighted
by the reactor’s lateral window, a monochromator (Jobin
Yvon type HRS) and a photomultiplier (RCA type 60R).
Relative atomic hydrogen concentrations were recorded as
the ratio of the Balmer line H, (656.3 nm) to the argon
750,4 nm line. A chopper and a lockin amplifier (EG&G
Princeton 5110) were used to obtain the signal from the
photomultiplier with hgh sensibility. The measurements of
the exhaust gas were made using a quadrupole mass
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spectrometer (Balzers QMG 421 C).

To resist to halogen attack the reactor had the walls in
anodized aluminum and the vacuum system consisted of a
fomblim oil mechanical pump. One auxiliary liquid nitro-
gen trap was used to prevent halogens to be released to at-
mosphere.

3. Results and discussion
3.1 Characterization of the microwave plasma reactor

The reactor has been characterized to obtain parameters
for the comparison of the experiments with different gas
mixtures. With a mixture of 1% CH . in H,, at 50 Torr, it was
observed that the relative variation of atomic hydrogen con-
centration, as observed by actinometry, increased linearly
reaching a 100% increase at 1300 W, compared with the
relative concentration at 600 W.

A fundamental characteristic in the diagnosis of a plasma
for actinometry is the correspondence of the results with
the actinometer'®. For the argon this can be measured by
the intensity of emission of the lines in 750 nm and 811 nm,
due, respectively, to the transitions 2p,—1s, € 2p,—1s.. As
described in the literature, the ratio among the intensities of
these two lines can be used to analyze the tendency of vari-
ation of the plasma electronic temperature. The emission in
these two lines was accompanied in all the actinometry ex-
periments. For example, the addition of oxygen to a
CH,/H, mixture causes a reduction of the plasma tempera-
ture, as observed by the reduction of the emission intensity
by the actinometer. However, the fact that both argon lines
have the same behavior and the ratio of both intensities is
constant is an indication of an acceptable variation of the
plasma conditions. This good condition was observed for
all experiments.

The variation of microwave power varies in the corre-
spondence between the argon lines. The ratio between the
emission intensities in 750 and 811 nm decreases with the
power increase (notice that for power variation it is also
necessary to vary the pressure in order to keep the micro-
wave cavity oscillating mode). This decrease implicates in
adecrease of the electronic temperature of the plasma, since
the excitation rate of the level 2p, it is smaller than the one
of the 2p,, for smaller electronic temperatures. Therefore,
for comparison among the several experiments it is essen-
tial the maintenance of the excitation parameters, which were
stipulated as pressure of 50 Torr and power of 1000 W.

3.2 Experiments only with halocarbons and hydrogen

The actinometry of the atomic hydrogen, for the differ-
ent mixtures containing halocarbon showed, always, a ten-
dency of expressive increase of the concentration of atomic
hydrogen, with the increase of the concentration of the
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halocarbon. Figure 1 shows the relative variation of the in-
tensity of the atomic hydrogen emission lines, considering
as reference the intensity with only hydrogen in the reactor.
With the addition of methane, it is also observed an increase
of the intensity of the line H,, but this is quite discreet com-
pared with observed in Fig. 1. The relative variation is
smaller than 20% for 3% of methane in hydrogen. Among
the halogens, for 3% of CF, the relative variation is close to
150%, for 3% of CCI,F, it is of this same order, and for
CCl,, a much more significant increase exists. For CH3C1,
this relative variation is smaller, of the order of 70% for 3%
of CH,Cl

An important detail of these measurements was that the
relative variation of atomic hydrogen concentration, meas-
ured from the three main emission lines (H, HB and Hy),
give similar results. This result indicates that the current
control on the experiments guarantees that actinometry is
valid for the evaluation of the variation of the atomic hy-
drogen concentration in the growth atmosphere, even with
the halogen addition.
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The mass spectrometry shows, for all cases, the trans-
formation of the halocarbons into hydrocarbons and the re-
spective acids, HF and HCI. Figure 2 shows the concentra-
tions of methane, acetylene and of the acids, with the scales
adjusted to evidence the methane and the acetylene, in com-
parison with the results in a plasma just of methane and
hydrogen. Observe that the final concentrations of methane
and acetylene are practically the same ones, independently
of the gas (CH,, CF,, CCLF, and CCl,) in mixture with hy-
drogen. This demonstrates that the halocarbons completely
turned into hydrocarbons and that these reach the equilib-
rium conditions inside the reactor. Besides the presence of
the acids, very probably the concentrations of the stable
species on the substrate are very similar, with the several
gas mixtures. As the gas inlet is in the upper part of the
reactor, it is very probable that the whole conversion of these
gases has already happened until they reach the substrate.
With the gas inlet close to the substrate and collection of
gases by a quartz probe very close to this gas inlet (2 mm) it
was not possible to discriminate the process of conversion
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Figure 1. Variation of atomic hydrogen relative concentration with the halogen concentration. a) CF,; b) CH,Cl. B H ; @ HB; A Hv.
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of the halocarbons into hydrocarbons. Independent experi-
ments in a hot filament reactor have shown that the conver-
sion is very fast.

In spite of all the stable species observed by mass
spectrometry in the reactor be the same ones, and in amounts
very similar to observed with a CH /H, mixture, except for
the presence of the acids, these influence decisively in the
general equilibrium of the process, inducing to the forma-
tion of larger amounts of carbon in the solid phase. The
diamond growth with these halogen mixtures happens only
with carbon concentrations lower than 1% in the inlet gas
mixture. Films of good quality are only obtained with car-
bon concentrations smaller than 0.5%, while, with mixtures
of CH,/H,, it is possible to grow diamond of good quality
up to about 3% of carbon. Besides that, with the mixtures
with halogen containing more than 1% of carbon there is
soot deposition on the coldest parts of the reactor, and above
3% the walls of the reactor are quickly grown dark.

3.3 Experiments with mixtures containing halogens and oxygen

With the addition of oxygen to the mixtures containing
halogen, the objective is to increase the solubility of the
carbon in the gas phase, in the attempt to eliminate the nega-
tive aspect of these mixtures and to promote the growth of
diamond of good quality at larger carbon concentrations
and, take advantage of its main quality, that is the genera-
tion of excess atomic hydrogen.

Actinometry experiments proved, for all the mixtures,
that the addition of oxygen, not only maintained the condi-
tion of production of excess atomic hydrogen, but they also
increased its concentration. Figure 3 shows as example the
result obtained with CH,Cl. With the other halogen it was
obtained a still larger relative increase of the concentration
of atomic hydrogen, while for mixtures of CH,/H, occurred
a decrease of the H concentration.

The mass spectrometry done with the addition of oxy-
gen is shown in Fig. 4. It shows, besides the formation of
hydrocarbons and of the respective acids (not shown in the
figure), the formation of water and carbon monoxide. The
situation is very similar for most cases, being comparable
to what happens with the addition of oxygen in CH /H, mix-
tures.

The addition of oxygen reduces hydrocarbon concen-
trations and there is the formation of CO. This hydrocar-
bons transformation into CO tends to saturation for O, con-
centrations larger than half of carbon concentration. The
reason for that is the high stability of CO in the diamond
growth conditions. In the case of CCI, the results are less
reliable due to the larger experimental difficulties of con-
trolling the flow and the concentrations of it vapor.

The same behavior of Fig. 4 is obtained by the increase
of the halocarbon concentration in the inlet gas, but increas-
ing the initial hydrocarbon concentration and moving the
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Figure 3. Variation of atomic hydrogen relative concentration with
oxygen addition in three different CH,CI/H, mixtures.
4 0.5 vol% CH,CI; B 1 vol% CH,CI; @ 2 vol% CH,CI.

point at which the tendency of saturation of the CO concen-
tration begins.

3.4 Diamond growth with mixtures containing halogens
and oxygen

In the growth experiments in mixtures containing
halocarbons and oxygen, it was obtained a generalization
of the result in which good quality diamond growth was
obtained with a mixture of 1.5% CCI, + 0.5% O, in H,.
Basically, film of good quality is obtained if the difference
between the concentrations of the halocarbon and of O is of
the order or smaller than 0.5%. The quality of the film wors-
ens quickly if this difference approaches 1%. If the differ-
ence approaches zero, or the concentration of O is larger
than the concentration of the halocarbon there is no dia-
mond growth. Figure 5 summarizes these results. Compar-
ing with the Bachmann diagram!'®, for mixtures of hydro-
carbon, oxygen and hydrogen, the growth points are also
around the CO tie line, but with a much narrower range of
growth of good quality films.

Even in conditions of diamond film growth, there is the
formation of carbon film on the cold walls of the reactor.
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This turns unviable the realization of the experiment for
long periods, indicating that the presence of oxygen doesn't
inhibit the formation of carbon in the solid phase in the most
distant areas of the plasma.

In relation to the diamond growth rate there was little
variation. For various mixtures tested, in which there was
diamond growth, the growth rate was always between 1 and
2 um/h. There was no tendency to increase with the increase
of the carbon concentration. As in these experiments the
increase of carbon concentration (introduced with the
halocarbon) implicates in an increase of the atomic hydro-
gen concentration in the gas phase (according to Fig. 1), it
could be expected an increase of the growth rate. Probably,
as the growth range is very narrow around the CO tie line,
only small amounts of carbon just contribute to the growth,
and the growth rate is limited by the carbon supply for the
process.

4. Conclusion

In this work we presented a wide study of diamond
growth with halogens, involving four different halogen gases
and in comparison with the growth with the conventional
CH,/H, mixture. A better control of the plasma conditions
was obtained by evaluation of the emission lines of the ac-
tinometer (argon). This control enabled more reproducible
results of the relative atomic hydrogen concentration as
observed by the three atomic hydrogen emission lines (H ,
Hy and HY). With this control actinometry can be consid-
ered a reliable technique for atomic hydrogen analysis, even
under very reactive gas phases containing halogens.

Atomic hydrogen relative concentration increases con-
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siderably with the addition of halogens to the gas phase.
Mass spectrometry of the exhaust gas have shown that
halocarbons convert very fast to hydrocarbons and the ac-
ids HF and/or HCI, reaching an equilibrium concentration
of hydrocarbons that is relatively independent of the
halocarbon used. The growth of good quality diamond with
halocarbon/hydrogen mixtures occurs only for low carbon
concentration of less than 1 vol% in the inlet gas.

The oxygen addition to halocarbon/hydrogen mixtures
was effective in increasing carbon solubility in the gas phase,
since growth at higher carbon concentrations were observed.
A further increase on relative atomic hydrogen concentra-
tion was observed by actinometry. The mass spectrometry
reveals that a new equilibrium gas phase is obtained by the
conversion of the hydrocarbons to CO. The very high sta-
bility of CO in the gas phase is responsible for the higher
carbon solubility. The growth experiments, however, do not
show any advantage in growing with halocarbon/oxy-
gen/hydrogen mixtures. Growth conditions are limited to a
very narrow range in which good quality diamond is ob-
tained if the difference between the concentrations of the
halocarbon and of O is of the order or smaller than 0.5%.
Otherwise, if the carbon content is higher the quality de-
creases and if the O content is higher there is no growth.

From this study we conclude that halogens are not, per
se, eligible for diamond growth. All the possible advantages,
as the higher production of atomic hydrogen, have been sup-
pressed by the low carbon solubility in the gas phase, even
when oxygen is added. Besides that, it brings many diffi-
culties to the experiments because of the high corrosion by
HF and HCI. However, some particular experiments with
the addition of small amounts of CF, to a conventional
CH,/H, mixture have shown many advantages, particularly
for substrates that react with the fluorine containing gas
phase, as WC-Co'® and Si,N, ¥ sintered substrates.
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