DIAMOND SYNTHESIS IN A MW PLASMA JET
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Using a MW plasma jet, diamond was successfully synthesized from an Ar-H,-CHj system at a higher rate (30 um/h) on
alarger area (25x25 mm®). The growth rate was in proportion to the substrate temperature and/ or CHa/ H, volume ratio
up to 1200°C and/or 10 vol%, respectively. Moreover, we have employed in-sirzu mass spectroscopy of the chemical
species on the substrate surface during deposition. A large amount of 15 and 16 m/e was found on the substrate surface
during deposition, which was mainly due to CHa. A small amount of C;H: was also detected in addition to CHs as a
species including carbon atoms. In comparing the mass spectra before discharge, C.H; was considered to be generated in
plasma. The intensity of CHs on the substrate surface, however, was higher than that of C;H,. At this stage, however, the
correspondence was not clear between the mass spectra of any species and the deposition rate of diamond in regard to the

CH./ H; ratio.

1. Introduction

In the early 1960, diamond was successfully
grown on seed diamond in a thermodynamically
hindered region using the chemical vapor deposi-
tion method (CVD)"?. To date, diamond has
been grown on various kinds of substrates in a
pressure range of a few kPa, by filament CVD?, by
plasma CVD using microwaves (MW)*? or radio-
frequency (rf)® devices. Recently, it has also been
deposited at atmospheric pressure using inductive-
ly coupled rf plasma, and its growth rate reached
about 1 um/min, which was 60 times higher than
any other previous method”.

However, there is very little information from
in-situ species measurements taken at the growth
interface. Several investigators have tried to diag-
nose chemical species during diamond growth
using emission spectroscopy’”® or absorption
spectroscopyg’, although they could not conclude
what is the key species for diamond formation. In
order to investigate the chemical mechanism of
diamond growth, we need to get more information
on the gas phases during diamond growth.

In this paper, therefore, we have investigated
diamond synthesis at atmospheric pressure from
an Ar-H,-CH, system using a MW plasma jet,

which was so large that we could easily use a
complex instrument for in-situ measurement. So
we have employed mass spectroscopy of chemical
species on the substrate surface for analysis of the
diamond growth environment.

2. Experimental

Figure 1 shows the experimental apparatus with
the quadrupole mass spectroscopy system (QMS).
The MW plasma jet torch, which has been
described previously'”'", was connected to an
airtight chamber with a water-cooled substrate
holder. The plasma jet was generated at atmo-
spheric pressure and blown into the chamber.
Table 1 shows the experimental conditions investi-
gated here. CH4 was added to the plasma as a
reactant, and a (100) Si wafer (25x25 mm®) was set
on the holder as the substrate.

The Si substrate was pre-treated by the mechan-
ical blasting method” using #100 SiC powder,
because substrate pretreatment made the number
density of nucleation sites much higher. The sub-
strate was set on the holder about 60 mm from the
torch nozzle and was heated by the plasma jet
directly. The substrate temperature was measured
by a radiation pyrometer (1=0.9 um) through a
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Fig. 1. The experimental apparatus with QMS system.
Table 1. The experimental conditions

Gas flow rate  H» 20.0 L/ min

Ar 5.0-30.0 L/min

CH4 0.2-2.0 L/min
Total pressure 0.1 MPa
MW supplied power 2.0-5.0 kW ,
Substrate materials Si (100) 25%25 mm
Substrate temperature 1000-1600 K
Electrode gap 10.0 mm

pyrex window, though it was not calibrated with
regard to the substrate emissivity.

In-situ mass spectroscopy was employed to
diagnose the surface chemical species during dia-
mond deposition. The QMS system connected
with the nozzle of a tandem differential pumping
system, which served as a substrate holder at the
same time, as shown also in Fig. 1. The diameters
of the orifice and the skimmer in the nozzle were
50 um and 100 um, respectively, and the gap
between the orifice and skimmer was about 1 cm.
The pressure inside the nozzle and the mass
analyzer was approximately maintained at 2x10"'
Pa and 1x107* Pa, respectively. The species were
ionized in the ionizing chamber and were analyzed
from 1 to 150 m/e. The mass spectra were measur-
ed before and during the discharge.

3. Results and discussion

3.1 Diamond depositions

Diamond particles or films were successfully
synthesized on Si substrate. According to Auger
electron spectroscopy (AES), these deposits con-
sisted of only carbon, and there was no contamina-
tion from the electrode materials. The AES
spectrum of carbon was in good agreement with
that of natural diamond. Moreover, the structure
of this deposit was identified by X-ray diffraction
(XRD) and Raman scattering spectroscopy. The d
spacings calculated from the results of XRD co-
incided with the values reported for natural cubic
diamond'®. No other peaks except for diamond
and Si substrate were detected from any samples.
The Raman spectra had a sharp peak of about
1333 cm™', which agreed with the value of 1332.5
cm™' reported for diamond'”. A small broad peak
centered at around 1550 cm™' was also observed
due to the presence of amorphous carbon. It
seemed that the obtained samples consisted of
many diamond particles and a little amorphous
carbon.

Figure 2 shows the dependence of the film
deposition rate on the CH4/ H> volume ratio. The
deposition rate was almost in proportion to the
CH, concentration. However, under conditions of
a CHs concentration above 5 vol%, amorphous
carbon was also deposited in addition to diamond.
Because the morphology of deposits was not drasti-
cally changed, almost all of the deposit seemed to
be diamond in the case of a high CH4/H; ratio.
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Fig. 2. The dependence of deposition rate of diamond film
on CH.4/ H; ratio. (Pressure 0.1 MPa, Ar 10 SLM, H, 20 SLM,
MW power 5.0 kW).
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Figure 3 shows the dependence of the linear
growth rate of the average particle diameter on the
substrate temperature. It was found that the
growth rate increased according to the substrate
temperature up to the melting point of the sub-
strate material. The substrate temperature was
able to be controlled properly by regulating the
MW input power or the substrate position. The
circle symbols in Fig. 3 show the case of the
substrate temperature varied by the adjustment of
the MW input power, while the square symbols
show the case by the substrate position. In either
case, the growth rate was governed only by the
substrate temperature.

3.2 QMS spectra

Mass spectroscopy was carried out on the
Ar-H,-CH, gas mixture before and during deposi-
tion. All spectra were normalized by Ar partial
pressure, that is, the intensity of each chemical
species was divided by the intensity of 40 m/e for
every mass spectra. Figure 4 shows the typical
normalized QMS spectra of chemical species on
the substrate surface; (a) before and (b) during
discharge. Ionic species could not be detected in
this case. Mass numbers of 16-18, 28, 32 and so on
were also detected in the background spectra of
QMS, so these species were due to the presence of
H,0, N; or CO, and O;. The mass spectra observed
for the Ar-H,-CH,4 gas flow showed the presence
of H, (m/e=2), CH, (n=0-4, m/e=12-16) and Ar
(m/e=20, 40). On the other hand, the mass spectra
observed for plasma showed the presence of C;H.,
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Fig. 3. The dependence of deposition rate of diamond film
on substrate temperature. (Pressure 0.1 MPa, Ar 10 SLM, H»
20 SLM, CH4 0.6 SLM).
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Fig. 4. The typical QMS spectra of chemical species on
substrate surface; (a) before and (b) during deposition. (Pres-
sure 0.1 MPa, Ar 10 SLM, H; 20 SLM, CH. 0.6 SLM, MW
power 5.0 kW).

(n=0-8, m/e=24-30) added to the case of the gas
flow. From comparison of the two spectra, C.H,
was considered to be generated in plasma. The
intensity of CH,4 on the substrate surface, however,
was higher than that of C;H,.

Figure 5 shows the dependences of normalized
mass spectra of several species on the CHa4/H>
ratio; (a) before and (b) during discharge. In Fig.
5(a), the intensities of 15 and 16 m/e were in
proportion to the CH4/ H; ratio, and their gradient
was about equal to a unit. So 15 and 16 m/e were
parent and fragment peaks of CHa, respectively.
On the other hand, in Fig. 5(b), these intensities
were not in proportion to the ratio and, moreover,
the intensity of 15 m/e was higher than 16 m/e,
compared with Fig. 5(a). This fact means that 15
m/e was detected due to the presence of CHj as
well as the fragment peak of CH4. However, we
cannot at this stage conclude that diamond is
formed by CHj3, because there is a possibility that
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Fig. 5. The dependence of mass spectra of several species on CHa/H; ratio; (a) before and (b) during deposition.
(Pressure 0.1 MPa, Ar 10 SLM, H» 20 SLM, MW power 5.0 kW).

CH; was formed in the nozzle of the QMS, due to
the rather high pressure in the nozzle.

4. Discussion

Now we can know the amount of chemical
species on the substrate surface during deposition.
Since diamond was formed at atmospheric pres-
sure, some investigators had emphasized that the
key species of diamond was the carbon atomic
radical. However, even if thermal plasma was used
for the formation of diamond, large amounts of
CH, were detected on the substrate surface and it
seems that CH, reached the substrate surface
through plasma without decomposition or with
partial decomposition up to CHs. But it was not
clear whether the CH4 on the substrate surface was
detected without decomposition through plasma
or the CH4 was generated in the plasma by some
recombination mechanisms.

The mass spectra in Fig. 5 were measured under
the same experimental conditions as those in Fig.
2, which shows the dependence of the deposition
rate on CH4/ H,. However, the dependence of the
mass spectra of any species on the CHa/Hj ratio in
Fig. 5 did not correspond to the deposition rate
curve in Fig. 2. So, at this stage, we cannot
determine which species is the key species for
diamond. By increasing the vacuum level in the

QMS nozzle, more exact amounts of chemical
species will be known during diamond deposition,
which means the possibility of determining the key
species for diamond formation.

5. Conclusions

The conclusions of this paper were as follows;

1. Using a MW plasma jet, diamond particles
and films were deposited at higher rates (10 um/h)
on larger areas (25x25 mm?®).

2. Using the MW plasma jet, diamond could
be grown in proportion to the substrate tempera-
ture and/ or the CH4/ Hz volume ratio up to 1200°C
and/or 10 vol%, respectively.

3. The QMS spectra of the chemical species on
the substrate surface could be detected during
diamond deposition.

4. Mainly CH4 was detected on the substrate
surface during deposition. A small amount of
C,H, was also detected in addition to CHs4 as
species which include carbon atoms.
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