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Synthesis of Diamond from a High-Velocity
Microwave Plasma Flow
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Abstract—A new method of gas-phase diamond deposition with a high-velocity jet used to transport gases
activated in microwave plasma to a substrate is developed. Diamond was synthesized from a mixture of hydro-
gen with the addition of 1% methane. The deposition rate (78 um/h) was more than an order of magnitude
higher than that achieved earlier in experiments with activation of similar initial mixtures in microwave

plasma.
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In recent years, CVD diamond synthesis has
moved from the research phase to wide application in
various technical processes [1, 2]. The use of GHz dis-
charges to activate a mixture of gaseous plasma pre-
cursors is the most widespread of the CVD methods.
Impressive rates of diamond deposition from mixtures
of hydrogen and methane (with the possible addition
of other gases) have already been demonstrated in
Russia [3—5] and abroad [6—8]. A number of design
solutions for creating a plasma “cloud” above a sub-
strate by concentrating microwave radiation have been
found. Active components are transported (diffuse)
from this cloud to the substrate under the influence of
a concentration and temperature gradient with a weak
or negligible contribution of convection.

The activation conditions are defined by the
microwave radiation intensity and frequency, the
composition and flow rate of gases, and their tempera-
ture and pressure. The energy exchange (by conduc-
tion, convection, and radiation) between plasma and
the environment also exerts a certain influence. These
conditions govern the deposition rate and the proper-
ties of the deposit. The dependence of the deposition
rate on the gas composition is an important feature of
the process. For example, the deposition rate increases
from 3 to 60 um/h as the concentration of methane in
hydrogen varies from 2 to 15% [5]. The deposition rate
may increase by a factor of 1.5—2 after the introduc-
tion of nitrogen [2, 3, 8]. Argon also enhances the
deposition rate [5]. The maximum rate achieved with
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such mixtures is 165 um/h [7]. However, the added
methane and other gases (N,, Ar) alter the properties
of diamond negatively. In the case of high methane
concentrations, soot is deposited at a rapid rate on the
surrounding surfaces and the growing diamond sur-
face.

In this study, a new method of gas-phase diamond
deposition from a high-velocity jet of activated gases is
developed. It is a conceptual continuation of the work
on jet deposition of polymers [9] and synthesis of dia-
mond-like structures from a high-velocity flow of a
thermally activated gas mixture [10]. The schematic
design is close to that of electrothermal propulsion
units utilizing microwave energy [11].

The essence of the method is in switching from the
diffusion transport of active fragments to the gas-
dynamic transport. Plasma expands from the forma-
tion region (forechamber) into a low-pressure region
(deposition chamber) with the flow reaching a super-
sonic velocity. The design of the experimental setup
and the first experimental results were presented
in [12].

Supersonic expansion provides the opportunity to
analyze plasma based on the flow rate and the pressure
in the forechamber. We assume that the gas state
upstream of the critical section is near-equilibrium.
Gas flow rate G through the critical section is then
given by

I3

G=POF’ M

a1+

Here, vis the adiabatic exponent of the gas mixture
in plasma, R is the universal gas constant, 7} is the
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Fig. 1. Distribution of the atomic hydrogen flow downstream
of a sonic nozzle at a hydrogen flow rate of 8000 sccm and
a pressure of 20 Torr in the deposition chamber.

plasma stagnation temperature upstream of the noz-
zle, M, is the molecular mass of the mixture in plasma,
and F'is the critical section area. The mass flow rate of
gas and the pressure in the forechamber can be mea-
sured fairly accurately. With the flow rate given and
the pressure measured, one may determine the plasma
temperature 7, by choosing adiabatic exponent y and
mixture mass M, by iterations relying on the degree of
hydrogen dissociation. The degree of dissociation was
chosen in accordance with the data on equilibrium
hydrogen dissociation at a given temperature and pres-
sure [13].

Figure 1 shows the flow of gas through a sonic noz-
zle as an illustration of the gas-dynamic processes

Fig. 2. Film surface imaged at an angle of 45°.

associated with the outflow of plasma to the deposi-
tion chamber.

The outflow of hydrogen to the deposition cham-
ber was calculated using the direct statistical simula-
tion method [14]. The hydrogen flow rate was
8000 sccm, and the pressure in the deposition cham-
ber was 20 Torr. Figure 1 shows the spatial distribution
of the atomic hydrogen flow nV (m=2s~'). Axis X is
aligned with the jet axis, and ris the radial distance (in
meters) from the jet axis. It is worth noting that a fairly
narrow jet of atomic hydrogen forms.

The results of one of the experiments with a noz-
zle 2 mm in diameter, a hydrogen flow rate of 1.36 X
102 g/s (10000 sccm), and a methane flow rate of
1.08 x 1073 g/s (100 sccm) are presented below. The
pressure in the deposition chamber was kept at
100 Torr. A molybdenum substrate kept at a tempera-
ture of 1230 K was used for deposition. With the mag-
netron power at 2.5 kW, the stagnation pressure in the
forechamber was 205 Torr. The deposition time was
6 h. Note that with a nozzle 2 mm in diameter, the
subsonic flow upstream of the critical section may be
considered equilibrium under a pressure on the order
0of 200 Torr. Therefore, formula (1) may be used to cal-
culate the temperature, which was estimated at ~3500 K
for the above conditions. The corresponding degree of
hydrogen dissociation was 45%.

Figure 2 shows the deposited film imaged with a
Hitachi SU8220 scanning electron microscope at the
Center for Common Use, Rzhanov Institute of Semi-
conductor Physics.

Figure 3 presents the Raman spectrum of the sam-
ple surface. This spectrum contains one line at
1332 cm~! with a FWHM of 9 cm™! and is indicative of
the fine quality of the diamond coating.
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Fig. 3. Spectrum of Raman scattering of light with a wave-
length of 514.5 nm for the film obtained.
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The thickness of the deposited film in the central
region of the substrate was 470 um. The mean growth
rate was 78 um/h. The deposition rate indicated is
more than an order of magnitude higher than that
achieved earlier in experiments with activation of
hydrogen with the addition of 1% methane in micro-
wave plasma [3, 12]. This record-high (for the speci-
fied deposition conditions) result should stimulate
further studies into diamond synthesis with plasma
jets. Specifically, it raises new questions regarding the
identification of the primary components of activated
gas involved in diamond synthesis, the influence of
the flow density, and the probable influence of the
synergistic effect on atomic scales with the interaction
of different components.
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