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Abstract

Diamond films were synthesized using an oxyacetylene flame on a molybdenum substrate mounted on a water-
cooled copper block. The morphology and quality of the synthetic diamond films produced depend on several
factors including the substrate temperature, gas flow rates and their ratio, and substrate position. The substrate
temperature profile was shown to be influenced by the coolant flow rate, nozzle size, substrate position on the heat
sink, substrate position in the combustion flame, and the total flow rate of mixed gas (acetylene and oxygen). In this
paper, the effects of substrate temperature and nozzle size on the morphology and quality of diamond films are
discussed. Fine-gage thermocouples were used to measure the temperature distribution in the substrate during the
process. Scanning electron microscopy of the produced diamond films is used to show the variation of crystal

morphology.

1. Introduction to chemical vapor deposition (CVD)
diamond synthesis

Diamond technologically is a fascinating material. It
has many unique properties including the highest hard-
ness, high wear resistance, low coefficient of friction,
high thermal conductivity, high chemical inertness, high
electrical resistivity, optical transparency, and high
sonic speed, and consequently its synthesis has been for
centuries a great scientific challenge.

The unique properties of diamond have enabled its
use in a variety of manufacturing applications. Dia-
mond (both natural and synthetic) has long been used
to cut, drill, mine, and mill everything from the hardest
rock to the softest aluminum. Now synthetic diamond
films are rapidly taking on new roles with potential to
coat aircraft turbine blades, microprocessor chips, sur-
gical instruments, and light-emitting diodes. Potential
new uses for diamond films range from supercomputer
heat sinks and heat-seeking missile windows to such
mundane things as gourmet knives and scratch-proof
sunglasses.

The growing demand for this unique material has
fueled efforts to produce diamond synthetically. The
modern era of low pressure diamond synthesis under
metastable conditions began in the 1980s using acti-
vated CVD techniques. However, the CVD process
was commercially limited by its low growth rates
(~1 pm h~1). Excellent reviews of the synthesis of dia-
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mond under metastable conditions have been presented
by DeVries [1] and Angus and Hayman|[2].

During the past decade a number of activated CVD
methods for low-pressure diamond deposition have
been developed with the aim of increasing the growth
rate [3]. Among the activated processes for CVD dia-
mond synthesis, the oxyacetylene combustion approach
is particularly exciting in view of its simplicity and low
cost of equipment. The method, originally developed by
Hirose of Japan in 1988, uses an oxyacetylene welding
torch with a slightly fuel-rich (acetylene) mixture (see
Fig. 1 for a schematic of the apparatus). The oxy-
acetylene flame sketched in Fig. 1 shows three regions:
the inner cone, which bounds the O,—C,H, flame front;
the C,H, feather zone, where excess C,H, burns with
O, which diffuses into the flame from the surrounding
air (this only appears when the mole ratio of C,H, to
O, is greater than unity), and the outside flame, where"
the CO and H, produced in the inner cone and
acetylene feather zone are burned to produce CO, and
H,O. The flame temperature in the inner cone varies
with the ratio R of O, to C,H, gas flow, from 3162 °C
for R =1.5 to 2960 °C for R =0.8 [4]. The length of
the inner cone depends on the total flow rate and nozzle
size, and the length and width of the acetylene feather
depend on the flow ratio and total gas flow rate.
Diamond growth on the substrate was observed only in
the second zone, namely, the acetylene feather. The
acetylene feather envelopes the substrate and shields the
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Fig. 1. Schematic of the oxyacetylene experimental set-up.

diamond film from oxidation. As the flame tempera-
tures are very high ( ~3000 °C), the substrate is cooled
by mounting it on a water-cooled copper block in order
to provide the appropriate conditions for diamond
nucleation and growth. This technique offers a very
simple and economical means of synthesizing diamond
films. As the diamond growth takes place under atmos-
pheric conditions, expensive vacuum chambers and ap-
propriate equipment are not required. The flame pro-
vides its own environment for diamond growth and
the quality of the film is largely dependent on substrate
temperature profile, gas flow ratio of oxygen to
acetylene, and substrate position. The substrate temper-
ature profile, in turn, is influenced by such process
variables as coolant flow rate, nozzle size, substrate
position on the heat sink, substrate position in the
combustion flame, and total flow rate of mixed gas
(oxygen and acetylene). The influence of these parame-
ters on the substrate temperature profile and conse-
quently the morphology and quality of diamond films
for this interesting new technique is yet to be fully
exploited. In a previous paper [5] the influence of these
parameters on the substrate temperature profile was
characterized. In this paper the effect of the substrate
temperature profile, resulting from changing the values
of the process variables, on the morphology and quality
of diamond films produced by the oxyacetylene method
will be studied. In addition, the effect of nozzle size on
the quality of the diamond films will be discussed.

2. Background
A brief review of the results of some of the important

previous investigations on the growth of diamond films
(crystal morphology with temperature and gas flow
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Fig. 2. Maximum temperature for carbon deposition at 1bar as a
function of the flame stoichiometry [6].

ratio) by the oxyacetylene combustion method will be
presented here.

Kosky and McAtee [6] found that formation of solid
carbons from gaseous carbons by condensation is de-
pendent on the ratio R of O, to C,H,. Figure 2 is a
graph of the maximum substrate temperature locus at
which solid carbon can form. In fuel-rich flames, i.e.
R < 1.0, carbon (solid state) will deposit on the sub-
strate from low to high temperatures. The etching—
deposition boundary is very steep near R = 1 and, for a
given flame stoichiometry, relatively small substrate
temperature changes will control whether a deposit is
produced or an existing deposit is etched. The experi-
mental results of refs. 7-14 showed that the optimal
range of R for diamond film deposition was 0.83-1.0.

A characteristic of the diamond film synthesized by
CVD methods is that it has a well-defined crystal habit,
which depends on the experimental conditions. Mat-
sumoto and Matsui [15] have observed that the mor-
phology of CVD diamond crystals is dominated by
cubic and octahedral habits. Figure 3 shows the typical
crystal structures of diamond films produced by the
oxyacetylene combustion method.

In the high pressure high temperature synthesis of
diamond films, a cubic habit is observed at low temper-
atures. This phenomenon is observed in some CVD
methods such as the microwave plasma method. How-
ever, Ravi and Joshi [16] insisted that the morphology
of diamond films produced by the CVD combustion
method was a strong function of temperature with
temperatures below 1000 °C resulting in an octahedral
habit, and with temperatures above 1000 °C resulting in
a cubic habit. They did not report the gas flow ratio R
of oxygen to acetylene. Hanssen et al. [8] and Carring-
ton et al. [14] showed the dependency of faceted dia-
mond crystals on substrate temperature and R. They
observed ball-like structures at R less than 0.9 and
well-faceted crystals between 0.9 and 1.08 depending on
the substrate temperature. The temperature range for
well-faceted crystals was 650-850 °C at R =09 and

700—1150 °C at R = 1.05, showing the expansiveness of






