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A study of the temperature and stoichiometry dependence of diamond synthesis in low
pressure premixed acetylene-oxygen flames is presented. A specially designed low
pressure flat flame operating at 40 Torr is employed to deposit diamond films uniformly
over areas of at least 2 cm 2 . Under optimized conditions of substrate temperatures
and flame equivalence ratios, high quality translucent diamond that is well faceted is
synthesized exhibiting first-order Raman fullwidths (half maximum) of about 2.5 cm" 1 .
Diamond growth rates under these optimum conditions are approximately 4 yu,m/h. The
film growth rate is found to drop off substantially at high substrate temperatures, with
little or no carbon deposited beyond a temperature of 1070 °C. The growth behavior in
response to changes in flame equivalence ratio and substrate temperature is discussed in
terms of the possible role that oxygen-containing species may have on surface chemistry.
The results described here are also used to project a base cost for manufacturing diamond
under these process conditions.

I. INTRODUCTION
Diamond synthesis from products of gaseous combustion reactions in mixtures of acetylene and oxygen
at atmospheric pressure was first reported by Hirose
and Mitsuizumi.1 Although elegant and simple, such a
deposition strategy suffers from limited and nonuniform
deposition areas (some millimeters in diameter) and
extremely high heat fluxes (a few kW/cm 2 ) to the
substrate.2 In order to overcome nonuniformities in film
deposits, Murayama and Uchida3 designed an atmospheric "flat flame" that operates in a substrate-stabilized
regime (the flame is detached from the burner) and
achieved growth rates as high as 40 ^ m / h over 15 mm
in diameter. An extension of Murayama and Uchida's
burner was employed by McCarty etal.,4 which made
further use of optimized nozzle designs to maximize
reagent-use efficiencies and minimize edge effects.
The use of low pressure flat flames to circumvent
some of the problems associated with limited deposit
area and high heat fluxes was first suggested by Cooper
and Yarbrough.5 Their approach involved the use of a
commercially available, porous sintered stainless steel
burner to distribute a premixed supply of oxygen and
acetylene and support a flame in a low pressure vacuum chamber, maintaining a pressure over a range of
25-50 Torr. In a stagnation-flow configuration, such low
pressure flames have the advantage of being scalable to
large areas, provided that you can maintain a uniform
flow of reactants at a fixed distance from the substrate
surface. Recently, Glumac and Goodwin6 designed a
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low pressure burner consisting of an array of holes
through which the premixed fuel and oxidizer exited
from a mixing plenum. They demonstrated good quality
diamond growth on a molybdenum substrate for a single
set of deposition conditions and reported growth rates of
about 0.6 /Ltm/h.6 More importantly, they verified the
scalability of these flames and demonstrated growth of
uniform films over areas as large as 13 cm 2 .
In this paper, we report on a parametric experimental investigation of diamond growth in premixed low
pressure flat flames. The primary motivation of the experiments reported here is to identify optimized growth
conditions and to understand the various chemistries
that establish such optimized conditions. Such an understanding is necessary for the development of judicious
diamond deposition strategies in low pressure flame
environments and can eventually guide the engineering
of such flames to cover larger areas at higher diamond
growth rates.
II. EXPERIMENTAL
In our experiments, we employ a burner that is
similar in design to that of Glumac and Goodwin6
with the flame impinging on a substrate in stagnationflow. With such a configuration, there are a number
of parameters that influence the deposition chemistry.
These include the flame equivalence ratio or reactant
composition, the substrate temperature, the spacing between the burner surface and the substrate, the operating
pressure, and the cold flow velocity (which for a fixed
burner-substrate separation defines the strain rate of the
flame). In this study, we report on the effects that the first
© 1995 Materials Research Society
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two of these parameters have on the morphology and
quality of diamond growth, as ascertained by electron
microscopy and Raman spectroscopy. The influence of
varying the substrate to burner distance, the operating
pressure, and the cold flow velocity on diamond growth
will be reported in a forthcoming paper.
The low pressure combustion apparatus employed in
our laboratory to deposit diamond films is schematically
illustrated in Fig. 1. The burner is mounted in a watercooled stainless steel vacuum chamber in an upward
flow configuration. The burner consists of a cylindrical
mixing plenum constructed out of brass. The plenum is
capped off at the top with a brass disk into which an array
of uniformly spaced 1 mm holes (131 in total) are drilled
to allow the premixed reactants to escape. The diameter
of the array is 2.6 cm. An upward flow configuration
allows the burner to be kept sufficiently cool with simple
peripheral water cooling. Threaded molybdenum rods,
1.6 cm in diameter, served as substrates for diamond
film growth. The rods were threaded into a water-cooled
copper block to maintain the desired surface temperature.
For the growth studies reported here, substrates were
scratched prior to diamond growth with 3 - 5 /xm size
diamond paste to augment nucleation. We note, however, that diamond films were also deposited without
this pretreatment. Substrate temperatures were measured
using a K-type thermocouple probe inserted into the
molybdenum rod through a 1 mm diameter channel,
resting approximately 1 mm from the substrate surface.
The correction for conduction through a 1 mm depth
of molybdenum is within the reported experimental
uncertainty, which represents the temperature drift over
the duration of the experiments. By adjusting the amount
of the molybdenum rod that was threaded into the
water-cooled copper block, we can control and vary the
substrate temperature. For the experiments reported here,
the temperature was varied from 700 °C to 1070 °C. We
employed shop-grade acetylene which is dissolved in
acetone as delivered. The acetylene was filtered with
an activated charcoal bed and a molecular sieve to
remove acetone. The flame was ignited with an electric
spark at the desired operating pressure. For all runs
reported here, the pressure was maintained at 40 Torr,
the substrate to burner surface distance was 5 mm, and
the total flow rate of the premixed gas was 7.2 slpm. This
corresponded to a cold gas velocity of approximately
430 cm/s. All runs were 3 h in duration. The diamond
film was characterized by micro-Raman spectroscopy
and scanning electron microscopy (SEM).
In our previous study,7 we have shown through computational simulations of the low pressure flame structure
that the concentration of methyl radicals (the suspected
precursor to diamond growth in most chemical vapor
deposition schemes) in the post-flame region near the
substrate is established by a balance between hydro150
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FIG. 1. Schematic of the experimental setup.

carbon oxidation and hydrocarbon cyclization (formation
of cyclic aromatics). In that study, optimum growth rates
were predicted for an equivalence ratio (defined as the
ratio of the volume flow rate of fuel to that of oxygen,
divided by the ratio of the volume flow rate of fuel to
oxygen for complete oxidation), (j> = 2.1. From the outcome of further computational studies performed by us 8
and others,9 it has been suggested that a significant increase in diamond growth rates in flames can be achieved
by increasing the cold gas velocity (thereby increasing
the flame strain rate). This results in a shorter post-flame
residence time for radicals such as methyl radicals and
atomic hydrogen, minimizing radical recombination and
therefore increasing diamond growth rates. Our previous
computational studies, and the experiments of Glumac
and Goodwin,6 provided a starting point for our experimental investigations. We point out, however, that our
previous simulations employed the simple heterogeneous
growth mechanism of Harris,10 which does not account
for carbon film oxidation. Unlike many other diamond
chemical vapor deposition (CVD) environments, these
flames can contain a substantial amount of atomic oxygen, OH radicals, and molecular oxygen in the postflame (near-substrate) region. Surface oxidation reactions
that kinetically hinder the deposition of carbon will tend
to shift the optimum equivalence ratio to higher values.
More importantly, it is known that the onset for CVD
diamond film oxidation at atmospheric pressure is in the
range of 650-750 °C, n very close to the temperatures
investigated here for diamond growth, and so we would
expect that experiments designed to explore the growth
kinetics will be complicated by the presence of oxygen
and hydroxyl radicals in the reaction products.

III. RESULTS
A. Varying flame equivalence ratio
Figure 2 shows SEM images of diamond films
deposited at a temperature of 830 °C (±20 °C) for a
range of equivalence ratios. Figure 3 shows the corre-
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FIG. 2. Scanning electron micrographs of diamond films deposited at a temperature of 830 °C for a range of equivalence ratios.

sponding micro-Raman spectra for these deposits. At the
lowest equivalence ratio studied {cf> = 2.17, not shown
in the figure), the morphology, as depicted by SEM
analysis, is somewhat indistinguishable from that of
an uncoated molybdenum sample, and little carbon is
deposited over a duration of 3 h. Raman analysis of this
sample, although weak, does reveal both the D and G
bands often attributed to the presence of disordered sp2
carbon.12 At higher equivalence ratios (see Fig. 3), we
see a distinct and sudden improvement in film quality,
starting with a spectrum that shows an admixture of both
diamond (as evidenced by the strong peak at 1335 cm" 1 )
and disordered graphitic carbon (as evidenced by both
the D and G bands centered at approximately 1340 cm" 1
and 1500 cm" 1 , respectively) for 4> = 2.26. At higher
equivalence ratios (cf> = 2.34 and 2.42), the deposit
is well faceted and has coalesced into a continuous
film. For cf> = 2.42, the non-diamond component in the
Raman spectrum is overtaken by the strong diamond
signature and there is a photoluminescence background
in the spectrum that is characteristic of microstructural

and compositional imperfections often observed in high
quality CVD diamond. At the highest equivalence ratio
studied (<f> = 2.58), the D and G bands reappear (in
reverse intensity) and the diamond peak disappears. This
high equivalence ratio sample exhibits a morphology that
is "cauliflower"-like, with a Raman spectrum similar to
that often seen in diamond-like films deposited by dc
glow discharge techniques.13 The D and G Raman bands
that are prominent in these films reflect resonance enhancement due to the strong absorption attributed to the
TT-TT* electronic transition associated with sp2 carbons.
The D/G intensity ratio is found to be a strong function
of the hydrogen content in these films.14 It is believed
that hydrogenation introduces sp3 sites which reduce the
sp2 domain (cluster) size and the relative intensity of
the D band. Yoshikawa et al. have speculated that the
1400 cm" 1 (D band) and the 1530 cm" 1 (G band) bands
are vibrations that originate from the larger and smaller
sizes of the sp2 clusters.14 The Raman spectra shown
in Fig. 3 suggest that films grown at lower equivalence
ratios may have a greater hydrogen content and a greater
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FIG. 3. Micro-Raman spectra of diamond films deposited at different equivalence ratios and a substrate temperature of 830 °C.

degree of hydrogen terminated sp3 bonds and, therefore,
smaller sp2 domain sizes.
The growth behavior observed as conditions move
toward higher equivalence ratios (richer flames) from
values of cf> = 2.34 is qualitatively similar to that observed in the early studies of diamond synthesis in
atmospheric pressure acetylene-oxygen flames.15'16 The
"cauliflower"-like morphology and the relative increase
of the D band with respect to the diamond peak for this
type of deposit has been well documented in these earlier
studies.15'16 A possible explanation for this behavior is
derived from previous calculations performed by us,
of the detailed flame structure under flame conditions
comparable to that employed here.7 In moving toward
higher equivalence ratios at any given substrate temperature, flame structure calculations indicate that there is a
dramatic increase in methyl radical mole fraction and
a concomitant decrease in the atomic hydrogen mole
fraction. Within the framework of the simple growth
mechanism proposed by Harris,10 the ratio of methyl
radicals to atomic hydrogen is believed to correlate with
film quality and has been seen to have a controlling
influence on film quality and morphology in low pressure
arcjet synthesis of diamond.17 At a sufficiently high ratio,
we speculate that hydrocarbon condensation reactions
exceed the rate at which atomic hydrogen can participate in subsequent reactions that incorporate the carbon
condensates into the lattice. As a result, the deposited
film is highly defective, and may contain an admixture
of both sp2 and sp3 bonds, some of which may be hydrogen terminated.
The behavior at low equivalence ratios for a fixed
substrate temperature is not as straightforward to inter152

pret. As observed by others, 11516 in atmospheric pressure
flames, there is a dramatic demarcation between regions
of diamond growth and regions of no film growth of any
kind as you approach oxygen to acetylene volume flow
ratios of 1.1 (this corresponds to <f> = 2.26) from the
rich flame side. In addition, however, we see a noticeable
degradation in the Raman spectrum, as evidenced by a
slight broadening of the 1332 cm" 1 peak and a relative
increase in the underlying D and G bands. This suggests
that films grown near <j> = 2.26 have a greater extent of
structural imperfections than films grown at <f> — 2.42.
Although intuitively, one might expect an improvement
in film quality as one reduces the ratio of methyl

= s.'O C

I

FIG. 4. Scanning electron micrograph showing the cross section of
a diamond film grown at an equivalence ratio of cj> = 2.42 and a
substrate temperature of 830 °C.
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radicals to atom hydrogen in the flame by operating
at leaner mixtures, it is apparent that this reasoning is
defeated by the adverse effects that oxygen species may
have on quality. We see from Fig. 2 that there is a
dramatic decrease in grain size as we move toward leaner
mixtures from cf> = 2.42. One possible explanation for
the degradation in the Raman spectrum is that films
with small grain size may have a greater fraction of
non-diamond carbon, concentrated primarily at grain
boundaries. Alternatively, it has been suggested that

oxygen may also "poison" the surface during growth
by forming strongly chemisorbed oxygenated sites that
are eventually incorporated into the film as defects.18
Indeed, preliminary x-ray photoelectron spectroscopy
(XPS) analysis of our films indicated that our diamond
films grown by this low pressure flame process do, in
fact, contain small levels of oxygen, supporting this
conjecture. If or how oxygen may play a role in reducing
grain size or contaminating the films is a question that
remains unanswered.
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FIG. 5. Micro-Raman spectra and SEM photographs taken at three radial locations for a diamond film grown at an equivalence ratio of 2.34
and a substrate temperature of 900 °C: r — 0 (top), r = 3 mm (center), and r = 8 mm (bottom).
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An SEM cross-sectional view of a sample grown
at <f> = 2.42 is shown in Fig. 4. The film thicknesses
exceed 12 yu,m for this sample, indicating growth rates in
excess of 4 ^ m / h . Although the deposit appears uniform
over the entire surface area, the diamond tends to fracture
and separate from the substrate under these growth
conditions, forming translucent free-standing flakes. The
fullwidth at half maximum of the first-order Raman
diamond peak at 1332 cm" 1 is 4 c m ' 1 . This value is
uncorrected for the finite spectral response of the Raman
spectrometer, which was measured to be 1.5 cm" 1 . With
the finite spectral resolution accounted for, we arrive
at a corrected FWHM of about 2.5 cm" 1 . Films deposited under these conditions are of high quality. The
FWHM observed here is comparable to that reported
by Hirose et al.19 for high quality diamond grown in
atmospheric pressure acetylene-oxygen flames.

background intensity) is optimized. As the substrate temperature is increased from 700 °C to 900 °C, there is
a dramatic improvement in growth habit, and a concomitant decrease in the relative contribution to the
Raman spectrum from the D and G bands associated
with amorphous sp2 carbon. As we progress to higher
substrate temperatures, the D and G bands reappear, and
eventually overtake any diamond peak. At the highest
temperature studied, the graphitic G band is greater in
intensity than the D band, in contrast to that observed
at low temperatures, yet similar to films deposited at
low equivalence ratios at any given temperature. This
suggests that these carbon films deposited at higher
temperatures have smaller sp2 domain sizes. We note
that the higher temperature films appear very different
in structure (based on Raman) and morphology (based
on SEM) than films deposited at high equivalence ratios.
In addition to the complex behavior in film morB. Varying substrate temperature
phology and structure as we vary the growth temperature,
we find that there is a decrease in growth rate with
At slightly higher temperatures and lower equivalence ratios (Ts = 900 °C, <f> = 2.34), an extremely increasing temperature above 970 °C. Beyond 1070 °C,
the highest temperature for which there was a noticeable
uniform and high quality diamond film is obtained.
deposit, little or no carbon was detected on the substrate.
Raman spectra and SEM photographs of this film taken
A decrease in growth rate with increasing substrate
at three radial locations (center, 3 mm, and 8 mm from
temperature has been observed in other diamond CVD
the center) on this sample are illustrated in Fig. 5.
environments that do not contain oxygen species20'21
Although the Raman spectra reveal small variations in
and has been attributed to the presence of competitive
film quality, it is clear that the film maintains its high
deposition and etching reactions, surface reconstruction,
quality nature over the entire diameter.
and heterogeneous reactions involving atomic hydrogen
The sensitivity of diamond growth to changes in subdesorption and adsorption processes.21 The presence of
strate temperature is illustrated by the Raman spectra
oxidizing species, however, is expected to complicate
presented in Fig. 6 and the SEM photographs presented
further the deposition process. We speculate that in
in Fig. 7. In all cases, the films were deposited at an
equivalence ratio of 4> = 2.34. We find that there is a addition to the processes described, the transition to
a region of no growth beyond 1070 °C reflects the
distinct temperature range where the quality (as measincreasing influence that carbon film oxidation has on the
ured by the ratio of the 1332 cm" 1 peak intensity to
1333 cm"'
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FIG. 6. Micro-Raman spectra of samples deposited at various substrate temperatures and at an equivalence ratio of 2.34.
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kinetics of carbon condensation. As a result, we believe
that in interpreting these results, the role of oxygencontaining species in the flame should be considered. It
is well known that the rate of diamond oxidation in atmospheric pressure oxygen increases exponentially with
temperature with an activation energy of approximately
55 kcal/mole. 22 This corresponds to an oxidation onset
of approximately 750 °C. A fhermodynamic equilibrium
analysis of the C - H - O system with unity stoichiometry
( 1 : 1 : 1 ) was presented by Kosky and McAtee.23 Their
equilibrium calculations indicated that for diamond films
deposited at oxygen to acetylene flow ratios above 1.0,
increasing the temperature would move the conditions
from a region that would strongly favor carbon condensation to one that would favor carbon etching. The
sudden decrease in growth rate that we observe as we
raise the temperature from 970 °C to 1070 °C supports
this finding. It is interesting to note that the Raman
spectrum of the carbon film deposited at a temperature of
1070 °C and an equivalence ratio of cf> = 2.34 is nearly

p

identical to that deposited at 830 °C and under a more
oxidizing condition of (f> = 2.17. It appears then, that the
film deposited at the higher temperature is influenced by
oxidation.
Although thermodynamic equilibrium calculations23
provide some guidelines that may help in identifying
operating conditions that may lead to carbon deposition,
they cannot account for the effects associated with the
superequilibrium concentrations of gas-phase reactive
radicals which are present. The ratio of superequilibrium levels of H to CH3 is expected to influence the
kinetics that determine which carbon phase is deposited.
Furthermore, we find that the relative concentration
of many of the reactive species that are likely to be
important in the diamond deposition process may be
sensitive to changes in the equivalence ratio. Figure 8
shows results of a computational study based on our
model of diamond growth in low pressure premixed
acetylene-oxygen flames that we have described in a
previous publication.7 In that figure, we see that surface

H

FIG. 7. Scanning electron micrographs of diamond films deposited at an equivalence ratio of 2.34 for a range of substrate temperatures.
J. Mater. Res., Vol. 10, No. 1, Jan 1995

155

Downloaded from https://www.cambridge.org/core. Stanford Graduate School of Business, on 14 Sep 2020 at 18:13:02, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1557/JMR.1995.0149

J.S. Kim and M.A. Cappelli: Experimental study of the temperature and stoichiometry dependence

-,

10"4

The higher temperature deposits nonetheless indicate an
increased presence of graphitic carbon in comparison to
samples deposited below 900 °C.

-

10-°

C. Implications on manufacturing costs

0.1

0.01

0.001

0.001

r

r
-

10"'

10-

10""

1.9

2

2.1

2.2

2.3

2.4

2.5

2.6

Equivalence Ratio

FIG. 8. Predicted mole fractions of various species near the growth
surface.

concentrations of CH 3 , H and O containing species
vary over the range of equivalence ratios investigated
experimentally in our present study. The strong variation in oxygen-containing species, and their presence
in concentrations well above that of atomic hydrogen
and methyl radicals suggests that their role in surface
reactions during diamond CVD in flame environments
should be considered.
The width of the first-order Raman peak at
1332 cm" 1 is a strong function of growth temperature.
Figure 9 shows the variation with temperature in the
FWHM of the 1332 cm" 1 peak. Although an increase
in the FWHM is often interpreted as poorer diamond
quality, we emphasize that this interpretation must be
made with discretion in that an apparent increase in the
FWHM for temperatures above 900 °C can be due to
the presence of inhomogeneous stress in the sample as
evidenced by the significant 5 cm" 1 shift in the peak.
12

10

-

A recent paper by Ravi et al.u discussed issues in
manufacturing economics and scaling of flame CVD
processes. In that study, they attributed 80% of the
manufacturing costs to the cost and utilization of acetylene, i.e., the ability to convert carbon from acetylene
to diamond using a flame process. We shall refer to this
fraction as the "base" cost, which in one way can be
represented by the amount of acetylene (in cubic feet
under standard conditions) that is required to deposit a
carat of diamond. We shall assume that this base cost
represents a large fraction of the cost to manufacture a
diamond film.
The data derived from our study can be used to
project a base cost for this low pressure combustion
process. Assuming that we can grow diamond uniformly
over the entire flame diameter, then, at the optimum
growth rate of 4 ,u,m/h, this corresponds to a mass deposition rate of 2.5 X 10" 6 gm/s. The acetylene flow rate
corresponding to this growth rate is 2.1 X 10~3 ft 3 /s.
With this, we project a base cost of 165 ft3/carat,25
recognizing that there are approximately five carats in
a gram of diamond. This value is about a factor of
three greater than that employed in the cost models of
Busch and Dismukes26 for atmospheric pressure flame
synthesis strategies. The cost models of Ref. 26 indicate
that atmospheric pressure combustion processes are still
a factor of two or so more expensive than alternative
growth strategies. It is apparent then, that despite the
relatively high cost of acetylene, a factor of three to six
increase in the growth rate (12-24 /Ltm/h) can bring the
cost of this process down to a level that is comparable
to that of hot filament, microwave, or arcjet processes.
One approach to reducing the cost of low pressure flame
strategies is to use fuels that are less expensive than
acetylene. A preliminary investigation of diamond film
synthesized in low pressure ethylene-oxygen flames is
presented in another paper.27

5

IV. SUMMARY
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FIG. 9. Variation in thefirst-orderRaman FWHM at 1332 cm"1 with
growth temperature for films deposited at an equivalence ratio of 2.34.
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In the present study, we have demonstrated that
diamond synthesis in low pressure premixed acetyleneoxygen flames exhibits a high sensitivity to the flame
stoichiometry and substrate temperature. The parametric
study described here reveals deposition characteristics
that are qualitatively similar to what has been previously observed in extensive studies of diamond growth
in atmospheric pressure acetylene-oxygen flames. Our
results indicate that high quality and maximum growth
rates were obtained for temperatures in the range of
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830 "C-970 °C and for equivalence ratios in the range
of 2.34-2.42. High quality and continuous diamond
films have been deposited, with Raman FWHM of
2.5 cm~' at growth rates as high as 4 jttm/h. The
variation in quality and growth rate that we observe
has been interpreted in terms of the possible role that
oxygen-containing species may have in the deposition
chemistry. For an equivalence ratio of cf> = 2.34, we
have observed an upper limit in temperature beyond
which no deposit is formed, and we have attributed this
to carbon film oxidation. This observation is consistent
with thermodynamic calculations of carbon deposition
under similar chemical environments.
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