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In-situ gas phase diagnosis of the filament-assisted diamond deposition environment has been performed. We report the
identification and concentrations of gaseous species present in the growth environment as determined by infrared diode
laser absorption, laser-excited fluorescence and multiphoton ionization spectroscopies. From a reactant mixture of 0.5%
methane in hydrogen, C;H, (2x 10" molec/cc), C2Has (6x10') and CH; (2x10'?) were detected above the growing surface.
Concentration limits for undetected species were estimated. The results are discussed in terms of simple models for species
formation and consumption, as well as the implications for the diamond growth mechanism.

1. Introduction

The growth of diamond from the vapor phase
has been the subject of intense interest over the last
ten years because of its potential for diverse indus-
trial applications. The various techniques and
historical development of diamond growth from
the vapor phase have been reviewed recently.’?
Diamond, the cubic crystalline form of carbon, is
metastable with respect to graphite at the low
pressures involved in these techniques.” What is
not yet well established is why diamond can be
grown at all. A common characteristic of each of
these techniques is a supersaturation’ of carbon
species in the gas phase and the presence of
molecular and atomic hydrogen.” But which mole-
cules, radicals or atoms are crucial to the deposi-
tion of diamond as opposed to other forms of
carbon? To obtain a detailed understanding of the
diamond deposition processes it will be necessary
to understand the gaseous chemistry, the transport
of species to/from the growing surface, and the
surface chemical processes. To date, most charac-
terization has focussed on the deposited material
itself.¥™ Optical emission from the excited states
of gaseous species has been reported, but little
evidence is given to substantiate the importance or
concentration of the detected species.”'”

In this work we report the use of in-situ optical
diagnostics to characterize the various gaseous
species present in the filament-assisted diamond

deposition environment that has been well estab-
lished by many laboratories.'”™® We employed
tunable infrared (IR) diode laser absorption spectro-
scopy, UV resonance enhanced multi-photon ioni-
zation spectroscopy (REMPI), and laser-induced
fluorescence (LIF) as the in-situ optical probes. IR
diode laser spectroscopy is a highly selective and
sensitive probe of small molecules at low pressures
(CH3, CzH, CHz, CHA, Csz, C2H4, etc.) while
REMPI and LIF are spatially selective and highly
sensitive probes of species with accessible elec-
tronic states (CHs, H, CH, CH;, C,, C;, etc.).

2. Experimental

The filament-assisted diamond deposition appa-
ratus was contained in a stainless steel six-way
cross (61in. i.d.). The flow of reagents was control-
led by mass flow controllers. Typical growth condi-
tions were 100 sccm total flow of 0.5% CH, in Ha
at 25 torr. All gasses were research grade with
purity in excess of 99.99%. The temperature of the
filament (tungsten, GE218, 6-10 turns, 0.33 mm
dia.) was monitored by a two-color optical pyro-
meter and that of the substrate was measured by a
chromel-alumel thermocouple (and occasionally,
an IR two-color pyrometer) through a fused silica
window.

The IR diode laser diagnostics were performed
by mounting multi-pass reflection mirrors on
opposing side arms of the six-way cross and
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Table 1. Summary of observations showing molecules examined, technique employed for detection (no entry indicates
the technique was not used), and estimate of the concentration for 20 torr of 19 CH, in Ha, 2200° C filament temperature,
and ca. 900° C substrate temperature

Concentration
Molecule Detected by estimate

IR REMPI LIF (molec./cc)
H yes
CH no
CH; (’B) no
CH; yes yes 2+1.5x10"
CH,4 yes 8+1 x10™
C, no
C:H, yes 2+1 x10™
C:H, yes 6+2 x10"
Csz no
Cs yes
CsHs-allene no <8 x10"
C;Has-methyl acetylene no <8 x10"
C;Hg-cyclopropane no <6 x10"
C;H¢-propylene no <2 x10"
C;H; no <3 x10"

MODEL OF FILAMENT-ASSISTED
DIAMOND DEPOSITION
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Fig. 5. A simple model of the gaseous chemistry occurring in the filament-assisted deposition of diamond is presented.
On the right is a plot of the log of the mole fraction of the gaseous constituents of a 25 torr gas mixture (initial
composition 0.5% CHa in H>) at equilibrium versus the equilibrium gas temperature.
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an equilibrium calculation of the gaseous compo-
nent concentrations vs. temperature for an initial
gas mix of 0.5% CH, in H,.**** Comparison of
the crude concentration determinations reported
in Table 1 with this equilibrium calculation indi-
cates that the chemical composition of the gaseous
environment between the hot (2300 to 2600 K)
filament and deposition surface is similar to that of
the thermodynamic equilibrium composition of a
0.5% CHs in H, gas mix at 1500 to 2300 K. The
most glaring exception in this comparison is that
of the initial hydrocarbon reactant, CHs, whose
concentration is higher than expected for the
equilibrium model. This may indicate that the
residence time of the gas near the hot filament is
insufficient for complete equilibrium to be esta-
blished. As the species generated at/near the fila-
ment diffuse or flow to the colder deposition
surface, it is likely that the most reactive species,
(e.g., C, CH, CHa, etc.) will be depleted and the
“chemical” temperature of the gas will be lowered.
Since the growth surface temperature is significant-
ly lower than the “chemical” temperature of the
gas (1200 K versus 1500 to 2300 K), condensation
of carbon from this “super-equilibrium” gas® is
likely. This simple model also suggests an explana-
tion for the observed lack of dependence on the
nature of the hydrocarbon reactant,*”'? in that the
thermodynamic equilibrium concentration of
chemical species is independent of the nature of
the initial reactants.

What is the role of atomic hydrogen in this
deposition environment? This question will be very
difficult to answer without detailed surface studies
of the growing surface. The REMPI measurements
indicate the presence of atomic hydrogen (Fig. 3)
with increasing concentration as the filament
temperature (Fig. 4) is raised, in agreement with
the thermodynamic calculation presented above.
The data for 3% CH. in H,, Fig. 4, suggest a
poisoning of the filament surface or suppression of
the gaseous H atom concentrations at tempera-
tures lower than 2250°C, as compared with
reactant gas mixes with lower CH. concentrations.
This correlates with the evidence for higher concen-
trations of graphitic/amorphous carbon deposits
reported for the higher CH4 concentration gas
mixes.”””'” Thus, one of the roles of the atomic

hydrogen may be the preferential etching of non-
diamond forms of carbon simultaneous with the
deposition of all forms of carbon.” Other func-
tions, such as surface stabilization, shifting of gas
phase equilibria, etc. are also possible.

H atom transport within ca. 15 mm of the
filament is predominantly by diffusion. This is
shown by the similarity of the H atom REMPI
signals detected above and below the filament and
by the lack of mass flow rate dependence when the
probe is between the H, inlet and the filament.
This observation is consistent with estimates of the
H atom diffusion velocities of ca. 10* cm/sec. The
transport of heavier species and gases in regions
away from the immediate vicinity of the filament is
probably driven by buoyancy (convection) and
inlet/ pumping effects (forced flow) in this hot
filament-cold wall cell.

5. Conclusions

This work has demonstrated the utility of in-situ
optical diagnostics in understanding the gaseous
chemistry of the filament-assisted diamond CVD
environment. The radical (H, CH;) and stable
(CH.4, C2H3, C2Hy) species detected indicate that a
simple thermodynamic equilibrium calculation is
very instructive about the gaseous chemical compo-
sition above the diamond deposition surface, while
the need for more refined modeling calculations is
evident. Diffusion was shown to be the main
transport mechanism for H atoms near the fila-
ment, and a suppression of H atoms was observed
for filament temperatures below 2200°C with
methane concentration greater than 3.0%.
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