STUDIES OF AMORPHOUS HYDROGENATED “DIAMONDLIKE” HYDROCARBONS
AND CRYSTALLINE DIAMOND
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The relationship between crystalline diamond, the “diamondlike” hydrocarbons (a-C:H) and diamond carbons (a-C) can
be conveniently shown using a plot of atom number density vs. atom fraction hydrogen. For a-C:H the sp’/sp’ ratio, the
average coordination number and the composition limits are close to the values predicted for a random covalent network.
The “diamondlike” carbons (a-C) appear to be a separate class of material (or materials). Twin planes and stacking faults
observed in crystalline diamond grown from vapor can arise from the formation of hexagonal nuclei on {111} planes
followed by layer growth through the addition of single and two-carbon-atom species. Intersections of re-entrant {111}
surfaces on crystals with two or more parallel twin planes act as nucleation centers which are continuously regenerated as
growth proceeds. Three-carbon-atom and four-carbon-atom nucleation events on smooth {111} surfaces are not necessary
for the extension of these multiply twinned crystals, and hence they should be dominant growth forms. The smallest
hydrocarbon molecules with this unusual property are two of the “boat-boat” conformers of bicyclodecane. These
molecules, and other polycyclic hydrocarbons with two or more parallel twin planes, are proposed as the precursor nuclei

for the growth of diamond from vapor.

1. Diamondlike hydrocarbons

Structure of diamond-like hydrocarbons (a-C:H)
The elemental composition and properties of
amorphous hydrogenated “diamondlike” hydro-
carbons (a-C:H) have been studied by numerous
workers and are reviewed elsewhere™. These
hydrocarbons can be easily prepared as thin films
on Si, quartz, polymers and other substrates by rf
self-bias deposition from hydrocarbon gases. They
can also be formed by direct deposition from low
energy (=100 eV) hydrocarbon ion beams and by
other energetically assisted deposition methods.
The hydrocarbon films obtained by these
methods are unlike any conventional polymer.
They are much denser than other hydrocarbons
and can be made harder than silicon carbide. They
may be thought of as a “hydrocarbon ceramic.”
The relationship between crystalline diamond, the
diamondlike hydrocarbons (a-C:H) and conven-
tional hydrocarbons may be conveniently shown
on a plot of atom number density vs. atom fraction
hydrogen®® (see Fig. 1). The a-C:H fall between
crystalline diamond (DI) and the adamantanes
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Fig. 1. Atom number density (gram atom per cubic centi-
meter) vs. atom fraction hydrogen. Legend: DI, diamond; a-C,
diamondlike carbon; a-C:H, diamondlike hydrocarbons; AC,
oligimers of acetylene; AD, adamantance; AL, n-alkanes; AM,
amorphous trigonally bonded carbon; AR, polynuclear aro-
matics; GR, graphite. Citations for the a-C:H data are given in
reference 4). The dashed vertical lines are the theoretical
composition limits predicted by Eq. (3).
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least abundant, conformer which can act as a
diamond nucleus is present in concentrations ap-
proximately two percent of that of trans-decalin.

The nucleation mechanism has been discussed in
terms of the simplest hydrocarbons with parallel
twin planes. However, there is an entire spectrum
of saturated hydrocarbon ring compounds with
the same property. These can be derived from
higher molecular weight polynuclear aromatics,
for example phenanthrene. All that is required is a
hydrocarbon structure containing two or more
parallel twin planes.

It should be noted that many hydrocarbon ring
compounds contain either no twin planes, a single
twin plane or non-parallel twin planes. An un-
twinned molecule such as adamantane has no sites
for easy addition of two-carbon-atom species and
therefore is an unlikely precursor for diamond
growth. Examples of “boat-boat” conformers of
cyclodecane with a single twin plane are shown in
Fig. 8. These molecules can initially add two-
carbon-atom species, but they ultimately grow out
to a structure which requires three-carbon-atom
nucleation events for growth to proceed. Similarly,
tetracyclododecane has a single twin plane and has
three sites for the addition of two-carbon-atom
species. However, after addition of these species, a
structure is obtained which contains no sites for
easy addition of further two-carbon species. Hexa-
cyclopentadecane, with five non-parallel twin
planes, has five sites which can accept acetylenic
species. After these are added, however, a structure
without easy growth sites is formed. Furthermore,
this molecule is likely to be present in extremely
small amounts, if at all, under reaction conditions.

BOAT-BOAT CONFORMERS OF
BICYCLOHEXANE WITH ONE TWIN PLANE

Fig. 8. Conformers of bicyclodecane that contain only a
single twin plane. These molecules will not serve as diamond
nuclei.

Discussion of nucleation mechanism

The proposed mechanism is speculative, but is
in agreement with many observations. First, the
proposed mechanism is consistent with the large
number of methods which are known to produce
diamond from vapor. The proposed mechanism
suggests that each of these processes provides an
energetically favored channel from acetylenic spe-
cies to polynuclear aromatics and finally to the
fully hydrogenated, multiply-twinned precursor
molecules. The channel relies only on simple com-
pounds known to be present under extreme reac-
tion conditions. It is also consistent with the
discovery that diamond can nucleate in a fuel-rich
oxy-acetylene torch®™". These conditions, close
to the point of sooting, are known to produce
polynuclear aromatic compounds.

The proposed mechanism is also consistent with
the otherwise inexplicable observation that dia-
mond can be readily nucleated directly on a graph-
ite substrate. The graphite may provide fragments
which can undergo hydrogenation to provide mul-
tiply-twinned saturated cyclic hydrocarbons. It
also may explain the catalytic effect of some
substrates on nucleation rate. For example, nucle-
ation rates are greater when boron is present, and
boron compounds are known to be catalysts for
the hydrogenation of naphthalene.

The mechanism implies that most, if not all,
crystals of macroscopic size should contain at least
two twin planes. Two closely-spaced, parallel twin
planes appear as a stacking fault and leave the
morphology of the macroscopic crystal unchanged.
Therefore, the mechanism appears consistent with
the observation that isolated diamond octahedra
are sometimes observed.

Finally, one may speculate that the molecules
shown in Fig. 7 are the precursors to diamonds
found in interstellar space, since polynuclear
aromatics are thought to be present in this
environment*”.
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