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Observation of carbon clusters of a few nanometers in the
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Abstract

We observed the carbon clusters by TEM after capturing them on a grid membrane during the oxyacetylene flame
diamond synthesis. The clusters of ~1.5nm captured on the amorphous membrane in the gas mixture of the acetylene-
to-oxygen ratio of 1.04 were mostly amorphous with a few having a diamond lattice. The clusters larger than 5nm
captured at the gas ratio of 1.09 were mostly graphite with a minor fraction of diamond. © 2002 Elsevier Science B.V.

All rights reserved.
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In spite of intensive studies on the CVD
diamond growth [1-5], the growth mechanism is
not yet clearly understood. Among the suggested
mechanisms, one thing is common; the atomic
hydrogen is essential to the CVD diamond growth
although its exact role is not generally agreed
upon. A drastically different growth mechanism,
the charged cluster model (CCM), was suggested
by Hwang et al. [6-8]. In the CCM, it was
predicted that the charged carbon clusters of a
few nanometers should be generated in the CVD
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diamond reactor and suspended like colloidal
particles in the gas phase with their subsequent
deposition as diamond films. In the CVD diamond
process, the CCM can explain some unusual
phenomena taking place in the CVD diamond
process, which were difficult to approach by the
conventional concept of atomic growth. For
example, the CCM can avoid the thermodynamic
paradox in explaining the well-known phenomen-
on of simultaneous diamond deposition and
graphite etching. Besides, the CCM can explain
satisfactorily the preferential formation of dia-
mond particles on the apex over the valley of the
substrate. The relatively easy formation of dia-
mond on the graphite surface in the new diamond
CVD process can also be successfully explained by

0022-0248/01/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.

PII: S0022-0248(01)01748-1



400 H.-S. Ahn et al. | Journal of Crystal Growth 234 (2002) 399-403

the CCM. The CCM also explains the evolution of
porous skeletal soot on some transition metals
such as Fe, Ni and Co and of diamond films on
other substrates such as Si, W and Mo under the
identical processing condition.

Recently, these hypothetical charged carbon
clusters were experimentally confirmed by an
energy analyzer and a Wien filter in the hot
filament diamond CVD process [9,10]. As pre-
dicted in the CCM [8], the cluster size increased
with increasing methane concentration [10]. Under
the condition when the clusters of a few hundreds
of atoms were generated, the good quality
diamond crystals were deposited while under the
condition when the clusters of more than one
thousand atoms were generated, the cauliflower-
shaped or ball-like diamonds were deposited. If
these diamond clusters continue to grow in the gas
phase, they can grow into the diamond particles in
the size range between nanometers to micrometers.
Indeed, these diamond particles were confirmed
earlier in other groups in the gas phase of the
low-pressure diamond synthesis by microwave
plasma [11], DC plasma jet [12] and laser [13,14].

Since diamond films can be synthesized by the
oxyacetylene flame [15], the carbon clusters are
also expected to form in the gas phase. Indeed, the
existence of charged carbon clusters in the flame of
a gas mixture of hydrocarbon and oxygen was
confirmed by Homann group using an energy
analyzer [16], a Wien filter [17] and a time-of-flight
(TOF) [18] in their study of combustion and flame.
Although they did not relate the generation of
charged carbon clusters to the CVD diamond
growth, the ratio of carbon to oxygen they used
ranged from 1.0 to 1.2, which is close to the
composition for diamond CVD using the oxyace-
tylene flame [15]. In their measurements, the
cluster size increased with increasing ratio of
carbon to oxygen. They reported that the carbon
clusters containing hundreds to thousands of
atoms were either positively or negatively charged.
By TOF analyses [18], they further showed that the
positively charged clusters were hydrogenated,
which are known as polyaromatic hydrocarbon
(PAH) ions, while the negatively charged ones
were almost of pure carbon. The purpose of this
paper is to capture these clusters on a membrane

during the oxyacetylene flame diamond CVD
process and to observe them by TEM with the
similar procedure used in the TEM observation of
Si [19], ZrO, [20] and Au [21] clusters.

In order to capture the carbon clusters during
the oxyacetylene diamond CVD process, a Mo
mesh grid coated with an amorphous silica
membrane for TEM was used. The copper mesh
grid was inappropriate for this experiment because
copper tended to evaporate during the exposure in
the oxyacetylene flame and the copper clusters,
which have a similar structure to diamond, landed
on the membrane. A commercial oxyacetylene
torch with a nozzle of 1 mm diameter was used.
Two different ratios of acetylene to oxygen of 1.04
and 1.09 were used to compare the cluster size. The
exposure time of the TEM grid in the flame was
10, 30 and 60 s for the gas ratio of 1.04 and 10 s for
the ratio of 1.09. When the exposure time is longer
than 10 s for the gas ratio of 1.09, the deposits were
too thick for TEM observation.

The total flow rate of acetylene and oxygen was
2 1/min. The acetylene flame consists of three parts:
inner flame, outer flame and acetylene feather. The
length of the total flame depended on the gas ratio
and the flow rate. With the flow rate of 2 liter per
min, the flame length was 20 and 25 mm for the gas
ratios of 1.04 and 1.09, respectively.

In a preliminary experiment to decide the
position of the grid in the flame, the films were
deposited with varying distances between the
nozzle and the silicon substrate. The substrate
was placed on the water-cooled copper plate.
Diamond crystals were deposited in the flame
16 mm away from the nozzle for the gas ratio of
1.04. Graphitic films were deposited in the flame
12.5mm away from the nozzle for the gas ratio of
1.09. Therefore, the Mo grids were placed at 16
and 12.5mm away from the nozzle for the gas
ratios of 1.04 and 1.09, respectively. The surface
temperature of the water-cooled copper plate was
measured to be 600°C by the thermocouple buried
in the copper plate. The actual grid temperature
was estimated to be 700-800°C or even higher,
considering that the silica membrane tended to
melt with the prolonged exposure in the flame.

Figs. 1(a)—(c) show carbon clusters captured for
10, 30 and 60 s, respectively, with the gas ratio of
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10 nm

Fig. . TEM microstructures of carbon clusters captured on the silica membrane for (a) 10s, (b) 30s and (c) 60s with a gas ratio of

C,H;:0,=1.04 during the flame deposition of diamond.

1.04 in the oxyacetylene flame. Individual clusters
are shown as dark spots. Isolated clusters with an
average size of 1.5 nm are distributed uniformly on
an amorphous silica membrane. The number
density of clusters was 2.1 x 10''/mm? after 10s,
increased to 3.2x 10''/mm? after 30s but
decreased to 2.0 x 10''/mm® after 60s. The
decrease in the number density between 30 and
60s was repeatedly reproduced. This means that
the clusters are being etched away after some
initial period under the identical processing
conditions.

The similar phenomenon of simultaneous clus-
ter deposition and atomic etching occurs in the
diamond CVD using the C—H system [7] and in the
silicon CVD using the Si—CI-H system [22,23]. In
these systems, the gas phase solubility of carbon or
silicon increases with decreasing temperature near
the substrate temperature and the gas phase
nucleation changes the driving force at the
substrate temperature from deposition to etching.
Unlike the C—H system, the gas phase nucleation
does not change the driving force for etching on
the substrate in the C—H-O system using the gas
ratio of acetylene to oxygen of 1.04 [24,25].
However, the oxyacetylene torch CVD process is
done in an open air and the outer flame must be
oxygen rich due to the supply of oxygen from the
air. This excess oxygen coming from the air
appears to make the driving force for etching on
the substrate.

In the initial stage before 30s, the cluster flux
landing on the membrane must have exceeded the
atomic flux of etching, which results in the increase
of the number density of carbon clusters with
deposition time. As the charged clusters continue
to land on the insulating membrane, the electric
charge will build up. This built-up charge will exert
the Coulomb repulsion on the incoming charged
clusters especially when they have the same sign of
the charge. Thus, the cluster flux landing on the
membrane will decrease with processing time. If
the flux for atomic etching exceeds the flux for
cluster landing, the number density of clusters on
the membrane will decrease. This picture explains
the decrease in the number density of clusters after
60s in Fig. 1(c). Most of clusters shown in Fig. 1
appear to etch away during prolonged deposition,
judging from the final diamond grain size of a few
microns evolved after prolonged deposition.

Although most clusters in Fig. 1 were amor-
phous, a few of them have a lattice fringe as shown
in Fig. 2, which is a high-resolution image of
Fig. 1(c). Lattice spacing was 2.06A, which
indicates the spacing of {111} plane of diamond.
The amorphous clusters in Fig. 1 are not necessa-
rily amorphous in the gas phase. The structure of
clusters, especially small ones, is greatly influenced
by the surface they land on. The small clusters
have a strong tendency for structural accommoda-
tion with the surface on which they land [26]. Even
if the clusters have the diamond structure in the
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Fig. 2. High resolution TEM image of the cluster with the
diamond lattice, observed among the clusters in Fig. 1(c).

Fig. 3. High resolution TEM image of the clusters captured for
10s with a gas ratio of C;H,:0,=1.09.

gas phase, they might change to the amorphous
structure on the amorphous membrane. This
possibility was revealed in the study of gold
clusters captured on the amorphous silica mem-
brane [21]. Small clusters (2.4 nm) were amorphous
while large ones (8§ nm) had a gold lattice.

Fig. 3 shows the high resolution TEM image of
the carbon clusters captured for 10s at 12.5mm
away from the nozzle for the gas ratio of 1.09.
Compared with the clusters in Fig. 1, the clusters
in Fig. 3 are much larger (>5nm) and have a
lattice fringe. Most clusters have a graphite lattice

Fig. 4. Typical electron diffraction pattern of the sample for
Fig. 3, showing the polycrystalline graphite.

and only a minor fraction of them has a diamond
lattice. The high resolution TEM image of Fig. 3
reveals a lattice fringe spacing of 0.312 nm, which
can be matched with the electron diffraction
pattern shown in Fig.4. The ring pattern of
Fig. 4 could be indexed with the graphite phase
(JCPDS  25-0284, P63;/mmc, a = 0.2456nm,
¢ =0.6696nm) [27] although there is a slight
difference in the low-index diffraction. For exam-
ple, the spacing of the (002) planes is contracted
by 0.0228 nm (6.8%) compared with that of the
JCPDS data. This contraction might come from
the high capillary pressure of the graphite cluster
of ~5nm.

As shown previously by molecular dynamics
simulation of gold clusters [26], the small clusters,
if landing on the growing gold surface, undergo
epitaxial recrystallization instantly while the
large clusters tend to make twin or grain bound-
aries. Since the diamond films are grown
under the processing condition to produce the
clusters in Fig. 1, the small clusters in Fig. 1 are
expected to undergo homoepitaxial recrystalliza-
tion after landing on the diamond surface. How-
ever, the large graphite clusters in Fig. 3 would
have difficulty in epitaxial recrystallization on
the growing surface and make frequent secon-
dary nucleation, leading to a graphite nano-
structure.
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The clusters in Fig. 3 have mostly a graphite
lattice instead of a diamond one, indicating that
graphite is more stable than diamond for these
clusters. This result is in contrast with the diamond
lattice of the small cluster shown in Fig. 2. There
are two possibilities for stabilization of graphite
over diamond for the clusters in Fig. 3. One is the
size effect on the stability between diamond and
graphite [6]. In order for diamond to be stable over
graphite by the capillary effect, the clusters may
have to be smaller than those in Fig. 3. In other
words, the clusters in Fig. 3 may be large enough
for graphite to be stable over diamond. The other
possibility is that the clusters are electrically
neutralized after positively and negatively charged
clusters coagulate together. Thus, the stability of
the charged diamond clusters achieved by the
electrical double layer [28] is lost after charge
neutralization. Although in the hot filament
diamond CVD process, clusters are dominantly
negatively charged, both positively and negatively
charged clusters are formed in abundance in the
flame of the oxyhydrocarbon gas mixture [16].
Further studies should be done to clarify this
stability problem.

Conclusively, the carbon clusters of a few
nanometers were observed by TEM after being
captured on a grid membrane in the oxyacetylene
flame diamond CVD process. The clusters of
1.5nm, which were produced in the acetylene-to-
oxygen ratio of 1.04, were mostly amorphous on
the amorphous silica membrane. The -clusters
larger than 5nm, which were produced in the gas
ratio of 1.09, were mostly graphite with a minor
fraction of diamond.
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