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Diamond deposition on fine vapour grown carbon 
filament 

JYH-MING TING 
Applied Sciences, Inc., Cedarville, OH 45314 USA 

A fine carbon filament has been used as substrate in a microwave plasma enhanced 
chemical vapour deposition (MPECVD) process. The carbon filaments were severely etched 
to form carbon dusts which then served as nucleation seeds. Polycrystalline diamond 
coatings on the carbon dust and the diamond dust, which was used during the sonication 
pre-treatment, were obtained at temperatures below 1000 ~ A mini-explosion that formed 
a 120-#m diamond sphere occurred at a temperature of 950~ As the processing 
temperature further increased, several explosions occurred to form protrusions, including 
glassy carbon spheres with volumes greater than 22 mm 3, and thick glassy carbon coatings, 
at an average rate as high as 270gm per 17h, on the entire surface. These thick coatings 
occurred on the untreated surface of a Si coupon, which was used to support the carbon 
filaments. The explosion has been explained to be as a result of energy absorption from the 
microwave and plasma. 

1. Introduction 
Low pressure synthesis of diamond involving the use 
of hydrocarbon and hydrogen mixtures occurs when 
the gaseous mixtures are activated by d.c. or r.f. arc 
discharge [1, 2], microwave energy [3-5],  d.c. glow 
discharge [6] or hot filaments [7, 8]. The synthesis can 
also be performed by using combustion reactions be- 
tween oxygen and some hydrocarbons [9]. Although 
the mechanism of diamond synthesis is not well estab- 
lished, it is recognized that d iamond can be deposited 
from the vapour  phase on diverse substrate materials. 
However, relatively little research has been reported 
where carbon materials (exclusive of diamond) have 
been used as substrate wafers. Studies [10,11] have 
indicated that formation of diamond occurred on the 
edge of graphene planes, as well as on scratches left by 
diamond abrasion. Another study [12] also reported 
that, using highly oriented pyrolytic fibre (HOPG)  as 
a substrate, diamond nucleated interiorly on the basal 
plane, better on very highly disordered carbon surface, 
and best on a lightly polished basal plane surface or 
prism plane surface. In any event, however, diamond 
nucleation on a carbon substrate wafer was found to 
be difficult. However, when a carbon fibre known as 
a vapour-grown carbon fibre was used as substrate, 
diamond formation was found to be relatively easy 
[13-15]. In this paper, we have further investigated 
deposition of diamond on a fine vapour-grown carbon 
filament. Although the principle of producing the car- 
bon filament and vapour  grown carbon fibre (VGCF) 
are similar, distinctive results have been observed. 

2. Experimental procedure 
The carbon filaments used in this study were prepared 
in our laboratory [16]. This type of filament has 

a diameter of 0.2 gm and a length near 100 gin. The 
d.c. conductivity of as-grown filament is at least 
l x 1 0 5 ~ - 1 m - 1 .  Carbon filaments were first 
sonicated in a dilute aqueous solution containing dis- 
tilled water and a small amount  of high-purity dia- 
mond dust (0-2 gm in diameter) and then in distilled 
water. After this pre-treatment, a drop containing fila- 
ments was transferred to a Si coupon to form a porous 
thin coverage. Filaments occupied the centre area, 
approximately 0.4 to 0.5cm in diameter, of the 
1 x 1 cm Si coupon. The Si coupon with filaments was 
then subjected to a 2.45 G H z  microwave reactor for 
17 h of deposition. During each run, the specimen was 
placed in a position to obtain the desired temperature, 
ranging from 800 to 1200 ~ The microwave power 
was maintained at a constant 210 W. Other processing 
conditions used are summarized in Table I. Specimens 
were characterized by scanning electron microscopy 
(SEM) and micro-Raman spectroscopy. 

3. Results  
Fig. 1 shows SEM micrographs of specimens obtained 
under conditions A to D. Coatings were in- 
homogeneous and found mainly in the centre zones 

TABLE I Processing conditions used in the current study 

Conditions Gas mixture Temperature (~ Pressure 
(H~/CH4 in sccm) kPa 

Initial Final 

A 99.4/0.5 800 _+ 5 800 • 5 3.99 
B 99.4/0.5 850 • 5 845 • 5 3.99 
C 99.4/0.5 900 • 5 905 • 5 3.99 
D 95.4/0.5 950 • 5 950 • 5 3.99 
E 99.5/0.5 1000 • 5 1200 • 5 3.99 
F 99.9/0.1 1000 • 5 1200 • 5 3199 
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Figure 1 SEM micrographs of specimens obtained under conditions A 
zones (defined by the broken line) which were originally covered by 
categorized in the text. 

Figure 2 Colloidal aggregate-like and flake-like agglomerates are 
commonly found on the specimens shown in Fig. 1. 

to D. Coatings were inhomogeneous and found mainly in the centre 
the carbon filament. The arrows define different morphologies as 

which were originally covered by carbon  filaments. 
There are in general three c o m m o n  morphologies  
found in the centre zones: "planar"  surface morpho-  
logy as Region 1 in Fig. l(b), "island-like" morpho logy  
as Region 2 in Fig. l(b), and agglomerate-like mor-  
phology as Region 3 in Fig. l(b). It appears that  as the 
processing temperature increased, heavier coatings 
were obtained such that  the island-like and agglomer- 
ate-like morphologies  became more  pronounced.  The 
agglomerates are in the shape of either colloidal 
aggregate or  flake as shown in Fig. 2. Both  colloidal 
aggregates and flakes have the same ball-like structure 
(Fig. 3(a)) which consists of  faceted crystals that  are 
smaller than those found in the planar  and island 
regions (Fig. 3(b)). In the regions outside the above 
described centre zones, d i amond  nucleat ion was also 

Figure 3 Morphologies of (a) colloidal aggregates and flakes and (b) planar and island-like regions. Colloidal aggregates and flakes have the 
same ball-like structure which consists of faceted crystals that are smaller than those found in the planar and island regions. 
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Figure 4 Larger crystai sizes with more defects are found on a specimen obtained at a higher temperature. The processing temperatures were 
(a) 800 ~ and (b) 900 ~ 

Figure 5 A sphere with two lumps was observed on a specimen 
processed under condition D. 

observed. Higher nucleation densities are seen in areas 
closer to the centre zone and at higher temperatures as 
shown in Figs 1 and 4. Fig. 4 also demonstrates that 
larger crystals are found on specimens obtained at 
a higher temperature. 

Two distinct features were also found on specimen 
prepared under condition D (temperature = 950 ~ 
A sphere with two lumps was observed as shown in 
Fig. 5. The diameter of the sphere is about 120 lam and 
the lumps, 25 to 35 gm. These two lumps on its surface 
may be a result of secondary nucleation [17]. The 
second feature, as shown in Fig. 6, is the fibrous mor- 
phology found mostly in the region outside the centre 
zone and less on the agglomerates. Fig. 6(b) and (c) 
show that the microstructure of the faceted "fibres" 
found in both places are the same. Also the crystal 
sizes are similar to that of the agglomerates. 

When the temperature was 1000~ even larger 
sphere-like morphology was observed. Fig. 7(a) and 
(b) show, respectively, a top view and a side view of 
specimen obtained under condition E. A large "hot 
balloon" is seen in the centre of the specimen. The 
diameter of the hot balloon is about 3.5 ram. The 
density of the balloon was determined to be 
1.5 g cm -3, approximately. The surface morphology 
of balloon appears to consist of non-faceted "fibres" 
(Fig. 8(a)) and a porous "matrix" (Fig. 8(b)). The 
microstructure of both the fibre and the matrix are 

Figure 6 Fibrous morphology found (a) mostly in the area outside 
the centre zone and less on the aggregates. The microstructure of the 
"faceted fibres" found (b) outside the centre zone and (c) on the 
aggregates is the same. 
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Figure 7 SEM micrographs showing (a) a top view and (b) a side view of a specimen obtained under condition E. 

Figure 8 The surface morphology of hot balloon appears to consist of (a) non-faceted fibres mixed with (b) a porous "matrix". The 
microstructure of both (c) the fibre and (d) the matrix are similar. 

Figure 9 (a) Surrounding the hot balloon are hills of agglomerate-like coatings consisting of colloidal aggregate-like and corn-shaped 
morphologies. (b) Both regions exhibit flake-like microstructure. 
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Figure 10 Found away from the hill region are "planar" coatings consisting of colloidal aggregates, which also exhibit a flake-like 
microstructure: (a) top view and (b) side view. 

Figure 11 A distorted ellipsoid was formed at the centre of a specimen processed under condition F. (a) Surface morphology, (b) 
microstructure of the ellipsoid, (c) morphology of as-cut surface and (d) its microstructure. 

similar as shown in Figs 8(c) and (d), respectively. 
Surrounding the hot balloon are hills of agglomerate- 
like coatings. The coatings consist of colloidal-aggreg- 
ate-like and cone-shaped morphologies (Fig. 9(a)), 
both of which exhibit flake-like microstructure 
(Fig. 9(b)). Found away from this region are "planar" 
coatings consisting of colloidal aggregates, which also 
exhibit a flake-like microstructure. This is shown in 
Fig. 10 for both top view and side view of the planar 

region. The coating thickness of the planar region was 
determined to be about 270 gm. 

For specimen processed under condition F, similar 
morphology was found. A distorted ellipsoid was 
formed at the centre of specimen. The density is also 
1.5 g c m -  3, approximately. The surface morphology is 
shown in Fig. 1 la. The ellipsoid was cut into two parts 
and the as-cut surface morphology is shown in 
Fig. l lc. Both surfaces exhibit microstructure, as 
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Figure 12 (a) Surrounding the ellipsoid are hills of agglomerate-like coatings. (b) The coatings also exhibit the same microstructure as that 
found in condition E. 

is shown in Fig. 12(a). The coatings also exhibit the 
same microstructure (Fig. 12(b)) as that found in con- 
dition E. The cross-section of the coatings was also 
examined. Fig. 13 shows such an example. The aver- 
age coating thickness was estimated to be at least 
50 gm. 

Raman spectroscopy analysis was performed to 
analyse the coatings obtained. Fig. 14(a) and (b) show 
the Raman spectra taken from two different areas on 
a specimen obtained under condition A. Character- 
istics of diamond and graphitic inclusion can be seen 
in both spectra. It is seen that the diamond to graph- 
itic inclusion ratio is higher in the planar region 
(Fig. 14(a)) than in the agglomerates (Fig. 14(b)). The 
Raman spectra of the planar region and island-like 
region are found to be similar. For the Raman spectra 
on the agglomerates, the ratio also decreases when the 
temperature increases as shown in Fig. 14(b-e). When 
the processing temperature was 1000 ~ the diamond 
characteristic peak no longer exists. Results from 
Raman spectroscopy analysis on specimens obtained 
under conditions E and F indicate the formation of 
glassy carbon as shown in Fig. 15. Fig. 15(a) and (b) 
are the Raman spectra on the hot balloon (Fig. 7) and 
the coatings shown in Fig. 12. 

Figure 13 Cross-sectional views, at different magnifications, of the 
coatings shown in Fig. 12(a). (a) x 500 (b) x 3500. 

shown in Fig. 11(b) and (d), resembles that of the hot 
balloon (Fig. 8(c)). 

Surrounding the ellipsoid, hills of agglomerate-like 
coatings were found as in the previous condition. This 
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4. Discussion 
4.1. Diamond formation at temperatures 

less than 1000~ 
4. 1.1. D iamond  nucleat ion sites 
Diamond coatings were obtained at temperatures of 
800, 850, 900, and 950 ~ It is thought that diamond 
formation occurred mainly on two different groups of 
nucleation sites or seeds. They are the severely-etched 
carbon filaments and the diamond dust remaining 
after the sonication processes. 

The fine carbon filaments used in this study are 
produced by the pyrolysis of H2/CH4 mixtures in the 
presence of iron catalytic particles less than 20 nm in 
diameter [16]. Depending on the concentration of 
CH4 and the processing time, fine carbon filaments or 
carbon fibre can be obtained. Both the filament and 
fibre exhibit very similar microstructure with graphene 
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planes parallel to the fibre longitudinal direction and 
very similar properties with the filament being more 
graphitic. The fibre has a diameter of 5 to 7 gm and 
a length of 10 to 30 cm, while the filament has a dia- 
meter of 0.2 ~m and a length near 100 gm. Due to the 
nature of its forming process, entangled carbon fila- 
ments result as shown in Fig. 16. These filaments also 
have very low surface energy, which is low enough to 
create a surface area of 1 x 107 cm 2 g-  1 or an apparent 
specific volume as high as 3 x 103 cm 3 g-  1. 

Previous studies have demonstrated the formation 
of high quality diamond on vapour grown carbon 
fibre [13-15 I. After the deposition of diamond, the 
carbon fibre was found to be etched by atomic hydro- 
gen as indicated by the reduction of its diameter. The 
atomic hydrogen etching is believed to also occur 

Figure 14 Raman spectra taken from specimens obtained condi- 
tions A, B, C and D; (a) on the planar regions of specimen A and on 
the island-like region of (b) specimen A, (c) specimen B (d) specimen 
C and (e) specimen E. 

when the carbon filament is used as substrate. As 
shown in Fig. 16, there are intersections between fila~ 
ments and filament bending. These intersections and 
the points where filaments bend are practically defects 
which represent "active" sites for atomic hydrogen 
etching. As a result, the etching process may first 
break these nodes or points and result in even shorter 
carbon filaments with both ends being exposed to the 
atomic hydrogen. This means that more edges of 
graphene planes are exposed to atomic hydrogen. As 
compared to the surface, the ends which exhibit edges 
of graphene planes are thought to be more viable for 
atomic hydrogen etching. Therefore, the etching pro- 
cess would cause an increase in the shorter carbon 
filament becoming carbon dust as atomic hydrogen 
etches the ends at a rate faster than etching the re- 
maining area. Based upon the observation on coating 
vapour-grown carbon fibre with diamond, this etching 
process is necessary and also serves as an incubation 
period. During the incubation, a kinetic competition 
between the etching rate and the formation rate of 
hydrogen "dangling bonds" takes place [13]. In the 
case of using carbon filaments as substrate, the incu- 
bation may last to the point where most of the carbon 
filaments have become carbon dust. After the incuba- 
tion, diamond can therefore successfully nucleate and 
grow on the carbon dust. Occasionally, there are 
whiskers left, as shown in Fig. 6. A similar mechanism 
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was reported on diamond nucleation on Si coated 
with sub-micron carbon film [18]. The high nuclea- 
tion density observed was attributed to the formation 
of a porous ultra-thin residual carbon film due to 
atomic hydrogen etching. 

In addition to the carbon dust, diamond dust may 
also serve as nucleation sites. It is well known that 
diamond nucleation on Si can be enhanced by polish- 
ing the Si surface with diamond abrasive prior to 
deposition. The mechanism has been reported to be 
that, after the pre-treatment, diamond particles re- 
main on Si and serve as nucleation sites or seeds [19, 
20]. In the present study, it is believed that a small 
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Figure 15 Raman spectra on (a) the balloon shown in Fig. 7 and (b) 
the coatings shown in Fig. 12. 

amount of diamond dust also remained on the carbon 
filaments, after the sonication process, and was trans- 
ferred to the Si coupon. The diamond dust then served 
as diamond nucleation sites or seeds for subsequent 
diamond growth. 

4. 1.2. The distribution of  nucleation sites 
The morphology of diamond coatings can generally 
be categorized into three groups: planar surface mor- 
phology, island-like morphologies, and agglomerate- 
like morphology. The crystal sizes in the planar region 
and the island-like region are similar and larger than 
those of the agglomerates. The formation of such 
morphologies and crystals with different sizes is 
thought to be related to the difference in nucleation 
site and its distribution. 

As mentioned previously, a small amount  of dia- 
mond dust remained on the carbon filaments. Due to 
the bulky and entangled nature, the filaments might 
form a loose three-dimensional network on the surface 
of Si. The bulky, entangled carbon filaments were then 
etched by atomic hydrogen at a rate much faster than 
that of etching diamond dust [21], leaving the result- 
ing carbon dust and the diamond dust on Si. The 
etching broke the three-dimensional network of the 
carbon filaments to form piles of carbon dust. In the 
areas where the carbon filaments were completely 
etched, the diamond dust dropped to the surface of the 
Si coupon. As the deposition process continued, dia- 
mond formation occurred on piles of carbon dust 
which survived the etching or incubation, leading to 
the development of agglomerate-like morphology. On 
the other hand, the remaining diamond dust might be 
distributed on the Si in a way that heavier dust occur- 
red close to the centre of the Si coupon. This led to 
the development of planar and island-like morpholo- 
gies as diamond formation took place on the diamond 
dust. 

It is noted tha t  the crystals are smaller in the ag- 
glomerate-like region than in the planar and island- 
like regions. Thi s is attributed to the time available for 
diamond formation, the difference in the size of nu- 
cleation seed, and the difference in the density of 
nucleation seeds. The formation of diamond on the 
carbon dust requires an incubation [-13-15] while the 

Figure 16 SEM micrographs of the carbon filaments used in this study. 
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diamond dust requires no or very brief incubation 
[17]. As a result, the time available for diamond 
formation on diamond dust is longer than on carbon 
dust, leading to larger crystals on the diamond dust. In 
addition, serving as nucleation seeds, the dimensions 
of the diamond dust (0 to 2 gm in diameter) are appar- 
ently larger than that of carbon dust, which again 
leads to larger crystals on the diamond dust. Further- 
more, the density of diamond dust is believed to be 
lower than that of the carbon dust. This allows dia- 
mond crystals to grow for a longer time before colli- 
sion of crystals occurs. Previous work indicates that, 
using the same pre-treatment method and plasma 
conditions, diamond crystals grown on Si are at least 
five times larger than those grown on vapour-grown 
carbon fibre [22]. 

4.2. Diamond formation on the region out- 
side the centre zone 

As shown in Figs 1 and 4, diamond deposition also 
occurred on the regions outside the centre zones. 
These regions were not pre-treated by any method. 
The nucleation density of diamond on such a region is 
estimated to be approximately 5 x 105 cm-2,  obtained 
under condition A. This is higher than that normally 
obtained on un-treated Si surface [23]. As the temper- 
ature increased, the nucleation density increased. In 
addition, as shown in Fig. 6(a), fibrous morphology 
was found in this region as temperature increased to 
950~ The crystal sizes on these fibres are similar to 
those of the agglomerates and smaller than those of 
the planar and island-like regions in the centre zone, 
while the crystal sizes on the rest of the region are 
similar to those of the planar and island-like regions. 
Furthermore, higher nucleation densities are seen in 
the areas closer to the centre zones. These findings 
suggest that a very small amount  of the diamond dust 
and traces of carbon filaments may be pushed away 
from the centre zones through the interaction between 
them and the microwave/plasma. This interaction be- 
comes more pronounced when temperature increases, 
as suggested by higher nucleation densities at higher 
temperatures. As the temperature increases further, it 
is believed that explosion occurs. A mini-explosion 
that yielded a 120-gm sphere has been observed, as 
shown in Fig. 5. 

4.3. Microwave energized explosion 
Microwave energy has been used in processing of 
synthetic diamond [13-15], sintering of ceramic ma- 
terials [24, 25], and joining of ceramic materials [26]. 
In these applications, microwave energy can be used 
as a direct and/or indirect source for heating. For  
direct heating, as in a sintering process, a material is 
heated through the interaction between microwaves 
and the material [27, 28]. For  indirect heating, reac- 
tion gas is ionized by microwave energy to form 
plasma which interacts with material to provide heat- 
ing. In the case of diamond synthesis with no substrate 
heater, a substrate is heated primarily by the energy 

released from the recombination of hydrogen atoms 
and, to a lesser degree, by microwave energy, as most 
of the substrate materials absorb limited or little 
microwave energy when a conventional 2.45 GHz  
microwave source is used. 

However, carbon materials (excluding diamond) 
can be easily heated to 1000 ~ at a power level near 
1 kW (2.45 GHz  microwave) [29]. The skin depth 
[30], defined as the depth at which the electric field 
drops to 1/e = 0.368 of the surface value, of carbon 
with a d.c. conductivity of 0.1 f~-1 m-1 is in the order 
of 1 x 101 cm when the microwave frequency is 
2.45 GHz. The skin depth is inversely proportional to 
the square root of d.c. conductivity. As a result, very 
graphitic carbon materials, which exhibit higher d.c. 
conductivities, can be heated at a similar heating effi- 
ciency provided that the dimensions are properly re- 
duced. 

For  the carbon filament used in this study, the skin 
depth was estimated to be only in the order of 
1 x 102 gm at a microwave frequency of 2.45 GHz. 
However, it is two orders of magnitude higher than 
the diameter of the carbon filament and in the same 
order of magnitude as that of filament length. This 
leads to the absorption of a substantial amount  of 
microwave energy by the carbon. This also accounts 
for the higher temperatures observed on the carbon 
filaments than that on Si in the beginning of the 
deposition. In addition to the microwave energy, the 
energy released from the recombination of hydrogen 
atoms is also absorbed by the carbon. As a result, the 
total energy absorbed by the carbon filaments, 
coupled with the high surface area, generated the 
explosion. The explosion resulted in the formation of 
deposit on the entire Si coupon surface and protrusion 
on the centre region of Si. It is not known when the 
explosion occurred exactly. However, a possible 
mechanism is proposed below. 

As the deposition starts, the etching process also 
takes place. During the incubation or etching, several 
mini-explosions occur to cover various locations of 
the Si surface with debris (i.e. carbon dust, diamond 
dust, or short carbon filaments). The mini-explosion 
may last until the entire Si coupon surface is covered 
by the seeds. As the process continues, deposition 
occurs at the end of the incubation. Heavier coatings 
occur in the centre zone as it has more nucleation 
seeds and a higher seed density. Coatings also occur 
on the debris as shown in Fig. 13. As noted previously, 
the average coating thickness can be as thick as 
270 gm when the methane concentration is 0.5% or 
50 gm when the methane concentration is 0.1%. Some 
coatings exhibit cone-shaped morphology (Fig. 12(a)) 
as found in other CVD processes. As the process 
further continues, the absorption of energy also con- 
tinues. This explains that the temperature raised from 
1000~ at the beginning to 1200~ at the end of 
experiment. As enough energy is accumulated, the 
major explosion occurs in the centre zone which leads 
to the formation of protrusions. The explosion also 
brings small particles to the surfaces of the hot balloon 
and the distorted ellipsoid, due to the low mass, to 
form the porous matrix (Fig. 7(a)). Fig. l l(c) shows 
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a pattern such that fibrous coatings explode to form 
a distorted ellipsoid. The major explosion may occur 
near the end of experiment since the coated fibres have 
a fairly uniform diameter which is also similar to the 
sizes of the aggregates. However, the secondary nu- 
cleation found in Fig. 5 suggests that after the major 
explosion, there is time that allows deposition to occur 
before the conclusion of the experiment. 

Finally, the above discussion on the interaction 
between microwave and material does not include the 
contribution from the magnetic field vector of the 
microwave. This is due to the fact that the magnetic 
field vector induces microwave losses in magnetic ma- 
terials and the carbon filaments used are not magnetic. 

5. Conclusion 
Diamond formation can occur on graphitic carbon 
such as the carbon filament used in this study. The 
formation occurs after an incubation during which 
a kinetic competition between the atomic hydrogen 
etching rate and the formation rate of hydrogen 
"dangling bonds" takes place. Due to the unique prop- 
erties of the carbon filament, explosion may occur as 
enough energy is absorbed from the microwave and 
plasma. The explosion leads to the formation of pro- 
trusions and thick coatings. The protrusions include 
glassy carbon spheres with diameters larger than 
3 mm and volumes greater than 22 mm 3. The thick 
glassy carbon coatings on the untreated surface of a 
Si coupon was found to grow at an average rate of 
270 gm per 17 h when the methane concentration was 
0.5% or 50 ~tm per 17 h when the methane concentra- 
tion was 0.1%. These findings suggest that under 
proper conditions, fast rate deposition of polycrystal- 
line diamond and formation of polycrystalline dia- 
mond beads are viable by using the carbon filaments 
as nucleation seeds. 
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