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Carbon coils could be synthesized using C,H,/H, as source gases and SFs as an incorporated additive gas under thermal chemical
vapor deposition system. Si substrate, SiO, thin film deposited Si substrate (SiO, substrate), and quartz substrate were employed
to elucidate the effect of substrate on the formation of carbon coils. The characteristics (formation densities, morphologies, and
geometries) of the deposited carbon coils on the substrate were investigated. In case of Si substrate, the microsized carbon coils were
dominant on the substrate surface. While, in case of SiO, substrate, the nanosized carbon coils were prevailing on the substrate
surface. The surface morphologies of samples were investigated step by step during the reaction process. The cause for the different
geometry formation of carbon coils according to the different substrates was discussed in association with the different thermal
expansion coefficient values of Si and SiO, substrates and the different etched characteristics of Si and SiO, substrates by SFs + H,

flow.

1. Introduction

Recently, carbon nano/microcoils were noticed for the
promising materials to be used in electromagnetic absorbers,
high sensitive nano/microsized detectors, effective reinforc-
ing fillers for composites, essential building blocks for the
fabrication of nanodevices, and so forth [1-5]. For the
synthesis of carbon coils, chemical vapor deposition (CVD)
method using metal catalyst is regarded as an effective
technology due to its applicable feature. Up to the present,
significant parameters in catalytic CVD system for the
formation of carbon coils, such as the diverse combination
of source gases and the various characteristics (shapes
and compositions) for the used catalyst, have been deeply
investigated [6-9].

Among the parameters, the characteristics of the used
metal catalyst was known to be a decisive factor to determine
the final growth geometry of as-grown carbon coils [10-16].
Supporting substrates seemed to be one of the significant
parameters for the formation of carbon coils because the
characteristics of the metal catalyst would be affected by the

nature of supporting substrate. Consequently, the substrate-
influenced metal catalyst could affect the geometry of the as-
grown carbon coils.

In this respect, the research for the substrate effect on
the characteristics of as-grown carbon coils is considered as
a primary step for the carbon coils synthesis reaction. Bai
obtained a more or less controlled morphology of carbon
coils through the careful choice of alumina substrate pore
size [17]. Huang et al. reported that the changed morpholo-
gies of Si substrate by corrosion would play an important
role in the formation of carbon nanocoils [18]. Veziri et al.
demonstrated that the morphology of carbon nanostructures
grown by CVD on porous supports is strongly affected by the
porosity and chemical composition of the supporting sub-
strate [19]. They suggested that tuning of carbon morphol-
ogy cannot only take place by changing the CVD conditions
(carbon precursor, reaction temperature and time, gas flow
rates, etc.) but also by appropriately modifying the support-
ing substrate, the catalyst, and the interaction between them.
Despite these efforts, further investigation for the effect of the
substrate on the formation of carbon coils is still required.
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FIGURE 1: Step by step situations for the processes during the overall reaction.

In this work, different substrates, namely, Si substrate,
SiO; thin film deposited Si substrate (SiO, substrate), and
quartz substrate were employed to elucidate the effect of
substrate on the formation of carbon coils. During the
reaction process, the reaction was terminated step by step
and the morphologies of as-grown sample surfaces were
investigated according to the terminated step. Specifically
silicon and its oxide substrates were chosen with keeping
experimental conditions unchanged. Based on these results,
the cause for this different geometry formation of carbon
coils according to the different substrates was discussed.

2. Experimental Details

For silicon substrate, p-type Si (100) substrates were used.
For its oxide substrate, SiO; layered Si substrates and quartz
substrates were employed. SiO; layered Si substrates in this
work were prepared by the thermal oxidation of 2.0 X 2.0 cm?
p-type Si (100) substrates. The thickness of silicon oxide
(Si0;) layer on Si substrate was estimated about 300 nm.

A 0.1 mg Ni powder (99.7%) was evaporated for 1 min
to form Ni catalyst layer on the substrate using thermal
evaporator. The estimated Ni catalyst layer on the substrate
was about 100 nm.

For carbon coils deposition, thermal CVD system was
employed. C;H, and H, were used as source gases. SFe, as
an incorporated additive gas, was injected into the reactor
during the initial reaction stage. The flow rate for C;H,,
H,, and SFgwas fixed at 15, 35, and 35 standard cm?
per minute (sccm), respectively. According to the different
reaction processes, the reaction processes were terminated
by five steps. Figure 1 shows the step by step situations
for the reaction processes during the overall reaction. The
reaction conditions according to different processes were
shown in Table 1. Detailed morphologies of carbon-coil-
deposited substrates were investigated using field emission
scanning electron microscopy (FESEM, Hitach 4500).

3. Results and Discussion

Ten samples (samples A-J) having the different substrates
(Si and SiO; substrates) and the different reaction process
steps (see Figure 1) were prepared. FESEM images showing
the surface morphologies of the samples were measured after
finishing the different reaction process steps. Indeed, the
different substrates (Si and SiO, substrates) were simulta-
neously mounted into the reaction chamber. So, the carbon
coils formation reaction on the different substrates could
have a constant experimental condition.

After step (1), namely, finishing the substrate temper-
ature set to 750°C, the Ni catalyst layer was converted
to a lot of nanosized Ni grains and these grains were
uniformly dispersed on the substrate as shown in Figure 2.
The shapes and the densities of these grains for Si and SiO,
substrates were almost similar (compare Figures 2(a) with
2(b)). Diameters of these grains were around a few hundred
nanometers.

After step (2), namely, finishing the total pressure set to
100 Torr, both the nanosized (less than 100 nm in diameter)
carbon nanofilaments (CNFs) and a few number of the
microsized (more than 300nm in diameter) CNFs were
sparsely observed on Si substrate surface (sample C) as
shown in Figures 3(a) and 3(b). The microsized CNFs were
more frequently observed at the edge area of the substrate
(see the inside of the oval in Figure 3(b)). The nanosized
CNFs were usually gathered around the tip area of the
microsized CNFs as shown in Figures 3(c) and 3(d). For
SiO, substrate, the developed CNFs seemed to be more
uniformly dispersed, compared with those of Si substrate
(compare Figures 3(e) with 3(a)). Instead of the microsized
CNFs, the nanosized CNFs were mostly observed as shown in
Figure 3(f). In some position on the substrate the microsized
CNFs could be observed as shown in Figure 3(g). Indeed,
most of the microsized CNFs were observed as a form
of linear-type sticking two similar-shaped carbon nanofila-
ments as shown in the inside of oval area in Figure 3(h).
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Figure 2: FESEM images for (a) sample A and (b) sample B after process step (1).

5.

LR 15, exyewed. ok

FiGure 3: FESEM images for sample C under the magnification of (a) 500, (b) 1,000, (c) 5,000, and (d) 15,000 and for sample D under the

magnification of (e) 150, (f) 1,000, (g) 5,000, and (h) 20,000.

Step (3): after 2.0 minutes reaction, the length of CNFs
on the Si substrate seems to be much longer than those on
SiO, substrate (compare Figures 4(b) with 4(f)). As shown
in Figures 4(d) and 4(h), two individual CNFs seemed to
independently come out from Ni grains (see white dots in the
circle of Figures 4(d) and 4(h)) and then grow to the opposite
direction with each other, irrespectively of the substrate.

After 5.0 minutes deposition reaction, in case of Si
substrate, the initiation of carbon coils geometry formation
could be observed on sample G as shown in Figures 5(a)-
5(c). In this case not only the microsized carbon coils but
also the nanosized carbon coils could be observed on the
substrate. Around the tip area of the microsized carbon coils,
the nanosized CNFs were mainly gathered (see Figure 5(c)).
In SiO, substrate case, however, the nanosized carbon coils

were mostly formed on the surface of the substrate as shown
in Figures 5(d)—-5(f). The formation of the microsized carbon
coils is rare, and they are usually buried among a lot of the
nanosized carbon coils as shown in Figure 5(f). Indeed, the
initial reaction stage with SF¢ would be responsible for the
geometries of as-grown carbon coils. After initial reaction,
the proceeded reaction times, such as 10, 30, and 60, did not
seem to give any distinctive variation for the geometries of
carbon coils [6]. So we investigated the morphologies of the
samples after finishing the deposition reaction.

After finishing the deposition reaction (90 min), in case
of Si substrate the well-developed microsized carbon coils
were mostly observed on the surface of the substrate as
shown in Figure 6(a). The length of the microsized carbon
coils is more than ten micrometers (see Figure 6(b)). The
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FIGURE 4: FESEM images for sample E under the magnification of (a) 300, (b) 1,000, (c) 5,000, and (d) 20,000 and for sample F under the
magnification of (e) 300, (f) 1,000, (g) 5,000, and (h) 20,000.
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FiGure 5: FESEM images for sample G under the magnification of (a) 300, (b) 1,000, and (c) 5,000 and for sample H under the magnification
of (d) 300, (e) 1,000, and (f) 3,000.
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Figure 6: FESEM images for sample I under the magnification of (a) 300, (b) 1,000, and (c) 5,000 and for sample J under the magnification

of (d) 300, (e) 2,000, and (f) 10,000.

diameters of the microsized carbon coils are in the range
of a few tens nanometers to a few micrometers as shown in
Figure 6(c). In case of SiO; substrate, however, the nanosized
carbon coils were dominant on the surface of the substrate
as shown in Figure 6(d). Occasionally, the microsized carbon
coils were protruded among a lot of the nanosized carbon
coils (see Figure 6(e)). As shown in Figure 6(f), several
nanosized carbon coils were attached along the side of the
microsized carbon coils.

The combined results of Figures 2—6 confirm that Si
substrate favors the microsized type for the main geometry
of as-grown carbon coils. In SiO; substrate case, however, the
nanosized carbon coils were mostly developed on the sub-
strate surface even under the same experimental condition.
It may indicate the occurrence for the geometry change of
carbon coils from the microsized type to the nanosized one
simply by using the oxygen incorporated Si substrate. This
result was also confirmed by the dominant formation of the
microsized carbon coils on quartz substrate under the same
experimental condition as shown in Figure 7.

The different thermal expansion coefficient between the
Ni catalyst layer and the different substrates was proposed
as the main cause for the geometry change of carbon
coils according to the different substrates (Si or SiO;). The
difference of thermal expansion coefficient value between
Ni catalyst layer and the different substrates was known
to be higher in case of SiO, substrate compared with that

in case of Si substrate [20, 21]. The higher difference of
thermal expansion coefficient between the metal layer and
the substrate may induce the higher stress between them.
Consequently, the metal layer will be more easily peeled off
and eventually will be broken into very tiny nanosized pieces
and scattered in surrounding area. Basically, the mechanism
of carbon coils growth was based on the metal size and shape
[10, 22]. So, the peeled-off tiny nanosized Ni pieces could be
the seed of the nanosized carbon coils. Consequently, the as-
grown nanosized carbon coils from the nanosized Ni pieces
would deposit on the whole surface of the substrate. This is
the reason why the density of the nanosized carbon coils from
SiO; substrate is higher than that from Si substrate. Figure 8
shows FESEM images indicating the different situation of
the peeled-off Ni layers from Si substrate (Figure 8(a)) and
from SiO, substrate (Figure 8(b)) after cooling down the
substrate from 750°C under vacuum. As shown in these
images, SiO, substrate gives rise to the more readily peeled-
off Ni layer, which may form the nanosized geometry for as-
grown carbon coils.

In addition, the different etched characteristics of Si or
SiO; substrate by SFs + H, flow was believed to be another
cause for the geometry change of carbon coils according
to the different substrates (Si or SiO,). Figure 9 shows
FESEM images indicating the different etched situation for
Si substrate (Figure 9(a)) and SiO, substrate (Figure 9(b))
by SF¢ +H, flow for 1 minute under the condition of 100
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FiGure 8: FESEM images for the peeled-Ni layers from (a) Si substrate and (b) SiO, substrate after cooling down the substrate from 750°C
under vacuum.

(a) (b)

Ficure 9: FESEM images for the etched surface of (a) Si substrate and (b) SiO, substrate by SFs + H, flow.



Torr and room temperature. As shown in these images, Si
substrate would be more effectively etched by SFs flow, and
the porous morphology would be formed on Si substrate.
The porosity of the substrate was known to foster the coils
geometry [19]. Previously, the microsized carbon coils were
known to be come out by the joining of several nanosized
coils [23]. Therefore, the well developing atmosphere of
carbon coils by the porous morphology of Si substrate may
eventually lead to the microsized geometry for as-grown
carbon coils.

4. Conclusions

By exchanging the substrate from Si to SiO;, the geometry
of carbon coils was changed from the microsized type
to the nanosized one even under the same experimental
condition. The difference of thermal expansion coefficient
values between Ni catalyst layer and the substrates was
believed to be a main cause for this geometry change. In
addition, the different etched characteristics for Si and SiO,
substrates by SF¢ + H, flow during the reaction was suggested
as another cause for the geometry change of as-grown carbon
coils.

References

[1] L. Pan, T. Hayashida, M. Zhang, and Y. Nakayama, “Field
emission properties of carbon tubule nanocoils,” Japanese
Journal of Applied Physics B, vol. 40, no. 3, pp. L235-1L237,
2001.

[2] S. Amelinckx, X. B. Zhang, D. Bernaerts, X. F. Zhang,
V. Ivanov, and J. B. Nagy, “A formation mechanism for
catalytically grown helix-shaped graphite nanotubes,” Science,
vol. 265, no. 5172, pp. 635637, 1994.

[3] S. Hokushin, L. Pan, Y. Konishi, H. Tanaka, and Y. Nakayama,
“Field emission properties and structural changes of a stand-
alone carbon nanocoil,” Japanese Journal of Applied Physics,
vol. 46, no. 20-24, pp. L565-L567, 2007.

[4] K. Hernadi, L. Thién-Nga, and L. Forr6, “Growth and
microstructure of catalytically produced coiled carbon nan-
otubes,” Journal of Physical Chemistry B, vol. 105, no. 50, pp.
12464-12468, 2001.

[5] X. Chen, S. Yang, and S. Motojima, “Morphology and growth
models of circular and flat carbon coils obtained by the
catalytic pyrolysis of acetylene,” Materials Letters, vol. 57, no.
1, pp. 48-54, 2002.

[6] X. Chen and S. Motojima, “Growth patterns and mor-
phologies of carbon micro-coils produced by chemical vapor
deposition,” Carbon, vol. 37, no. 11, pp. 1817-1823, 1999.

[7] N. Okazaki, S. Hosokawa, T. Goto, and Y. Nakayama, “Synthe-
sis of carbon tubule nanocoils using Fe-In-Sn-O fine particles
as catalysts,” Journal of Physical Chemistry B, vol. 109, no. 37,
pp. 17366-17371, 2005.

[8] N. M. Rodriguez, M. S. Kim, E Fortin, I. Mochida, and R. T.
K. Baker, “Carbon deposition on iron-nickel alloy particles,”
Applied Catalysis A, vol. 148, no. 2, pp. 265-282, 1997.

[9] J. H. Eum, S. H. Kim, S. S. Yi, and K. Jang, “Large-scale
synthesis of the controlled-geometry carbon coils by the
manipulation of the SF¢ gas flow injection time,” Journal of
Nanoscience and Nanotechnology, vol. 12, no. 5, pp. 4397-4402,
2012.

Journal of Nanomaterials

[10] Q. Zhang, L. Yu, and Z. Cui, “Effects of the size of nano-
copper catalysts and reaction temperature on the morphology
of carbon fibers,” Materials Research Bulletin, vol. 43, no. 3, pp.
735-742, 2008.

[11] S. Hokushin, L. Pan, and Y. Nakayama, “Diameter control of

carbon nanocoils by the catalyst of organic metals,” Japanese

Journal of Applied Physics A, vol. 46, no. 8, pp. 5383-5385,

2007.

N. Tang, J. Wen, Y. Zhang, E Liu, K. Lin, and Y. Du, “Helical

carbon nanotubes: catalytic particle size-dependent growth

and magnetic properties,” ACS Nano, vol. 4, no. 1, pp. 241-

250, 2010.

[13] E Du,]J. Liu, and Z. Guo, “Shape controlled synthesis of Cu2O
and its catalytic application to synthesize amorphous carbon
nanofibers,” Materials Research Bulletin, vol. 44, no. 1, pp. 25—
29, 2009.

[14] S. Motojima, M. Kawaguchi, K. Nozaki, and H. Iwanaga,
“Preparation of coiled carbon fibers by catalytic pyrolysis of
acetylene, and its morphology and extension characteristics,”
Carbon, vol. 29, no. 3, pp. 379-385, 1991.

[15] M. Kawaguchi, K. Nozaki, S. Motojima, and H. Iwanaga, “A
growth mechanism of regularly coiled carbon fibers through
acetylene pyrolysis,” Journal of Crystal Growth, vol. 118, no. 3-
4, pp. 309-313, 1992.

[16] X. Chen, S. Motojima, and H. Iwanga, “Vapor phase prepa-
ration of super-elastic carbon micro-coils,” Journal of Crystal
Growth, vol. 237-239, no. 1-4, pp. 1931-1936, 2002.

[17] J. B. Bai, “Growth of nanotube/nanofibre coils by CVD on an
alumina substrate,” Materials Letters, vol. 57, no. 18, pp. 2629—
2633, 2003.

[18] Z. Y. Huang, X. Chen, J. R. Huang, M. Q. Li, and J. H.
Liu, “Synthesis of carbon nanocoils on surface morphology
changed silicon substrates,” Materials Letters, vol. 60, no. 17-
18, pp. 2073-2075, 2006.

[19] M. Ch. Veziri, G. N. Karanikolos, G. Pilatos et al., “Growth
and morphology manipulation of carbon nanostructures on
porous supports,” Carbon, vol. 47, no. 9, pp. 2161-2173, 2009.

[20] H. Tada, A. E. Kumpel, R. E. Lathrop et al., “Thermal
expansion coefficient of polycrystalline silicon and silicon
dioxide thin films at high temperatures,” Journal of Applied
Physics I, vol. 87, no. 9, pp. 4189-4193, 2000.

[21] T. G. Kollie, “Measurement of the thermal-expansion coef-
ficient of nickel from 300 to 1000 K and determination of
the power-law constants near the Curie temperature,” Physical
Review B, vol. 16, no. 11, pp. 4872-4881, 1977.

[22] D. W. Li, L. J. Pan, D. P. Liu, and N. S. Yu, “Relationship
between geometric structures of catalyst particles and growth
of carbon nanocoils,” Chemical Vapor Deposition, vol. 16, no.
4-6, pp. 166-169, 2010.

[23] Y.-C. Jeon, S. I. Ahn, and S.-H. Kim, “Investigation the
developing aspect of carbon coils formation during the
beginning stage of the process,” Journal of Nanoscience and
Nanotechnology. In press.

[12



Journal of

Nanotechnology

BioMed
Research International

Journal of

WEEELS

Journal of

Nanoscience

International Journal of

Corrosion

International Journal of

Polymer Scienc

" Research

e

Hindawi

Submit your manuscripts at
http://www.hindawi.com

The Scientific
erId Journal

Journal of

Coatings

feme-

Journal of

Crystallography

Journal of

Ceramics

Journal of

Composites

Journal of

Metallurgy

Journal of

Nanoparticles

International Journal of

terials

Journal of

Textiles




