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Corn-shape carbon nanofibers~CCNFs! with metal-free tips have been synthesized by a microwave
plasma-enhanced chemical-vapor deposition method using CH4 and H2 gasses. The CCNFs were
grown on Ni/SiO2 /Si and Ni/Mo mesh substrates using a bias-enhanced growth method, and they
were analyzed by scanning electron microscopy, transmission electron microscopy, and Raman
spectroscopy. The cones are composed of cylindrical pure graphite sheets, and have nanometer-sized
tips and roots. The tips’ apex angles of CCNFs have cone angles of 20°, 39°, and 60° depending
on the growth conditions such as substrate temperature. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1666998#

Carbon nanotubes~CNTs! and carbon nanofibers~CNFs!
have recently received large attention for industrial applica-
tions, since a new generation of nanoscopic science and en-
gineering is fully dependent on them.1 Both theoretical and
experimental results revealed that these nanostructures could
lead to further improvements in electronic devices, in par-
ticular. Both CNTs and CNFs can be fabricated by various
types of plasma-enhanced chemical vapor deposition
~PECVD! method.2 The plasma produced CNTs, with shapes
being straight or corn-shape~or conical! depending on
growth parameters, consist of tubular graphite walls.

Recently, we have produced the corn-shape carbon
nanofibers~CCNFs! with cylindrical graphene cones with
small cylindrical structure by a bias-enhanced microwave
PECVD ~BE-MPECVD! method. Despite the morphological
similarity, the structure of CCNFs with concentric graphene
cones and funnels was quite different from that of CNTs with
concentric graphene cylinders. Since corn-shape structure
provides higher mechanical and thermal stability than a nar-
row cylinder,3 therefore, CCNFs have potential for use not
only as FE device but as a rigid tip for scanning probe mi-
croscopy. Tsaiet al. reported the carbon nanotips with a large
aspect ratio grown on Pt films by a PECVD method without
discussing the structures of carbon nanotips, and they
showed that carbon nanotips had a solid body made of
graphite with good field emission property.4

Here we report the detailed characterization of BE-
MPECVD grown CCNFs by transmission electron micros-
copy ~TEM!, scanning electron microscopy~SEM!, and Ra-
man spectroscopy, and propose the growth model of them.

The BE-MPECVD system used to grow the CCNFs con-
sists of a 2.45 GHz, 1.5 kW microwave power supply with a
rectangular waveguide that is coupled to a stainless cylindri-
cal growth chamber and molybdenum substrate holder with a
radio-frequency graphite heater that allows control of the
substrate temperature independent of the plasma power. A

negative bias voltage of 450 V was applied to the substrate
holder. To obtain an effective substrate bias, a Ni/Si substrate
or a Ni/Mo TEM mesh mounted on Si substrate was sur-
rounded by a quartz shield to conducting parts of substrate
holder. Prior to growth, a thin film of Ni metal was deposited
on the thin barrier layer of SiO2 formed on Si surface to
prevent the formation of silicide, and Mo TEM mesh sub-
strates were used. The sample was then transferred into the
growth chamber and then heated to 750 °C gradually and
kept for 20 min in vacuum, and then hydrogen (H2) gas was
flown into the chamber at a pressure of 20 Torr at that tem-
perature. A microwave plasma was turned on to 600 kW. The
feed gas, methane (CH4), was introduced and the H2 gas
was adjusted to achieve the optimum CH4 /H2 ratio at a total
pressure of 20 Torr during setting of the desired growth tem-
perature. In this experiment, the substrate temperature was
varied from 350 to 750 °C. The growth period was about 10
min, and the CCNF lengths ranges from 0.4 to 1.1mm de-
pending on the substrate temperature.

Two high-resolution TEMs~JEOL JEM-400EM and
FEI’s TECNAI-20! were used to determine the structure of
the CCNFs. The Raman spectra were measured in the back-
scattering geometry using the 514.5 nm line of an Ar1 ion
laser at room temperature in the spectral range from 900 to
1800 cm21 with a resolution of 1.0 cm21, and the signals
were separated by a monochromator.

Although the formation of nanometer- to micrometer-
sized graphite cones have been reported recently,5,6 they
were composed of cone-shaped or polyhedral graphite sheets
with a nonometer-sized tube. HRTEM studies of CCNFs re-
vealed that they are composed of dense graphene wall layers
and with cylindrical shape. A technique that enables one to
control synthesis of nanoscale carbon structures with conical
and cylinder-on-cone shapes have been reported and pro-
vides the capability of changing the nanostructure shape dur-
ing the synthesis process.3 The nanotips have a higly disor-
dered ‘‘bamboo’’ structure, and is completely different from
those of CCNFs. It has been found that there is a similara!Electronic mail: hayashi.yasuhiko@nitech.ac.jp

APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 15 12 APRIL 2004

28860003-6951/2004/84(15)/2886/3/$22.00 © 2004 American Institute of Physics
Downloaded 11 Aug 2010 to 133.68.192.97. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.1666998


carbon nano-structure reported by Koshioet al.,7 in which
the metal-free multiwall CNTs~MWCNTs! with the inner-
most tubes having a diameter of 0.4 nm was produced by
radio-frequency plasma.

Although their sizes are different, CCNFs maintained
their shape as turbostratic and grown directly from Ni cata-
lyst particles, which are not observed on their tips. Figure 1
shows typical low- and high-magnification TEM images of
aligned CCNFs after 10 min of growth at different growth
temperature. As the substrate temperature increases from 350
to 750 °C, CCNFs become well aligned and dense at higher
temperatures, seen from the low-magnification TEM images,
Figs. 1~a!–1~c!. It should be noted that most of the vertex of
the cone is located on the center axis of the CCNFs, just like
a pencil point. Moreover, there is no significant difference
among the corn-shape structure of samples grown with dif-
ferent substrate temperatures, as shown in Figs. 1~d!–1~f!.
The results obtained by electron dispersive x-ray spectros-
copy shows that tips of CCNFs consist of carbon atoms and
no Ni metal on the tips.

Based on symmetry of a graphite sheet and Euler’s theo-
rem, the cone-shape tip can be made from a continuous sheet
of graphite corresponding to values of pentagons (P) be-
tween 1 and 5. The corn angleu is given by sin(u/2)51
2(P/6).5 The u can be deduced from the projected dimen-
sions of the tilted cones. The HRTEM images indicate that
the cone angles ofu;20°, 39°, and 60° depending on the
substrate temperature, as shown in Fig. 2. These angles cor-
respond closely to those expected for solid angles which are
multiples of an integer number~5, 4, and 3! of pentagons.

Statistical distribution of measured cone angles among mi-
crostructures indicates that the cone angle roughly decreases
with increase in the substrate temperature. A typical selected
area electron diffraction pattern, taken on the edge of CCNFs
where the graphite layers are quasiparallel to the electron
beam, is shown in the inset in Fig. 1~f!. The diffraction spots
and rings indicated a typical graphitic stacking and a cylin-
drical tubular structure, respectively. The average innermost
tube spacing measured from the HRTEM image was
;0.34 nm, as shown in the inset in Fig. 1~f!, which is close
to that of the graphite crystal~0.3354 nm!.8

The first-order Raman spectrum of CCNFs consists of
two sharp peaks located at 1582 cm21 ~the G peak! and
1355 cm21 ~the D peak!, as shown in Fig. 3. TheG andD
peaks are attributed to the in-plain symmetric C–C stretching
(E2g) and the graphite materials with small crystallite sizes
or so-called disordered graphite, respectively. Raman spectra
show an additional peak at about 1620 cm21 (D8). The ori-
gin of theD andD8 bands in other forms of carbon materials
has been explained as disorder-induced features, caused by
the finite particle size effect or the lattice distortion.9 In our
case, CCNFs contain some amorphous impurities at near
Pt/Si substrate surface. TheD8 intensity relative to theG
peak decreases as the substrate temperatures increase. As the
substrate temperature increase from 350 to 550 °C, the Ra-
man intensity ratio betweenD and G bands (I D /I G) de-
creases from 1.5 to 1.0 due to the decrease of amorphous
carbon. Then, theI D /I G decreases gradually with further in-
crease in temperature. Thus, the optimum growth tempera-
ture of the CCNFs is estimated to be above 550 °C.

In most reports so far, catalyst particles were encapsu-

FIG. 1. Low-magnification TEM images of CCNFs grown at 350 °C~a!,
550 °C ~b!, and 750 °C~c!. High-resolution TEM~HRTEM! images of
CCNFs grown at 350 °C~d!, 550 °C~e!, and 750 °C~f!. The insets in~f! are
selected area electron diffraction taken on the longitudinal edge of a CCNFs
and magnified image and interlayer space of CCNFs grown at 750 °C.

FIG. 2. HRTEM images of three types of corn angles (20°, 39°, and 60°)
observed in the experiment. CCNFs grown at 350 °C~a! and 550 °C~b!.
The pointing arrows indicate the overlapped cones of CCNFs.

FIG. 3. Normalized micro-Raman spectra for CCNFs grown at 350, 550,
and 750 °C.
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lated on the tip of the MWNTs. The question arises as to why
there was no catalyst particle on the tip of CCNFs. The pre-
vious works done by Renet al.10 may provide the mecha-
nism of the catalyst particle reduction, where the fibers lose
the particle at the tip during the growth. In this experiment,
the shorter growth period of 10 min was applied, which re-
sults in the length of CCNFs being short. Thus, their pro-
posed growth mechanism is not applicable in this case.

We propose the following model to explain the vertical
alignment of BE-MPECVD-grown CCNFs, as shown in Fig.
4. After Ni layer deposition@Fig. 4~a!#, the fragmentation of
Ni catalyst into nanoparticles with sharp tip took place by
sintering and electrostatic force@Fig. 4~b!#. The growth of
CCNFs is believed to occur via decomposition of the carbon-
aceous gas molecules at Ni-catalyst surface, diffusion of car-
bon atoms through the Ni particle, and subsequent precipita-
tion at the particle/fiber interface@Fig. 4~c!#. During the
initial growth state, CCNFs nucleate and grow from the Ni
particle with plasma-induced alignment. The catalyst trans-
forms into a conical shape due to the applied electrostatic
force, which creates uniform tensile~not compressive! stress
across the entire catalyst particle including the base and fiber
interface.11 The shape of Ni catalyst was assumed to be coni-
cal shape, determined from HRSEM image, Fig. 4~e!, which
may provide a key clue to explain the nature of the corn
shape of CCNFs. The fibers grow continuously until the
conical Ni particles, are completely enclosed, as shown in
Figs. 4~d! and 4~e!. The corn-shape tip may be defined by an
amount of carbon induced by both an electrostatic force and
a substrate temperature. Also, the tips’ apex angle, as shown
in Fig. 4~f!, probably reflects the shape of Ni particles. Al-
though the optimum plasma temperature is hard to deter-

mine, the decomposition ratio of carbonaceous gas mol-
ecules around Ni surface depends on the substrate
temperature.

During the CCNFs’ growth, an atomic hydrogen, hydro-
gen ions, and hydrogen radicals, as shown in Fig. 4~g!, are in
the plasma. We have reported the effect of these species dur-
ing the growth of nanostructure diamond by the same
method.12 At a high electric field, the hydrogen ions rather
than atomic hydrogen takes an important role of surface
modification due to attraction of positively charged energetic
ions beside the carbon ion. The hydrogen ion etches off the
carbon atoms from the surface and forms hydrocarbon clus-
ters or as-grown particles. CCNFs’ growth, or the thickening
of cylindrical CCNFs, is a combined process of growth and
etching taking place concurrently at the outer surface. The
etching process is more significant than the growth process
in the experiment, therefore the length of CCNFs is short.

In conclusion, we have produced metal free CCNFs with
a high-purity multiwall on Pt/Si and Pt/Mo substrate using a
BE-MPCVD method by controlling the substrate tempera-
ture and the electrostatic force. The CCNFs have a vertex on
the center axis of the tube. Based on the statistical distribu-
tion of measured cone angles, the number of pentagons con-
sisting of curvatures of the tips roughly increases from three
to five as the substrate temperature increases from 350 to
750 °C. They are composed of dense and co-axially grown
multiwall graphite walls with innermost tube diameters of
0.34 nm corresponding to the smallest possible CNT.8 The
Raman result indicates the optimum substrate temperature
should be above 550 °C to grow. The growth model of the
CCNFs is proposed based on these experimental results.

This work was partly supported by ‘‘Nanotechnology
Support Project’’ of the Ministry of Education, Culture,
Sports, Science and Technology~MEXT!, Japan, carried out
at Research Laboratory of High Voltage Electron Microscopy
at Kyushu University.

1See, for example, R. H. Baughman, A. A. Zakhidov, and W. A. de Heer,
Science297, 787 ~2002!.

2W. Z. Li, S. S. Xie, L. X. Qian, B. H. Chang, B. S. Zou, W. Y. Zhou, R. A.
Zhao, and G. Wang, Science274, 1701~1996!.

3V. I. Merkulov, M. A. Guillorn, D. H. Lowndes, M. L. Simpson, and E.
Voelkl, Appl. Phys. Lett.79, 1178~2001!.

4C. L. Tsai, C. F. Chen, and L. K. Wu, Appl. Phys. Lett.81, 721 ~2002!.
5A. Krishnan, E. Dujardin, M. M. J. Treacy, J. Hugdahl, S. Lynum, and T.
W. Ebbesen, Nature~London! 388, 451 ~1997!.

6G. Zhang, X. Jiang, and E. Wang, Science300, 472 ~2003!.
7A. Koshio, M. Yudasaka, and S. Iijima, Chem. Phys. Lett.356, 595
~2002!.

8Y. Saito, T. Yoshikawa, S. Bandow, M. Tomita, and T. Hayashi, Phys. Rev.
B 48, 1907~1993!.

9V. Barbarossa, F. Galluzzi, R. Tomaciello, and A. Zanobi, Chem. Phys.
Lett. 185, 53 ~1991!.

10Z. F. Ren, Z. P. Huang, D. Z. Wang, J. G. Wen, J. W. Xu, J. H. Wang, L.
E. Calvet, J. Chen, J. F. Klemic, and M. A. Reed, Appl. Phys. Lett.75,
1086 ~1999!.

11V. I. Merkulov, A. V. Melechko, M. A. Guillorn, D. H. Lowndes, and M.
L. Simpson, Appl. Phys. Lett.79, 2970~2001!.

12Y. Hayashi, D. Mori, T. Soga, and T. Jimbo, Phys. Solid State~in press!.

FIG. 4. Summary of the proposed growth model of the CCNFs.~a! Si
substrate with a thin SiO2 barrier layer and the Ni catalyst layer,~b! frag-
mentation of catalyst into nano-particles by sintering and electrostatic force,
~c! decomposition of CH4 on the surface of the Ni nanoparticle, and~d!
growth of CCNF.~e! and ~f! The high resolution SEM and TEM images,
respectively.~g! The alignment process of CCNFs during growth.

2888 Appl. Phys. Lett., Vol. 84, No. 15, 12 April 2004 Hayashi et al.

Downloaded 11 Aug 2010 to 133.68.192.97. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


