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We report the synthesis of self-assembled carbon nanohelices on iron needles using microwave
plasma assisted chemical vapor deposition. The catalytic growth can be explained by the vapor–
liquid–solid theory. Their morphologies and microstructures are investigated by scanning electron
microscopy, high-resolution transmission electron microscopy, nanobeam diffraction, and Raman
spectroscopy. The field-emission investigations show a rather low turn-on electrical field and high
emission current. ©2004 American Institute of Physics.@DOI: 10.1063/1.1695198#

Carbon nanotubes and nanofibers have attracted much
attention in both academic and industrial research in recent
years. Among their various structures and morphologies,
nano- or micron-scaled helix-shaped carbon tubules and
fibers1–8 are kinds of fascinating structures. They have po-
tential application for many aspects such as chiral catalyst,
generator of magnetic beams, electromagnetic wave absorb-
ers or filters, and the building blocks of the nanodevices, etc.
Moreover, they would be better anchored in their embedding
matrix than the straight ones when used in composites. Here
we show catalytically grown self-assembled carbon nanohe-
lices ~CNHs!. A similar carbon structure has been reported
before, but less investigation including microstructure char-
acteristics, growth mechanics, and FEE properties was
performed.9 The microstructures and morphologies of CNHs
were characterized by scanning electron microscopy, high-
resolution transmission electron microscopy~HRTEM!,
nanobeam diffraction~NBD!, and Raman spectroscopy mea-
surements. Their field-emission properties were investigated.

Carbon nanohelices were fabricated using microwave-
plasma assisted chemical vapor deposition~MPCVD!
method. This MPCVD system~Astex 2100! is equipped with
a 2.45 GHz microwave source and a movable graphite table,
which can be heated up to 1000 °C. On the graphite table, we
placed an additional graphite sample holder drilled with
holes ~F50.5 mm! on the upper surface. Iron needles~F
50.25 mm! were used as substrates and inserted into the
holes in the graphite sample holder. The base pressure is less
than 10 mTorr. During growth, we controlled the growth pa-
rameters as the reactive gas composition of N2 and CH4 at a
flow rates ratio of 50:1, substrate temperature at;900 °C
measured by infrared thermometer, microwave power at 750

W, total pressure at 15 Torr, and bias voltage at2150 V
between the substrate and the chamber~ground!. The experi-
mental setup and the growth parameters are similar to that of
growing tubular graphite cones we reported before.10 The
growth of CNHs occurred with the help of very little impu-
rities of boron by pretreating the chamber with H2 and
B~CH3!3 plasma. The as-grown area located at the lower re-
gions of the iron tips are roughly between the iron wire and
the holes in graphite. The2150 to 2300 V bias voltage
plays a key role at the orientation of them. We have tried to
use nickel needle as substrate under the same experimental
setup. The as-grown carbon nanohelices are similar to those
grown on iron needles except for a rather bigger diameter
and poor alignment.

Aligned carbon helices are not grown from the needle
surfaces perpendicularly but tilted with an angle of 30°–40°
to the normal of the surface@Fig. 1~a!#. The average diameter
of the CNHs are about 200 nm, and the average length of the
CNHs is about 20mm after growing for 30 min@Fig. 1~b!#.
That each CNH has an iron catalyst particle on the tip reveals
a catalytic tip-growth. Enlarged SEM photos and TEM im-
ages@Figs. 1~c! and 1~e!# show that all catalyst particles have
compressed droplet-like shapes. They are capsulated aslant
within the CNHs except for the top surfaces. Unlike the car-
bon nanotubes with a hollow pore, the CNHs are wrenched
by ribbon-like carbon into helical shapes. And the average
thickness of the carbon ribbon is roughly 50 nm. The helical
directions viewed from their top, either clockwise or coun-
terclockwise, are randomly distributed among various CNHs.
The spiral degree has little difference among different CNHs,
and usually the repeated length along the axial direction is
roughly 2/3 the diameter. Viewing them from their roots, we
found that, unlike the upper part of helical structures, their
roots are rod-like fibers, although they are not very straight,
with a length up to several microns@Figs. 1~d! and 1~f!#.

Electron energy loss spectroscopy analysis reveals that
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the CNHs are made of pure carbon insp2 hybridization
state. NBD patterns of a CNH at different position with the
incident electron beam roughly normal to its axis are pre-
sented in Fig. 2~a!. The selected position such as edge areas
I and II ~or core areas III and IV! gives a similar pattern. The
~002! spot always appears in both patterns although the dif-
fraction spots diffuse to a large angle, which manifests an
ordered layer-like structure of graphite. In the edge regions I
and II, the direction of 002 is roughly normal to the rotation
direction of the carbon ribbon, while the 002 spots divide
into two groups in the center regions III and IV where the
upper and lower half carbon ribbon is overlapped. Consider-
ing these features combined with the geometrical structure of
them, we conclude that the graphite sheets are roughly par-
allel to the rotation direction of the carbon ribbon. This con-
clusion is also confirmed by the HRTEM image in the edge
area such as that taken from region I or II. The HRTEM
image reveals an obviously layer-like structure of graphite,
although it is more like a turbostacking structure with layer

buckling and bending. The interlayer spacing is 0.346005
nm calculated from the diffraction spots of 002.

Figure 3 shows a Raman spectrum~selected area is
about 1mm2! of the CNHs sample@Fig. 2~a!#. Two peaks
appeared approximately at 1353 cm21 ~D band! and 1585
cm21 ~G band!, while theD-band peak is stronger than that
of G band. Crystalline graphite, such as highly oriented py-
rolitic graphite, can be characterized by the Raman peak at
1580 cm21, whereas the disorder in carbon materials would
induce an intense peak at 1350 cm21, which is called the
defect-induced Raman band.11 The origin of theD band as
well as the broader half-width~43 cm21! for the as-grown
samples is possibly caused by two factors, one is the amor-
phous carbon deposited on the CNH surface and the other is
the rather strong disorder or distortion existing in this mate-
rial. The two peaks in Fig. 3 are upshifted by several cm21.
This reveals that compress stress exists within the CNHs.

The growth mechanism of CVD-grown carbon fibers or
carbon nanotubes is known as the vapor–liquid–solid
growth mode,12,13 that is, the liquid catalyst droplet absorbs
the building block material from the surrounding vapor then
deposits carbon on their surface. This mechanism can also be
applicable here quite well. We can get some direct proofs
from observing the roots and the catalyst particles of the
CNHs to understand the microscopic growth mechanism.
The SEM and TEM results@Figs. 1~c!–1~f!# of their roots
suggest a two-stage growth model, that is, growing carbon
fibers first then growing carbon helical structures second.
The catalyst particles are near spherical in the first stage and
then are compressed into the droplet-like shape in the second
stage. In the second stage, the helical features of the CNHs
suggest that the particles are rotating when growing. It is still
unknown what is the impetus for the catalyst particles trans-
ferring their shapes of the two stages and rotating in the
second stage. Our understanding is that the inhomogeneous
plasma located in the growth area plays a key role. To verify
this, we used flat iron plates as substrate placed on the same
sample holder and used the same growth parameters as de-
scribed before. The as-grown carbon materials then are all
rod-like carbon nanofibers. In some samples, we observed
the mixture of carbon nanohelices and carbon nanotubes.
Most of these carbon nanotubes are not straight and have
coil-like structures. The tube or catalyst particle diameters
are rather small, about 70 nm or smaller, suggesting that

FIG. 1. SEM and TEM images of the carbon nanohelices.~a!–~c! The
aligned CNHs growing on an iron needle surface, enlarged images of
aligned CNHs, and the catalyst particles on their tips, respectively.~d! is
taken from the roots of the CNHs by scratching some of the CNHs off.~e!
and ~f! The TEM image of the tip and the root of a CNH.

FIG. 2. ~a! NBD pattern from different selected position in a CNH.~b!
HRTEM image of a CNH edge, which shows a graphite layer stacking.
Layer overlap can be clearly seen and is attributed to the bending of the
carbon ribbon of the upper and lower parts.

FIG. 3. Raman spectrum of the CNHs with a selected region size of
131 mm2.
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smaller catalyst particles are difficult to transform into drop-
let shape, which is essential to grow helical structures. The
alignment of the CNHs is supposed to be caused by the high
bias voltage added as has been reported for carbon
nanotubes/fibers or micro coils~such as Refs. 14 and 15!.

The field-emission characteristics are studied in home-
made instrument, which used a phosphorus glass plate coated
with indium tin oxide as anode. The iron needle coated with
aligned CNHs acts as cathode. In order to eliminate the in-
fluence of the iron tip when emitting, we cut off the iron tip
~where it is not grown with CNHs! and aligned the iron wire
axis normal to the transparent anode. TheI –V curve shown
in Fig. 4~a! is measured at different gaps between the anode
and cathode. Due to the rather small size of the cathode and
large gap between the anode and cathode, the electrical field
on the near sample surface is not uniform and can no longer
be calculated as in the works done for large-area samples
before. Two extreme conditions should be considered, one is
that the gap distance is very small and another is the gap
distance is very large. In the first case, the average electrical
field is proportional toV/d, whereV is the applied electrical
field andd is the gap distance. In the second case, the elec-
trical field ~near the sample surface! is roughly proportional
to V(1/d11/r ) when adopting a sphere approximation for
the cathode tip, wherer is the radius of the tip. At present the
experimental parameters are between these two extreme con-
ditions, and we assume that the average electrical field~E! is
roughly equal toV(1/d11/a), where a is a parameter.
Given that the turn-on electrical fields (Et) at different gaps
are roughly the same, we set the optimizeda value of 6
based on theI –V data@Fig. 4~a!#. And we can get theEt of
;0.6 V/mm, which is similar or smaller compared to that of
carbon fibers or nanotubes.16–20The optimizedI –E curve is
shown in Fig. 4~b!, and the corresponding Fowler–Nordheim
~FN! plots @Fig. 4~c!# are straight lines for different gap dis-

tance. According to the Fowler–Nordheim theory,21 we cal-
culated the field enhanced factorb at different gaps@Fig.
4~d!#. That theb increases with increasingd can be attrib-
uted to the increasing emission area. A field emission current
density of 1 mA/cm2 is achieved at;1700 V and the current
density of 10 mA/cm2 can be achieved at;2100 V when the
gap distance is set to be 2 mm. The well performance of the
field-emission properties to these materials may be attributed
to the large number of emission sites formed by the tips and
edges of the CNHs.

In summary, we successfully fabricated the aligned car-
bon nanohelices ‘‘film’’ on iron needle and find that the
alignment is directly related to the bias voltage added on the
substrate. The microstructure analysis shows that they have
graphite layer-like structure with amounts of layer bending
coupled with lattice stress. The field emission properties are
very good and comparable to that of carbon nanotubes. The
work for characterizing the mechanical, electrical, and
chemical properties are on the way.
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FIG. 4. ~a! A field emissionI –V curve of an iron wire~cutting off the tip
without CNHs! at different gaps.~b!, ~c! The optimizedI –E curves and FN
plots corresponding to~a!, ~d! d–b curve.

2648 Appl. Phys. Lett., Vol. 84, No. 14, 5 April 2004 Zhang, Jiang, and Wang

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

69.166.47.134 On: Wed, 17 Dec 2014 05:51:50


