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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 Physic§DOI: 10.1063/1.1695198

Carbon nanotubes and nanofibers have attracted mudh, total pressure at 15 Torr, and bias voltage-&t50 V
attention in both academic and industrial research in recerietween the substrate and the chan{gesund. The experi-
years. Among their various structures and morphologiesmental setup and the growth parameters are similar to that of
nano- or micron-scaled helix-shaped carbon tubules androwing tubular graphite cones we reported befSr&he
fibers—® are kinds of fascinating structures. They have po-growth of CNHs occurred with the help of very little impu-
tential application for many aspects such as chiral catalystjties of boron by pretreating the chamber with, lnd
generator of magnetic beams, electromagnetic wave absorB{(CHs); plasma. The as-grown area located at the lower re-
ers or filters, and the building blocks of the nanodevices, etagions of the iron tips are roughly between the iron wire and
Moreover, they would be better anchored in their embeddinghe holes in graphite. The-150 to —300 V bias voltage
matrix than the straight ones when used in composites. Herglays a key role at the orientation of them. We have tried to
we show catalytically grown self-assembled carbon nanohedse nickel needle as substrate under the same experimental
lices (CNHs). A similar carbon structure has been reportedsetup. The as-grown carbon nanohelices are similar to those
before, but less investigation including microstructure chargrown on iron needles except for a rather bigger diameter
acteristics, growth mechanics, and FEE properties wagnd poor alignment.
performed The microstructures and morphologies of CNHs ~ Aligned carbon helices are not grown from the needle
were characterized by scanning electron microscopy, highsurfaces perpendicularly but tilted with an angle of 30°-40°
resolution transmission electron microscofHRTEM), to the normal of the surfadé€ig. 1(a)]. The average diameter
nanobeam diffractioiNBD), and Raman spectroscopy mea- of the CNHs are about 200 nm, and the average length of the
surements. Their field-emission properties were investigated?NHs is about 2Qum after growing for 30 mirfFig. 1(b)].

Carbon nanohelices were fabricated using microwaveThat each CNH has an iron catalyst particle on the tip reveals
plasma assisted chemical vapor depositigMPCVD) a catalytic tip-growth. Enlarged SEM photos and TEM im-
method. This MPCVD systerfAstex 2100 is equipped with  ageqFigs. 1c) and Xe)] show that all catalyst particles have
a 2.45 GHz microwave source and a movable graphite table&ompressed droplet-like shapes. They are capsulated aslant
which can be heated up to 1000 °C. On the graphite table, wwithin the CNHs except for the top surfaces. Unlike the car-
placed an additional graphite sample holder drilled withbon nanotubes with a hollow pore, the CNHs are wrenched
holes (®=0.5 mm on the upper surface. Iron needl&b by ribbon-like carbon into helical shapes. And the average
=0.25 mm were used as substrates and inserted into théhickness of the carbon ribbon is roughly 50 nm. The helical
holes in the graphite sample holder. The base pressure is ledigections viewed from their top, either clockwise or coun-
than 10 mTorr. During growth, we controlled the growth pa-terclockwise, are randomly distributed among various CNHs.
rameters as the reactive gas composition 9BNd CH, ata  The spiral degree has little difference among different CNHs,
flow rates ratio of 50:1, substrate temperature~®00°C  and usually the repeated length along the axial direction is
measured by infrared thermometer, microwave power at 7500ughly 2/3 the diameter. Viewing them from their roots, we

found that, unlike the upper part of helical structures, their
dAuthor to whom correspondence should be addressed; electronic mair:o_OtS are rod-like fibers, althO.UQh th.ey are not very straight,
jiang@ist.fhg.de with a length up to several microfffigs. 1d) and Xf)].
YElectronic mail: egwang@aphy.iphy.ac.cn Electron energy loss spectroscopy analysis reveals that
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FIG. 3. Raman spectrum of the CNHs with a selected region size of
1X1 pm?.

buckling and bending. The interlayer spacing is @:805
nm calculated from the diffraction spots of 002.
Figure 3 shows a Raman spectruiselected area is
about 1um?) of the CNHs sampléFig. 2(a]. Two peaks
FIG. 1. SEM and TEM images of the carbon nanohelide$-(c) The ape(iared appromr_nately at 1353 CJm(D bang and 1585
aligned CNHs growing on an iron needle surface, enlarged images ofM - (G band, while theD-band peak is stronger than that
aligned CNHs, and the catalyst particles on their tips, respectiidlyis ~ of G band. Crystalline graphite, such as highly oriented py-
taken from the roots of the CNHs by scratching some of the CNH@ff.  q|itic graphite, can be characterized by the Raman peak at
and(f) The TEM image of the tip and the root of a CNH. 1580 cm'!, whereas the disorder in carbon materials would
induce an intense peak at 1350 cinwhich is called the
the CNHs are made of pure carbon $p? hybridization — defect-induced Raman bafhtiThe origin of theD band as
state. NBD patterns of a CNH at different position with thewell as the broader half-widtt43 cm ) for the as-grown
incident electron beam roughly normal to its axis are pressamples is possibly caused by two factors, one is the amor-
sented in Fig. @). The selected position such as edge areaphous carbon deposited on the CNH surface and the other is
I and Il (or core areas Il and I)/gives a similar pattern. The the rather strong disorder or distortion existing in this mate-
(002 spot always appears in both patterns although the difrial. The two peaks in Fig. 3 are upshifted by several tm
fraction spots diffuse to a large angle, which manifests arThis reveals that compress stress exists within the CNHs.
ordered layer-like structure of graphite. In the edge regions | The growth mechanism of CVD-grown carbon fibers or
and Il, the direction of 002 is roughly normal to the rotation carbon nanotubes is known as the vapor-liquid—solid
direction of the carbon ribbon, while the 002 spots dividegrowth modet>*3that is, the liquid catalyst droplet absorbs
into two groups in the center regions Ill and IV where thethe building block material from the surrounding vapor then
upper and lower half carbon ribbon is overlapped. Considereeposits carbon on their surface. This mechanism can also be
ing these features combined with the geometrical structure adpplicable here quite well. We can get some direct proofs
them, we conclude that the graphite sheets are roughly pafrom observing the roots and the catalyst particles of the
allel to the rotation direction of the carbon ribbon. This con-CNHs to understand the microscopic growth mechanism.
clusion is also confirmed by the HRTEM image in the edgeThe SEM and TEM result§Figs. 1c)—1(f)] of their roots
area such as that taken from region I or Il. The HRTEMsuggest a two-stage growth model, that is, growing carbon
image reveals an obviously layer-like structure of graphitefibers first then growing carbon helical structures second.
although it is more like a turbostacking structure with layerThe 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
6. 2 (4 NBD Com i ected bosition in & CN the mixture of carbon nanohelices and carbon nanotubes.
HR'I"EI\./I (i?lage ofpzttgrﬁHr?ergge: \?vﬁga Ssehg\(/:\}s ap;rse;gﬁﬂe”}a?/er sgzzking.Mc.)St. of these carbon nanotubes are not Stralght .and have
Layer overlap can he clearly seen and is attribhuted to the hending of ineoil-like structures. The tube or catalyst particle diameters
carbon ribbon of the upper and lower parts. are rather small, about 70 nm or smaller, suggesting that
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FIG. 4. (a) A field emissionl =V curve of an iron wire(cutting off the tip
without CNHg at different gaps(b), (c) The optimized —E curves and FN
plots corresponding t¢a), (d) d—8 curve.
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tance. According to the Fowler—Nordheim the&ryye cal-
culated the field enhanced factgrat different gapgFig.
4(d)]. That theB increases with increasing can be attrib-
uted to the increasing emission area. A field emission current
density of 1 mA/cri is achieved at-1700 V and the current
density of 10 mA/criican be achieved at2100 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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