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has been great interest in creating long, continuous nanotubes

for applications where their properties coupled with extended
lengths will enable new technology developments®. For example,
ultralongnanotubes canbe spuninto fibres thatare more thanan order
of magnitude stronger than any current structural material, allowing
revolutionary advances in lightweight, high-strength applications®.
Long metallic nanotubes will enable new types of micro-
electromechanical systems such as micro-electric motors, and can also
act as a nanoconducting cable for wiring micro-electronic devices*.
Here we report the synthesis of 4-cm-long individual single-wall
carbon nanotubes (SWNTs) at a high growth rate of 11 um s™' by
catalytic chemical vapour deposition. Our results suggest the
possibility of growing SWNTs continuously without any apparent
lengthlimitation.

Figure 1a shows the photograph of a 4.8-cm-long Sisubstrateand a
curve formed by superimposing onit 230 scanning electron microscopy
(SEM) images taken along an individual 4-cm-long SWNT. As shown
later, only SWNTs were observed in our samples. Figure 1b—d shows the
4-cm SWNT at its beginning, middle and end, respectively. Note that
the 4-cm-long SWNT tangled up near the substrate edge (Fig. 1d),
possiblywith other SWNTs, makingitimpossible to follow the SWNT to
its actual end. Therefore, we assume that it terminated where it can no
longerbe followed (marked by anarrowin Fig. 1d). We observed several
long SWNTs terminating at either the substrate end or side edges,
suggesting that the SWNT length is only limited by the substrate size.
In other words, there might be no limitation to the SWNT length if the
Sisubstrate were sufficiently long and wide. However, our substrate size
was limited by the sample chamber size of the scanning electron
microscope (SEM; JEOL 6300FXV) that we are using to characterize
the SWNTs. The full image of the 4-cm SWNT is shown in the
Supplementary Information.

The ultralong SWNTs were synthesised by Fe-catalysed
decomposition of ethanol. A 0.1 M FeCl, solution was applied with
a dip-pen to one end of the Si substrate, which was then placed in a
horizontal 2.5 cm quartz tube furnace with the catalyst end directed
toward the gas flow. The catalyst was calcined at 900 °C for 30 minutes
under a flowing (30 cm® min™) Ar + 6%H, gas mixture. Ethanol vapour
was then introduced into the furnace by bubbling the same gas mixture
through ethanol ata flow rate of 20 cm?® min™. The growth was typically

S ince the discovery of carbon nanotubes in 1991 by [ijima’, there
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Figure 1 A4-cm-long carbon nanotube. a, Photograph of a 4.8-cm-long Si substrate
onwhich a4-cm SWNT was synthesised. The curve was formed by superimposing on the
photograph 230 scanning electron microscopy (SEM) images along the individual 4-cm-
long SWNTs. b, SEM image of the beginning segment of the SWNT. ¢, SEM image of a
middle segment as marked by an arrow in Fig. 1a. d, SEMimage of the end segment.

See the Supplementary Information for the complete image of the 4-cm-long SWNT.

The scale barsare 10 um.
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Figure 2 AFM. a,AFMimage of a segment of the 4-cm-long SWNT (image width: 5 um).
b, The height profile across the 4-cm SWNT, with its diameter determined from the peak
heightas 1.4 nm.

terminated after 1 h by switching the gas to the Ar + 6%H, gas mixture
and cooling down the furnace.

The SWNTs grew at extremely high rates. Assuming that the 4-cm-
long SWNT grew over the entire 1-h synthesis duration, the growth rate
can be calculated as 11 um s, which is several times higher than a
previously reported® high growth rate (3 um s™). The SWNT density
and length were affected by several synthesis parameters including the
concentration of catalyst solution and growth temperature. The oxide
layer on the Si substrate was found to promote SWNT growth. SWNTs
longer than 2.5 cm were consistently obtained over a wide synthesis-
parameter window. The initial heating rate and gas flow rate had only
minor effects on the SWNT length and density. The sample shown in
Fig. 1 has a low nanotube density, allowing an individual SWNT to be
traced by SEM imaging for length measurement.

Figure 2a is an atomic force microscopy (AFM) image of a 5-um
segment of the 4-cm long SWNT. To measure its diameter accurately, a
height profile scan was performed across it and is shown in Fig. 2b.
The diameter of the SWNT is equal to the height of the peak in
Fig. 2band is measured as 1.4 nm.

Raman spectra and images of SWNTs were obtained with a Kaiser
Optical confocal imaging Raman microscope. The sample excitation
was performed using 6 mW of 514.5 nm light with a 1 wm spot size.
Spacingbetween individual nanotubes was sufficient to allow imaging
and tracking of individual nanotubes over millimetre length scales.
From a sampling of 20 different nanotubes, we observed the G-peak
splitting profiles and radial breathing mode (RBM) frequencies that
are consistent with those of SWNTs. Both metallic and
semiconducting types are present. Frequencies () observed in the
RBM region ranged from 110 cm™ to 190 cm™, corresponding to
nanotube diameters (d) in the range of 2.25 nm to 1.31 nm (using
the expression wggy, =248 cm™ nm/d, suitable for CVD grown
nanotubes on Si substrates)®.

These SWNTs also displayed either very weak or no intensity in the
defect mode commonly observed near 1,350 cm™, indicating that they
have relatively high structural quality. The unique Raman spectral
signature obtained for each SWNT allows tracking of a single
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Figure 3 The Ramanimage and spectrum of along SWNT. a, The Raman image is
froma 20 um segment. Image intensity is obtained from integration over the G-peak region
from 1,550t0 1,650 cm™" at each sample point. b, The G-peak Lorentzian line shape and
13 cm™ peak separation indicates this SWNT as a 1.9 (+0.2) nm diameter semiconducting
nanotube. This G-peak spectrum was taken from the location on the SWNT marked by a
blackarrowina.

nanotube over large length scales. We tracked a long SWNT spectrally
for 2 mm, with its typical image and G-peak spectrum shown in Fig. 3.
Each point in the image (Fig.3a) represents a complete Raman
spectrum and permits evaluation of the stability of the nanotube
structure over its sampled length. The spectrum shown in Fig. 3b is
preserved over the full 2 mm probed for this SWNT, with minor
(<2 cm™) shifts in frequency, which indicates that the diameter change,
if it exists, is less than 1.5% over the probed 2 mm length.

Thelong SWNTsappear to growbyatip-growth mechanism, thatis,
the catalytic Fe particles moved with the growing SWNT tips. A base-
growth with a stationary catalyst particle would require the whole
SWNT to overcome the van der Waals forces with the substrate and slide
on the substrate, which is clearly impossible’. Only the tip-growth
mechanism could result in an ultralong SWNT lying on a substrate.
Some SWNTs were found terminated on the substrate surface away
from the edges, with ending segments usually several hundred
micrometres long. They are observed to be usually wavy and tangled
with themselves, as shown in Fig. 4, even though their other segments
are straight. In contrast, the 4-cm long SWNT is relatively straight along
most of its length (see the Supplementary Information). Therefore, it
appears that once an SWNT becomes wavy, its growth soon stops.
Note that the wavy growth was not caused by a local disturbance of the
flowing gas, because straight SWNTs also grew near wavy SWNTs
(seeFig. 4).

It appears that the wavy SWNT growth and the eventual growth
termination were caused by the ‘skidding’ of the catalyst particle on the
Si substrate surface. A mechanism has been proposed for long SWNT
growth on a substrate®, assuming that the catalyst particle floats above
the substrate and that segments of a long SWNT lie on the substrate
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Figure 4 Morphology of SWNTs that ended on the Si Substrate surface away from
edges. The SWNT on the top is wavy and tangled before it ends on the substrate. The SWNT
inthe middle is starting to become wavy and will terminate on the substrate after growing
several hundred micrometres longer. The SWNT at the bottom is straight and continues to
grow to longer length. The scale baris 10 um.

after their formation due to the van der Waals forces. We believe that the
same mechanism also governs the growth of ultralong SWNTs in this
study. However, due to the low flow rate of the carrier gas (Ar + 6%H,)
in this experiment, the catalyst particle was expected to float just slightly
above the Si substrate. When a catalyst particle came into contact with
the substrate surface due to flow perturbation or for other reasons,
it could skid on the substrate surface, during which it would change its
composition, morphology, and size due to interactions with the
substrate and/or with other impurities accumulated on the substrate.
Atthe synthesis temperature of 900 °C, theiron catalyst particle can pick
up a significant amount of the Si (~10 at.%) without changing crystal
structure according to the equilibrium phase diagram’. The nanosized
Fe particle is expected to have even higher Si solubility'’. When the
frictional force increases to where the catalyst particle cannot move fast
enough to accommodate the SWNT growth along the gas flow
direction, the SWNT may grow backwards to form the wavy SWNT (see
Fig. 4). As shown, the waviness becomes worse with the SWNT growth
along the gas flow direction due to increasing frictional forces as the
catalyst particle gradually changes its characteristics during its skidding
across the substrate. After skidding for more than 100 um, the catalyst
particle finally became inactive and the SWNT growth stopped.
The termination mechanism discussed above is different from those of
multiwall nanotubes with much larger catalyst particles''2.

Raman imaging of SWNTs that terminated before the substrate
edge also provides some insight into the termination mechanism.
Shown in Fig. 5a is a Raman image of the tip of a prematurely
terminated SWNT. This is a different long SWNT from those shown in
Figs 1, 3 and 4. The tip image is much larger than the 1 wm spatial
resolution of our instrument and displays a very high intensity.
Additionally, as seen in Fig. 5b, multiple radial breathing modes (at 110,
130,145and 171 cm™) are now present, compared with the single mode
at 171 cm™ observed over most of the length of this particular SWNT.
These observations are consistent with the nucleation of dense
nanotubes on the catalyst tip. This is further evidence to support our
earlier assertion that growth termination results from a change in
catalyst particle characteristics that could inhibit further growth of the
single ultralong SWNT.

The parameters that could be optimized for growinglonger SWNTs
include the flow rate and composition of the carrier gas, the growth
temperature, and the initial concentration of the catalyst solution.
The fact that all long SWNTs observed in this study fall in a diameter
range of 1.31 nmto 2.25 nm suggests that the catalyst particle size played
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Figure 5 Raman image and spectrum of the growth termination region of a long
SWNT indicates nucleation of dense nanotubes. a, Image of nanotube tip region.
The image width is 5 um. Image intensity is from integration over the G-peak spectral
region. b, Radial breathing mode region of spectrum obtained at the image point shown
by the arrow.

animportant rolein the growth of ultralong SWNT5. The particle size is
affected by the initial concentration of catalyst solution. Both the
particle size and the carrier-gas flow rate will affect the floating of
the catalyst particle, and hence the SWNT growth. Ethanol seems
critical for the growth of ultralong SWNTS, probably because it does not
tend to form amorphous carbon on dissociation'?.

Our synthesis of a 4-cm-long individual SWNTs on a Si substrate
indicates the possibility of synthesizing continuous SWNTs without any
length limitation. The extremely high growth rate of 11 um s™' make
them very attractive for commercial applications. Previous reports
of long nanotube structures have been limited to yarns’, strands*™
and fibres” formed from much shorter individual nanotubes or
nanotube—polymer matrix composite fibres'*". The 4-cm-long
individual SWNTs reported here will significantly impact a wide
spectrum of applications including electronic devices, micro-
electromechanical systems, bio-sensors, scaffolding for neuronal
growth®, robotics, space exploration, personal armour, and
sporting goods.
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