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ABSTRACT

We demonstrate the continued growth of single-walled carbon nanotubes (SWNTs) from ordered arrays of open-ended SWNTs in a way
analogous to epitaxy. Nanometer-sized metal catalysts were docked to the SWNT open ends and subsequently activated to restart growth.
SWNTs thus grown inherit the diameters and chirality from the seeded SWNTs, as indicated by the closely matched frequencies of Raman
radial breathing modes before and after the growth.

Whether a pristine single-walled carbon nanotube (SWNT)
conducts electrons as a quantum wire1-3 or behaves as an
exceptional semiconductor4-6 is determined by its diameter
and chiral angle, uniquely indexed with two integers (n,m).7

The wide variety of achievable diameters and chiral angles,
and their associated properties, make it possible to select
tubes of exactly the right kind for optimized performance;
however, controlling their (n,m) structure during manufactur-
ing is currently a grand challenge. Although SWNTs are
produced with a variety of methods such as arc discharge,8,9

laser ablation,10 and chemical vapor deposition (CVD),11-17

none is capable of precisely controlling both the tube

diameter and chirality.16 In the case of CVD, the most
frequently studied method of growth, SWNT diameters are
often found to correlate strongly with the diameter of the
metal particles from which they are nucleated.11-15 However,
even starting with metal clusters of identical structure, the
growths show no specific control over the chiral angles.15

Here, we demonstrate the continued growth of seeded
SWNTs in a way analogous to epitaxy. By starting with a
seeded SWNT, our approach bypasses the nanotube nucle-
ation step. Instead, SWNTs restart the growth as an extension
of the existing SWNTs and therefore inherit the same
diameter and chirality from the starting SWNTs. The ability
to separate the typically inefficient nucleation step from the
growth of SWNTs, and to restart the growth, coupled with
the continuing advances toward type-specific chemistry/
separation of SWNTs,18-22 opens the possibility of amplify-
ing SWNTs with only the desired (n,m)s.
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Figure 1 illustrates the three stages of our experiments:
(1) preparing an ordered array of open-ended SWNTs; (2)
reductively docking transition metals as a catalyst to the
nanometer-sized open ends; and then (3) heating to 700-
850°C in the presence of a carbon feedstock such as ethanol
or ethylene. To prepare an ordered array of open-ended
SWNTs, we spun SWNTs of finite length into a continuous,
aligned, neat fiber,23 microtomed the fiber to obtain a flat
surface, etched SWNTs homogeneously, without differentiat-
ing the sidewalls and the ends, and then removed surface
contaminants on SWNTs while keeping the ends open. This
produces a clean- largely free of amorphous carbon, oxides,
and metal residues- SWNT substrate with open-ended
SWNTs aligned along the fiber axis.

The neat SWNT fibers, containing no surfactant or
polymer, were made by spinning a 8 wt %dispersion of
purified HiPco material in 102% sulfuric acid (with 2 wt %
excess SO3) into an ether coagulant.23 A 60 cm length of
fiber, hanging in space with only the two ends glued to a
quartz boat, was annealed stepwise at 110°C, 350°C, 900
°C, and then cooled to 800°C and room temperature, holding
at each temperature for 3 h in aflow of 20 sccm H2 and 740
sccm Ar (both 99.999% purity). The annealing completely
removed residual sulfuric acid and improved the mechanical
strength of the fiber. Further rinsing with hydrochloric acid
reduced the residual metals, which migrated to the surface,
to a trace level (<0.2 at. %), as determined by energy-
dispersive X-ray analysis. The fiber possessed a polarization
Raman ratio about 20:1, suggesting excellent alignment of
SWNTs along the fiber axis.23

To achieve a flat surface, a∼10 mm length of SWNT
neat fiber was embedded in a 2.3 M sucrose solution, frozen
to -100°C, and microtomed perpendicular to the fiber axis
with a diamond knife (DiATOME).24 After microtoming, the

Figure 1. Schematic illustration of the continued growth of SWNTs: (A) preparing an ordered array of open-ended SWNTs, (B) reductively
docking transition metal nanoparticles as a catalyst to the nanometer-sized open ends, and (C) activating the docked catalysts and introducing
carbon feedstock such as ethanol to grow epitaxially.

Figure 2. Preparation of an ordered array of open-ended SWNTs.
(A) A flat surface created by microtoming perpendicular to the fiber
axis of a SWNT neat fiber. (B) The edge of the microtomed surface
showing nanotubes combed along the cutting direction. The combed
layer was etched with atomic oxygen (C), and removed with
hydrochloric acid to give a macroscopic surface of open-ended
SWNTs (D). The surface was further cleaned by heating with 0.32
Torr H2 at ∼730°C for 30 min. A thin layer (4.2 Å) Fe-Ni (50-
50 wt %) was deposited on the surface to facilitate the removing
of carbon oxides. The exposed metals were removed with acid to
give a clean substrate with open-ended SWNTs aligned along the
normal to the substrate (E). (F) A glowing SWNT fiber with
temperature determined from integrated blackbody radiation.
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remaining fiber was recovered intact, rinsed with deionized
water to remove sucrose, and then mounted onto a stainless
steel hypodermic needle, with the microtomed end protruding
2-3 mm for subsequent processing. Conductive silver paint
was used to secure the fiber and to ensure good electric
contact. The diamond knife did not apparently “cut” the
tubes, but instead combed the fibrils along the cutting
direction, producing a layer only 20-50 nm thick with almost
perfect alignment (Figure 2B). Given the unrivaled hardness
and the extreme sharpness (radius of curvature<2 nm) of
the diamond knife, this combing effect constitutes a direct
visualization of the exceptional toughness and stiffness of
SWNTs, similar to previous observation with a multiwall
carbon nanotubes/epoxy composite.25

The combed layer was etched with atomic oxygen gener-
ated by UV photon-dissociation of ozone or by inductive-
coupled plasma.24 The resulting debris and exposed residual
metal were subsequently removed with 1 N hydrochloric acid
(Figure 2D). In contrast with O2 and H2, atomic oxygen
etched SWNTs at near unity efficiency with almost no
differentiation of sidewalls and ends, thereby leaving oxi-
dized sidewalls, if exposed, and presumably open ends
terminated with oxygen containing functional groups such
as carboxylic acid and quinone. To remove the sidewall
oxides, we deposited a thin layer (4.2 Å) Fe-Ni (50-50 wt
%) alloy onto the surface as a H2 dissociation catalyst and
subsequently heated the surface to 730°C in 0.32 Torr H2

for 30 min.26 While H2 alone was capable of removing these
surface oxides, the deposited metal catalyst lowered the
effective reaction temperature by∼100°C. This placed the
open ends at a temperature lower than 800°C, where open-
ended SWNTs remain open as evidenced by the Xe absorp-
tion capacity 280 times that of a close-ended SWNT
sample.27,28The exposed residual metals were removed with
hydrochloric acid to give a clean SWNT array with open
ends readily exposed for the reductive docking (Figure 2E).

To dock a metal nanoparticle onto the open end of a
SWNT, we took advantage of the structural difference
between the sidewall and the open end of an SWNT. The
sidewall, like the graphite basal plane, is chemically inert to
most metals.29 A vapor deposited metal atom (Fe or Ni)
diffuses at room temperature until it encounters an open end
(if no other surface defects exist) to which it can bond
strongly (∼2-3 eV) and form a nucleation center. Subse-
quent atoms bond to these nucleation centers and grow into
clusters sufficiently large to serve as the catalyst for the
continued growth of SWNTs. Typically, a thin layer (2.1
Å) of Fe-Ni 50-50 wt % alloy was e-beam-evaporated onto
the SWNT substrate. During the deposition, the substrate
was kept at 300-350 °C in 5 × 10-6 Torr H2 to allow the
metal atoms to diffuse. After deposition, most metal particles
were observed accumulating at the SWNT ends and step-
edges along ropes, with a size equal to or less than the
scanning electron microscopy (SEM) resolution limit of∼3
nm. The metal particle attached to the SWNT end digests
the SWNT along its length, during which it may adapt itself
to the structure of the open end in a process we term
“reductive docking.”

After the reductive docking, the continued growth was
started by a smooth transition from a H2/Ar environment to
a growth environment while keeping the SWNTs at the
growth temperatures, or alternatively, by a rapid heating to
the desired growth temperature in just 0.5-3 min, im-
mediately following the introduction of carbon feedstock.
Both of these strategies were aimed to active the SWNT/
catalyst integrity to mimic a growing SWNT in the HiPco
process.30

Figure 3 shows SEM images of an edge of a macroscopic
array of open-ended SWNTs after growth using C2H5OH as
feedstock. The morphology of the surface changed signifi-
cantly after growth, which was not observed for samples
heated in just H2. Figure 3B shows loose SWNT ropes

Figure 3. Continuous ropes (∼25 µm) sprout from an edge of a SWNT substrate after growing with C2H5OH at 800°C. The sample was
heated to 700°C within seconds with the 488 nm output of an Ar+ laser.
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sprouting from an edge of a macroscopic array of SWNTs
and undulate along the substrate for over 25µm before an
apparent end could be found. The sample shows a rougher
surface than before growth, with ropes sticking out from the
microtomed surface up to 1.7µm in length. In every case,
the nanotube ropes were found rooted to the existing nano-
tubes and tended to maintain the orientation of their seeds,
although different ropes often grew along different directions.
We suspect that these ropes originally grew along the fiber
axis, but fell over onto the plane of the substrate midway
through their growth. This explanation is supported by the
observation of rapid extension of the incandescence (viewed
by the CCD camera) in various regions during the first 5-20
min of growth, while the overall extension of the incandes-
cence was much slower. The termination of growth was likely
caused by two mechanisms. As a nanotube falls over onto the
substrate, its growth path can be blocked easily by other tubes
and particles. As the nanotube grows away from the substrate,
it is cooled by the increasing collisions with the cold feed
gases that cannot be heated directly by the Ar+ laser beam.
Both mechanisms could terminate the growth. We believe,
however, that the growth should never stop if the growing
SWNTs are packed in an array such that each tube is in side-
by-side van der Waals contact with six others and the “live”
end of the tube is always exposed and free to grow.

To prove that these new ropes are continued growth of
the existing SWNTs, we characterize the new ropes, as
opposed to the starting SWNT arrays, with a Raman
microscope (Renishaw Micro-Raman System 1000). Three
laser excitation lines (514.5, 633, and 780 nm) were used to
cover a broad range of (n,m), each of which is shown as a
point in the Kataura plot.31 All Raman spectra were obtained
using an 1800 grooves/mm grating, with a corresponding
spectral resolution better than 0.7, 1.2, and 1.8 cm-1 for 780,
633, and 514.5 nm, respectively. To enhance the Raman
signal from the restarted growth, we took advantage of the
anisotropic polarization of SWNTs32 by aligning the polar-
ization of the incident laser light parallel to the new ropes.
These ropes showed a parallel-to-perpendicular Raman ratio
of ∼3:1, whereas the underlying starting SWNT arrays,
which were perpendicular to the new ropes, gave a ratio
typically between 1.1:1 and 1.3:1, slightly deviating from
the expected 1:1 because of small tilt angles between the
incident light and the fiber axis. The difference between the
two ratios, amounting to over 56% Raman signal, was
therefore attributed to the new growth.

None of our Raman spectra reveal any multiwall carbon
nanotubes (MWNTs). The addition of MWNTs would result
in a decrease in the G+/G- ratio and a blue shift of the G+

peak if there were as few as 7.6% MWNTs,33 neither of
which is observed in the sample after continued growth.
While Raman spectra are not sensitive enough to exclude
the growth of MWNTs in our experiments, it is safe to
estimate that at least 92% of the Raman signal arises from
SWNTs. From the above two estimates, we infer that more
than 50% of the Raman signal arises from new SWNTs.

Figure 4 compares the radial breathing modes (RBMs) of
Raman spectra before and after growth. Over 150 different

(n,m), each shown as a point in the Kataura plot31 (Figure 4,
top panel), are covered by the three excitation windows.
Strikingly, the positions of RBMs after growth closely match
up with almost every existing mode from the seeded SWNTs.
As the Kataura plot shows, approximately four times more
species are within the windows of detection for resonance
enhancement of the RBMs (highlighted in green) than were
actually observed. Yet after the continued growth process,
there is not one single instance of any additional chirality
appearing in the RBM spectra for any of the three lasers.
Thus, even though catalyst nanoparticles with a wide range
of diameters are present, the variety of (larger) diameter
SWNTs expected from dominant nucleated growth was not
detected. In comparison, SWNT samples prepared following
Maruyama et al.’s alcohol CVD recipe,34 whose conditions
(growth temperature and feedstock) were closely followed
in these continued growth experiments, show the presence
of a large portion of SWNTs with relatively larger diameters.
Therefore, we rule out spontaneous nucleation as a significant

Figure 4. Comparison of Raman spectra (radial breathing modes)
before and after the continued growth. The intensity was normalized
to the G+ peak, and the control times two. The control SWNT
sample was prepared following Maruyama’s alcohol CVD recipe.
The top panel is a Kataura plot of transition energy as a function
of nanotube diameter and Raman shift. Circles are from Maruya-
ma,38 and diamonds are from Weisman et al.39 The diameter was
calculated byd(n,m) ) 223.5/(RBM- 12.5).40 The excited window
for each laser line is highlighted with pink. The RBM regions for
SWNTs presented in the continued growth sample are highlighted
with green.
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contribution to the new growth. Further analysis of the
Raman spectra shows that SWNTs with larger diameters are
more populated after growth. We attribute this shift to
preferential growth of larger diameter SWNTs and/or selec-
tive removal of smaller diameter SWNTs during the reductive
docking process. From each sample 4-7 spots (spot size
∼1 µm2) were taken for comparison. The RBMs appeared
at the same wavenumbers, but the relative intensities varied,
suggesting an inhomogeneous growth across the SWNT
array. The growth was less dense since not all nanotubes
restart growth and therefore the “roping peak” at 267 cm-1

was diminished due to less tube-tube contact.35

These Raman results, both the close matching of the RBMs
of the new growth with that of the seeded SWNTs and the
absence of otherwise inevitable spontaneous nucleation,
cannot be explained without invoking the continued growth
mechanism, although more details need to be uncovered in
future work, such as following the growth of just one
individual SWNT. We believe that tip growth is the active
mechanism during these SWNT continued growth experi-
ments. After growth, metal particles are frequently observed
at the ends of nanotubes (SEM, result not shown), but further
work is needed to determine unambiguously the size and
chemical state of the catalyst. We argue that with the tip
growth mechanism, the growing tips stay exposed, thereby
eliminating the diffusion problem that generally occurs when
the catalyst is at the base of the nanotube.36 The ability to
restart the growth of SWNTs, coupled with the ease of
precursor diffusion, opens the opportunity to grow nanotubes,
in principle, to unlimited lengths, simply by repeating the
process.

While the continued growth experiments were successful
under varying carbon precursors and temperatures, the
process was sensitive to SWNT surface conditions and
extraneous environmental species. Growth was severely
retarded in sample areas that had been extensively imaged
by a SEM before growth. This effect is attributed to
compromised SWNT ends, either because of structure
damage from the electron beam and/or unavoidable amor-
phous carbon surface contamination during SEM. Similarly,
annealing the open-ended SWNTs at 1140°C in a vacuum
better than 6× 10-8 Torr for 30 min closed the open ends,
which resulted in little growth. The growth with ethanol was
extremely sensitive to trace amount of water and oxygen. A
minute amount of water (∼1%, determined with an online
residual gas analyzer) was enough to completely inhibit the
growth and even to cause etching of the SWNT substrates.

Given the relatively low surface density of the starting
SWNT fiber seed, estimated to be in the range of 1012 - 3
× 1013/cm2, the observation of growing loose ropes in local
regions, a phenomenon only possible when a large number
of tubes are growing in about the same direction, is
encouraging. It suggests a relatively high overall efficiency
in the end opening, reductive docking, and catalyst reactiva-
tion steps. Further improvement of these processes, in
particular the density of the starting arrays of open-ended
SWNTs, may allow the synthesis of a continuous crystalline
fiber comprising long, parallel nanotubes in an ordered array.

We are optimistic that this pathway, challenging as it may
be, will eventually lead to SWNT single crystals of any
desired (n,m) - a long sought dream for this field.10,37

Nevertheless, a pathway that enables control over both the
SWNT diameter and chiral angle during synthesis is now
possible.
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