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ABSTRACT

We investigated the growth mechanism of layered single-walled carbon nanotube (SWNT) mats by a cutting method. Transmission electron
microscope observations revealed that new SWNTs grown below first grown SWNTs also have caps at their tips. Raman spectroscopy suggests
that the SWNTs in each layer have the same chirality distribution. This growth method might be a way to prove a factor of chirality selection
of SWNTs.

Carbon nanotubes (CNTs) have been intensively studied
because of their unique structural and electronic properties.
CNTs are candidates for practical applications such as
transistors,1 field emitters, LSI interconnects,2,3 and capaci-
tors.4,5 There is particular interest in nanotubes grown as
vertically aligned mats, both multi-walled carbon nanotubes
(MWNTs)6–10 and single-walled carbon nanotubes
(SWNTs)11–16 fabricated by various chemical vapor deposi-
tion (CVD) methods. Some of these applications require
either semiconducting or metallic SWNTs, which depends
on the (n, m) chiral index or wrapping vector of the nanotube.
There are methods to separate the nanotube types after
growth,17,18 but they are costly and time-consuming. It would
be preferable to be able to grow a particular type or chirality.
However, this has also been problematic. So far, it has only
been possible to grow a narrow range of chiralities by CVD
because tubes of different chiralities have only a small free
energy difference.

Nanotubes are known to grow by one of two growth
mechanisms, root- or tip-growth, depending on whether the
nanotube grows from the catalyst at its root or tip. Smalley
et. al19,20 suggested that a way to produce a nanotube mat of
single chirality is by “cloning”: to form a mat of previously
separated nanotubes and to continue the growth of the
nanotubes by tip growth after “docking” catalyst atoms on
their tips. Here we demonstrate another means to produce
continued growth while retaining chirality distribution, but
in the root growth mechanism, which is the prevalent growth

mechanism of SWNT mats. In addition, we show that this
growth method may prove a factor of chirality selection of
SWNTs.

The layer or marker method was recently used to
determine the growth mode of SWNT and MWNT mats in
CVD.21–24 This consists of interrupting the nanotube growth
by lowering the substrate temperature and/or turning off the
plasma, according to some time sequence, and observing
layering of the resulting stack. Growth interruptions produce
clear interfaces. In Figure 1c, it is clear that root growth
occurred because the bottom layer corresponds to the last,
short time growth.

The continued growth experiment raises the question, how
does growth restart? It was found to be possible to separate
the layers at the interface formed by interrupted growth by
cutting by a razor blade. This indicates a weak adhesion
between the layers. This revealed the top surface of the
second, lower layer, which was then characterized. The top
surface of the lower layer was found to possess caps, showing
that it regrew just like a fresh layer, and many selected area
Raman spectra show that the chirality distribution of the two
layers is the same across the interface despite new caps being
formed.

Our vertically aligned SWNTs and double-walled carbon
nanotubes (DWNTs) were grown by a remote plasma CVD
method on Si wafers using a sandwich-like structure catalyst
of 0.5 nm Al2O3/0.3–0.5 nm Fe/5 nm Al2O3. The CVD
system and catalyst preparation are described in detail
elsewhere.21

Layered growth of SWNTs was performed as follows.
First, a substrate with a catalyst was preheated at 600 °C for
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5 min to convert the Fe film into catalyst nanoparticles. Then
a microwave power of 60 W was applied in a mixture of H2

and CH4 gases. The flow rates of H2 and CH4 were 45 and
5 sccm, respectively, and the total pressure was 20 Torr. The
first layer of SWNTs was grown for 1–5 h, as mats several
hundred micrometers high are needed for cutting. The growth
rate was about 200–300 µm/h. Then the heater and plasma
were switched off and the sample was cooled for 5–30 min,
after which the substrate was heated to 600 °C and the plasma
restarted for growth of the second layer. This procedure was
repeated for more stacks. To make DWNTs, the preheating
temperature was raised to 640 °C to obtain the appropriate
particle size.25 The other conditions were the same as that
for SWNT growth.

The resulting nanotubes were characterized by field
emission scanning electron microscopy (FE-SEM), transmis-
sion electron microscopy (TEM), and micro-Raman spec-
troscopy. The Raman spectra were measured by using 514
and 633 nm excitation lasers from cross-sections of each
layer with a 50× objective lens so the area resolution was a
few micrometers.

Parts b and c of Figure 1 show an SEM image of a double-
layered mat. Although layer 2 grew last, it lies below layer
1 because of the root growth mode.21 Figure 1c also shows
the interface between layers 1 and 2, with apparently
continuous bundles across the interface.

The layers were separated by applying a lateral force by
a razor blade lightly and slowly to the upper layer, as shown

in Figure 1a. The samples were stuck on glass slides or Si
substrates with double-sided tape. The upper layer would
peel off easily, indicating that adhesion at the interface is
surprisingly weak. This means that the nanotubes may not
be continuous across the interface. Parts d and e of Figure 1
show the sample after cutting layer 1. Only layer 2 was left
on the substrate.

Hand cutting is possible because the upper layers are quite
thick, ∼1 mm.26 The cutting process could be optimized;
applying a slicing action from opposite sides produced a
better separation. The top surface of layer 2 has an interesting
structure. Parts f and g of Figure 1 show surfaces of layer 1
before cutting and layer 2 after cutting. It is well-known that
the top surface of CNTs with small diameters such as
SWNTs and DWNTs are curved due to a low density of
CNTs at the initial growth stage.16 On the other hand, as
shown in Figure 1g, the top surface of layer 2 shows a
sharper structure, resulting from an almost uniform length
of layer 2 SWNTs.

The nanotube tips of each layer were examined by TEM.
Parts a and b of Figure 2 show tips of a SWNT and a DWNT
in the top layer. Both tips have a cap, and no catalyst particles
were observed. This is typical for root growth.27,28 Parts c
and d of Figure 2 show that tips of a SWNT and a DWNT
in layer 2 also have a cap. This is a key observation, as it
shows that regrowth of layer 2 started with new caps, not
by continuing the previous tubes.

Raman measurements were used to measure the diameter
and chirality distribution of the SWNTs in each layer. Figure
3 shows the low frequency radial breathing modes (RBMs)
of layers 1 and 2 for two samples that were grown in different
CVD runs, and the top panel shows a Kataura plot as a
function of nanotube diameter and wavenumber.29 The RBM
wavenumber is inversely proportional to the nanotube
diameter. We see that the Raman spectra of layers 1 and 2
for each sample show almost the same RBM peaks (peak
position and relative intensity), while the detailed peak
distribution is different for the two samples.

RBMs of particular nanotube chiralities have a high
intensity when their sub-band gaps are resonant with the
excitation wavelength. This allows the nanotube chiralities
to be indexed from their RBM peaks.30,31 We see that
nanotubes in layers 1 and 2 show almost the same peaks in
their RBM peaks in Figure 3. Although the two samples
show different RBM peaks, especially for 633 nm excitation,
the relative intensities in each sample are preserved after
growth of layer 2. This suggests that the two SWNT mats
have the same diameter and chirality distribution in each
layer.

We have three observations: (1) there is weak adhesion
across the interface, (2) new tips occur when growth restarts,
and (3) the diameter and chirality distribution appears to be
continuous across the interface. A possible growth mecha-
nism to account for these factors is shown in Figure 2e. The
catalyst exists as a series of nanoparticles on the support.
First, a carbon cap nucleates on each catalyst nanoparticle
surface, perhaps anchored at its step edges. This cap then
grows into a SWNT in layer 1. When layer 1 growth is

Figure 1. Cutting of layered SWNTs. (a) Schematic of the cutting
procedure using a razor blade. (b,c) Double-layered vertically
aligned SWNTs before cutting. Length of the layer 1 was on the
order of a millimeter for hand cutting. (d,e) The sample after cutting.
Only layer 2 was left on the substrate. The top surface of (f) layer
1 and (g) layer 2.
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interrupted, growth restarts by forming a new cap, which
then grows into a tube of layer 2. Because the new cap grows
from the same catalyst nanoparticle, which is solid, it can
have the same diameter as the first cap. The interface between
the new cap and the old tube is not so strong and may be
bound by van der Waals forces. This accounts for the rather
weak adhesion across the interface.

On restarting growth, why do new carbon atoms form a
new cap instead of simply continuing the growth of the
previous nanotube? The answer is that cooling the system

causes a carbon supersaturation within the catalyst nanopar-
ticle. On reheating, this carbon rapidly emerges from the
catalyst and precipitates as a new cap.32–34 SWNTs can only
form when there is a moderate, continuous supply of carbon,
not an oversupply.

At an atomic level, a new cap forms if a graphitic cap is
forced to form by rapid precipitation of carbon. This breaks
the normal C-Fe bonds anchoring the cap to the catalyst
surface. If the temperature is not reduced, the C-Fe bonds
are retained and new C atoms can be continuously added to
the root of the growing nanotube without forming a new
cap. The new cap is somewhat analogous to the bamboo
structure that can form in MWNTs.

To show the importance of the cooling on formation of
layer 2, we tried interrupting growth by switching off the
plasma but without cooling. (Note that a plasma is needed
for growth in our system under normal conditions because
the source gas is methane.) Several CVD runs using many
substrates were performed, and no distinct interface was
observed for any samples. During the interval, a catalyst

Figure 2. Investigation of mechanism of layered growth. TEM
images of tip structures of (a) first SWNT, (b) first DWNT, (c)
second SWNT, and (d) second DWNT. (e) Schematic of the growth
mechanism of layered SWNTs. (f) Layered growth of SWNT mats
under different conditions.

Figure 3. RBM peaks in Raman spectra of layers 1 and 2. Raman
spectra were measured using 514 and 633 nm excitation lasers.
Samples 1 and 2 were grown in different CVD runs. The top graph
shows a Kataura plot as a function of nanotube diameter and
wavenumber. Black and red circles indicate semiconducting and
metallic nanotubes, respectively.
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remains saturated with carbon but not oversaturated. In this
case, we assume that new carbon atoms of layer 2 precipitate
directly on the edge of the existing SWNTs and continuous
SWNTs are grown. It is interesting to know how small a
temperature change is possible before separation of the layers
occurs. In our case, there might be a slight temperature
change between plasma on and off although the nearly
perfect remote plasma condition, in which there is no
measurable ion current to the substrate, is obtained. However,
this change does not produce the separation. Necessary
cooling temperature will be clarified in future studies by
performing experiments with different temperatures during
the interval between growth of the layers.

The effects of rapid temperature changes on the cluster
shape can be considered. For in situ heating up to 700 °C
and cooling of a catalyst with an as-grown SWNT, Zhu et.
al27 found that the catalyst shape and crystallinity were
retained. Thus, the heating for the second growth stage will
not affect the catalyst shape when the same temperature is
used. As a result, the second SWNT has the same diameter
as the first one even though they are not continuous.
Repeating cooling, heating, cap formation, and SWNT
growth should not change the catalyst cluster shape and
crystal phase, and SWNTs with the same diameter can be
synthesized on one cluster.

SWNTs with different diameters grow at higher temper-
atures. When the growth temperature is increased from 600
to ∼700 °C for layer 2 growth, the diameter distribution of
SWNTs shifts to a large diameter,21 so that SWNTs grow
with different diameters. It is assumed that catalyst nano-
particles have expanded slightly at the high temperature. This
indicates that diameter and chirality control is possible only
at low temperatures if the shape and steps of the catalyst
nanoparticles are sufficiently well controlled.

We summarize the growth of layered SWNT mats under
different conditions in Figure 2f. No interfaces were observed
if samples were not cooled after the first SWNT growth.
Interfaces were formed only if the sample was cooled after
the first growth. Although new caps were formed at the tips
of the layer 2 SWNTs, SWNTs of both layers grown at the
same temperature had the same chirality distribution. The
two SWNTs are attached by van der Waals attractions so
the layer 1 SWNTs can be easily peeled off from layer 2. If
the growth temperature for the second growth increased,
newly grown SWNTs had larger diameters and different
chiralities, probably due to reshaping of catalyst clusters at
the higher temperature.

It is interesting to consider the growth mechanism in more
detail. How do the layer 2 SWNTs have the same chirality
distribution as those of layer 1? There are two possibilities,
as shown in Figure 4. Figure 4a shows SWNTs with an
identical chirality on a catalyst with a specific crystal phase.
This is the principle of epitaxial control of nanotube
growth.27,28 Thus, each particle could create two nanotubes
of the same chirality. The catalyst is solid under our
conditions, as recently demonstrated by in situ studies.35,36

The nanotubes grow by a vapor-solid–solid (VSS) mech-
anism. It is known that the cap structure determines the

chirality of a SWNT. The cap formation strongly depends
on shape and crystallinity of the nanoparticle, probably in
particular, a step-edge structure, which acts as the cap
nucleation site. When two SWNTs grow on the same step-
edge of a nanoparticle, they should have the same chirality.

Another possibility is that SWNTs grow independently of
the crystal phase of nanoparticles, as shown in Figure 4b. In
this case, some SWNTs in layer 2 have different chirality
from layer 1 and chirality is not continuous across the
interface. However, the two layers should have the same
chirality distribution as their Raman RBM peaks show almost
the same relative intensities. In this case, we speculate that
the ratio of SWNTs with specific chiralities would be
determined by growth environment such as temperature,
pressure, and feedstock. This occurs because tubes of
different chiralities have only a small free energy difference.

The diameter of DWNTs is not easily evaluated as SWNTs
because their outer wall diameters (4–5 nm) are below the
range of normal RBM peaks. However, considering results
of the TEM observations, which were similar with SWNTs,
it is expected that DWNTs in layers 1 and 2 have the same
diameter and chirality distribution.

In conclusion, we investigated the mechanism of layered
SWNTs by cutting with a razor blade and found that new
caps were formed when growth restarted. Raman spectra
revealed that the two layers grown at the same temperature
on the set of catalyst particles have almost the same chirality
distribution. Regrowth at a higher temperature caused
different diameters of layer 2 SWNTs. The diameter and
chirality have been preserved in the layer 2 growth, even
after the first process has been terminated when the physical
conditions were kept as same as before. Two possible modes
are proposed. The first one is simply explained by epitaxial
regrowth of SWNTs from an oriented and immobile catalyst
particle. The second one is that physical conditions determine
the distribution of chirality of SWNTs according to the subtle
difference in free energy of chiralities. In this case, irrespec-

Figure 4. Possible combinations of nanotubes with different
chiralities but the same diameter, and catalysts with different crystal
phases in two layers. Catalysts with vertical or horizontal stripes
have different crystal phases but have the same diameter. (a)
Epitaxial growth of SWNTs. (b) SWNT growth independent with
a catalyst crystal phase, but the ratio of specific chiralities is
determined by the growth environment. Pictures of nanotubes were
drawn by software developed by Maruyama.37

Nano Lett., Vol. 8, No. 3, 2008 889



tive of orientation of catalyst particle, similar chirality
distribution can be reproduced if the size of particles is fixed.
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