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Carbon nanotubes are considered to be a potential material for
next-generation micro- and nanoelectronics, owing to their
extraordinary physical properties, such as extremely highmobility
(>105 cm2V�1 s�1), ballistic carrier transport, and the ability to
carry large current density (109 A cm�2).[1–5] However, the
structural diversity and lack of control of the electronic properties
have been major obstacles toward their application in electronics.
To this end, a variety of techniques—including the selective
growth of semiconducting (versus metallic) nanotubes, electrical
breakdown of metallic nanotubes, continued growth, chemical
etching and separation of different species—have been exten-
sively investigated.[6–11] By selective growth, a product containing
>90% of semiconducting nanotubes can be obtained; however,
these nanotubes are still very different in their diameters and
bandgaps, and field-effect transistors built on such mixtures have
relatively low on/off ratios (<40).[6,7] In addition, selective etching
or separation cannot remove the structural difference of the
remaining semiconducting nanotubes.[10,11] Despite the progress
that has been made, producing a macroscopic material or
substrate that contains homogeneous nanotubes remains a major
challenge.

Recently, there has been much interest in synthesizing
horizontally aligned, ultralong (mm to cm) single-walled
nanotubes (SWNTs) or multi-walled tubes (MWNTs).[12–15] In
one work, 100mm long mixed nanotubes were grown by the
chemical vapor deposition (CVD) method, but the product
contained randomly distributed structures, including SWNTs,
double-walled tubes (DWNTs) andMWNTs with many concentric
shells,[15] giving rise to the question of structure-controlled
growth. When nanotubes are growing, their structure and
morphology are susceptible to variations in many environmental
factors (e.g., temperature, electrical field, substrate and gas
flow),[16–-18] and the disturbance of the diameter or helicity often
creates intramolecular junctions along the nanotube.[19,20]

Though uniform electrical properties were recently demonstrated
along a 18.5 cm long SWNT,[21] the uniformity of detailed
chiralities along the tube and the mechanism of selective growth
still is not fully understood.

Here, we report the direct growth of 100mm long
triple-walled nanotubes (TWNTs) on Si substrates by a
gas-flow-directed CVD method. By controlling the narrow
window of temperature, gas flow rate, and the concentration of
catalyst precursors, a TWNT yield of nearly 90% can be obtained
in a controlled way. The smooth transfer of TWNTs from the Si
substrate to a transmission electron microscopy (TEM) microgrid
allows a clear and exact analysis of the electron diffraction of
as-grown TWNTs. The chiral distribution of the tubes suggests a
dependent relationship between its length and its metallic or
semiconducting shells. Only TWNTs with all three semiconduct-
ing shells and narrow distribution of tube chiral angle closing to
armchair structure can grow fast (with a rate up to 24mms�1) and
long (up to 100mm). Most importantly, we firstly show that long
TWNTs possess an unprecedented structural homogeneity in
which each shell maintains a constant chiral index extending over
a very large distance (>60mm). In addition, each shell can carry a
large current density, in the range of 2� 108 to 4� 108A cm�2 in
a directly fabricated field-effect transistor. Such a semiconducting
nanotube material with homogeneous structure along its long
length is ideal for specific applications.

Figure 1a and 1b show sparsely distributed individual TWNTs
with lengths up to 100mm that continuously grew from the left
edge (where catalyst solution was applied) to the right end of a
silicon substrate by CVD at controlled temperature in a period of
60min. These TWNTs were synthesized by modifying the
recently reported CVDmethods for growing horizontally aligned,
centimeter-long SWNTs.[12–14] Most importantly, we maintained
large inter-tube distances (tens to hundreds of micrometers)
during growth of the TWNTs (in contrast to other reports),[5,13]

and developed a reliable technique to transfer individual TWNTs
from the Si substrate onto copper grids for high-resolution TEM
(HRTEM) and electron diffraction characterization (see the
Supporting Information, Fig. S2). Revealing the atomic structure
of as-grown nanotubes allows us to explore the optimized
conditions for growing TWNTs with homogeneous structure. A
combination of several critical parameters, such as a high gas flow
rate (about 100 sccm of CH4/H2 mixture with a CH4/H2 ratio of
1:5) and catalyst solution concentration (0.03mol L�1 FeCl3 in
ethanol), could provide a fast growth (at a rate of about 24mms�1)
mbH & Co. KGaA, Weinheim 1867
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Figure 1. 100mm long TWNTs. a) (Left) Picture of the 100mm long Si substrate on which
individual TWNTs were grown continuously from the left to the right edge of the substrate;
(Middle) Scanning electron microscopy (SEM) images of the end segments of a 100mm long
TWNT; (Right) The end of TWNT with a catalyst particle. b) SEM images of the region where the
growth started (0 to 40mm on the Si substrate) showing horizontally aligned, straight TWNTs.
About 24 images (circular background) were put together to cover a length scale of 40mm. c)
TEM image of a portion of the TWNT (enclosed by the red rectangle in b) transferred to TEM
grids. d) HRTEM image showing a triple-walled structure of the as-grown tube.

Figure 2. Structure distribution of CNTs grown at different temperatures:
a) Distribution of numbers of walls of centimeter long CNTs; and,
b) Distribution of outer diameters of centimeter-long CNTs.

1868 � 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhe
of TWNTs with sufficient buoyancy to resist
contact to the substrate and avoid early
termination of the growth process. The catalyst
particle observed at the end of TWNTs suggests
a kite-growth mechanism, as has been pro-
posed previously.[13,14] In comparison, the
growth rate (about 10 to 20mms�1) of
SWNTs synthesized by other groups is close
to our TWNTs (24mms�1).[12–14]

Selected segments of individual TWNTs
were transferred to TEM grids assisted
by a cellulose acetate film (see the
Supporting Information, Fig. S2) for
HRTEM examination, which revealed a clean,
triple-walled structure with a uniform outer
diameter of 3.1 nm (Fig. 1c and d). The
aspect-ratio of this 100mm TWNT was as
high as 3� 107. The process does not show
preference for tube type, and all SWNTs,
DWNTs and TWNTs can be transferred to
TEM grids. Based on TEM, we carefully
calculated the diameter and number of walls
of 96 CNTs (centimeter-long, on about 50
substrates) grown at different temperatures, as shown in
Figure 2. The growth of the triple-walled structure is sensitive to
the CVD temperature, and we could control the yield of TWNTs
to be nearly 90% at 1000 8C. Small increases of temperature, by
20 and 40 8C, resulted in a high yield of DWNTs (>50%) and
SWNTs (>70%), respectively (Fig. 2a). The relative outer
diameter of nanotubes increased from <3 nm to a distribution
of 2–6 nm (Fig. 2b). Although many techniques have been
developed to synthesize high-purity SWNT films, DWNT
buckypapers and MWNTs with larger shell numbers, the
exclusive growth of pure and long TWNTs has not been reported
previously.

We characterized the long-range structural homogeneity of
these 100mm long TWNTs by recording HRTEM images and
electron diffraction patterns at many positions with large
distances along the tube length (e.g., 25, 27, 32, 45, 47, 60 and
70mm) (Fig. 3 and Fig. S6 in the Supporting Information). The
chiral indices, (n,m), of all the three shells at any cross section in
the TWNT could be determined accurately (see the Supportin
Information, Fig. S7–S9).[22,23] The results show that this TWNT
maintains a constant chiral index for each shell through the
length of 25 to 60mm (electron diffraction patterns of these two
positions were shown in Fig. 3b), which were assigned to (13, 8),
(21, 11) and (25, 18), from the inner to outer shell, respectively.
The diameter and chiral angle of the inner, middle and outer shell
before the length of 60mm were 1.44 nm and 22.28, 2.21 nm and
19.88, 2.93 nm and 24.68, respectively. The inter-shell distances
were 0.384 nm (between the inner and middle shell) and 0.36 nm
(between the middle and outer shell), while in a quadruple-walled
nanotube the inter-shell distance was found to vary from 0.36 to
0.5 nm.[22] Although the three shells in this TWNT have different
helicities, they are all semiconducting according to their chiral
indices in which n�m 6¼ 3k (where k is a non-zero integer). Since
TWNTs were grown at a very low density (except close to the
catalyst-loaded region), the absence of interactions between
adjacent tubes, such as bundling or entangling, is also favorable
im Adv. Mater. 2010, 22, 1867–1871
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Figure 3. Long-range homogeneous atomic-structure of TWNTs. a) Illus-
tration of a 100mm long TWNT and HRTEM images on three positions
that are 25, 60 and 70mm away from the growth-starting point. b) Electron
diffraction patterns recorded on the TWNT at these three positions, and the
chiral indices assigned to all three shells at each location.

Table 1. Chiral indices, diameters and chiral angles of eight TWNTs with
different lengths.

Number Length

[mm]

Diameter

[nm]

(n, m) Chiral angle

a [deg]

Da

[deg]

Semiconducting

or metallic

1 60 1.36 11, 9 26.7 4.1 s

2.12 19, 12 22.6 0.4 s

2.87 26, 16 22.2 s

2 40 2.71 21, 19 28.3 2.7 s

3.60 30, 23 25.6 3.3 s

4.34 33, 31 29.0 s

3 30 1.44 13, 8 22.2 2.4 s

2.21 21, 11 19.8 4.9 s

2.93 25, 18 24.6 s

4 10 3.43 32, 18 20.8 3.4 s

4.31 43, 19 17.4 1.1 m

5.12 50, 24 18.5 s

5 7 3.56 30, 20 23.4 6.3 s

4.38 44, 19 17.1 2.6 s

5.03 48, 25 19.7 s

6 6 1.64 18, 5 11.9 2.0 s

2.26 24, 8 13.9 3.8 s

3.10 35, 8 10.1 m

7 2 3.78 35, 20 21.1 4.3 m

4.46 45, 19 16.8 1.5 s

5.19 51, 24 18.3 m

8 2 1.72 19, 5 11.4 1.9 s

2.46 28, 6 9.5 5.0 s

3.23 34, 12 14.6 s
for maintaining a straight morphology and undisturbed structure
during growth. Our results demonstrate a continuous growth of
TWNTs at a high speed without change of the diameter and
helicity in any of the three shells, therefore keeping a
homogeneous structure for a length of up to 60mm.

The chiral indices of the inner to outer shells at the length of
70mm were assigned as (19, 5), (27, 8) and (25, 21), respectively,
corresponding to diameters and chiral angles of 1.71 nm and
11.48 (inner shell), 2.49 nm and 12.68 (middle shell), 3.12 nm and
27.18 (outer shell), respectively. There was an increase of tube
diameter across this region (60 to 70mm), by different degrees
for each shell (7–20%). The change of chiral angles seems
random, with the inner and middle shell showing a considerable
drop from about 208 to 128. The structural change occurred after a
length of 70mm along the TWNT is likely due to the temperature
change near the end of the constant-temperature zone in our
CVD system. Despite such diameter and helicity changes, all the
shells remain semiconducting through the entire length of the
TWNT.

In order to understand the growth mechanism of such
endless TWNTs, we characterized eight TWNTs with different
Adv. Mater. 2010, 22, 1867–1871 � 2010 WILEY-VCH Verlag G
lengths. We found that all tubes longer than 30mm contained
only semiconducting shells, while several shorter tubes
(<10mm) had one or two metallic shells (Table 1). That is
probably because the electric field induced from the heating coil
of the tube reactor can influence and disrupt the smoothly flying
of metallic tubes via a kite-mechanism, leading to early
termination of their growth, since the static polarizability of
metallic nanotubes is nearly three orders of magnitude larger
than that of semiconducting nanotubes.[24] Under the same
condition, TWNTs without metallic shells are less influenced
and could keep a steady floating until a much longer time (and
tube length). Our results indicate a length-dependent
selective growth of long TWNTs with exclusively semiconduct-
ing shells, as illustrated in Figure 4a. Selective growth of
semiconducting TWNTs is significant given that tubes with
multiple shells are very likely to contain metallic shells, for
example, DWNTs and MWNTs were frequently observed to
consist of both semiconducting and metallic shells mixed in
the same tube.[8,25] Calculations showed that semiconducting
tubes (shells) have lower energies resulting in their
preferential formation versus metallic shells.[26] In addition,
shells longer than 30mm have relatively larger chiral angles
(208–308) than most of shorter shells (108–208) (Fig. 4b).
Larger chiral angles were also observed in double-walled
nanotubes.[27] The difference between the chiral angles of the
shells in the same TWNT is small (Da< 6.38). Our results
suggest that the TWNT consisting of semiconducting
shells with larger chiral angles is a relatively stable structure
that is amenable to high-rate and long-range growth. The wide
mbH & Co. KGaA, Weinheim 1869
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Figure 4. Length-dependent growth of semiconducting TWNTs and
electronic properties. a) Illustration of eight TWNTs (listed in Table 1)
showing the selective growth of long (>30mm), semiconducting TWNTs;
‘‘s’’ and ‘‘m’’ indicate semiconducting and metallic shells, respectively. b)
The chiral angle distribution of TWNTs with different lengths. c) Current
versus gate voltage (VG) characteristics at a constant bias of 1 V of a typical
FET device with an on/off ratio of 4800 fabricated on the semiconducting
TWNT in Figure 2a. d) Current flow through individual TWNTsmeasured in
air and nitrogen. The arrows (labeled 1, 2, and 3) indicate shell breakdowns
occurred during the failure. Inset, illustration of the current-carrying
capability of each shell in the TWNT.

1870 � 2010 WILEY-VCH Verlag Gmb
range of chiral indices observed in Table 1 indicates great
structural diversity among TWNTs and their shells, even when
they were grown under the same CVD conditions. However,
those long TWNTs all possess a high-degree of structural
homogeneity with constant chiral indices of three shells
throughout their lengths.

The semiconducting TWNT shown in Figure 3 can be
fabricated into FETs with p-type characteristics (Fig. 4c).
Preliminary tests on FETs at different positions of this TWNT
show consistent device performance with on/off ratios (Ion/Ioff)
in the range of 3000 to 5000. Devices built on TWNTs containing
metallic shells cannot be turned off. In addition, a single TWNT
(device length of 0.5 to 1mm) can carry a current of 5mA at room
temperature in air, and about 20mA in nitrogen (Fig. 4d). The
current-carrying capability of TWNTs is comparable to high-
quality SWNTs with Pd contacts in vacuum (approximately 25mA
per tube) and multi-walled tubes made by the arc
technique (approximately 19mA per shell).[4,9] The three shells
of this TWNT simultaneously carry the current flow, and
breakdowns of individual shells were clearly observed in
nitrogen, where the current dropped by 17, 5.6, and 3.2mA,
respectively (Fig. 4d). Based on the breakdown sequence, as
observed in larger-diameter (9.5 nm) multi-walled tubes pre-
viously,[9] we suppose the breakdown of this TWNT is from the
outer (diameter¼ 2.6 nm), to the middle (1.82 nm) and then to
the inner shell (1.05 nm), and the maximum current density
sustained by each shell (from outer to inner) is 3.2� 108,
2.15� 108, and 3.7� 108 Acm�2, respectively. In comparison, the
highest current density measured in short, ballistic SWNTs is on
the order of 109 Acm�2.[4] The FET performance and current
density could be further improved by using better electrical
contacts (e.g., Pd) and testing in high vacuum. Compared with
SWNTs, TWNTs could offer several additional advantages such as
less bundling, enhanced and tunable mechanical strength (e.g.,
by inter-shell crosslinking), and sustaining larger currents (by all
the shells).

In summary, we demonstrate the gas flow-directed growth
method used here is effective to obtain semiconducting TWNTs
of uniform structure and as long as 100mm. The chiral angle
distributions of the centimeter long TWNTs are apparently
between 208 and 308, indicating the extremely high growth rate of
24mms�1 results in a high selectivity of CNTs with definite
structure. This method also implies an effective method to
selectively grow semiconducting MWNTs. Concentric shells with
controlled electronic properties also bring the opportunity to
construct co-axial devices. The long range homogenous TWNT
structure could be a platform to make high-density, reproducible
nanodevices as well as integrated logic circuits that can be
assembled on a single nanotube.[28]
Experimental

Substrates: The substrate we used here was a 4 inch Si wafer (p-type,
111, �10V cm, 500mm in thickness) purchased from Grinm
Semiconductor Materials Co., Ltd., Beijing. 700 nm SiO2 was thermal
oxidized on the surface. The substrate was cut into rectangle sheets about
10 cm long and 1 cm wide. They were ultrasonicated and washed in
acetone, ethanol, de-ionized water for 5min in sequence. Then the
H & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 1867–1871
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substrate was dried in air at 200 8C ready for catalyst spreading and CNT
growth.

Catalyst: The reagents (FeCl3 � 6H2O and ethanol) were provided by
Beijing Yili chemical company. Ethanol solution of FeCl3 (0.03mol L�1) was
dropped onto one edge of Si substrate to form a catalyst source region with
only 1mm width from the edge of the substrate. The ethanol solution
quickly vaporized as soon as it was spread and then it was ready for the
growth of CNTs.

Synthesis Process: The Si wafer carrying the catalyst was placed into
the center of a 1.0 m long quartz tube (30mm in diameter) furnace.
The temperature distribution of the furnace is shown in Figure S1 in
the Supporting Information. The catalyst source region was placed
near the gas entrance and the long Si sheet was directed toward the gas
flow. The substrate was heated at 900 8C for 10min in a hydrogen
atmosphere. When the temperature was increased to 1000 8C, the
mixture of CH4 and H2 (about 100 sccm with CH4/H2 ratio of 1:5) was
fed into the reactor for 100min. Then the growth was stopped by switching
off the reactant gas and the furnace was cooled in argon to room
temperature.

Characterization: The CNTs were characterized by scanning electron
microscopy (SEM, JSM7401F, 1 kV), high-resolution transmission electron
microscopy (HR-TEM, JEM-2010, 120 kV), and a semiconductor parameter
characterization system (Agilent 4156C). In order to detailed characterize
the TWNTs by TEM to understand their structure, cellulose acetate film
(60mm in thickness) purchased from Beijing XXBR Technology Co., Ltd.
was used to transfer the super-long CNTs from the Si substrate to the TEM
grid. The detailed transfer procedure is described in Figure S2 in the
Supporting Information.
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