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We have succeeded in synthesizing vertically aligned doubled-walled carbon nanotube (DWNT) forests with heights of up to 2.2 mm
by water-assisted chemical vapour deposition (CVD). We achieved 85% selectivity of DWNTs through a semi-empirical analysis of
the relationships between the tube type and mean diameter and between the mean diameter and the film thickness of sputtered Fe,
which was used here as a catalyst. Accordingly, catalysts were engineered for optimum DWNT selectivity by precisely controlling the
Fe film thickness. The high efficiency of water-assisted CVD enabled the synthesis of nearly catalyst-free DWNT forests with a carbon

purity of 99.95%, which could be templated into organized structures from lithographically patterned catalyst islands.

Double-walled carbon nanotubes (DWNTs) are a unique form of
carbon nanotubes (CNTs) composed of two coaxial single-walled
carbon nanotubes (SWNTs). They therefore benefit from a
synergetic blend of both SWNT and multiwalled carbon nanotube
(MWNT) characteristics, exhibiting the electrical and thermal
stability of MWNTs and the flexibility of SWNTs. The superior
physical and field emission'~® properties of DWNTs are advantages
for use in such applications as field-emission displays (FEDs), super-
tough fibres’ and field-effect transistors®. The most prominently
pursued application of DWNTs is as electron emitters, because
SWNTs have an unsatisfactory emission lifetime for real
applications, despite having the advantage of a low threshold
voltage. Conversely, MWNT emitters possess the durability for real
applications, but their threshold voltage is high. Therefore, DWNTs
are the best choice for real FED applications because they possess
the advantages of both SWNT and MWNT emitters, that is, low
threshold voltage and high durability. To date, DWNTs with size
in the range 2—5 nm have been successfully used in FEDs*.

Hafner and co-workers first synthesized DWNTSs by catalytic
CVD# Y, Pollowing this pioneering work, a number of researchers
have reported the successful synthesis of DWNTs* 2%, using the
arc-discharge method!®2%, coalescence of C,, peapods?' and
floating catalyst CVD?*?. Despite all of these efforts, highly
efficient and selective growth of DWNTs remains a challenge.

Recently, the introduction of a small and controlled amount
of water into the growth environment of standard CVD (hereafter
denoted supergrowth) was reported to increase the synthesis
efficiency of SWNTs to unprecedented levels?%. In this paper,
we report the synthesis of catalyst-free DWNT forests with
millimetre-scale height by water-assisted CVD from catalyst
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nanoparticles tailored to achieve maximum DWNT selectivity.
Here, catalyst engineering was the key factor for selective DWNT
synthesis. We determined the optimum mean tube diameter for
selective DWNT synthesis and grew CNTs with this optimum
mean diameter by precisely controlling the thickness of the Fe
catalyst film. The carbon purity was over 99.95 wt%, and we
could pattern the growth of vertically aligned CNT forests into
organized structures of desired shape from lithographically
patterned catalyst islands. Our results represent a breakthrough in
the synthesis of highly pure, efficient and scalable DWNTs,
enabling the immediate use of the as-grown material without
purification, consequently opening up opportunities for this
promising but rather unexplored CNT. Finally, we present
our preliminary results, which show that a small difference in
the catalyst metal film can induce a significant difference in the
DWNT diameter, a result that may open up a route towards the
diameter-controlled synthesis of DWNTs.

RESULTS AND DISCLSsON ...

To understand and control CNT synthesis, we first studied the
relationship between tube type and diameter by constructing a
phase diagram (Fig. 1a) of the relative populations of SWNTs,
DWNTs and MWNTs versus the tube diameter from the analysis
of 1,432 CNTs with diameters ranging from 1.0 to 5.0 nm using
transmission electron microscopy (TEM). The CNTs were grown
from thin Fe catalytic films (0.8—1.9 nm thick) made using
sputter target (1) (see Methods). The phase diagram highlights an
empirically well-known fact that the number of graphitic walls in
a CNT strongly depends on the CNT diameter, where small tubes
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Figure 1 Trends in CNT type and diameter. a, Phase diagram of the relative
concentrations of SWNTs (red), DWNTs (blue) and MWNTSs (green) as a function
of the CNT diameter, obtained from 1432 CNTs. b, Plot of CNT mean diameter
as a function of Fe film thickness. The analysed CNTs for both a and b were
prepared using Fe film catalysts from sputter target (1). The blue arrows indicate
the point of maximum selectivity of DWNTSs.

have a strong tendency to be SWNTs, and larger tubes tend to be
DWNTs or MWNTS. This is evidenced in the well-known fact?”~%
that a very thin layer of metal film (typically around 1 nm), which
produces small CNTs, is necessary to grow SWNTs selectively.
More importantly, the phase diagram provides quantitative
insight into the relationship between CNT diameter and the
number of walls, which serves as the key factor in achieving
selective DWNT synthesis. The phase diagram shows that DWNTs
occupy the majority of the nanotube population within a distinct
diameter range, 3.0—4.5 nm, sandwiched between the SWNT and
MWNT regions and with a maximum DWNT selectivity
occurring when the mean CNT diameter is around 3.75 nm (blue
arrows in Fig. la, b). Selective DWNT growth is achieved by
tuning the tube diameter within this DWNT region.

In addition, we found that the mean CNT diameter can be
precisely tuned by controlling the thickness of the Fe thin film.
Empirically, it is well established that a thin catalytic metal film
(around 1 nm) is required to grow SWNTs, and thicker metal
films (10 nm, for example) are necessary for MWNT growth. It is
generally believed that thin (thick) metal films break up into
smaller (larger) catalytic nanoparticles, which, in turn, produce
smaller (larger) tubes. To seek more precise size control, we
quantitatively investigated the relationship between the thickness
of the catalytic Fe thin film and mean CNT diameter. Eleven
independent batches of CNTs were grown from Fe thin films with
thicknesses ranging from 0.8 nm to 1.9 nm. For each batch, a
diameter distribution histogram of the CNTs was generated from
TEM images, fitted to a gaussian curve and the mean CNT
diameter of the batch was estimated. From such analyses, the
mean CNT diameter was found to increase approximately linearly
with Fe thin film thickness (Fig. 1b). This important finding has
made it possible for us to accurately control the mean CNT
diameter within the DWNT region.

We combined these results to demonstrate the application of
our approach for selective syntheses of DWNTs and SWNTs.
Figure 2a shows a set of histograms of the type and diameter of
CNTs synthesized from Fe films tuned to synthesize SWNTs
(Fe thickness: 0.8—1.2 nm) and DWNTs (Fe thickness: 1.6—1.9 nm),
respectively. Figure 2a shows that it is possible to control the
selectivity of SWNTs and DWNTs with high reproducibility
corresponding to the prediction of the phase diagram.
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Figure 2 Selective synthesis. a, A family of histograms of the type and
diameter of CNTs synthesized from 0.96, 1.12, 1.32, 1.62, 1.69 and 1.92 nm Fe
thin films with gaussian fitting (solid line). Red, blue and green bars denote
SWNTs, DWNTs and MWNTSs, respectively. b, Plot of the calculated existence
ratios (lines) and the experimental existence ratios (solid circles) for SWNTs
(red), DWNTSs (blue) and MWNTSs (green) as a function of CNT mean diameter
and Fe film thickness. ¢, Plots of the population distribution of the maximum
DWNT (blue) selectivity (85% DWNT) with SWNT (red) and MWNT (green)
population distributions as a function of diameter for a 1.69-nm Fe thin film with
gaussian fitting for the DWNT distribution (white line). The blue arrow indicates
the mean diameter for maximum DWNT selectivity. All CNTs for this figure were
prepared using Fe film catalysts from sputter target (1).
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A transition region existed (Fe thickness: 1.2—1.6 nm) between
the SWNT and DWNT regions where growth showed less
controllability. Here, a noticeable fluctuation existed in the type
of CNTs and mean CNT diameter for CNTs synthesized from
different batches of Fe films with the same thickness. Moreover,
CNTs grown from films in this region frequently exhibited a
relatively broad diameter distribution (see the CNT histogram for
a film of 1.32 nm thickness in Fig. 2a). In contrast, for CVD
growths carried out in the SWNT and DWNT regions, the
diameter histograms had a similar and relatively sharper full-
width at half-maximum (FWHM) of 1.9 nm.

To further investigate which factors determine the number of
walls in the CNTs, we calculated the existence ratios of SWNTs,
DWNTs and MWNTs as a function of the mean CNT diameter
from the phase diagram of Fig. la. We estimated the diameter
distribution for each nanotube type by assuming it followed a
gaussian distribution with an FWHM of 1.9 nm. The calculated
(estimated) existence ratios are shown as lines in Fig. 2b and can
be directly compared with the experimental existence ratios,
which are plotted as solid circles. Interestingly, the experimentally
obtained selectivities of SWNTs and DWNTs were higher than
those estimated by calculation in most cases. This provides
evidence that when the catalytic film is tuned in thickness for
SWNT synthesis, CNTs within the transition region have a
tendency to become SWNTs, regardless of their diameter, and
when the film is tuned for DWNT synthesis, they have a tendency
to become DWNTs. Additionally, we observed that fluctuation
from batch to batch in DWNT selectivity is more sensitive than
that predicted from the calculations. These experimental results
suggest that there is an additional factor playing an important
role in determining the number of walls for a CNT.

The maximum DWNT selectivity achieved using our approach
was 85%, as shown in the DWNT (and SWNT, MWNT) diameter
and population distribution for samples grown using the 1.69 nm
film (Fig. 2¢). This DWNT selectivity is one of the highest
reported, and it is worth noting that it was achieved on an as-
grown sample without any additional processes implemented to
improve selectivity!*172223, The maximum DWNT selectivity was
achieved when the Fe thin film thickness was 1.69 nm, from which
DWNTs with an average diameter of 3.7 nm were synthesized.
These results correspond well with our estimation deduced from
the phase diagram and the dependence of mean CNT diameter on
Fe thickness, highlighting the controllability of our approach.

Water-assisted CVD was implemented to demonstrate highly
efficient DWNT syntheses from these engineered catalysts. Similar
to the case for SWNTs, water-assisted CVD resulted in massive
growth of DWNTs that self-organize into vertically aligned
DWNT forests of millimetre-scale height. Our best result to date
is a DWNT forest 2.2 mm in height on a 20 x 20 mm Si substrate
(Fig. 3a). A possible mechanism for nanotube growth termination
is oxidization of the catalyst. Furthermore, we observed a
dependence of our ability to grow CNT forests on catalyst layer
thickness. We discovered a threshold in the thickness (0.8 nm)
below which we were unable to grow forests. However, within the
DWNT region the forest height showed very little dependence on
the Fe thin film thickness. Close examination (Fig. 3b) at the edge
of the DWNT forest by scanning electron microscopy (SEM)
reveals densely packed and vertically aligned DWNTs. High-
resolution TEM images (Fig. 3¢c; see Supplementary Information,
Fig. S1) show only clean nanotubes, which are mainly DWNTs in
the form of small bundles. Medium-scale wide-view TEM images
are provided as a broad assessment of the general quality of our
DWNTs (see Supplementary Information). Low-resolution TEM
images (Fig. 3d) of the as-grown forest further reveal the absence
of dark spots that would indicate the presence of metallic particles
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and supporting materials that usually comprise a major
constituent of as-grown material. Additionally, TEM images show
that the difference between the radii of the inner tubes and outer
tubes is close to the spacing of graphite layers.

To provide a quantitative assessment of the quality of the
DWNTs, we implemented characterization by macro Raman
spectroscopy (sampling area ~1 mm?) on 12 samples synthesized
from 12 independent CVD growths. The average Raman spectrum
of the DWNT forests (Fig. 3e) excited by 532-nm wavelength
shows a strong G-band intensity, originating from the C-C
stretching mode at ~1,590 cm™!, compared to the D-band
intensity, associated with defects and amorphous carbon at
~1,340 cm~!, indicating a reasonable quality of the DWNTs (the
ratio between G-band and D-band intensities, the G/D ratio,
is 5.2). Although the D-band could be due to carbon impurities
in the samples, we believe that it is more likely that it originates
from defects in the tubes (see Supplementary Information,
Fig. 1). Other reported G/D ratios of DWNTs are in the range
3.5-40 for DWNTs synthesized by CVD31012170 487 for
DWNTs synthesized by arc discharge!®?, 17-40 for DWNTs
synthesized using floating catalyst?>?*, and around 200 for
DWNTs synthesized by annealing peapods?!. We believe that the
feasibility of synthesizing DWNTs using our approach for
applications is not hindered by the quality of the DWNTs as
estimated by the G/D ratio, because Raman spectroscopy alone
does not comprise a complete assessment of DWNTs for real
applications. Furthermore, although the G/D ratio is the weakest
numerical evaluation of water-assisted CVD, other factors, such as
carbon purity, length and alignment (where this material is
extraordinarily ~superior”’"'°) are also very important®.
Moreover, the G/D ratio (see Supplementary Information, Fig. 2)
can be increased to 20 by decreasing the growth rate, a result that
indicates that the quality of DWNTs could be tuned to meet the
quality requirement of a specific application.

Thermo-gravimetric analysis (TGA) on 0.96 mg of the as-
grown material (Fig. 3f) showed no measurable residue remaining
above 750 °C, indicating very high purity. The combustion range
of the DWNTs was 550-740 °C, with a peak weight reduction at
700 °C. Furthermore, quantitative elemental analysis with X-ray
fluorescence spectrometry only detected the presence of 0.053
wt% Fe impurity suggesting a carbon purity over 99.95 wt%. The
exceptionally high purity of this DWNT enables use of the as-
grown material without purification, representing a significant
advantage of this approach because purification processes are well
known to damage nanotubes. It remains an open question
whether high-quality DWNTs with high G/D ratio that require
purification before use are, in fact, superior to reasonable-quality
DWNT that can be used without any purification.

Realization of large-scale organized SWNT structures of
desired shape and form is important for obtaining scaled-up
functional devices. For MWNTs, successful fabrication of
organized structures has been demonstrated, although it remains
to be seen if similar structures could be made from DWNTs.
Significantly, with the assistance of water, DWNTs grow easily
from lithographically patterned catalyst islands into well-defined
vertical-standing organized structures, as demonstrated by the
large-scale arrays of macroscopic rectangular parallelepipeds that
can be obtained (Fig. 3g—j) with 150-pm width, 250-pm pitch
and a height close to 500 pm. Growth on patterned samples
usually results in less efficient growth compared to bulk growth.
The growth efficiency strongly depends not only on the size of the
patterns but also on their separations.

Finally, we demonstrate that subtle differences in catalytic
films of the same thickness can cause a considerable difference in
the phase diagram in Fig. 1a, confirming the extreme sensitivity of
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Figure 3 Highly efficient DWNT synthesis. a, 20 x 20 mm vertically standing DWNT forest of 2.2 mm height grown using a 1.69 nm Fe film. The scale along the
bottom is marked in mm. b, SEM image of the edge of the DWNT forest shown in a. ¢, High-resolution TEM image verifying the presence of DWNTs and the absence
of amorphous carbon and metal particles. d, Low-resolution TEM image of the DWNTs showing the absence of metallic particles and support materials. e, Raman
spectra with distinct radial breathing mode peaks (inset). f, TGA plot of the weight as a function of temperature. g—j, SEM images of the designed macroscopic
rectangular parallelepipeds of DWNTs: expansive view from side (g); magnified view from the top (h); magnified view from the base (i); expansive view from the top

(J). CNTs in this figure were grown using Fe film catalysts from sputter target (1).

the number of CNT walls on the catalyst. Taking advantage of this
phenomenon enabled us to synthesize DWNT ensembles with
different mean diameters. To illustrate this, we constructed
another phase diagram of the relative populations of SWNT;,
DWNTs and MWNTs from CNTs grown from a different sputter
target (2) (See Methods) with identical CVD growth conditions
(Fig. 4a). When compared with the phase diagram of Fig. 1a, the
phase diagram is shifted along the diameter axis approximately
0.75nm towards larger CNTs as indicated by the arrows in
Fig. 4b. We used this phase diagram to guide the syntheses of
DWNT (SWNT) samples with larger diameters as demonstrated
by the two histograms in Fig. 4c, identifying the type and
diameter of CNTs grown from two catalytic Fe films tuned in
thickness to selectively grow DWNTs and SWNTs, respectively.
This unique aspect extends our ability to grow a variety of CNTs
and thus is useful in many practical applications. For example, in
our previous researches®*, we used sputter target (2) to grow large
SWNTs with mean diameters approaching 3.0 nm to maximize
growth yield. In this research, we instead used sputter target (1)
to grow smaller DWNTs. The results presented in this paper were
repeatable with different sputter targets; that is, although targets
from different suppliers showed consistently different CNT
growth, they were consistent for each supplier. We carried out
careful experiments to characterize the catalytic Fe thin films
sputtered from targets (1) and (2) by X-ray photoelectron
spectroscopy (XPS) (Fig. 4d, e), optical adsorption and electronic
conductive measurements. No noticeable difference was observed

134

between the two films by these characterizations, indicating that
the origin inducing this huge difference in CNT growth stems
from a minute difference in the targets. In order to provide
further insights into this difficult problem, we have carried out
additional characterization of the two Fe films by X-ray diffraction
(XRD) (see Supplementary Information, Fig. S3), which revealed a
difference in the ratio of the (110) and (211) reflection intensities.
The XRD result suggests that the two Fe films have different grain
structures that might be caused by a difference in impurities (see
Supplementary Information, Table S1) or the grain structures of
the two targets themselves. These results show how the almost
undetectable difference in sputter targets can lead to a significant
difference in the outcome, and we hope that this result invokes
further efforts to address and fully clarify this interesting and also
very important issue, which will lead to further diameter control
of DWNTs and better understanding of the role of the catalyst in
CNT growth.

There are a couple of possible routes to achieve improved
DWNT diameter control. One route could be the use of Fe alloys
as catalysts (for example, containing Co, Ni or Mo) to shift the
peak in the phase diagram (Fig. la) and thus produce DWNTs
with different diameters. Although we do not believe that the
relatively large diameter of our DWNTs is a problem for
important applications such as FEDs (in fact, it is likely that
larger DWNTs may show superior durability due to smaller
curvature effects), it is important to achieve smaller DWNTs,
particularly for electronic and optical applications. Xu and
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Figure 4 Sensitivity of CNT type to sputter target. a, Phase diagram of the
relative concentrations of SWNTs (red), DWNTs (blue) and MWNTSs (green) as a
function of CNT diameter obtained from 1,330 CNTs using sputter target (2). The
blue arrow indicates mean diameter for maximum DWNT selectivity.

b, Comparison of Fig. 1a and Fig. 4a. The difference is seen as a shift towards
larger diameters from Fig. 1a to Fig. 4a, as indicated by arrows from the white
to yellow borders. ¢, Typical histograms tuned for SWNTs (three front
histograms) and DWNTs (three rear histograms) from two Fe catalyst thicknesses
using sputter target (2). Red, blue and green bars denote the normalized SWNT,
DWNT and MWNT populations, respectively, in each histogram. d, Survey XPS
spectra of prepared catalysts from Fe sputter target (1) (red line) and Fe sputter
target (2) (blue line) with chemical assignment (Fe: black; O: light blue; Al: pink;
Ar: light green). e, XPS spectra of Fe.

co-workers®® have reported that pretreatment with radical
hydrogen generated by a hot filament results in growth of SWNT
forests with small nanotubes in the range 0.8—1.6 nm. These
results suggest that changing the pretreatment process,
particularly exposure of the catalyst to active hydrogen, may be
one possible route to grow smaller DWNTs using our approach.
In conclusion, we have succeeded in achieving highly efficient
synthesis of nearly catalyst-free DWNTs and DWNT forests with
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the assistance of water. Engineered catalysts, through precise
sputtering to a semi-empirically derived thickness, were essential
in achieving the selective synthesis of DWNTs and made possible
the synthesis of CNT material with 85% DWNTs, one of the
highest reported selectivities. Our approach has several distinct
advantages over previous methods. First, this research
demonstrates the first synthesis of DWNTs on flat substrates, a
point that has clear advantages for direct fabrication of functional
devices, such as DWNT electronic devices. Secondly, DWNT
forests represent a new form of CNT material, opening up new
opportunities for scientific research and development of
applications such as DWNT FEDs or CNT membranes?2.

METHODS

SYNTHESIS

CNTs were grown from catalytic thin AL,O; (~30 nm)/Fe metal layers
sputtered on Si substrates with an oxidized layer of thickness 600 nm. Two
different Fe sputter targets (1) (99.99%) and (2) (99.9%) provided from
different suppliers (Mitsui Engineering & Shipbuilding for (1), and Sumitomo
Metal Mining for (2)) were used. As discussed in detail in the following,
sputter targets provided from the same supplier showed outstanding
consistency in growth, but targets provided from different suppliers showed
consistent variation. The sputtering process was carried out using a sputtering
instrument equipped with a load-lock chamber dedicated to preparing
catalysts. This provided a well-isolated environment to ensure reproducibility
of our process because the targets were not exposed to air, and no additional
impurities entered the system. As the prepared Fe thin film was around 1.0 nm
and very thin, it was preferred to have a sputtering rate that was as slow (but
stable) as possible. To maximize our control over sputtering levels, we
minimized the sputtering rate to deposit a 1.0-nm-thick Fe film with a time
exceeding 30 s. This ensures that the deposition process is both very stable and
repeatable. The thickness of the Fe thin film was varied in the range 0.8—1.9 nm.
When annealed to high temperatures, the Fe thin film converted into well-
defined and isolated individual Fe nanoparticles that acted as catalysts for CNT
synthesis®**. As shown in the main text, the thickness of the Fe layer is the
critical factor in achieving selective growth of DWNTs. CVD was carried out at
with an ethylene carbon source (99.999%) and water as a catalyst preserver*+2*
and enhancer?®. Water vapour was supplied by passing a portion of the helium
carrier gas through a water bubbler. The water concentration was measured by
a water monitor directly connected to the exhaust line. Pure helium
(99.9999%) with hydrogen (99.99999%) (total flow 1,000 cm? per minute at
standard temperature and pressure) was used as a carrier gas at 1 atm with a
small and controlled amount of water vapour supplied from the water bubbler.
Typical CVD growth was carried out at 750 °C with ethylene (10—150 cm?® per
minute at standard temperature and pressure) and a water concentration of
20-500 p.p.m. for 10—30 min. The optimum water—carbon balance depended
significantly on experimental conditions, such as growth temperature, ethylene
flow rate, catalyst and the furnace used.

Transmission electron microscopy images were taken using a JEOL JEM—
2000FX instrument. Scanning electron microscopy images were taken using a
Hitachi S-4800 instrument. Raman spectroscopy was performed using a
Thermo-Electron Raman spectrometer with 532-nm excitation wavelength.
Thermo-gravimetric analysis was carried out using a Rigaku Thermo Plus 2.

X-ray photoelectron spectroscopy measurements were carried out using
Physical Electronics PHI 5800 MultiTechnique with an Al Ko X-ray source.

Received 19 June 2006; accepted 29 September 2006; published 3 November 2006.
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