Synthesis of single-walled
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Single-walled carbon nanotubes were synthesized by the laser
vaporization of graphite composite targets in a tube furnace. Two
pulsed Nd:YAG lasers operating at fundamental (1064 nm) and 2nd
harmonic (532 nm) frequencies were combined, focussed and
evaporated targets in an inert argon atmosphere at a pressure of
500 mbar. Furnace temperatures of either 1200 or 1000°C were
used. The targets were either pure graphite or graphite doped
with catalysts. The as-evaporated material was collected and
characterized by transmission electron microscopy, scanning
electron microscopy and Raman spectroscopy. TEM analysis
showed individual single-walled tubes with diameters of 1.31 =
0.02 nm and bundles of single-walled tubes up to 10 nm in diameter.
Raman spectroscopy revealed a distribution of chiral, metallic
and semiconducting nanotubes, all with a very low defect concen-
tration. Most of the identified tubes were semiconducting. The
addition of Fe as catalyst changed the diameter distribution
fractionally from 1.30-1.46 nm to 1.33-1.49 nm and significantly
lowered the defect concentration. The concentration of metallic
nanotubes was also found to have decreased.

Introduction

Bacon' first observed tubular structures of carbon in 1950. In
the 1970s, Endo® observed carbon nanostructures by transmis-
sion electron microscopy. However, it was only after a report by
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lijima® in 1991 that there was a surge in the scientific interest in
this type of carbon material. Indeed, it can be said that carbon
nanotubes gave birth to what we now know as nanoScience and
nanotechnology. The scientific interest in this material is based
on the unique electrical,’ chemical,’ optical® and mechanical’
properties associated with nanotubes. Applications of nanotubes
to make devices have already been extensively reported in the
scientific literature.*"" Whilst many device applications have
been demonstrated, a major obstacle is the reliable synthesis of
carbon nanotubes. The problem arises because carbon nano-
tubes form by the self-assembly of atoms in the vapour phase.
Depending on the experimental conditions under which
self-assembly takes place, the characteristic properties of
nanotubes such as chirality, length and diameters will vary in
the final product. While various investigations” were conducted
on the influence of experimental conditions on in the laser
synthesis of single-walled carbon nanotubes (SWCNTs), to date,
no experimental technique or recipe has been developed to pre-
determine or successfully reproduce a specific type of carbon
nanotube, in particular in regard to its chirality.” This article
reports on the method of dual laser vaporization to synthesize
carbon nanotubes, in particular the synthesis of single-walled
nanotubes and our attempt to achieve control of their diameter,
which in turn affects the electronic properties.

Growth mechanisms

Uncapped single-walled carbon nanotubes can be visualized
as a two-dimensional graphene sheet, rolled-up to form a seam-
less tube. The manner in which the tube is rolled determines
whether it will be metallic in nature or semiconducting.
Typically, SWCNTs have diameters in the order of a few nano-
metres with lengths of up a few hundred micrometres. Over-
views on carbon nanotubes, including a mathematical descrip-
tion of their structures, can be found in several texts.**'*

A common feature of all experimental methods used in the
synthesis of carbon nanotubes is having carbon atoms in the
vapour form prior to self-assembly. In the case of SWCNTs,
a further prerequisite is to use transition metal catalysts, for
example Fe, Niand Co.”'"* Otherwise, the atoms self-assemble to
form multi-walled carbon nanotubes (MWCNT) or, if
self-assembly is absent, ‘nanosoot’ forms of carbon. The
self-assembly process at the multi-atomic level to create specific
CNTs is not fully understood. This means that controlled
large-scale synthesis is not yet possible. Numerous research
groups have proposed theories based on experimental observa-
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tions and computational modelling.” However, each has its
advantages and disadvantages. This suggests that there could
be more than one mechanism involved in the self-assembly
process. These accounts can be found elsewhere.*’

Dual laser synthesis of SWCNTs

The use of a pulsed infrared laser to synthesize fullerenes and
later tubular fullerenes was originally investigated by Smalley’s
research group.”™'* The laser was chosen as the power source as
the energy directed on the target in a very short time, in the
order of nanoseconds, is very intense. This was sufficient to
create a plasma of carbon vapour in the vicinity of the irradiated
target. The temperature of the plasma is in the region of 10 000°C.
As the plasma plume expands, it cools down. It is at this stage
that the carbon atoms coalesce to form nanotubes. Another
important aspect of using lasers is the repeatability and control
of laser parameters, which ensures that the experimental
conditions are kept constant for reliable synthesis of nanotubes.
In Smalley’s work,"'® a graphite target doped with a few per cent
of transition metals yielded SWCNTs in the product. The addi-
tion of a second laser, made co-linear with the first, raised the
yield of the tubes. The use of two lasers increased the concentra-
tion of vaporized carbon atoms in the plasma plume." This was
achieved by delaying the arrival of the pulsed Nd:YAG laser
light at 1064 nm at the target by a few tens of nanoseconds with
respect to the first laser pulse at 532 nm, which is primarily
responsible for vaporizing sub-micrometre layers of the
composite target. At this instant, plasma is generated very near
to the target surface. The plasma shields the target from the
second pulse. The interaction of the latter with the plasma
plume creates reverse Bremsstrahlung, that is, the charged
particles within the initial plasma absorb laser photons of the
second pulse. In the process, the plasma intensity increases
rapidly, creating more ionized carbon atoms that subsequently
coalesce.

Experimental details

Figure 1is a schematicillustration of the experimental set-up to
synthesize SWCNTs. It is similar to that used at Rice University'
and elsewhere.””” Two pulsed Nd:YAG beams are made
co-linear, combined and directed towards a graphite composite
target located in a tube furnace. The one was a Continuum
Surelite SL-10 operating at A = 532 nm with a maximum energy
of 70 m] per pulse; the second laser was a Spectra Physics GCR
130 operating at A = 1064 nm and energy of 330 m] per pulse.
Both operated at a 10-Hz repetition rate and with pulse widths
between 8-12 ns. Both lasers were focussed to a diameter of
approximately 3 mm on the target. The 1064-nm laser had a
fluence at the target of 4.6 ] cm™; that of the other laser was
1] ecm™, because of its limited available energy of the latter. To
prevent pitting of the target by focusing the 532-nm laser beam
any further and thereby increasing particulate formation, the
trade-off was to operate it with a smaller beam intensity. The
target was raster scanned for uniform evaporation.

Target preparation and operation

The targets were pressed from a paste containing ultra-fine
99.9% graphite powder, transition metal nitrates and Dylon®.
The targets were vacuum baked for 4 hours and then out-gassed
in an inert environment for several hours at operating tempera-
tures before the start of the experiments, to remove volatiles.
Table 1 shows the composition of targets used in the experi-
ments. The 25-mm-diameter targets were located at the centre of
a vacuum-sealed, 60-mm-diameter, 1500-mm-long quartz tube.
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Fig. 1. A schematic illustration of the laser vaporization experimental set-up to
synthesize SWCNTs. Beams from two pulsed lasers, operating at fundamental and
first harmonic frequencies, respectively, were combined by mirrors M1-M2. The
beams enter a sealed quartz tube (1). The flow and pressure of argon gas is
electronically controlled by MKS instrumentation. The gas flow is confined to the
inner quartz tube (2) before it reaches a graphite composite target (4) located
centrally in a high-temperature furnace. A carbon plasma plume (3) is generated
when the M3 mirror rasters the target (4). The vaporized targetmaterial con-
denses at the rear (5) of the furnace, where it is cooled by a water-cooled copper
collector (6).

The target was screwed onto a stainless steel push rod, which
extended out of the furnace, for easy placement in the furnace.
The front end of the quartz tube was fitted with an anti-
reflection coated laser window and inlet gas connections. A
second quartz tube, 19 mm in diameter, was fitted concentrically
within the larger quartz tube. The smaller tube extended from
the entrance window to just before the target. The tube provided
a laminar flow of argon gas towards the target in the same
direction of the laser beams. The argon acted as a buffer by
slowing the outwardly expanding carbon plasma plume. This
slowing down of the plume facilitates self-assembly of the
carbon atoms into SWCNTs."” The gas also carries the nanotubes
towards the back of the furnace. A water-cooled copper collector
was fitted at the rear of the quartz tube for sample collection.
During operation, a constant flow of Ar gas at 200 cm’ min™, at
a pressure of 500 mbar was maintained by a MKS flow and
pressure controller. The target was out-gassed at operating
temperatures. Initial experiments were conducted at 1200°C
(target T2) and the remainder of the experiments (targets T1, T3
and T4) were carried out at 1000°C for we considered that at
1200°C the defect concentration would be high in the synthe-
sized material. Each target was evaporated for between 4 and 5
hours. The as-evaporated material that was deposited in the
relatively cool surfaces at the end of the quartz tube, was collected
and characterized by transition electron microscopy (TEM),
scanning electron microscopy (SEM) and Raman spectroscopy
(RS).

Table 1. Target composition.

Target reference Composition (%) Temperature (°C)

T C (100) 1000
T2 C (98.8): Ni (0.6): Co (0.6) 1200
T3 C (98): Ni (1): Co (1) 1000
T4 C (98): Fe (0.67): Ni (0.67): Co (0.67) 1000
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Fig. 2. SEM image of as-evaporated material from catalyst-free target T1. Only
spherical carbon ‘nanosoot’ is evident, indicating the importance of catalysts if
nanotubes are to be synthesized.

Fig. 4. SEM image of material obtained from target T4, resembling that in Fig. 3.

Results and discussion

Figure 2 is an SEM image of material evaporated from a cata-
lyst-free target. Nanospheres of carbon soot are abundant in the
image and there is no evidence of SWCNTs. SEM images of
as-evaporated samples from targets T3 (Fig. 3) and T4 (Fig. 4)
show individual and bundles of SWCNTs. The product resem-
bles ‘spaghetti’. Dispersed with the bundles are nanospheres of
carbon soot. The diameter of these particles was in the range
10-25 nm.

Figure 5showsa TEM image of anisolated SWCNT of diameter
1.3 nm, synthesized from target T2. Structural defects are visible
along the tube length, indicating malformation during
self-assembly of carbon atoms. Figure 6 shows another TEM
image of as-evaporated material from T2. Here, a bundle of
SWCNTs clumped together by van der Waals forces can be seen.
As in Fig. 7, most TEM images showed SWCNTs appearing as
bundles up to 10 nm in diameter. The darker spots are the transi-
tion metal catalysts. Close observation shows that the nanotubes
appear to nucleate at these sites. The maximum size of the
nanotube bundles appears to be close to the diameter of the
catalyst particles. Further investigation by means high-resolution
TEM is needed to investigate the metal catalyst-nanotube bundle
interface.

Raman spectroscopy has become the most widely used
technique to characterize CNTs because of its ability to provide

Fig. 3. SEM image of as-evaporated material from target T3, showing a
combination of soot, bundles and individual nanotubes. Bundles dominate
because of the strong van der Waals forces between the tubular walls of SWCNTSs.

Fig. 5. TEM image of an individual SWCNT obtained by vaporising target T2. The
arrows point to defects along the tube walls. Tube diameter is 1.3 nm. Scale bar:
3 nm.

Fig. 6. TEM image of as-evaporated material showing 6 or 7 SWCNTSs bundled
together. The arrow points to the region of initial nucleation. These sites are metallic
catalysts, which are important in the formation of single-walled tubes.
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Fig. 7. TEM image of as-evaporated material from target T3. The arrows indicate
bundles of SWCNTs up to 10 nm in diameter. The darker regions are metal
catalysts.

information on electronic and structural properties. The three
most important spectral features of Raman spectra of SWCNTs
are:* (a) the radial breathing mode frequency, ., in the region
of 100-300 cm™; (b) the disordered D-band around 1350 cm™;
and (c) the G-band in-plane bond stretching modes between
1500-1600 cm™.

An empirically determined, approximate relationship between
Wy and the SWCNT diameter (in nm) is given by the formula*?*

235
o -12.5cm™
PBM

The relatively quick time to record a Raman spectrum
(5 minutes) atalaser focus spot means that a statistical analysis of
alarge sample area can be performed to determine the homoge-
neity of the material. This is particularly useful for determining
the distribution of CNTs according to chirality, diameter, defects,
and class types. For the Raman measurements, a slightly
defocussed 4 = 514.5 nm laser beam (green) was directed onto
the sample, which was placed on a microscope glass slide. The
laser power at the focal spot was 1.25 mW. Defocusing avoided
localized burning or heating of the sample. Raman analysis of
material obtained from T1 showed no spectral features and
was ignored. Such a spectrum indicates that the material was
amorphous, since no phonon resonance, typical of an ordered
bounded structure, was detected. Figure 8 shows a Raman
spectrum of T3 material taken at two different spots. This is a
typical spectrum of individual and bundles of SWCNTs. The
three main regions of the spectrum can be clearly identified.

Using Equation (1), analysis of g, modes at around 183 cm™
indicated tube diameters of 1.31 + 0.02 nm. The D-band situated
at 1350 cm™ is representative of defects within sp* hybridized
C—C bonds. A broad and low-intensity peak indicates a small
concentration of defects within the tubular structures. At the
G-band between 1500 and1600 cm™, two spectral features stand
out, thelower G frequency (G") and upper G frequency (G¥). The
relative shape and intensity difference between the G- and G*
peaks depend on whether the tubes are metallic or semiconduct-
ing. The strong intensities at 1561 and 1585 cm™, which can be
fitted by Lorentzian distribution, indicate the presence of semi-
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Fig. 8. Raman spectra corresponding to two different spots on target T3. The
left-hand spectrum is a signature for SWCNTSs. It reflects the radial breathing mode
(RBM), where the tubes flex about their central axis and strongly correlates with
their diameter. The width of this peak indicates the distribution of diameters of
single-walled tubes. The right-hand spectrum describes the tangential features of
the tube including whether it is metallic or semiconducting in nature.

conducting SWCNTSs.” A slight broadening on the shoulder of
the G~ peak at approximately 1511 cm™ is evident at both sample
spots. The line shape in this region is asymmetrical and typical of
metallic tubes. Comparing the relative line intensities of the two
regions of interest in the G band, identified above, we conclude
that most of the sample material consisted of semiconducting
nanotubes.

Figures 9a and 9b are Raman spectra showing the effect of
a three-catalyst target (T4) compared with a two-catalyst
combination (T3) on the production of nanotubes. Itis clear from
the spectra for T4 (Fig. 9a) that there is a larger distribution of
larger diameter, and higher concentration, of SWCNTs than in
the spectra of T3 as seen on the top trace (triangles) of the plot at
peak positions (a)-(d), where the diameters vary from
1.33-1.49 nm, whereas for T3 this variation was from
1.31-1.46 nm. Second, the spectra for T4 (Fig. 9b), bottom trace
(triangles) showed a lower intensity peak in regions (e)—(h). This
implies: (a) a significant decrease in the defect concentration at
the D-band (e); (b) a drop in the concentration of metallic tubes
asshown in region (f); and (c) a higher concentration of semicon-
ducting nanotubes as shown in the G” and G* regions. These
observations mean that the addition of Fe as a catalyst changed
the SWCNTs' diameter distribution, reduced their defect
concentration and also promoted the self-assembly of semicon-
ductor nanotubes over metallic nanotubes. These results are
similar, but not identical, to those of other researchers®*® as the
concentration of the Fe with respect to Co and Ni was different
from those reported in refs 24 and 25. In the work of Lebedkin et
al.,” the third catalyst was in the form of FeS and the atmosphere
was a combination of hydrogen and argon. In their work, diame-
ters up to 5.6 nm were observed. These relatively large diameters
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Fig. 9. (a) Effect of adding Fe (top trace, triangles, target T4) as the third catalyst on
the RBM frequencies. A shift towards the left of the RBM and a distinct broadening
is observed. Clear peaks on the left shoulder are also distinguishable. This points to
larger-diameter SWCNTs and a higher abundance at these diameters. (b) The
effect of Fe (bottom trace, triangles, target T4) on the D-band and G-bands shows a
drop in intensity in the D-band at 1350 cm™" is an indication of reduced disorder in
the nanotubes. Reduced intensity on the shoulder at approximately 1525 cm™

appear to be related to the presence of S and H, as such large
SWCNTs were not observed in our samples. This was also the
view of lijima et al.,” whose target composition of C:Ni:Co:Fe
was similar to but not the same as target T4, which had more
than twice the metal concentration for each of Fe, Ni and Co.
Several factors ascribed to causing the increase in diameters are
listed in ref. 25. The two main factors are the increase in the
lattice constant of Fe-Ni-Co complexes and arise in the aggrega-
tion rate of the metal cluster. Further studies are needed to
confirm these proposed explanations.

Conclusion

Individual and bundles of single-walled carbon nanotubes
were identified in TEM and SEM images. Catalysts were found
to be necessary to synthesize the nanotubes. The presence of
SWCNTs was verified by Raman spectroscopy. The addition of a
third metal catalyst to the target changed the diameter distribution,
reduced the defect concentration and also favoured the self-
assembly of semiconductor nanotubes. Although limited control
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of the nanotubes” diameter was achieved, it is clear that the use
and role of multiple catalysts needs further study to achieve the
ultimate objective of the controlled synthesis of SWCNTs.
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