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Abstract

Ž .We demonstrate that laser peak pulse power can be employed to tune carbon single wall nanotube SWNT diameters.
The production of SWNTs was investigated at room temperature and at 12008C. The diameters were shifted to smaller sizes
in both cases as the pulse power was increased. SWNT size distributions and yields were studied with Raman spectroscopy
and transmission electron microscopy. The evolution of the material quality with laser energy parameters offers insight in to
SWNT formation mechanisms. These studies should aid in the development of methods for the rational control of SWNT
growth. q 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

w xSince SWNTs were first discovered in 1991 1 ,
several advances in synthesis have led to the produc-
tion of tubes in larger quantities and higher purities.
The electric arc technique first generated macro-

w xscopic quantities of tubes 2,3 , and higher SWNT
densities were obtained when 532 nm laser pulses

w xwere directed onto metal-doped carbon targets 4 .
The development of new catalysts for use in the
electric arc resulted in higher quantities of SWNTs
w x5 , and SWNTs have also been produced by decom-

w x w x w xposing CO 6 , CH 7 or benzene 8 on metal4

catalyst particles. Most of the laser-based synthesis
experiments to date have followed the pioneering

w x w xwork of Guo et al. 4 and Thess et al. 9 by utilizing
laser pulses shorter than ;10 ns and heating the
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target with an external furnace. SWNT synthesis
Ž .with continuous wave cw irradiation was first

shown using a Nd:YAG laser operating at 1064 nm
w x10 , and then with a CO laser operating at 10.6 mm2
w x11 . Both of these efforts achieved SWNT growth
without the use of an external furnace. A recent
study compares the yield for SWNTs using 20 ms,
10.6 mm pulses from a CO laser to that with short2
Ž . w x5–7 ns , 532 nm pulses from a Nd:YAG laser 12 .

A variety of different synthetic methods provide
conditions which lead to SWNT growth. Most re-
search to date has focused on whether or not tubes
could be made at all and on determining the essential
conditions for maximizing production rate and pu-
rity. Although a considerable amount has been
learned, much work remains before SWNT growth
can be fully controlled. In particular, one would like
to be able to fabricate samples of specific tubes, and
perhaps even generate ‘phase-pure’ samples having
only one type of tube. SWNT diameters are currently
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measured but not controlled, and size distributions
differ widely depending on synthesis conditions. Ra-
tional control over SWNT size distributions would
enable the study of physical and chemical phenom-
ena in tailored samples. Such samples are required
since many of the potential applications envisioned
for SWNTs are dependent on the specifics of chiral-

w xity and diameter 13,14 .
Tuning of SWNT diameters by varying the target

temperature was recently demonstrated by Bandow
w xet al. 15 . With a two-pulse laser sequence, the

diameter of the dominant tube shifted from 1.0 to 1.2
nm as the temperature was increased from 850 to
10508C. In this letter, we describe how laser energy
parameters can be varied at constant temperature to
tune SWNT diameters from ;1.1 to 1.4 nm. SWNT
syntheses were performed at both room temperature
and 12008C with Nd:YAG laser pulses with dura-
tions between the short-pulse and long-pulse limits
that have been previously explored. Raman spec-
troscopy showed that the predominant SWNT diame-

Ž .ter can be varied from approximately that of an 8,8
Ž .to that of a 10,10 tube when laser pulse energy

parameters are varied appropriately. Significant pop-
ulations of non-armchair tubes may also be pro-
duced. The gas phase population of carbon fragments
are precursors for SWNT formation, and the size
distribution and density of these fragments are al-
tered by the laser pulse power. The ambient tempera-
ture determines if these fragments have sufficient
thermal energy to assemble into tubes. Since the
temperature for carbon vaporization is much higher
than required for metal vaporization, the metal
species are assumed to be atomically dispersed in the
gas phase for all laser runs. Thus, the work focuses
on the role of the carbon fragments thereby provid-
ing new insight into the mechanisms of SWNT
formation. SWNT diameter tuning by variation in

laser pulse parameters is demonstrated for the first
time.

2. Experimental

For room temperature experiments, 4 mm graphite
powder was doped with 0.6 at % each of Co and Ni
powder and mixed with 50 wt % polyethylene glycol
Ž .PEG . The mixture was formed into targets by
pressing in a 2.9 cm dye to 700 kgrcm2 for 3 min,
and heating in argon to 10008C for 4 h. The targets
were supported with a tantalum holder in a 3.8 cm
quartz tube which was purge-cycled with Ar three
times between 1 and 750 torr while the target was
baked with an infrared lamp. The output of a Control

Ž .Q-switched Nd:YAG 1064 nm laser was focused to
;0.86 mm2 and rastered across the target. The laser
generated an average power of up to 3.5 kWrcm2 in

Ž .continuous-wave cw mode, and a peak power rang-
ing from 0.2 to 3.5 MWrcm2 when pulsed. Varia-
tion of the peak power density was achieved through
variation in the pulse width and frequency as shown
in Table 1. Runs at 12008C were performed using a

Ž .Molectron Nd:YAG 1064 nm that could be Q-
switched to produce ;10 ns pulses, or operated in a
‘long-pulse’ mode in which the laser was free-run-
ning during the ;450 ns light pulse from the flash
lamps. Targets for these experiments were prepared
by pressing the Co–Ni–C powder to 1400 kgrcm2

in a 2.9 cm dye without either the addition of PEG or
subsequent annealing. Laser exposures were per-
formed with Ar flowing at 50 sccm and a pressure of
500 torr. The materials were collected after each
experiment and examined by TEM. Raman spec-
troscopy was performed using a 50 mW Argon ion
laser operating at 488nm with a resolution of ;0.6

Table 1
Relationship between the operating characteristics of the Control Corporation Q-switched Nd:YAG laser

2 2Ž . Ž . Ž . Ž .Pulse width ns Peak power MWrcm Average power kWrcm Pulse frequency kHz

175 3.5 1.8 3
250 1.5 2.3 6
300 0.9 2.8 10
575 0.2 3.0 24
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Ž y1 .nm 4–6 cm across the entire range of interest.
Calibration was performed with Oriel spectral lamps.

3. Results and discussion

Raman spectroscopy in the region of the radial
breathing modes reveals changes in the SWNT size
distributions as a function of laser pulse power for

Ž .tubes produced at room temperature Fig. 1 . For
w xpurposes of discussion, we follow Rao et al. 16 in

assigning Raman signals to specific tubes. Focussing
first on the data for material produced with 575 ns

Ž .pulses Fig. 1a , two distinct signals at 183 and 202
cmy1 are observed. The first signal is dominant and
can be assigned to the radial breathing mode of the
Ž .9,9 armchair tube. The second signal is ;50% of

Ž .the intensity of the 9,9 feature and lower in fre-
Ž . Ž y1 .quency than expected for 8,8 tubes 206 cm .

Ž .However, we still assign this feature to the 8,8 tube
w xthrough consideration of stability arguments 17 and

the instrumental limitations. The material was pro-
duced at the maximum average power output avail-

Ž 2 .able with 575 ns pulses 3.0 kWrcm at 24 kHz so
2 Ž .the pulse power was 0.2 MWrcm Table 1 . Fig.

1b shows the Raman data for material generated with
300 ns pulses. The 300 ns pulses were generated at

Fig. 1. Raman spectra of the radial breathing modes of single-wall
carbon nanotubes. The materials were generated at room tempera-

Ž .ture with 1064 nm laser pulses with pulse powers of a 0.2
2 Ž . 2 Ž . 2MWrcm , b 0.9 MWrcm , and c 1.5 MWrcm . The pulse

width is noted in the figure, and the laser repetition rates and
average powers are provided in the text and Table 1.

an average power of 2.8 kWrcm2 and a frequency
of 10 kHz, so the peak pulse power is 0.9 MWrcm2.

Ž .The 9,9 feature is no longer strongly dominant, and
a new feature found at 165 cmy1 corresponds to the

Ž . w x Ž . Ž .appearance of 10,10 tubes 16 . The 8,8 and 9,9
signals exhibit equal intensities which are twice as

Ž .strong as the signal from the 10,10 tubes. Overall,
the SWNT diameter distribution is shifted to smaller
tubes in comparison to the material prepared with a
pulse power of 0.2 MWrcm2. The trend leading to
smaller SWNTs with higher pulse powers continues
when 250 ns pulses are employed at an average
power of 2.3 kWrcm2 corresponding to a peak

2 Ž .power of 1.5 MWrcm Fig. 1c . Although the
w xconcentration of tubes was only ;4% 10 , a Raman

signal associated with the radial breathing mode of
Ž .8,8 tubes can be clearly discerned above the back-

Ž .ground. There is also some indication of a 9,9
signal, but the distribution is centered very near to

Ž .the diameter of the 8,8 tube. Raman spectroscopy
was also performed on material generated with a
peak power of 3.5 MWrcm2 but no SWNT modes
were observed. The Raman data of Fig. 1 show that
the fragment distributions prepared by higher pulse
powers can result in the formation of smaller tubes.
However, the reduction of intensity of the radial
breathing mode signals with increasing pulse power
indicates that the overall efficiency of tube formation
is decreased.

The nature of the ablatedrvaporized carbon
species which are not incorporated into SWNTs can
be probed with Raman spectroscopy in the range of
1200 to 1800 cmy1. The spectrum from the initial
target material is shown for comparison in Fig. 2a.
The major sharp feature at 1589 cmy1 is due to the

w xfundamental E mode of graphite 18 and is ex-2g

pected for the 4 mm graphite crystallites in the
target. The minor broader band at ;1360 cmy1 is
related to the structural disorder of the sp2 carbon at
edges and defects of the graphite particles and is

w xreferred to as the ‘D band’ 18,19 . Both the D and
the E bands are broader in the 3.5 MWrcm2

2g
Ž .material Fig. 2b , and their intensity is approxi-

mately equal. Graphite modes broaden with decreas-
w xing domain size 20,21 , and the D band increases in

intensity with decreasing crystal size below ;1 mm
w x18,22 . When the domain size is about 10 nm, the
two Raman features have approximately equal inten-
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Ž . Ž .Fig. 2. Raman spectra of a the initial target, b soot produced
with 1064 nm laser pulses with a pulse power of 3.5 MWrcm2,
Ž .c soot produced with 1064 nm laser pulses with a pulse power of
1.5 MWrcm2. Related data are presented in Table 1.

sities. This is the case for the data in Fig. 2b.
However, the sharp feature at 1589 cmy1 indicates
the additional presence of ;4 mm graphite particles
from the target. Thus, the 3.5 MWrcm2 soot con-
tains both nano-crystallites formed by vaporization
and condensation, as well as target particles ejected

w xby ablation 10 . The SWNT Raman features begin
to appear in the spectrum of the material produced at

2 Ž .a pulse power of 1.5 MWrcm Fig. 2c . The curva-
ture of the SWNTs lifts the degeneracy of the E2g

mode in single crystal graphite and the accompany-
ing resonant enhancement gives rise to the well-
known sharp feature at 1593 cmy1 with a shoulder

y1 w xat 1567 cm 16 . The D band is still of approxi-
mately the same width and intensity as the nanocrys-
talline graphite E mode underlying the SWNT2g

modes. The overall intensity is increased due to the
increase in the fraction of the nanocrystalline carbon
and the decrease in the fraction of the ablated target
material. The appearance of the sharp feature at 1593
cmy1 indicates that the additional heating brought
about by the higher average power and pulse repeti-

Ž .tion rate Table 1 allows the small fragments to
begin to assemble into tubes.

Any given carbon fragment distribution prepared
in the gas phase by laser irradiation can condense
into either SWNTs or other carbonaceous solids.

Pulsed light delivered at room temperature forms
tubes with relatively low efficiency in comparison to

w xcw irradiation at similar average powers 10 . This is
true since cw light heats the target and the laser
plume more than does pulsed light. The heating
provides thermal energy to allow fragments to as-
semble into SWNTs. This energy is normally pro-
vided by an external furnace when short laser pulses
are employed. When external heating is not supplied
to facilitate annealing, a large percentage of pulse-
produced gas-phase fragments are quenched into
non-SWNT structures. The density of tubes is in-
creased at the lower pulse powers because both
ablation is decreased and the repetition rates is higher
so the irradiation begins to behave more like the cw

w xcase 10 .
The characteristics of the Control laser are such

that pulse width, pulse frequency, and peak pulse
power cannot be independently controlled. Conse-
quently, it is difficult to decouple the effects of peak
pulse power from the target heating produced at the
higher pulse repetition rates. In an effort to separate
these parameters, samples were generated using a
Molectron Nd:YAG laser that could be operated in

Ž . Ž .either Q-switched 10 ns or long-pulse 450 ns
modes. The pulse repetition rate was fixed at 10 Hz
and these experiments were performed with an exter-
nal furnace surrounding the target at a temperature of
12008C. Fig. 3 shows Raman spectra in the radial
breathing mode region for SWNT materials pro-
duced with three different types of laser pulses.
Spectrum 3a shows data from material produced at
an average power of 200 Wrcm2 in long-pulse
mode where the pulse power is 45 MWrcm2. Three
signals are present at 164, 177 and 182 cmy1 consis-

Ž . Ž . Ž .tent with populations of 10,10 , 16,0 , and 9,9
w xtubes 16 . Much weaker signals at 193 and 202

cmy1 may also be discerned. The Raman spectrum
is dramatically shifted to higher frequencies corre-
sponding to smaller tubes when the average power is
maintained at 200 Wrcm2 but the laser is Q-switched

2 Ž .to yield a pulse power of 2 GWrcm Fig. 3b . The
164 cmy1 peak is no longer observed, and the
signals at 177 and 182 cmy1 are significantly re-
duced in intensity. Two new strong bands found at

y1 Ž .202 and 193 cm can be associated with 8,8 tubes
and a slightly larger non-armchair tube such as the
Ž .14,0 tube, respectively.
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Fig. 3. Raman spectra of the radial breathing modes of single-wall
carbon nanotubes. The materials were generated at 12008C with

Ž . 21064 nm laser pulses at 10 Hz and a 200 Wrcm average power
2 Ž . 2corresponding to 45 MWrcm in 450 ns, b 200 Wrcm aver-

age power corresponding to 2 GWrcm2 peak power in 10 ns, and
Ž . 2 2c 80 Wrcm average power corresponding to 0.8 GWrcm
peak power in 10 ns.

The data are consistent with the shift to smaller
tubes seen with increasing peak pulse power in the
experiments at room temperature. However, with the
Molectron laser, the comparison can be made at
different peak powers when the average power and
pulse repetition rate are the same. The shift to smaller
tubes is clearly due to the increased pulse power.
The point is proven further by considering the size
distribution of SWNTs when the average power, and
thus the pulse power, are reduced while the pulse
width and repetition rate are held constant. Fig. 3c
shows the radial breathing modes for SWNTs pro-
duced at an average power of 80 Wrcm2 and a 10
ns pulse width so the peak power is 0.8 GWrcm2.
The SWNT size distribution is shifted to larger
values in comparison to the distribution obtained at a
peak power of 2 GWrcm2, and is in fact similar to
the size distribution found at an average power of
200 Wrcm2 in the long-pulse mode. Two major
features are present at 164 and 182 cmy2 as ex-

Ž . Ž .pected for 10,10 and 9,9 tubes, and weaker modes
at 193 and 202 cmy1 are also seen.

Several studies have explored the carbon fragment
size distributions produced with short laser pulses

Ž . w x;10 ns 23–25 . A general conclusion is that
higher laser peak pulse powers produce smaller gas-
phase carbon fragments. For instance, C and C1 3

fragments are the only products when 10 ns, 1064
nm pulses were directed at a pure graphite target at a
peak power of 230 MWrcm2, while a lower peak
power of 80 MWrcm2 produced a wide distribution
of fragments spanning from C to C with C3 15 11

w xpredominating 23 . The same general behavior is
w xseen for 532 nm pulses 24 . The lower peak powers

remove relatively large pieces of graphite, but cannot
readily break the graphene sheets into smaller frag-
ments. In contrast, the higher peak powers deliver
sufficient energy in a short enough time to break

w xnearly all carbon–carbon bonds 25 . The smaller
fragments generated by the higher peak pulse powers
are evidently better suited for assembly andror in-
corporation into smaller tubes. In contrast to the data
from the room temperature runs, the efficiency of
tube assembly can be fairly high when the thermal
energy necessary for assembly is supplied by an
external furnace. No SWNTs were found after irradi-
ation of room temperature targets at a pulse power of
3.5 MWrcm2, and a maximum of ;30% was

2 w xfound in the soot produced at 0.2 MWrcm 10 . In
contrast, the SWNT densities are relatively high
between ;15 and 30% in each of the samples used
in Fig. 3.

The pulse powers generated by the Molectron are
much higher than the peak powers used in the carbon
fragment studies discussed above, and the pulse
powers generated by the Control laser are much
lower. However, the shift in SWNT diameter to-
wards smaller tubes with increasing pulse power is
seen with both lasers. The porosity and thermal
conductivity of the target effect how the arriving
laser energy is dissipated in the target. The porous
targets used for the Control laser experiments enable
the target surface temperature to be higher because
the energy cannot be easily dissipated. Porous targets
were necessary with this high-repetition rate laser
since very little soot was produced and the target
was simply heated when dense targets were em-
ployed. In contrast, dense targets were required when
high power Molectron pulses were utilized since
only ablated target particles were generated from
porous targets. There is clearly an interplay between
target parameters, energy delivery parameters, and



( )A.C. Dillon et al.rChemical Physics Letters 316 2000 13–1818

thermal parameters which control the yield as well as
the diameter distribution of SWNTs. For efficient
and controlled SWNT growth it is important to
operate in a regime in which the target is vaporized
rather than ablated.

4. Conclusion

We have demonstrated that SWNT diameter dis-
tributions can be tuned through variation in laser
pulse power. The production of SWNTs was investi-
gated at room temperature with a porous target, and
at 12008C with a dense target. The tube diameters
were shifted to smaller sizes with increasing pulse
power in both cases. The SWNT size distributions
and yields were studied with Raman spectroscopy
and transmission electron microscopy, and the evolu-
tion of the material quality with laser energy parame-
ters was investigated. The smaller fragments gener-
ated by the higher peak pulse powers result in the
formation of smaller tubes. But the yield for small
tubes is low unless thermal energy for assembling is
provided by an external furnace. The study offers a
unique view of SWNT formation mechanisms and
should aid in the development methods for the ratio-
nal control of SWNT growth.
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