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resonant with the incident laser energy. Raman spectroscopy and atomic force microscopy
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are used to quantify the burnout of nanotubes. The threshold laser power for rapid burnout
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is found to occur between 0.4 and 0.9 W/lm2. At lower laser powers of 80 mW/lm2, the
burnout depends linearly on time, over tens of minutes. Non-resonant nanotubes could
not be burned out even with high laser power or long exposure times. This preferential
burnout of resonant nanotubes demonstrates the possibility of selective removal of metallic nanotubes from an inhomogeneous sample.
Ó 2009 Elsevier Ltd. All rights reserved.

1.

Introduction

Selective removal of metallic carbon nanotubes remains one
of the most formidable challenges currently limiting the practical application of nanotubes as electronic circuit elements.
The main difficulty in scaling up carbon nanotube devices
into large arrays lies in the inhomogeneity of nanotube samples, which contain both metallic and semiconducting nanotubes. The metallic nanotubes invariably spoil the device
performance, as they tend to short-circuit the behavior of
the semiconducting nanotubes. Many techniques have been
investigated for separating metallic and semiconducting
nanotubes including precipitation of single walled carbon
nanotubes (SWCNTs) non-covalently functionalized with
octadecylamine (ODA) in tetrahydrofuran (THF) [1], selective
functionalization with diazonium salts [2], centrifugation
after addition of diluted bromine [3], electrophoresis [4,5],
and chromatography [6,7]. Others have tried preferential
growth of semiconducting SWCNTs by controlling the conditions of the growth process, chemicals, catalysts, and substrate [8]. A third approach is to preferentially destroy
metallic SWCNTs while leaving the semiconducting SWCNTs
intact.

It has been shown that light irradiation can enhance the oxidation of SWCNTs treated with H2O2. This method has been
used for diameter-selective removal of SWCNTs [9]. Solutionphase ozonolysis of SWCNTs has also been used for diameter
selectivity in SWCNTs [10]. Laser-resonance chirality-selective
removal of SWCNTs by intense laser irradiation has been demonstrated on macroscopic quantities of nanotubes [11]. Huang
et al. [12] performed bulk measurements of SWCNTs functionalized with 4-brominebenzenediazonium [13], showing that
metallic carbon nanotubes can be selectively destroyed due
to the different rates of photolysis-assisted oxidation. All of
these previous experiments were performed on large ensembles of SWCNTs. Zhang et al. studied laser heating of nanotubes by monitoring the Raman spectra of individual
suspended SWCNTs at relatively low laser powers (1 mW/
lm2) [14], which can generally be neglected for SWCNTs on solid substrates because of the strong thermal coupling to the
substrate. Kumar et al. showed laser burnout of individual carbon nanotubes by surface plasmon resonant nanoparticles
[15].
In this paper, we present a method that requires no chemical functionalization of the nanotubes, and relies solely on the
selective heating of the resonant nanotubes. We demonstrate
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selective burnout of individual carbon nanotubes based on
their electronic transition energies. The threshold laser power
for burnout is quantified for a number of resonant nanotubes,
together with the time-dependence of the burnout process.
The laser destruction is corroborated with AFM images.

2.

Experimental

2.1.

Sample Preparation

SWCNTs synthesized by the arc discharge method are deposited from a sonicated dichloroethane solution onto a Si substrate coated with a 1 lm layer of SiO2 [16]. A numbered grid
of Cr/Au is patterned on the substrate using electron beam
lithography, allowing correlation of micro-Raman spectroscopy with atomic force microscopy (AFM). A 532 nm spectra-physics solid state laser is used for both sampling and
burning the target SWCNTs. The laser beam is focused and
collimated through a Leica DMLM microscope with a 50X
and a 100X objective lens. A Renishaw in Via Raman microspectrometer is used to identify resonant nanotubes and record their position relative to the numbered fiducial grid.
Atomic force microscopy was performed in a Digital Instruments, Dimension 3100. After a resonant SWCNT is detected,
AFM images are collected to determine the bundle diameter
and confirm that it is an individual nanotube bundle, isolated
from other nanotubes and debris on the substrate. The Gband Raman peak, appearing around 1590 cm 1, was used
to quantify the laser-induced destruction of the nanotubes.

3.

Experimental results and discussion

Fig. 1 shows the relative change in the G-band Raman intensity of an isolated carbon nanotube bundle after successive

Fig. 1 – Normalized G-band Raman intensity of an individual
SWCNT bundle as a function of laser power exposure. The
inset shows the raw Raman data from the nanotube.
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exposures with increasing laser power. During the high laser
power exposures, samples were irradiated for a duration of
120 s. Spectra were collected at a low laser power of 2 mW/
lm2 for 180 s to avoid any additional heating and/or burnout.
The drop in Raman intensity as the laser power is increased
with each exposure indicates the extent to which the nanotubes are burnt out. We begin to see significant burnout at laser power densities of 0.2 W/lm2. Above 0.6 W/lm2, the slope
of the Raman intensity changes dramatically. This indicates a
regime where the nanotube is completely burnt out in the region of the focused laser spot and slight burnout continues to
occur in the tails of the Gaussian beam. AFM imaging shows
the diameter of this bundle to be 2.3 nm. Further details of
this nanotube are given in data set 6 of Table 1.
Fig. 2 shows an AFM image of a carbon nanotube bundle
before and after being burned out with a 160 mW/lm2 laser
spot. The laser spot was placed at several different locations
along the length of the nanotube, which resulted in the nanotube being burnt out in these regions. The white circles in the
figure indicate the approximate size and location of the laser
spot when the nanotube was irradiated. The diameter of this
bundle was measured by AFM to be 5 nm, which is expected
to contain approximately 11 nanotubes. The bundle contains
only one resonant nanotube that has a radial breathing mode
(RBM) at xRBM = 193 cm 1, which corresponds to a diameter of
1.28 nm from the relation xRBM = 204/dt + 27 [17]. The large
enhancement in the light absorption of nanotubes enables
the selective burn out of nanotubes that are resonant with
the laser energy. For non-resonant nanotubes, no such burnout is observed. Fig. 2c shows data from a power dependent
laser exposure showing destruction of the nanotube as the laser power is increased. The linear trend line shown in Fig. 2c
is given by y = 0.988x + 0.909. While the AFM images provide
fairly convincing evidence for nanotube burnout, we must
consider the possibility of non-thermal effects, such as
charge injection from the substrate and neighboring nanotubes, causing a change in the resonant nanotube intensity
[18]. In this case, charge transfer should affect the entire
length of the nanotube. However, we do not observe a drop
in the Raman intensity away from the local region of burnout
on these nanotubes, enabling us to rule out such
mechanisms.
We also investigate the time-dependence of the nanotube
burnout process at a relatively low, constant laser power.
Fig. 3 shows the normalized G-band Raman intensity of a
SWCNT after successive irradiations at a power density of
80 mW/lm2. The resonant nanotube diameter, as determined
from the AFM image, is 1.3 nm, indicating that this is likely an
individual carbon nanotube rather than a bundle. Raman
spectra, again, were taken at lower laser power (2 mW/lm2),
after re-aligning the laser spot to eliminate the effect of sample drift on the measurement. We observe the G-band Raman
intensity to decrease linearly with time on the scale of tens of
minutes. The trend line shown in the figure is given by
y = 0.006x + 0.896.
By comparing the high power and low power burnouts, we
find that the destruction observed after less than 20 s of exposure to 1000 mW/lm2 of laser power is much more significant
than the destruction caused by 2 h of exposure to 80 mW/
lm2. After studying different SWCNTs, it can be concluded
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Table 1 – Comparison of data from different laser exposures on different nanotube samples, listing the radial breathing
mode (for nanotubes exhibiting one in their spectra), nanotube and bundle diameters as determined from the RBM and
AFM, the initial G-band Raman intensity, and the threshold laser power for 50% and 80% reduction in Raman intensity.
Data
set

RBM
(cm 1)

Diameter
from RBM (nm)

Diameter
from AFM (nm)

Initial G-band
intensity (counts)

Threshold laser
power for 50% reduction in
Raman intensity (W/lm2)

Threshold laser
power for 80%
reduction in Raman
intensity (W/lm2)

1
2
3
4
5
6
7
8
9

181
181
181
181
–
–
–
–
193

1.32
1.32
1.32
1.32
–
–
–
–
1.28

2.6
2.6
2.6
2.6
1.2
2.3
1.1
3.7
5

3281
5267
1589
6094
650
1170
3402
2335
763

0.70
0.38
0.81
0.91
0.38
0.38
0.38
0.81
0.43

1.24
0.92
1.88
2.60
1.77
0.60
0.91
1.30
0.70

Fig. 3 – (a) G-band Raman intensity plotted as a function of
laser exposure time at a power of 80 mW/lm2. AFM image of
the target SWCNT (b) before and (c) after a 111 min laser
exposure.

Fig. 2 – Atomic force microscope (AFM) images of a carbon
nanotube (a) before and (b) after being burned out by a
160 mW/lm2 focused laser spot. The white circles in the
image indicate the size and location of the laser spot when
the nanotube was irradiated. Details of this nanotube are
given in data set 9 of Table 1. (c) Normalized G-band Raman
intensity plotted as a function of exposure laser power.

that the destruction is more strongly dependent on laser
power than on exposure time. The D-band Raman intensity
of carbon nanotubes gives a relative indication of the amount
of disorder and defects in the nanotube. In some cases there
was an initial increase in the D-band as the burnout took
place and in many other cases the D-band showed a reduction
with irradiation, however, no consistent trend was observed.
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Table 1 shows a compilation of the laser-induced burnout
data of several carbon nanotubes, listing values for the nanotube diameter, initial G-band Raman intensity (measured
with a 532 nm laser at 2 mW/lm2 for a 180 s collection time),
and threshold laser power for producing a 50% and 80%
reduction in the Raman intensity with an exposure time of
20 s. The initial G-band Raman intensity gives a relative measure of the strength of the optical resonance. Surprisingly, the
threshold laser power for 50% burnout is relatively insensitive
to the initial G-band intensity. The large variation in burnout
thresholds, and lack of correlation with initial Raman intensity, indicates that the key limiting factor in the burnout of
nanotubes lies in their thermal coupling to the substrate
rather than the strength of their optical resonance. The strong
thermal coupling to the underlying substrate limits the temperatures that can be reached by laser heating. All of the samples used in these measurements were individual isolated
SWCNTs or small bundles of SWCNTs. Bundles are distinguished from individual isolated SWCNTs by comparing the
AFM-measured diameter with the RBM-determined diameter.
All of the bundles in this work are small bundles containing
only a handful of nanotubes. Only one resonant nanotube,
at most, is present within each bundle. In fact, most of the
bundles in this sample were found to be non-resonant. The
data presented in Table 1 represents a subset of nanotubes
that were carefully selected after surveying a much larger
number of nanotubes.
Data sets 1–4 in Table 1 have been collected from different
segments of the same nanotube. It is for this reason that
these data sets report the same RBM. The variability in initial
G-band peak intensities and destruction thresholds can be
attributed to slight misalignment of the focused laser spot
and inhomogeneity in the thermal coupling to the substrate.
This inhomogeneity is an inherent variability in this laser
burnout technique. Despite this, we are still able to selectively
burn resonant nanotubes, while leaving non-resonant nanotubes intact. Both the time and power dependence of the
burnout are very gradual. This gradual burnout process is
likely due to the evolution and nucleation of defects, which
interact with the occasional oxygen molecule that hits the
nanotube under ambient conditions. In this burnout mechanism, non-resonant nanotubes within a bundle are burned
out along with the resonant nanotube. While these results
demonstrate the principle of selective burnout of resonant
nanotubes, practical implementation of this technique
should be carried out on an array of individually isolated
nanotubes in order to achieve high yields. In this work, the
nanotube burn out is performed in air. Here, oxygen burns
the carbon exothermically. This leads to thermal gradients
and an uncontrollable burn, which is likely the cause of the
non-resonant burn out that is observed. Performing the burn
out in a water vapor environment would result in an endothermic burn and may lead to more localized burn out, perhaps only on resonance.

4.

Conclusions

In conclusion, we demonstrate the preferential destruction
of carbon nanotubes based on their electronic transition
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energies. Several aspects of this burnout process are quantified, including the time and laser power dependence. We find
the threshold laser power for burnout to occur between 0.4
and 0.9 W/lm2. At lower laser powers of 80 mW/lm2, the
burnout depends linearly on time, over tens of minutes.
The spatial extent of the burnout is limited to the laser spot
size, despite the nanotubes’ extremely high thermal conductivity. Bundles containing no resonant nanotubes could not
be burnt out even with high laser power or long exposure
times. These results support the possibility of selective removal of metallic carbon nanotubes from an inhomogeneous
sample, since their resonant electronic transitions are
generally separated in energy from those of semiconducting
nanotubes. This is important for enriching the semiconducting:metallic ratio in an inhomogeneous sample of carbon
nanotubes.
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