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Pulsed laser treatment of an individual multiwall carbon nanotube induced selective exfoliation of
the amorphous carbon contamination layer. The multiwall carbon nanotube �MWCNT� was exposed
to a 248 nm excimer laser. After the treatment, transmission electron microscopy images show that
the amorphous layer has expanded and separated from the crystalline MWCNT walls. This
interesting observation has implications for laser cleaning and possible thinning of MWCNTs to
reduce the radial dimensions. © 2007 American Institute of Physics. �DOI: 10.1063/1.2756357�

Carbon nanotubes have been the focus of interest ever
since they were first discovered in 1991.1 The exceptional
mechanical and electronic properties of carbon nanotubes are
a result of their unique crystalline structure. However, to
exploit these properties, a growing number of applications
require them to be the impurities and defect-free. One of the
most common impurities observed in as-prepared CNTs is an
amorphous carbon layer that can envelope the CNT along its
length. This amorphous carbon layer can arise from several
sources; carbon from the growth process not incorporated
into the nanotube can be deposited on the surface of the
nanotube if the temperature and precursor gas proportions
are not optimized for contaminant-free nanotubes. Also, dur-
ing the purification process hydrocarbon contaminants in the
solvents can condense on the nanotube and vitrify, depending
on the following treatments. Finally, imaging the nanotube in
the scanning electron microscope can deposit a contamina-
tion layer that is generated from hydrocarbon residue typi-
cally found inside most scanning electron microscopy �SEM�
vacuum chambers.

Numerous techniques have been employed to remove
unwanted carbon species and catalysts. Catalysts have been
removed by dissolution in acid baths and high-temperature
vacuum annealing.2,3 The removal of carbon species has
been, however, much more challenging due to the fact that
the desired material, such as the unwanted material, is also
carbon but in a slightly different form. The techniques to
remove the unwanted carbon species include washing the
material in different solvents, acid treatment, and thermal
oxidation of the material.4,5 Thermal oxidation can be in-
duced by furnace heating in various atmospheres or heating
with high-powered lasers.

In our work, we have focused on purification by laser
treatment of the nanotubes. We have developed a technique
of selective removal or destruction of carbon nanotubes by
laser excitation in resonance with interband transition char-
acteristic to specific tube types. In a previous paper, Hurst

et al.6 have shown purification and removal of non-nanotube
carbon impurities from bulk single-walled nanotubes
�SWNTs� without destruction of the SWNTs by the use of
248 nm excited resonance laser. The removal of the impuri-
ties was attributed to resonant excitation of the pi plasmon,
which facilitated the oxidation of neighboring carbonaceous
impurities. Ozone generated from the ionization of oxygen
by the excimer laser was speculated to play an important role
in this process. Simmons et al.7 showed an increase in Ra-
man D-band to G-band ratio for SWNTs with increased
ozone exposure time, which was attributed to the creation of
defects on CNT side wall.

Based on the findings in Refs. 6 and 7 on bulk samples,
we have attempted characterizing the effect of the 248 nm
laser treatment on an individual multiwalled carbon nanotube
�MWCNT�. We are particularly interested in the removal of
carbon impurities coating of the outer tube wall and ulti-
mately in selectively removing outer tube walls.

Our sample consisted of a single MWCNT placed with a
three-axis micromanipulator and welded to a Cu transmis-
sion electron microscope �TEM� grid by electron beam in-
duced deposition in a SEM.8 The MWCNT diameter was
approximately 70 nm. The MWCNT was welded so it would
bridge a gap on the TEM grid and be freestanding between
the welds �Fig. 1�. The MWCNT used in this study was
synthesized by chemical vapor deposition on a thin-film Fe
catalyst. Precursor gases were xylene and ferrocene, and the
furnace temperature during synthesis was 725 °C. The nano-
tubes were removed from the growth substrate and sus-
pended in toluene. They were subsequently dried into a mat
so that individual nanotubes were readily accessible to be
moved and finally welded to the TEM grid by use of the
micromanipulator.

TEM images were then taken along the length of the
nanotube before laser treatment, and an intrinsic feature in
the MWCNT was located for position reference after the
laser exposure. For this experiment the intrinsic feature was a
large bulge of amorphous carbon, probably deposited during
the welding process. The welded MWCNT sample was then
exposed in atmosphere at room temperature to the laser ra-a�Electronic mail: gsingh@colorado.edu
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diation ��5 eV�, operating at a pulse repetition frequency of
10 Hz and a pulse length of approximately 20 ns. The expo-
sure was done with an average power of 650 mW/cm2 for
3 min. A precalibrated thermopile detector was used for mea-
suring the average beam power. The spot size of the beam, as
measured by pyroelectric array detector, was approximately
1 cm2; therefore, the exposure area covered the entire TEM
grid, which is a disk 3 mm in diameter. Similar to the pro-
cedure described by Hurst et al.,6 the average grid tempera-
ture was measured with an optical pyrometer. Finally, TEM
images were taken at the reference position and compared
with pretreatment images for any visible structural modifica-
tions.

Figure 2 shows a high resolution image of a typical
MWCNT, from the batch, showing the details of the amor-
phous carbon coating that was approximately 5–7 nm in
thickness. High resolution imaging of the laser treated nano-
tube itself was limited due to the vibration stability of the
MWCNT, which made microscope focusing difficult at
higher magnification. Parallel graphitic fringes confirming
the crystalline CNT structure were seen only in thinner por-
tions of the MWCNT near the outer tube walls.

The main observation from our TEM analysis of the
MWCNT before and after exposure was the separation or

exfoliation of the amorphous carbon coating from the nano-
tube walls, as shown in Fig. 3. We observed this effect along
the length of the nanotube; however, locating the same area
before and after the treatment was difficult, as the TEM im-
aging was not done in situ and also the nanotube is long
��15 �m� which makes it impractical to collect so many
TEM images for comparison.

Our premise is that this separation is due to differential
expansion between the amorphous carbon layer and the
MWCNT outer shell. The resulting exfoliation can be attrib-
uted to two factors, which may be acting simultaneously;
these are pi-plasmon resonance and thermal mismatch. The
amorphous impurity envelope is a result of physical deposi-
tion of carbonaceous material �either during processing or
handling of the MWCNT in the SEM�; hence it is very likely
for it to be attached to the MWCNT with weak physical
bonds. Pi plasmon represents the collective excitation of the
pi electron system and is observed to be �5–7 eV �overlaps
the 248 nm excimer laser for graphitic carbon9,10�. Electron
energy loss spectroscopy shows that pi-plasmon energy for
multiwalled carbon nanotubes depends on the growth pro-
cess and decreases with a decrease in diameter.11,12 Therefore
we think that a pi-plasmon resonance carries suitable photon
energy that can transfer momentum to the impurity-CNT in-
terface bonding orbitals that make the impurities prone to
oxidation and weaken the physical adhesion between the
amorphous layer and the MWCNT.

The final exfoliation could be the result of thermal
stresses originating from the sudden temperature rise with
each laser pulse. MWCNTs have a negative coefficient of
thermal expansion �CTE� of �−1.3�10−6 K−1 along the
length direction13 and hence tend to contract, while the amor-

FIG. 1. SEM image of the individual freestanding MWNT, welded to the Cu
TEM grid.

FIG. 2. TEM image showing the amorphous carbon layer on the outer
surface of a typical MWCNT used in this study. Also seen are parallel
graphitic fringes that correspond to the walls.

FIG. 3. TEM images showing the same region on the MWNT �a� immedi-
ately after welding to the TEM grid and �b� after laser treatment. The hemi-
spherical protrusion was an intrinsic feature used to locate the same region
after treatment. The arrows indicate areas where the amorphous carbon layer
separated from the MWNT.
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phous carbon layer surrounding the MWCNT has a positive
CTE value of 2�10−6–7�10−6 K−1 and tries to expand.14

Although a relatively low rise in average grid temperature
��100 °C� was observed, there exists the possibility of a
high instantaneous temperature change. This implies a cyclic
thermal loading, resulting in a thermal mismatch between the
contracting MWCNT and the expanding coating with each
laser pulse, resulting in a state of differential in-plane stress
and relaxation.

In addition, the separation is not uniform and the thick-
ness of the coating is not significantly changed. Also, it is
difficult to make a complete before and after comparison of
the whole MWCNT, due to the fact that some of the intrinsic
features, which were originally seen in the “as-prepared”
MWCNT, have been removed during the laser treatment.
However, we have observed sporadic areas of exfoliation of
the amorphous layer along the whole length of the CNT.
Casual inspection of these images also seems to indicate no
large changes in the defects in the MWCNT. Nevertheless,
higher resolution studies must be conducted in order to
verify this assumption.

In conclusion, the use of a 248 nm wavelength
��5 eV� excimer laser has been shown to selectively exfo-
liate the non-nanotube impurities �mostly amorphous carbon�
surrounding an individual MWCNT. Three-dimensional mi-
cromanipulation of individual CNT and attachment to the
grid enabled TEM imaging of an individual nanotube all
along the length. Comparison of TEM data before and after
the treatment provides evidences of singularities that were
not previously understood in bulk samples and can now be
characterized as a partial separation of the amorphous impu-
rity surrounding the MWCNT outer shell. This partial sepa-
ration has been attributed to the thermal mismatch between
the amorphous and crystalline carbon due to the photon en-

ergy carried by the excimer laser that is dissipated in break-
ing or loosening physical bonds at the interface. Finally, with
further work, we will attempt to completely eliminate this
impurity coating by increasing the peak pulse power of the
laser, as well as treating the MWCNT in a furnace in an
ozone over-pressure atmosphere.

Thanks are due to J. R. McIntosh, Mary Morphew, Cindi
Schwartz, and Gary Zito for training and for using the TEM.
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