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Abstract

The Raman D-band feature (~1350 cm™") is examined with 2.54 eV excitation for pure bulk carbon single-wall nanotube samples
before and after treatments that increase defect densities. Upon employing mass-transport-limited oxidation to introduce defects,
the D-band intensity increases approximately linearly with reaction time. A relatively constant ratio of the D-band intensity and
the major tangential G-band intensity (D/G) is observed for the purified samples examined at 2.54 and 1.96 eV suggesting a char-
acteristic number of defects is introduced for given synthesis and purification processes. The D/G ratio is ~1/190 and 1/40 for exci-

tation at 2.54 and 1.96 eV, respectively.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Raman spectroscopy has been a very powerful tool
for elucidating the electronic and vibrational structure
of single-wall carbon nanotubes (SWNTs) [1]. The most
striking features in the first-order Raman spectra are the
low-frequency, diameter-dependent, radial breathing
(RB) modes with A; symmetry (below 400 cm™'), and
the tangential ‘G’-bands (1500-1650 cm™') consisting
of six components with A;, E;, and E, symmetries aris-
ing from the curvature-induced splitting of the E,, mode
of graphite [2]. The chirality-dependent van Hove singu-
larities in the electronic density of states [3] lead to res-
onance Raman effects [2,4,5]. Varying the Raman
excitation energy (Ej,s;) probes different tubes of spe-
cific diameter and chirality. Pronounced resonances
occur when the incoming or scattered photon energy
exactly matches an electronic absorption transition at
the van Hove singularities. When the resonance condi-
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tion is exactly satisfied, intensity enhancements of a fac-
tor of 1000 may be observed [6].

Numerous theoretical efforts have focused on the
properties of the tangential bands and the RB modes,
and these main features can be well understood by con-
sidering only the properties of a single, perfect, infinite
nanotube [1,3,4]. However, like other sp’-hybridized
carbons, SWNTs may also display a disorder-induced
band (D-band) with a frequency between ~1250 and
1450 cm™', depending on Ej. [7]. The D-band has
been attributed to an A-symmetry mode that is only
activated by a loss of translational symmetry due to
defects. Calculations indicate that virtually no intensity
is expected for infinite, defect-free SWNTs [8]. However,
significant SWNT Raman D-band intensity has been
experimentally observed and analyzed. For example,
Duesberg et al. [9] studied the polarization dependence
of the Raman D-band from isolated SWNTs localized
onto glass substrates by adsorption from aqueous solu-
tion. A maximum intensity for the D-band, as well as for
all other SWNT modes, was observed when the nano-
tubes were aligned parallel to the polarization of the
incident and scattered laser light. Due to the absence
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of significant carbon impurities and the measured orien-
tation dependence, the D-band signal was concluded to
be a feature of the SWNTSs and attributed to the pres-
ence of defects, bending, or finite-size effects [9]. Pimenta
et al. [10] studied the D-band properties of isolated tubes
grown by chemical vapor deposition and observed nar-
row signals with frequencies that decreased with
decreasing tube diameter. The intensity of the D-band
was observed to be random again suggesting depen-
dence on unresolved extrinsic characteristics such as
defect densities and finite tube lengths [10].

The D-band frequency is highly dispersive and in-
creases with increasing laser excitation energy by
~50 cm™!/eV [7]. This dispersive nature of the D-band
Raman spectra [6] as well as discrepancy between the
D-band Stokes and anti-Stokes frequencies [11] have
been explained recently by a double resonance process.
The double resonance effect occurs when both the scat-
tered intermediate state and the initial (or final) state are
actual electronic states [12,13]. For the SWNT D-band,
the double resonant process results in two different pho-
non frequencies suggesting that the observed spectra
should be fit by two Lorenzians [6]. However, a detailed
analysis of the SWNT Raman D-band fine structure has
been recently provided [14,15]. Employing double reso-
nant theory, the authors show that the SWNT D-band
is characterized by a sharp main band of highest inten-
sity and more than one broad sub-band of lower inten-
sity. The high intensity main band originates from a
‘triple’ resonance effect where, in addition to the double
resonance of the normal D-band, the incoming or scat-
tered photon energy is also matched to a van Hove sin-
gularity. The lower intensity sub-bands result from the
multiple ways double resonance can occur for a particu-
lar tube. When the double and triple resonances are
taken into account for a polydisperse sample, very good
agreement between calculated and experimental fre-
quencies and intensities for both the main D-band and
the sub-bands is observed [14,15].

Based on this new understanding for the origin of the
D-band in SWNTs, the following conclusions are rele-
vant for experimental observation of the D-band. (1)
Defects allow the inelastic scattering needed for the sin-
gle-phonon, double or triple resonance effects. The
intensity of the observed SWNT D-band will therefore
be proportional to the density of defects [16]. This con-
clusion was previously known before the new theory and
is consistent with previous experimental data, but now
the role of the defects are better understood. (2) Contri-
bution to the main high intensity D-band peak are dom-
inated by nanotubes that have van Hove singularities
near the incoming or scattered photon energies [14,15].
Thus, for a given laser energy, the D-band signal origi-
nates from a subset of the nanotubes in a sample, and
this applies similarly to the RB and G-bands [6]. Tubes
that are resonant with the incoming laser light will all

contribute to the RB, D-and G-bands. Tubes that are
resonant with the scattered light may only contribute
to a subset that depends on the resonance ‘window’. This
window has been estimated to be within a small energy
range between 100 and 20 meV [6]. Given that the
energy difference between the D and G bands is small
(~25meV), it is expected that the majority of the tubes
contributing to the D band will also contribute to the G
band and vice versa. It can thus be concluded that look-
ing at the D/G intensity ratio will provide a meaningful
measurement since the signals are coming from approx-
imately the same tubes.

In this study, a dominant sharp SWNT D-band fea-
ture is observed for bulk SWNT materials at
1360 cm ™! for Ej,; = 2.54 V. Broader side bands with
decreased intensity are observed at 1330, 1390 and
1423 cm™~'. These characteristic SWNT D-band features
are only observed for purified materials that are virtu-
ally free from non-nanotube carbon impurities, and
their intensities are approximately two orders of magni-
tude less than the intensity of the strongest G-band fea-
ture (Ejager = 2.54eV). It is likely that defects are
introduced during the purification process thereby acti-
vating the SWNT D-band intensity. In a previous study
by Bahr et al., the SWNT D-band was observed to
broaden, and the intensity increased to nearly that of
the G-band when approximately 1/20 carbons in the
SWNT were functionalized. Absorption spectra of the
functionalized materials indicated a significant elec-
tronic perturbation of the nanotubes and a disruption
of the extended m network [17]. Here, we demonstrate
that by employing a gentle mass-transport-limited oxi-
dation reaction to introduce defects, the intensity of
the dominant Raman D-band is observed to increase
only slightly (up to ~2 times) and approximately line-
arly with reaction time. Furthermore, the SWNT
D-band remains narrow until the tubes are significantly
damaged and converted to non-nanotube disordered
carbons. These experimental results confirm that defect
introduction activates the SWNT D-band intensity as
expected from theory [8,12,14]. Also, and somewhat sur-
prisingly, for purified SWNT samples a roughly con-
stant D/G intensity ratio was observed to be ~1/190
and ~1/40 for excitation at 2.54 and 1.96 eV, respec-
tively. The findings suggest that the synthesis and puri-
fication techniques employed here reproducibly
introduce a roughly constant number of defects.

2. Experimental

SWNT materials were produced by laser vaporiza-
tion from graphite targets doped with 0.6 at% each of
Co and Ni in a 1200 °C oven in a 500 torr Ar ambient
using either a Nd:YAG (1064 nm) or an Alexandrite
(755 nm) laser operating in a free-running mode. The
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samples were purified by refluxing for 16 h in dilute
(3.0 M) nitric acid and heating in air to 550 °C for
30 min, as previously described [18]. When care is taken
to remain in a vaporization regime during synthesis,
such that appreciable graphitic target material is not
incorporated into the raw SWNT material [19], very
high purity materials may be obtained with this simple
purification process. A combination of thermal gravi-
metric analysis (TGA), inductively coupled plasma spec-
troscopy (ICP), and transmission electron microscopy
(TEM) revealed that the resultant SWNT samples are
close to 98 wt% pure. Weight analyses, TEM, and Ra-
man studies performed at various stages of purification
show that very few of the SWNTSs are consumed during
the reflux or oxidation processes [18] indicating that the
as-synthesized laser materials are relatively un-reactive
presumably due to low defect densities.

In order to slowly introduce defects, the samples were
heated to temperatures between 1500 and 1650 °C inside
a resistively heated tantalum foil. The chamber pressure
rose to < 107° torr during heating due to the intense
thermal radiation and the accompanying desorption of
water from the chamber walls. Temperatures were mea-
sured with both thermocouples and optical pyrometry.
TEM was employed to evaluate the material before
and after high temperature treatments. Samples were
prepared for TEM by suspending ~0.2 mg of the mate-
rial in 10 ml of acetone. The solutions were sonicated for
5min, and ~6 drops were placed on Ted Pella Ultra-
thin Carbon Type-A 400 mesh grids. Images were
obtained on a Phillips CM-30 TEM/STEM operating
at 200 kV with a 50 pm objective aperture for improved
contrast.

Raman spectroscopy was performed using 2.54 eV
(488 nm) and 1.96 eV (632.8 nm) laser excitations. The
back-scattered light was analyzed with a Jobin Yvon
270M spectrometer equipped with a liquid-nitrogen-
cooled Spectrum One CCD and holographic notch fil-
ters. A Nikon 55 mm camera lens was employed both
to focus the beam on the sample to an ~0.25 mm? spot
and to collect the Raman scattered light. Averaging
three 30 s scans was sufficient to obtain high intensity,
well-resolved Raman spectra.

The dominant D-band peaks were analyzed by fitting
the Poisson-weighted data to a single Lorentzian peak
on top of a baseline for Ej,., = 2.54 eV. Sufficient sepa-
ration or significantly low intensity of the D-band sub-
bands allowed for an accurate analysis with a single
Lorentzian. Analysis for the main peak of the G-band
was obtained by directly calculating the data for the
maximum intensity and FWHM after subtracting a
baseline intensity again using Poisson statistics for the
uncertainty analysis (Ej,ser = 2.54 €V). For Raman exci-
tation at 1.96 eV, analysis of both the main peak of the
G-band and the D-band was obtained by directly calcu-
lating the data for the maximum intensity and FWHM

after subtracting the baseline intensity. (At 1.96¢V,
the main D-band feature had a significantly higher
intensity and was very well resolved from the side
bands.) The intensity of the D-band was examined by
comparing the D/G ratios within a given spectrum. This
approach accounts for variations in the sample surface
roughness, the collection efficiency of the optics, and
other extrinsic concerns which can cause the absolute
Raman signals to vary in intensity by as much as 50%
even for identical samples.

3. Results and discussion

Fig. 1 shows the Raman D-band spectra for excita-
tion at 2.54 eV of both crude and purified (~98 wt%
SWNTs) Alexandrite-generated material produced at a
laser intensity of ~45 W/cm?. The D-band of the crude
material (1351 cm™") is quite broad with a full-width-
at-half-maximum (FWHM) of ~42cm™'. This broad
spectral feature in the crude materials is attributed to
a convolution of the D-bands of non-nanotube carbon
impurities including nanocrystalline graphite and amor-
phous carbon as well as any defective SWNTs present
following this laser synthesis process. For 2.54 ¢V exci-
tation, the FWHMSs of the D-bands of nanocrystalline
graphite and amorphous carbon are typically ~86 and
57 cm ™!, respectively [20]. Once the disordered carbon
impurities are removed via purification, a sharp domi-
nant D-band feature with a FWHM of ~17 cm ™' is ob-
served at 1360 cm~'. Broader features having much less
intensity appear at 1390 and 1423 cm™', and a small
shoulder is apparent at 1330 cm™'. The SWNT D-band
spectral features are similar to those observed previously
for Raman excitation of 2.59 ¢V [15]. However, the
dominant feature observed here at 1360 cm ™' is sharper
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Fig. 1. Raman spectra taken with 2.54 eV excitation of as-synthesized
and purified Alexandrite laser-generated material.
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and better resolved from the sub-bands. Still the rela-
tively narrow SWNT D-band observed in Fig. 1 is
broader than the smallest D-band width (~6 cm ') pre-
viously observed for isolated SWNTs [10]. This is consis-
tent with the fact that polydispersity in SWNT
diameters is expected to lead to SWNT D-bands at dif-
ferent frequencies [10,15] and, therefore, an ensemble
broadening of the observed signal. At 2.54 eV, the RB
modes originate from tubes with diameters in the range
between 1.2 and 1.5 nm [21,22].

Qualitatively, it is reasonable to expect a narrower D-
band for purified SWNTs than for disordered carbon
impurities because the number of atomic configurations
and types of defects that could render the SWNT disor-
der mode Raman active are limited by the inherent
SWNT structure. Since the FWHM of the SWNT
D-band is much narrower than the D-bands of other
disordered carbons, measuring the width of the Raman
D-band may be employed to show that SWNT samples
are relatively free from carbon impurities. It must be
strongly emphasized, however, that the SWNT D-band
width will vary both with nanotube diameter distribu-
tion and Raman laser excitation, so the Raman D-band
FWHM of high purity samples must be obtained for
various synthesis techniques (generating different diam-
eter distributions) and at specific Raman excitations be-
fore employing Raman spectroscopy to make qualitative
purity assessments [20].

To conclusively test if the SWNT D-band intensity
could be enhanced by defects as previously suggested
[1,10], controlled oxidation reactions were performed
to add defects to the purified materials. Purified SWNT
samples were heated to temperatures between 1500 and
1650 °C for 15-120 min. within a tantalum foil in the
minimum pressure that could be achieved at these high
temperatures (~107> torr of H,0). A significant weight
loss was observed upon heating, and the higher temper-
ature treatments caused the SWNT material to become
more brittle. TEM indicated that the SWNTSs had been
significantly cut and damaged. The damage was greatest
at the higher temperatures and longer times. For exam-
ple, heating to 1650 °C for 60 min in ~1 x 10> torr H,O
was sufficient to destroy most of the SWNTs. TEM re-
vealed that this material had transformed into signifi-
cant quantities of graphitic and amorphous carbons,
and Raman spectroscopy showed a significantly broad-
ened D-band signal indicating the presence of non-
nanotube carbon. For milder anneals, the intensity of
the D-band relative to that of the G-band was observed
to increase significantly while maintaining the same nar-
row D-band width. SWNTs heated to 1500 °C in
~1x 1073 torr H,O lost weight but still retained their
structure. The narrow D-band of the samples heated
to 1500 °C suggested that none of the nanotubes were
transformed to disordered carbon impurities [20], and
this was further supported by extensive TEM analyses.

Fig. 2a displays high-resolution TEM images of the
as-purified SWNTs. The bundle edges are continuous
and no nanotube ends are apparent. Conversely, Fig.
2b shows damage in the SWNT bundles following heat
treatments at 1500 °C in ~1 x 107> torr H,O. Note
now the edges of the bundles are quite ragged, and
numerous nanotube ends are apparent. These and other
TEM micrographs suggest that the damage appears uni-
form throughout the samples and the amount of damage
increases with both time and temperature of the anneal.
Also, significant damage is indicated by the TEM to
tubes that are slightly larger than 1 nm, corresponding
well with the diameter range probed at 2.54 eV excita-
tion. Fig. 3 shows the Raman spectra between 1200
and 1800 cm™' of an as-purified SWNT sample and
the same sample following the introduction of defects
by water oxidation at 1500 °C for 60 and 120 min with
Elger =2.54¢V. An inset that magnifies the Raman
D-band of these three samples is also shown in Fig. 3.
All of the spectra were normalized to the intensity of

Fig. 2. High-resolution TEM images of (a) pristine bundles of purified
laser generated SWNTSs and (b) damaged purified SWNT structures
following heat treatment for various times at 1500 °C in ~107> torr
Hzo.
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Fig. 3. Raman spectra taken with 2.54 eV excitation of purified laser-
generated material and the same material heated to 1500 °C in
~107° torr water vapor for 60 and 120 min. The inset shows the
Raman spectra of the D-bands at an expanded scale.

the largest G-band so that relative changes in the
D-band intensities are more easily observed. Although
the D-band intensity is small relative to the G-band,
it is still possible to observe a relative increase in the
D-band intensity for the annealed samples to which de-
fects have been introduced. Fig. 4a shows the D/G inten-
sity ratio for purified samples that were heated to
1500 °C for varying lengths of time. In Fig. 4a it is appar-
ent that the intensity of the D-band increases roughly
linearly relative to the G-band with increasing reaction
time as more defects are added to the SWNTs. The
mean free path for water molecules at a pressure of
~1077 torr is on the order of 10 m, so the arrival of reac-
tant to the SWNT substrate is mass-transport limited.
Under these conditions, one expects the number of de-
fects added to be linear with time. Thus, the approxi-
mately linear growth of the D/G ratio with time
apparent in Fig. 4a is anticipated. The total increase in
the D-band intensity is slightly less than a factor of
two. The FWHMs of the D-bands for these samples
are unchanged relative to the unheated starting material
for heating times up to 120 min, as shown in Fig. 4b.
The gradual introduction of defects, therefore, enhances
the D-band intensity only slightly and does not broaden
the SWNT D-band signal.

Fig. 4c shows the intensities of the D-band versus the
G-band modes for ~60 different spectra obtained from
samples produced under a variety of laser synthesis
conditions (Ej,er = 2.54 €V). The figure shows both as-
purified samples (circles) and samples heated to temper-
atures ranging from 1000 to 1650 °C for times between
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Fig. 4. (a) The D/G intensity ratio for several purified samples that
were heated to 1500 °C for varying lengths of time in ~1 x 107> torr
H,0, (b) the FWHMs of the D-bands of these same samples and
(c) the intensities of the D-band versus the G-band modes for ~60
spectra of both as-purified laser-generated samples (circles) and
samples heated to temperatures ranging from 1000 to 1650 °C for
times between 15 and 120 min (triangles). The dashed line below which
none of the points fall is a guide to the eye.

15 and 120 min (triangles). The data shows a minimum
D/G line below which none of the points fall (dashed
line, Fig. 4c). Most of the data points lying far above
this line are due to samples that were oxidized by heat-
ing in water. Annealed samples that are close to the line
were annealed at the lower temperatures for shorter
times and are therefore expected to have lower defect
densities. The line is bordered mostly by points from
as-purified, un-annealed samples. Some un-annealed
samples are far from the line presumably because the
particular synthesis/purification produced SWNTSs with
more defects.

The data from the annealing experiments are consis-
tent with a gradual introduction of defects. The weight
loss, the tubes becoming brittle and the TEM data show
that oxidation and cutting are occurring spatially uni-
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formly throughout the sample and in the extreme condi-
tions, can destroy all the nanotubes. Given the endpoint
that all tubes in these samples can be damaged by the
annealing process, it is reasonable to expect that some
damage occurs on all tubes at the milder conditions as
well. Although it may be possible that the rate of defect
introduction depends on tube chirality, the Raman data
tracks a subset of the nanotubes in response to this de-
fect introduction and a clear trend is observed. The re-
sults support using the D/G ratio as a method to make
relative assessments of the number of defects in various
purified nanotube samples. In comparing relative defect
densities it will be important to look at samples with
similar chirality distributions and to use the same laser
excitation. It is also of course important to ensure that
the samples are highly pure as the D-bands of most car-
bon impurities overlap the SWNT D-band. With further
development and verification, it may even be possible to
use the D/G ratio to quantitatively assess the defect den-
sity in pure nanotubes samples.

The existence of a minimum line corresponding to a
D/G ratio of ~1/190 (Fig. 4c) suggests that the defect
density is constant for the samples bordering this line.
Since most of the data above the 1/190 line are from
heated samples, the D/G ratio is evidently enhanced by
the introduction of defects upon water oxidation. It
appears that an approximately constant number of
defects results from this particular laser-synthesis and
purification technique (16 h reflux in HNO; followed
by air oxidation at 550 °C [18]). Separate studies have
confirmed that treating as-synthesized SWNTs in
HNOj; results in the introduction of new defects [23].
So the relatively constant D/G ratio of 1/190 for
Elser = 2.54 suggests that the production of these
laser-generated tubes and the purification technique
employed are very reproducible and introduce a rela-
tively constant number of defects.
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Since the intensities of the resonantly enhanced
SWNT first order Raman modes vary with laser excita-
tion, it is expected that the D/G ratio for the purified
SWNTs studied here will also vary with laser excitation.
It should, however, have a roughly constant value for
each given laser excitation. To test this hypothesis, we
examined purified SWNT samples with a Raman excita-
tion of 1.96 eV. Fig. 5a compares the Raman spectra be-
tween 1200 and 1800 cm ™' for purified laser-generated
SWNTs for Raman excitations of 2.54 and 1.96¢V.
For excitation at 1.96eV, a strong lower frequency
G-band feature with a Breit-Wigner—Fano line shape
is observed, consistent with resonance Raman of metal-
lic SWNTs [24]. For most of the laser-generated materi-
als in this study, this lower frequency G-band feature at
1537 cm ™" is slightly stronger than or approximately
equal to the higher frequency tangential band at
1580 cm™'. It is also evident in Fig. 5a that for Raman
excitation at 1.96 eV, the intensity of the D-band relative
to the G-bands is stronger than that observed at 2.54 eV
excitation. Examination of eight purified SWNT sam-
ples with Ej,.. = 1.96 eV revealed a D/G ratio of ~1/40
with only one exception. Thus, although the relative
D-band intensity is stronger for laser excitation of
1.96 eV, the roughly constant D/G ratio (1/40) again sug-
gests that an approximately constant number of defects
are introduced for the synthesis and purification tech-
niques employed here.

The FWHM of the purified SWNT D-band observed
for 1.96 eV excitation is also larger than that observed at
2.54¢V, 23 and 17 cm ™, respectively. Fig. 5b compares
Raman spectra of the RB modes of the purified laser-
generated SWNTs for Raman excitation at 2.54 and
1.96 eV. The Raman spectra show SWNTs with diame-
ters in the range of 1.2-1.5 nm and 1.3-2.3 nm for laser
excitations of 2.54 and 1.96 eV, respectively [21,22]. The
significantly broader diameter distribution observed for

10x10° =T T T T
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|
100 200

Raman Shift (cm’)

Fig. 5. Comparison of the Raman spectra of purified SWNTs acquired with 2.54 and 1.96 eV excitations for (a) the tangential and disorder induced

vibration modes and (b) the RB modes.
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Elaser = 1.96 eV explains why the FWHM of the D-band
is Scm ™! larger than that observed at 2.54 eV, as it is
consistent with the diameter dependent frequency of
the SWNT D-band [10].

4. Conclusions

We have experimentally demonstrated that the
Raman intensity of the SWNT D-band in pure, bulk
SWNT samples is defect-activated. A slight increase in
the D-band intensity is observed relative to the intensity
of the G-band when a small number of defects are intro-
duced, but the SWNT structural integrity is maintained.
When a gentle mass-transport-limited oxidation reac-
tion is employed to introduce defects, the Raman
D-band intensity increases approximately linearly with
reaction time. Also a roughly constant value for the
D/G Raman intensity ratio for purified samples prior
to heat treatments to introduce defects was found to
be 1/190 and 1/40 for 2.54 and 1.96 eV excitation,
respectively. Further in-depth Raman studies for SWNT
materials prepared by different synthesis and purifica-
tion techniques are required to determine whether a sim-
ilar constant D/G intensity ratio exists.
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