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The use of Raman spectroscopy as a characterization tool for carbon materials
is briefly reviewed with particular emphasis given to nano-carbons and carbon
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nanotubes. The observation of Raman spectra from one carbon nanotube is
discussed, including the new physical phenomena that occur at the single
nanotube level, with special emphasis given to the use of resonance Raman
scattering for the structural determination of (n, m) for individual nanotubes.
Examples are given to show how single nanotube spectroscopy provides
insight into the use of Raman spectroscopy for characterizing nanotube
bundles and for carrying out other properties measurements on individual
carbon nanotubes.

Keywords: carbon nanotubes; Raman spectroscopy; nanotube structural characterization;
single nanotube spectroscopy

INTRODUCTION

Single wall carbon nanotubes (SWNTSs) are important for the development
of the nanoscience field because of the new nanoscience concepts that they
introduce. SWNTs furthermore provide a system that is simple enough, so
that detailed calculations of their properties can be carried out, and pre-
dictions about their behavior can be made. Because of their unique physical
properties, carbon nanotubes show great promise also for practical appli-
cations.

As summarized here, Raman spectroscopy provides an important char-
acterization tool for carbon-based materials, showing distinctly different
characteristic spectra for sp3, sp2, sp carbons, disordered carbons, fullerenes
and nanotubes. This paper, however, focuses on the use of Raman spectro-
scopy for the characterization of carbon nanotubes, showing how this tech-
nique provides unique information, often not available by other techniques.

Figure 1 demonstrates the distinctive Raman spectra provided by each
type of carbon material, from 1D carbynes to 2D graphite to 3D diamond.
The different bonding strengths and their implied force constants further
differentiates bulk carbons from the nanotube and fullerene carbon
nanostructures which are also all different from one another. In addition,
Raman spectroscopy has been a key tool for the description and char-
acterization of disorder in the sp® bonding in terms of the disorder-induced
D-band and D*-based features shown in Figure 1 at 1350cm™! and
1620 cm ™!, respectively. It is therefore not surprising to expect that Raman
spectroscopy would provide a key tool for the characterization of carbon
nanotubes.

Each single wall carbon nanotube (SWNT) is characterized by two
integers (n, m). These integers specify the number of unit vectors d; and
ds, in the graphene honeycomb structure that constitute the chiral vector
(or roll-up vector) C_;L = nd; + mds corresponding to the nanotube
circumference. These (n, m) indices also determine the nanotube diameter
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FIGURE 1 (a) Raman spectra from various carbon-based materials: carbyne
(sp bonded carbon), graphite (sp?® bonded carbon), fullerene Cg, carbon nano-
tubes, and diamond (sp® bonded carbon).

and chirality, or the orientation of the carbon hexagons with respect to the
nanotube axia. Raman spectra of the radial breathing mode, whereby every
carbon atom in the nanotube vibrates in phase in the radial direction, give a
direct measure of the nanotube diameter, because the radial breathing
mode frequency wggy, iS proportional to the inverse diameter of the
nanotube. The electronic properties of SWNTs are remarkable insofar as
they can be either metallic (when m—n=3q and q is an integer) or
semiconducting (when n — m = 3¢ £ 1). Raman spectroscopy can be used
to distinguish between metallic and semiconducting tubes, because of their
very different spectral lineshapes.

The large density of electronic states for one-dimensional (1D) systems
and the strong electron-phonon coupling under resonance conditions
allow observation of the Raman spectra from one individual single wall
carbon nanotube (see Fig. 2), when the incident or scattered photon is in
resonance with an interband transition between 1D singularities in the joint
density of states (JDOS) between the valence and conduction bands.
The enhancement of the signal coming from the resonance with these
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FIGURE 2 (a) Raman spectrum from one nanotube taken over a broad frequency
range using Ejser = 785 nm = 1.58 eV excitation, and showing the radial breathing
mode (RBM), the D-band, the G-band, second-order features, and the G’-band. The
features marked with *’ at 303 cm !, 521 cm~! and 963 cm ! [1] are from the Si/SiO,,
substrate and are used for calibration of the nanotube Raman spectrum. (b) AFM
image of the sample showing isolated single wall nanotubes grown from the vapor
phase [2]. The small particles are iron catalyst particles. The inset shows the dia-
meter distribution of this sample based on AFM observations of 40 SWNTs [3].

singularities in the JDOS can be very large, so that in some cases the
Raman intensity from one nanotube can be as large as that for the silicon
substrate even though the Si/C atom ratio is about 10° in the laser exci-
tation beam of 1 um diameter. Such large enhancement factors arise from
the highly 1D nature of carbon nanotubes with diameters less that ~2nm.
Furthermore, Raman spectroscopy is not normally a tool for structural
characterization, but for the case of 1D carbon nanotubes, the observation
of the Raman spectra from an individual nanotube is used to provide a
definitive identification of the nanotube structure through determination of
its (n, m) indices. The physical principle that is employed in the (n, m)
determination is the trigonal warping effect which causes each (n, m)
nanotube to have a unique set of singularities at energies E;; in the JDOS.
Resonance Raman scattering allows determination of these energies E;;
and the corresponding wave vectors k;; where these singularities occur,
thereby providing a determination of the (n, m) indices of the nanotube in
resonance with Ei.ser, the laser excitation energy. This information is fur-
ther used to determine, to high resolution, the profile of the joint density of
states near one of its characteristic 1D singularities, showing that the width
of the 1D singularities in the density of states is less than 1 meV, thereby
explaining how it is possible to get a sharp Raman signal from such a small
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nanostructure. Because of the high sensitivity of the electronic, transport,
vibrational and other nanotube properties to the structural (n, m) indices,
this non-destructive, readily available resonance Raman characterization
technique is expected to have a significant impact on current basic
research on carbon nanotubes generally, because now it will be possible to
study many properties at the single nanotube level as a function of dia-
meter and chirality by combining Raman and other measurement techni-
ques. A few examples of the richness of this newly emerging field of single
nanotube spectroscopy are presented here.

Figure 2 shows that each feature in the Raman spectra of single wall
carbon nanotubes can now be investigated at the single nanotube level.
These features include the non-dispersive radial breathing mode which is
not present in other sp® carbons and the G-band feature, which is also
present in sp? carbons but has many distinct properties for nanotubes
relative to other sp? carbons. Also included in the Raman spectra are the
highly dispersive disorder-induced D-band and its second harmonic
G’-band, where the mode frequencies show a strong dependence on the
laser excitation energy. Such investigations reveal many interesting details
about the dependence of each feature in the resonance Raman spectra on
nanotube diameter, chirality, metallic vs. semiconducting behavior, but
provide in addition an astonishingly sensitive probe of the unique elec-
tronic structure of carbon nanotubes. Furthermore, study of the Raman
spectra at the single nanotube level allows investigation of new physical
phenomena, particularly phenomena about the resonance Raman effect
that have never been observed before in any physical system.

Figure 3 gives three examples of what single nanotube spectroscopy
tells us about SWNT bundles. Measurements of the radial breathing mode
at the single nanotube level yield a relatively narrow Lorentzian line [see
Fig. 3(a)] and a determination of the nanotube diameter by the relation
d; = 248 /wgpy. The spectrum for the bundle shows a superposition of
Raman signal from all tubes resonant with Ejs, = 1.58eV. The SWNT
diameter distribution for a bundle can be obtained indirectly from a
detailed analysis of the Raman spectra using resonance Raman theory [5],
though the detailed analysis of the spectral properties are best studied at
the single nanotube level.

As another example of what can be learned by single nanotube spectro-
scopy, consider the dependence of the G-band frequency on nanotube dia-
meter d; in Figure 3(b), where it is seen that a)g for vibrations along the
nanotube axis is independent of d; for both semiconducting and metallic
SWNTs, but the vibrations in the circumferential direction wg show a
c/ df dependence, where the value of C is nearly twice as large
(Cy = 79.5cm ™! nm?) for metallic SWNTs as for semiconducting SWNTs
(Cs = 47.7 cm™! nm?). Furthermore, no chirality dependence is observed for
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FIGURE 3 (a) RBM Raman spectra for one isolated nanotube and for carbon
nanotube bundles. (b) G-band splitting showing diameter dependence of the cir-
cumferential and axial modes. (¢) G’-band data for wy, for a SWNT bundle sample
taken from Ref. [4]. (d) Same wg data after subtracting the linear dispersion
2420 + 106 Ejsser. () Calculated first moment %;; for the possible resonant tubes as
a function of Ej,, after subtracting the linear dispersion —0.03 + 0.20Ej,ger.

wg, indicating that nanotube curvature is more important than chirality for
interpreting the nearest neighbor in-plane carbon-carbon vibrations that
stem from the basic vibrations observed in all sp? carbons, in support of one
model calculation for the G-band phonon eigenvectors [6] and in conflict with
another [7]. One use of Figure 3(b) for the analysis of Raman spectra from
SWNT bundles is the estimation of the mean diameters for semiconducting
and metallic nanotubes contained in the bundle, which can be used as an
internal check on the diameter determination based on the radial breathing
mode. Another application of Figure 3(b) is for estimating d; for SWNTSs that
are inresonance with the scattered photon, so that the radial breathing mode
would not in this case be in resonance with Ej,s, and consequently (n, m)
cannot then be determined from the RBM spectrum.

The origin of the disorder-induced Raman peak (D-band), which is
observed around 1350 cm~! for laser excitation energy Ejser = 2.41eV
[3,4] in both graphite and single wall carbon nanotubes [11-13], has been
explained by a double resonance Raman process involving a second-
order scattering process and a Raman intensity enhancement due to the
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resonance with both an intermediate state, and also resonance with either
the initial or final states thus yielding a double resonance process [13,14].

The third example in Figure 3(c) shows very large dispersion of the
G'-band frequency w¢ as a function of Ej,g, for a SWNT bundle [4]. After
subtracting the strong linear term in wg (Eser) that is also observed at
approximately the same large magnitude for other sp? carbons, an oscil-
latory component unique to the we (Eser) dispersion for SWNTs remains,
as shown in Figure 3(d). The physical basis of these oscillations stems from
the mechanism responsible for the special role of the singularities of the 1D
JDOS in the double resonance mechanism for the G’ band of sp® carbons [5].
In the basic second-order scattering process for the G’-band in sp? carbons,
an electron with momentum £ is (a) excited, (b) scattered to & + g states
and (c¢) back-scattered to the k states, and finally (d) recombining with
holes to emit a photon. If two of three intermediate states correspond to
real electronic states in the energy dispersion E(k), the Raman intensity is
enhanced by two factors in the denominator of the intensity formula,
thereby constituting the double Resonance Raman process. For the G'-
band second-order process, two phonons of wave vectors g and —q are
emitted in the second-order scattering processes.

The dispersion of the G’-band is very important for providing informa-
tion about electronic processes in carbon nanotubes. In addition to the
double resonance process for sp? carbons, the energies of the singularities
in the 1D electronic JDOS govern the choice of nanotubes that are in
resonance with FEj,ser, namely SWNTs that have Ej; singularities close in
energy to Ejser. The k;; wave vector corresponding to each E;; value will
strongly couple to a phonon with wave vector q ~ 2k;;. Each E;; band for
metallic or semiconducting SWNTs gives rise to an oscillatory behavior in
Figure 3(d), with the oscillation centered at 1.9eV associated with E{Vf
interband transitions and the oscillation centered at 2.5 eV associated with
E3, and EZ, which lie too close together to be separated from one another.
For each SWNT, resonance is possible with either the incident photon, the
scattered photon or with the intermediate state k;; + q resulting from the
phonon scattering event in the double scattering process. By considering
all possible SWNTs in the SWNT bundle that can contribute to each of the
EM | ES, and EZ,-bands, the curve shown in Figure 3(e), is obtained. The
detailed behavior that is observed in Figures 3(d) for the phonons and 3(e)
for the electron k;; vectors arises from the detailed dependence of the k;;
values on nanotube diameter (w¢q decreases as d; decreases) and on the
chiral angle which has been calculated [5].

The large dispersion of the G’ band allows observation of new physical
phenomena, not seen in other systems. For example, for the case of
semiconducting nanotubes, it is possible at the single nanotube level for the
incident photon to be resonant with the Ef, level of that SWNT and the
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scattered photon to be resonant with E§3 for a very special subset of
SWNTs that can be predicted theoretically. This special subset is strongly
dependent on the (n, m) assignment [3] and shows two peaks in the
G'-band spectra for the two resonant processes. The excellent agreement
between experiment and theory on which tubes show this two peak effect
gives strong confirmation for the method used to obtain the (n, m)
assignments from the analysis of the radial breathing mode feature.

For metallic SWNTs at the single nanotube level, the splitting of the
singularities in the electronic JDOS due to the trigonal warping effect [16]
can be measured quantitatively by measuring the shift Awg in the G’-band
structure associated with each van Hove singularity involved in the splitting
of the electronic states AE{‘{I for metallic nanotubes due to trigonal warp-
ing. The splitting AE?{I is zero for armchair SWNTs and a maximum for
zigzag SWNTs. Since each component of AEf‘i’I has different electronic
energies in the trigonally split singularities in the JDOS, each of the com-
ponents will have different k;;-vectors, thereby giving rise to different ¢
values for the G’ band phonons and finally different wg values will be
obtained with a peak separation of Awg. By measuring these splittings
Awg in the oy, profiles for SWNTs with different chirality, it is possible to
determine the dependence of Awg on AE% . The linear relation observed
experimentally for Awg vs. AE% for different isolated SWNTs gives an
independent determination of 108 4+ 5cm~! /eV for the dispersion of wg as
a function of Er, even though the measurements are all made
using one laser line [16]! The excellent agreement of this value with
Owg |OEpser = 106 cm™! /eV  obtained from measurements on SWNT
bundles using many laser lines [4] is important in understanding the rela-
tion between single nanotube spectroscopy and the G’-band spectra
obtained from bundles. The consistency of these two determinations of the
dispersion of wg vs. Epser gives further support for the method used for the
(n, m) determination.

In conclusion, single nanotube spectroscopy opens up many new pos-
sibilities for carbon nanotube research, leading to the discovery of many
new physical phenomena, and a better understanding of what is actually
observed in the Raman spectroscopy of nanotube bundles. Single nanotube
spectroscopy also provides a basis for using Raman characterization to
carry out quantitative studies of other physical phenomena (e.g., transport,
mechanical properties) at the single nanotube level.
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