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Abstract

Electronic and optical properties of single-wall carbon nanotubes (SWCNT) are directly associated with their geometrical
structures which are uniquely specified by a pair of chiral index (n, m). Hence, determination of chirality of isolated or bundled
SWCNTs is an important task to purify, identify, separate and sort nanotubes immediately after their synthesis. Knowing the
chirality is also important for many applications of SWCNTs in device level so as to select the specific SWCNT with required
electronic and optical properties suitable for that application. In this work, a review is presented on main existing theoretical
and experimental methods for determination of chirality of SWCNTs. This review will give a summary of various new and old
techniques proposed by different researchers for chirality assignment of metallic and semiconducting SWCNTs, including
some most recent works. This review will also discuss the advantages and disadvantages of each technique for chirality
assignment and will give an overall comparison between them.
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) semiconducting and metallic tubes. Each SWCNT(n, m) has
1. Introduction a unique set of interband energies E; denoting the energy

. . . . differences between the i-th conduction and valence bands
Electronic and optical properties of single-wall carbon

nanotubes (SWCNT) are directly associated with their
geometrical structures which are uniquely specified by a pair
of chiral index (n, m) [1-3]. Hence, the experimental
determination of the chirality (n, m) of SWCNTs has been a
requirement ever since their discovery [4, 5]. Identification of =~ Semiconducting and metallic SWCNTs have different
spectroscopic features and correlating them with nanotube’s  electronic properties and their field of application is also
physical structure is always necessery to purify, identify,  different Hence, separation of semiconducting SWCNTs
separate and sort nanotubes after their production [6]. from metallic tubes is important after their mixed production.
At present there are many methods to separate
semiconducting and metallic SWCNTs effectively [10, 11-
16]. Tanaka et al [10] showed Simple and Scalable Gel-
Based Large-scale Separation of metallic and semiconducting
SWCNTs, Voggu et al [12] showed ‘molecular charge
transfer’ method of separating metallic and semiconducting

and optical transitions can only occur between these mirror
subbands [1, 2, 7-9]. These singularities are unique feature of
nanotubes and also primarily responsible for many
distinguished electronic and optical properties of SWCNTs.

Because of the fact that a SWCNT (n, m) is metallic if n-m =
3k and semiconducting if n-m # 3k (where k is a positive
integer), two third of the SWCNTs are semiconducting and
one third are metallic [3]. The one-dimensionality of the
nanotubes gives rise to 1D subbands instead of one wide
electronic energy band in nanotube density of states for both
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SWCNTs, Ghosh et al [13] showed their separation using
fluorous chemistry, Mattsson et al [14] showed
Dielectrophoresis-induced separation and Hennrich et al [15]
showed size exclusion chromatography for separating them.
Beside these, recently some more advanced methods are also
demonstrated, such as ‘density gradient ultracentrifugation’
method by Ye et a/ [16].

After successful separation, the immediate next challenge is
to determine the chiral index (n, m) of each SWCNT. As the
existing synthesis techniques are not yet so precise to deliver
nanotubes of specific chirality, so there is always a great need
for reliable techniques for the identification of the chirality of
a given nanotube [17].

As the diameter of an individual SWCNT is determined by
its (n, m), there have been a number of experimental
approaches based on TEM [18], STM [19-21], or the radial
breathing mode in Raman spectroscopy [4-6, 22] to
determine the diameter of a given nanotube. In principle, an
exact knowledge of the diameter allows the determination of
the chiral indices of a tube. In practice, however, the

diameters are too closely spaced for such a procedure to work.

A sample grown with a diameter range of 1.0-1.5 nm can
contain up to 125 different chirality tubes. Knowing a
particular tube diameter to within, say 10% error, as is typical
for TEM or STM, still leaves 30 different chiral index pairs
to assign to one experimental diameter [5]. Moreover,
diameter is a multi-valued function of (n, m) and two
different SWCNTs may have same diameter in some cases.
For example, diameters of {(5,3) and (7,0)} or {(6,5) and
(9,1)} or {(9,4) and (11,1)} are same, so unique assignment
is not possible here even by knowing exact diameter. Hence,
at least one more information is required for unique
assignment of nanotube chirality, and in most of the cases

this another information is one of the optical transitions
energies in nanotube desnsity of states [5].

The objective of this work is to present a review on some
important theoretical and experimental methods for
determination of chirality of SWCNTs. This review will give
a summary of various techniques proposed by different
researchers for chirality assignment of metallic and
semiconducting SWCNTs. This review will also discuss the
advantage and limitations of each technique for chirality
assignment and will give an overall comparison between
them.

2. Different Techniques for
Chirality Assignment of
SWCNTs

Resonant Raman Scattering (RRS) [5, 6, 9, 23-25, 26-32],
Rayleigh scattering or Optical absorption [33-36] and
Photoluminescence (PL) excitation [37-43] have been the
mainstream tools for nondestructive chirality characterization
and each method has unique capabilities. Each method uses
at least two pieces of information for unique assignment of
chirality [25, 31]. RRS method uses one optical transition
energy (E;) and the nanotube radial breathing mode (RBM)
frequency (®pm), Optical absorption method uses one
transition energy and mean diameter and photoluminescence
(PL) method uses optical absorption and emission energies
for unique chirality assignmen [25, 31]. It can be noted that
all these methods commonly use the information about one
of the optical transition energies.

2.1. Raman Spectroscopy Based Technique
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Figure 1. A typical Raman spectra for SWCNT showing important features like Radial breathing mode, D-band and G-band. Figure is taken from [9].
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Raman scattering is inelastic scattering of light, i.e. scattering
of light in which the photon energy changes [44]. Raman
spectroscopy is to observe an inelastic scattering of light and
probes the vibrational properties by measurement of the
energy shift from the incident light. Resonant Raman
Scattering (RRS) is a special case of Raman scattering which
can give accurate information of one of the optical transition
energy of any SWCNT. When a resonance condition is met,
the Raman signal is strongly enhanced. In fact, in individual
nanotubes, Raman scattering can only be observed with
considerable signal strength when excited resonantly.

One of the unique features for SWCNT in Raman spectra is
the Radial Breathing Mode (RBM) which corresponds to the
coherent vibration of the carbon atoms in radial direction [9].
These features occur between frequency 120 and 350 cm™ for
SWCNT for diameter in the range 0.7nm <d,<2 nm (Fig 1).
Knowing the RBM frequency for a SWCNT, its diameter can
be calculated as they two are correlated through a semi-
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empirical equation of the form,

Raman spectroscopy and Resonant Raman scattering are the
most widely used characterization tools for carbon nanotubes
[45]. One advantage is its abilitity to probe both
semiconducting and metallic nanotubes [25]. Furthermore,
unlike luminescence spectroscopy, Raman scattering requires
virtually no special sample preparation. It can be performed
on individual single tubes and also on samples consisting of
nanotube bundles, nanotubes on various substrates, in
solution or even on free - standing individual nanotubes.
Therefore, it is frequently used to characterize nanotubes
after growth and adjust growth conditions, and to monitor
chemical reactions [45]. Because of extensive use, numerous
reports on RRS given optical transition and RBM frequency
(0;pm) data are available now in literatures.
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Figure 2. Chirality assignment by Fantini et al (a) E;; vs 1/d, plot from TB model with y9=2.9 (b) E;; vs ®m plot from resonance Raman spectroscopy. Solid
circles and squares denote semiconducting and metallic SWCNTs, respectively. Figure is taken from [31].
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Figure 3. (Left) Kataura plot of the experimental resonance maxima vs. inverse ®ym, compared to third-order tight-binding calculated transition energies vs
nanotube diameter. Theoretical points are light grey. (Right) A shift of the assignment by an entire branch (arrows) renders an incorrect count of the number of
nanotubes. Figure is taken from [5].
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Herrera et al [22] characterized SWCNTs prepared by
disproportion of Co over Co-Mo/Sio, catalysts. From Raman
spectroscopy they obtained gap energies of these SWCNTs
using several laser excitation energies. By comparing the plot
of experimental data with calculated gap energies as a
function of nanotube diameter, they assigned the chirality to
produced batch.

Fantini et al [31] performed resonant Raman spectroscopy to
characterize a batch of SWCNTs dispersed in aqueous
solution and within solid bundles, in the energy range 1.52 -
2.71 eV. They obtained electronic transition energies and the
radial breathing mode frequencies for 46 different (18
metallic and 28 semiconducting) nanotubes, and made the
(n,m) assignment based on the observation of geometrical
patterns for E;; versus o, graphs shown in Fig 2.

Thomsen et al [5] used Resonant Raman scattering of some
SWCNTs to make assignment of their chiral indices. Their
assignment was based on a plot of the resonance maxima for
the radial breathing modes as a function of laser excitation
energy versus inverse RBM frequency (o), the so-called
Kataura plot (Fig 3).

Telg et al [17, 32] carried out a similar resonant Raman
spectroscopy but they used excitation energy in the near-
infrared range from 1.15 to 1.48 eV to match with first
optical transition of the produced batch of SWCNTs. They
characterized them using pattern recognition from E;; versus
Opm graphs, as shown in Fig 4.
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Figure 4. Experimental Kataura plot for £}, of semiconducting SWCNTs
from resonant Raman scattering (circles) and photoluminescence excitation
(crosses). (+) symbols are empirical data based on photolumiscence data.
Figure is taken from [32].

In another attempt by Telg et al [28], they obtained the
optical transition energies, the radial breathing mode
frequency, and the Raman intensity of both metallic and
semiconducting tubes from resonant Raman scattering on
isolated nanotubes. They unambiguously assigned the chiral

index (n,m) of 50 nanotubes based solely on a third neighbor
tight-binding Kataura plot.
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Figure 5. Chirality assignment technique shown by Maultzsch et al [25]
using resonant Raman Scattering. The assignment is based on one to one
correspondence between experimental (large colored circles, left and bottom
axes) and theoretical (small gray circles, right and top axes) Kataura plot.
Figure is taken from [25].

Maultzsch et al [25] presented a comprehensive study of the
chiral-index assignment of carbon nanotubes in aqueous
suspensions by resonant Raman scattering of the radial
breathing mode. They determined the energies of the first
optical transition in metallic tubes and of the second optical
transition in semiconducting tubes for more than 50 chiral
indices. They performed the pattern recognition between
theoretical and experimental plots by stretching and shifting
the vertical and horizontal axes of the plots until good
correspondence between the experimental points and the
theoretically calculated values is achieved (Fig 5). Their
assignment was unique and does not depend on empirical
parameters.

2.2. Rayleigh Scattering Based Technique

Rayleigh scattering is the elastic light scattering from an
object that is small in diameter compared with the
wavelength of the light. If the frequency of the light is in
resonance with an electronic transition of the object, the
scattering intensity is enhanced. This technique can probe the
transition energies of both metallic and semiconducting
nanotubes.

Yu et al. [46] reported Rayleigh scattering from small
individual nanotube bundles on a glass substrate in dark -
field geometry. A Rayleigh spectrum from Reference [46] is
shown in Fig 6a. The contributions from individual



Journal of Nanoscience and Nanoengineering Vol. 1, No. 2, 2015, pp. 85-83

nanotubes within the bundle are not resolved, but the peaks
were assigned to the first transition in metallic tubes (at 650 —
700 nm) and to the third transition in semiconducting tubes
(at 450 — 500 nm), as shown in Fig 6a.

Sfeir et al. [47] simultaneously determined the physical
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structure and optical transition energies of individual single-
walled carbon nanotubes by combining electron diffraction
with Rayleigh scattering spectroscopy. They directly verified
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Figure 6. Rayleigh spectrums from (a) a small bundle (b) semiconducting tubes and (c) metallic tube and corresponding chirality assignments. Figure is taken
from [45, 46].

Lian et al [14] determined the chirality (n, m) of Raw
electric-arc-produced SWNTs using optical absorption
experiment. From comparisons of experimental data with
theoretical predictions from electronic band theory, they
assigned spectral features to the electronic transitions of their
semiconducting and/or metallic SWCNTs.

Recently, Wu et al. [48] showed that Rayleigh scattering can
be greatly enhanced by interface dipole enhancement effect.
Generally, Single-walled carbon nanotubes (SWCNTs)
illuminated by white light should appear colored due to
resonance Rayleigh scattering. However, true color imaging
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of SWCNTSs on substrate has not been reported, because of
the extremely low scattering intensity of SWCNTs and strong
substrate scattering. But, using the method of Wu et al.
colorful SWCNTs on substrates can be directly imaged under
an optical microscope by wide field supercontinuum laser
illumination, which facilitates high throughput -chirality
assignment of individual SWCNTs. Based on their Rayleigh
spectra of six individual nanotubes, the chiral indices were
identified to be (16, 12), (17, 12), (22, 3), (13, 9), (17, 16),
and (20, 6).

2.3. Photoluminescence Based Technique
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Figure 7. Comparison of excitation to emission ratio between (a) Photoluminescence result and (b)extended TB calculation for chirality assignment as used by
Bachilo er al. Solid lines connect families with equal n — m values and dotted line connects 2n+m families. Correspondence between (a) and (b) gives chirality
of each tube. Figure is taken from [37].

In 2002, Bachilo et al [37] and O’ Connel et al [40]
independently performed two very important fluorescence
spectroscopy  experiments and observed band gap
luminescence from SWCNTs for the first time. They

observed that light absorption at photon energy equal to
second optical transition is followed by fluorescence
emission near first optical transition. The values of two
transition energies vary with tube structure. Bachilo et al. [37]



79  G.R. Ahmed Jamal and S. M. Mominuzzaman: Different Techniques for Chirality Assignment of Single Wall Carbon Nanotubes

showed Photoluminescence (PL) based effective (n, m)
assignment based on pattern recognition between
experimental and theoretical (derived from extended tight
binding model) plot of the second optical transition
(excitation energy) versus the first optical transition
(emission energy), as shown in Fig 7. Their method
established Photoluminescence based chirality assignment of
semiconducting SWCNT as an effective method for unique
assignment.

Miyauchi et al. [43] performed near-infrared fluorescence
measurements on single-walled carbon nanotubes (SWNTs)
catalytically synthesized from alcohol under various
experimental conditions (alcohol catalytic CVD method,
ACCVD). They determined the chirality distribution by
measuring the fluorescence emitted from separated SWNTs
as a function of excitation wavelength. Compared with HiPco
SWNTs, chiralities of the ACCVD sample were distributed
predominantly in the higher chiral angle region, close to the
armchair (n=m) structure. They observed that the tendency
toward higher chiral angles was more pronounced for smaller
diameter nanotubes.

Weisman et al. [39, 49] presented an overview of basic and
applied aspects of the fluorescent photoluminescence from
single-walled  carbon  nanotubes (SWCNT). Their
spectrofluorimetric measurements of emission intensity as a
function of excitation and emission wavelengths revealed a
rich pattern of peaks representing distinct (n,m) structural
species. Each of these peaks can be assigned to a specific
semiconducting (n,m) species by careful analysis. This
spectral assignment provided a large body of precise optical
transition energies for a significant range of tube diameters
and chiralities. They showed that Fluorimetry can offer a
powerful method for determining the (n,m) composition of
mixed nanotube samples. They also discussed instrumental
methods for such fluorimetric analysis.

2.4. A Comparison of Three Main
Techniques Mentioned Above

In this section, we will present a brief comparison of these
three main techniques discussed above, namely, Raman
scattering, Rayleigh scattering and Photoluminescence based
chirality assignment techniques. Relative advantages and
disadvantages of each of these techniques will be also
highlighted.

The advantage of photoluminescence excitation spectroscopy
based technique for chirality assignment of SWCNTs
compared with Raman scattering is that it can be very fast
and does not require the laborious analysis necessary for
extracting Raman resonance profiles. Furthermore, a broad-
band white light source is usually sufficient for excitation, in
contrast to tunable lasers required for resonance Raman

spectroscopy. On the other hand, photoluminescence probes
only semiconducting nanotubes, in contrast to Raman and
Rayleigh scattering [45].

The advantage of Rayleigh scattering based technique is, it
can probe the transition energies of a nanotube independent
of the tube’s metallic or semiconducting character, combining
in principle some advantages from Photoluminescence and
Raman spectroscopy, i.e. a rather fast experiment and the
access to the transitions in metallic nanotubes. On the other
hand, in this technique the signal strength is typically very
low, requiring a bright light source and a sample geometry in
which possible scattering background from nearby scatterers
is almost entirely suppressed [45].

Resonant Raman Scattering (RRS) is quite reliable, straight-
forward and hence most widely used for chiral index
assignment. The advantage of Raman scattering over
photoluminescence is that it can identify both metallic and
semiconducting nanotubes [25, 50]. Besides, unlike
Photoluminescence spectroscopy, Raman scattering requires
virtually no special sample preparation. It can be performed
on individual single tubes and also on samples consisting of
nanotube bundles, nanotubes on various substrates, in
solution or even on free - standing individual nanotubes.
Moreover, photoluminescence are sometimes destructive,
since the sample has to undergo a separation procedure,
which is irreversible and till now there is no way to
completely remove the surfactant [40, 50]. Also, in
semiconducting nanotubes Raman spectroscopy can be
performed in resonance with the second optical transition,
which is in the visible energy range. Thus, no infrared-
sensitive spectrometers and detectors are needed [25]. RRS
provides two important pieces of information: one of the
optical transition energies (E;;) and the RBM frequency (o).
This @, then gives diameter d; as they two are inversely
related through a semi-empirical relation [6, 26, 27, 37, 51,
52]. Because the (E;, ®pm) pair is unique for each SWCNT,
proper structural assignment can be made using a prior
theoretical model for (E;, ®ym) to (n, m) transformation [31].
Earlier approach was to plot all E; versus d; (from ®y,,) to
form an experimental kataura plot which is mapped with an
existing theoretical kataura plot to give one-to-one
correspondence for each chirality [22, 27]. Unfortunately, the
uniqueness of this transformation may be hampered in this
process by possible error involved in empirical calculation of
d, from oy, So, a smarter method was proposed later by
many authors where all E; are plotted directly against
corresponding o, [31, 32] or inverse ®pn, [5, 25, 28]
(instead of d;) and compared with a theoretical plot of (£,
Opm) O (E;, 1/04m). Then pattern recognition between two
plots is performed by stretching and shifting the vertical and
horizontal axes of the plots until good correspondence
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between the experimental points and the theoretically
calculated values is achieved [5, 25, 28]. By this process,
assumption of empirical parameters for calculating ¢, from
®pm can be avoided and possible theoretical or experimental
error can be neutralized within a limit. This pattern
recognition finally gives a unique one-to-one correspondence
for each chiral index (n, m).

Though different methods of SWCNT chirality assignment
using different spectroscopic experiments are discussed
above, in principle they bear some similarities. All of them
follow a laborious mapping of observed properties of
produced batch of SWCNTSs with an existing theoretical plot
depicting same properties to find one-to-one correspondence
of chirality. So, all these process need to go through some
kind of pattern recognition between experimental and
theoretical data which requires a prior theoretical or
empirical graphical plot to make final assignment [25, 31].
Moreover, Pattern recognition is possible only if the Raman
spectrum shows a set of different RBMs. This is only the
case for samples containing different kinds of nanotubes, i.e.
produced as ensembles of nanotubes. When all observed
Raman spectra show only one RBM, e.g. for an isolated tube
or when the sample contains only one kind of chiral indices
(n, m), there is no scope for pattern recognition. In such case,
quality of the assignment fully depends on the chosen
theoretical plot and may lead to ambiguity [50].

2.5. Other Techniques

In this section, we briefly discuss other characterization
methods for carbon nanotubes. At first, some unconventional
techniques reported by some authors will be presented.

Li et al. [53] observed strain-induced band gap shifts by
optical spectroscopy in single-walled carbon nanotubes
(SWCNTs) that depend strongly on the chiral angle. They
generated uniaxial and torsional strains by changing the
surrounding the SWCNTs, using the
surrounding D,0 ice temperature or the hydration state of a
wrapping polymer. They used these methods as diagnostic
tools to determine the quantum number q and examine chiral
vector indices for specific nanotubes.

Ohno et al. [54] proposed a possibility of chirality
assignment of individual single-walled carbon nanotubes in
nanotube field-effect transistors (FETs) by micro-
photocurrent spectroscopy. They fabricated the nanotube
FETs by utilizing position-controlled nanotube growth
technique using alcohol chemical vapor deposition.
Photocurrent signal that originated from a single-walled
carbon nanotube was obtained by using microscopic optical
measurement system. A peak was observed at 1.73 eV in the
photocurrent excitation spectrum. This corresponds to optical

environment

absorption by van Hove singularity of the nanotube with a
diameter of ~ 2 nm. Chirality of the nanotube which they
observed in the nanotube FET was assigned to be (18, 10) by
comparing the experimental results with theoretical
calculation.

Besides, SWCNT imaging techniques are sometimes used for
chirality assignment of some specific SWCNTs. Imaging
techniques like scanning probe microscopy or electron
diffraction can directly visualize the nanotube structure. This
is unlike any optical methods mentioned in previous sections
where optical spectroscopy is used to probe certain properties
of the tube from which the chiral index is deduced with the
help of theoretical predictions.

Electron diffraction is one of such tools for (n, m)
determination [45, 47, 55, 56]. The diffraction pattern of a
single - walled carbon nanotube consists of two structures
with hexagonal symmetry, which are rotated against each
other. They arise from the front and back wall of the
nanotube. The chiral angle of the nanotube can be derived
from the angle between them.

The advantage of electron diffraction is its reliability, in
particular, the chiral indices of large - diameter tubes are
identified. This appears to be difficult in Raman scattering
and Photoluminescence, as the RBM frequencies and optical
energies are too close within the same Kataura branch for
diameters above 2 nm. The disadvantage is, only one
nanotube can be probed at a time, i.e. electron diffraction
cannot be applied to nanotube ensembles. Besides, electron
diffraction requires special sample preparation compared
with optical measurements and the nanotube might be
damaged or even destroyed by the electron beam [45].

Scanning tunneling microscopy (STM) probes the surface
structure of carbon nanotubes with atomic resolution, which
in principle permits determination of the chiral index [19-21].
High-resolution transmission electron microscopy (HRTEM)
is suited to measure quickly the diameter of a nanotube [18].
Atomic force microscopy (AFM) and scanning electron
microscopy (SEM) are both standard methods to characterize
nanotubes on a substrate with respect to their shape and
location. They are fast and usually image larger sample areas
than STM [45].

It is important to note that Electron diffraction, STM,
HRTEM, AFM, SEM - all these are mainly for imaging
purposes rather than characterization of optical or electronic
properties. These imaging techniques are used for chirality
assignment of SWCNTSs only in some specific cases.

2.6. Some Most Recent and Improved
Techniques

In recent years, there have been some important
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developments in characterization methods for carbon
nanotubes. We will present here some of those most recent
reports.

K. Liu et al. [57] reported high-throughput real-time optical
imaging and broadband in situ spectroscopy of individual
carbon nanotubes on various substrates and in field effect
transistor devices using polarization-based microscopy
combined with supercontinuum laser illumination. their
technique enables the complete chirality profiling of
hundreds of individual carbon nanotubes, both
semiconducting and metallic, on a growth substrate. Their
optical images showed high contrast for all individual
nanotubes from which they identifed that the nanotubes have
chiralities of (20,6), (22,16) and (26,22). These are
semiconducting, metallic and semiconducting nanotubes with
diameters of 1.8, 2.6 and 3.3 nm, respectively.

Roch et al. [58] presented an experimental investigation of
the optical spectra of single walled carbon nanotubes
(SWCNT) at temperatures up to 1273 K. Their investigation
gives insights into the electronic structure of metallic and
semiconducting SWCNT at different temperatures by
measuring the shift of the first and second optical transition
of semiconducting SWCNTs and first optical transition of
metallic SWCNTs with optical absorption spectroscopy. They
observed a decrease of the transition energies in both metallic
and semiconducting SWCNT with increasing temperature.
Furthermore, they performed calculation of the average
exciton binding energy (80-90 meV) in metallic SWCNT.
They demonstrate that the optical absorption spectroscopy
can be an effective tool for characterization of the electrical
properties and structure of SWCNT.

Inoue et al. [59] evaluated the populations and lengths of
SWCNTs with different chiralities (n,m) independently
utilizing the aligned morphology of single-walled carbon
nanotubes (SWCNTs) grown on crystal quartz substrates
together with systematic Raman mapping measurements.
Chiralities of SWCNTs were assigned on a one-by-one basis
by comparing radial breathing mode frequencies with the
Kataura plot. The SWCNT lengths were determined by
Raman mapping and/or scanning electron microscopy. Both
the populations and lengths of the SWCNTs grown in their
study with a diameter of 1.14 to 1.29 nm showed no clear
dependence on their chiral angles.

Wu et al. [48] showed very recently that Rayleigh scattering
can be greatly enhanced by interface dipole enhancement
effect. Using the method proposed by Wu et al., colorful
SWCNTs on substrates can be directly imaged under an
optical microscope by wide field supercontinuum laser
illumination, which facilitates high throughput chirality
assignment of individual SWCNTs.

These recent reports show good potential in chirality
determination of SWCNTs. However, we need to wait more
to explore the complete potentials of these new methods.

3. Conclusion

Here, we have discussed the importance of determining the
chirality of any single wall carbon nanotube. We have
presented a review on some important theoretical and
experimental methods for determination of chirality of
SWCNTs. Resonant Raman Scattering (RRS), Rayleigh
scattering and Photoluminescence (PL) excitation have been
presented as the mainstream tools for nondestructive chirality
characterization. We presented a summary of these three
main techniques used by different researchers for chirality
assignment of metallic and semiconducting SWCNTs. We
also discussed some old or less conventional alternative
techniques for chirality assignment of SWCNTs. Finally, we
presented some most recent and potential works on chirality
determination method. We highlighted the advantage and
limitations of each of the existing techniques for chirality
assignment of SWCNTs and gave an overall comparison
between them. This review can help the researchers to get a
brief but all-inclusive idea on various chirality determination
techniques from past to present.
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