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Carbon Nanotubes

Characterizing the Chiral Index of a Single-Walled 
Carbon Nanotube
   Qiuchen     Zhao         and        Jin    Zhang   *     

 The properties of single-walled carbon nanotubes (SWCNTs) 
mainly depend on their geometry. However, there are still 
formidable diffi culties to determine the chirality of SWCNTs 
accurately. In this review, some effi cient methods to characterize 
the chiral indices of SWCNTs are illuminated. These methods 
are divided into imaging techniques and spectroscopy 
techniques. With these methods, diameter, helix angle, and 
energy states can be measured. Generally speaking, imaging 
techniques have a higher accuracy and universality, but are 
time-consuming with regard to the sample preparation and 
characterization. The spectroscopy techniques are very simple 
and fast in operation, but these techniques can be applied 
only to the particular structure of the sample. Here, the 
principles and operations of each method are introduced, and a 
comprehensive understanding of each technique, including their 
advantages and disadvantages, is given. Advanced applications 
of some methods are also discussed. The aim of this review is to 
help readers to choose methods with the appropriate accuracy 
and time complexity and, furthermore, to put forward an idea 
to fi nd new methods for chirality characterization. 
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  1.     Introduction 

 Single-walled carbon nanotubes (SWCNTs), a kind of one-

dimensional carbon material with an elegant structure, 

have been well researched since their discovery in 1993. [ 1 ]  

According to theoretical calculations and experimental meas-

urements, SWCNTs have fantastic properties for electrics, 

mechanics, thermotics, and optics. [ 2 ]  Because of this, SWCNTs 

have multiple potential applications, including fi eld-effect 

transistors (FETs), [ 3 ]  logic circuits, [ 4 ]  functional composites, [ 5 ]  

and sensors. [ 6 ]  However, most of these properties depend on 

the special structure of the SWCNT, commonly defi ned as the 

chiral index (n, m). For example, when (n, m) mod 3 = 0, the 

SWCNT has metallic properties, or is semiconducting. The 

diversity of the SWCNT structure leads to major challenges 

for basic and applied research on SWCNTs. Many methods 

for SWCNT synthesis have been developed, such as arc dis-

charge, [ 1,7 ]  laser ablation, [ 8 ]  and CVD processes, [ 9 ]  but the 

obtained products are always a mixture of SWCNTs with dif-

ferent diameters and electronic properties, which limits their 

application. 

 Towards applications, to measure the precise struc-

ture of as-grown SWCNTs is meaningful. In order to 

characterize the overall morphology, one of the most 

convenient methods is scanning electron microscopy 

(SEM). Using SEM, we can observe the orientation and 

the position of SWCNTs, [ 10–12 ]  the density of SWCNT 

horizontal arrays, [ 13–15 ]  the alignment of SWCNTs in ver-

tical arrays, [ 16–18 ]  and the length of SWCNTs in ultra-long 

arrays. [ 19–21 ]  It was also reported that using SEM can even 

differentiate metallic and semiconducting SWCNTs. [ 22 ]  

On the other hand, the length of a SWCNT can also be 

measured using optical methods with the help of TiO 2 . [ 23 ]  

However, none of these methods can give us enough infor-

mation about a specifi c single SWCNT. 

 Although a SWCNT could be very long, its diameter is 

usually in the range of 0.4 to 2 nm, [ 24 ]  making it diffi cult to 

characterize. As properties of SWCNTs are determined by 

(n, m), [ 2 ]  to characterize the chiral indices can give us much 

information on the structures and properties. Furthermore, a 

clear characterization of a SWCNT can help us understand 

the mechanism of SWCNT growth, for example, the chirality-

dependent growth rate [ 25 ]  and the formation of intramolec-

ular junctions. [ 26,27 ]  

 Over the past 20 years, many techniques have been 

developed to characterize the chiral indices of SWCNTs, 

including imaging techniques and spectroscopy techniques. 

In the following parts, we will provide an overview of 

the main methods of characterizing the chiral indices of 

SWCNTs. In Section 2 we will discuss the defi nition of the 

(n, m) notation and the main idea for chiral index deter-

mination. The notation (n, m) is changed into measurable 

parameters, for example, diameter, helix angle, and elec-

tric state. In Sections 3 to 5, the practical measurements 

of the parameters which are mentioned in Section 2 are 

discussed. In Section 6, some chiral index determination 

examples are explained. A comparison and conclusion 

regarding the above-mentioned methods are then dis-

cussed in Section 7.  
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  2.     Theoretical Analysis for Chiral Index 
Determination 

  2.1.     Structure of a Single-Walled Carbon Nanotube (SWCNT): 
(n, m) Notation 

 A SWCNT can be described as a single layer of graphene 

that is rolled up into a seamless one-atom-thick cylinder, 

usually with a small diameter along the circumference and a 

long length (micrometers to millimeters) along the cylinder 

axis. [ 28 ]  Without regard to the length of the SWCNT along its 

cylinder axis, the structure of a SWCNT can be exclusively 

defi ned as a vector on the sheet of graphene, a so-called “chi-

rality vector”,  C h  :

   
= + ≡C na ma (n, m)h 1 2   (1) 

 where  a 1   and  a 2   are two unit vectors of the hexagonal hon-

eycomb lattice. Both of the unit vectors are along the zigzag 

direction, and the two vectors have an included angle of 60°. 

 C h   is usually perpendicular to the cylinder axis of the SWCNT. 

The angle between the chiral vector  C h   and unit vector  a 1   
is called the chiral angle, or helix angle,  θ . [ 29 ]  If  θ  = 0°, the 

SWCNT is called a ‘zigzag nanotube’, and a SWCNT with 

 θ  = 30° is called an ‘armchair nanotube’. SWCNTs with 

0° <  θ  < 30° are called chiral nanotubes. Furthermore, if n-m 

> 0, the nanotube is right-handed, and if n-m < 0, the nano-

tube is left-handed. [ 30 ]   

  2.2.     The Main Ideas for (n, m) Determination 

 Current routes to characterize the chiral index of a SWCNT 

can be divided into two: imaging techniques and spectros-

copy techniques. Imaging techniques, including atomic force 

microscopy (AFM), scanning tunneling microscopy (STM), 

transmission electronic microscopy (TEM), and electronic 

diffraction (ED), can directly give the diameter and the helix 

angle of a SWCNT. By these methods, we can usually get a 

clear image, and fi nd the information by direct measurement. 

From spectroscopy techniques, including Raman spectros-

copy, photoluminescence spectroscopy, and Rayleigh scat-

tering microscopy, the phonon state and electronic state of 

a SWCNT can be obtained. We can get spectra at different 

wavelengths, and fi nally get the structures of SWCNTs with 

the help of theoretical calculations and fi ttings. 
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 As mentioned in Section 2.1, n and m are two inde-

pendent parameters, so, to determine the structure of a 

SWCNT, two independent parameters are necessary. We can 

get the diameter, phonon state, helix angle, and electronic 

state separately, and each two out of the three methods can 

determine the structure of a SWCNT. As phonon states and 

diameters are usually mutually dependent, [ 31 ]  they are con-

sidered as one method in our discussion. 

 The diameter and the helix angle are geometrical proper-

ties of a SWCNT. With these two parameters, we can get an 

image of a SWCNT, so the characterization methods based 

on diameter (d) and helix angle ( θ ) measurements are called 

imaging techniques. Energy states, including electronic states 

and phonon states, however, are relatively abstract and usu-

ally require calculations before getting (n, m) notations. The 

information of these energy states is mainly given by spec-

troscopy methods, hence characterizations based on energy 

states are called spectroscopy techniques.  

  2.3.     Imaging Techniques: (d,θ) Measurements 

 If the (n, m) notation can be regarded as a certain point in 

a two-dimensional cartesian coordinate system with an axis 

angle of 60°, we can make a polar coordinate transfer to use 

(L,  θ ) as the coordinate axis, as shown in  Figure    1  a. Then, we 

can use this expression of L and  θ :

 = + +L 2 2n nm m   (2)  

    
θ = +⎡⎣ ⎤⎦3 / (2 )arctan m n m

  
(3)

    

 where  θ  refers to the helix angle of a SWCNT. L has a linear 

relationship to the diameter:

    π= ×−3 /d a LC C   (4) 

 in which a C-C  is the length of the C–C bonds (0.142 nm in 

graphite). [ 31 ]  From Equations  ( 2)   to (4), we can see clearly 

that (d,  θ ) and (n, m) have a one-to-one correspondence. The 

detailed correspondence between (d,  θ ) and (n, m) is shown 

in Figure  1 b. [ 32 ]  In the (d,  θ ) plot, the horizontal axis is d 

while the vertical axis is  θ . Points on the same curves in blue, 

purple, green, and black have the same value of m, n, (m+n), 

and (n-m). For example, the point in Figure  1 b shows a (12, 7) 

tube, which is (1.30 nm, 21.4°) in (d,  θ ) notation.  

  2.4.     Spectroscopy Techniques: E eletronic  and E phonon  
Measurements 

  2.4.1.     Electronic Structure of a SWCNT 

 The electronic structure of a SWCNT is closely related to 

that of 2D graphene. The electronic energy surfaces of 2D 

graphene can be described by the nearest-neighbor tight 

binding (TB) model. The valence band and conduction band 
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touch at two points of the hexagonal Brillouin zone, which 

are called the K points. [ 31 ]  When rolling into a carbon nano-

tube, only certain quantized wave vectors are allowed due to 

quantum confi nement:

    
π⋅ = 2 qk Ch   

(5)
   

 Where   k   is the wave vector, and q is an integer. Because of 

this, the cutting lines of allowed wave vectors in the SWCNT 

reciprocal space can be represented in the 2D graphene sheet 

Brillouin zone, as shown in  Figure    2  c. [ 33 ]  The solid curves 

show the cutting lines for the (4,2) nanotube. Figure  2 d shows 

the electronic band structure of a SWCNT. We can classify 

SWCNTs into three parts, according to (m-n) MOD 3 = 0, 1, 

and 2. Since no allowed   k   vector crosses the K point, MOD 1 

and MOD 2 SWCNTs are two types of semiconducting nano-

tubes, for they exhibit a chirality-dependent energy gap. In 

MOD 0 SWCNTs, a cutting line crosses the K point and thus 

these SWCNTs are classifi ed as “metallic”, for the density of 

states is continuous near the Fermi energy.  

 As C h  is related to the diameter, the energy function 

will also relate to the diameter, as shown in Equation  ( 6)  . 

If we expand the function in Equation  ( 6)   in Taylor’s series 

at 1/d = 0, we can get several expansion terms in Equations 

 ( 7)   and  ( 8)  .

    
( )= 1 /E E d

  (6)  

    
( )= + ′ + ″ +…E 0 E (0) / E (0) / 2d d

  
(7)

  

   
α β θ= + + +…E / ( ) / 2d dgraphene   (8)   
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 As 2D graphite can be considered a tube with a diameter 

d→∞, [ 31 ]  E(0) can be regarded as the electronic energy of gra-

phene. By theoretical calculations [ 33 ]  and experimental meas-

urements from scanning tunneling spectroscopy (STS), [ 34 ]  the 

bandgap of a carbon nanotube is found to equal 2γ 0 a C–C /d, 

where γ 0  = 2.45 eV is the nearest-neighbor overlap integral 

in graphene. This result proves that the constant of the 1/d 

term α does not relate to the helix angle  θ . However, the 

constant of the second order term, β, is a function of the helix 

angle  θ.  By photoluminescence measurements, the simple 

model deviates according to A i  cos (3θ)/d 2 , in which A i  is a 

constant depending on the transition energy level. This is 

explained by so-called triangle warping effects. [ 31,35,36 ]  As 

shown in Figure  2 d, in the fi rst Brillouin zone of 2D graphene, 

the equi-energy contours are circles around 

the K points, but they change into triangles 

around the M points. Therefore armchair, 

or (n,n), tubes distribute equal energy for 

the transitions in the KΓ and KM direc-

tions, while others will have splitting ener-

gies depending on their helix angle  θ .  

  2.4.2.     Phonon Structure of a SWCNT 

 Phonons are quantized normal mode 

vibrations. [ 31 ]  Similar to the considera-

tion of the SWCNT electronic struc-

ture, a folding procedure is generally 

applied to obtain the phonon structure 

for SWCNTs from that of a 2D gra-

phene sheet. The 2D graphene sheet 

has two atoms per unit cell, thus having 

6 phonon branches: transverse acoustic 

(oTA), in-plane transverse acoustic (iTA), 

longitudinal acoustic (LA), out-of-plane 

transverse optic (oTO), in-plane transverse 

optic (iTO), and longitudinal optic (LO). LA, oTA, and iTA 

are called acoustic branches, while iTO, oTO, and LO are 

called optic branches. Using a folding procedure similar to 

that used for the electronic structure, the phonon dispersion 

relations of a rolled-up SWCNT can be obtained and the cor-

responding phonon density of states (DOS) can be calculated. 

  Figure    3   shows the phonon structure of 2D graphene 

(Figure  3 a,b) [ 37 ]  and a (10, 10) tube (Figure  3 c,d). [ 31 ]  We 

can fi nd many phonon branches, and the 1D nature of the 

SWCNTs relative to 2D graphite arises from the quantum 

confi nement of the phonon states. In fact, there are 

120 degrees of freedom and 66 distinct phonon branches [ 2 ]  

calculated from the graphene phonon structure using the 

zone folding procedure.     

   Figure 2.    a) Relationship between SWCNTs and graphene. b) Energy states and density of states (DOS) of a SWCNT. c) Electronic structure of 
graphene and the cutting line of a (4,2) tube. Reproduced with permission. [ 31 ]  Copyright 2005, Elsevier. d) The fi rst Brillouin zone of 2D graphene 
with equi-energy contours. e) The wave vector   k   for 1D carbon nanotubes in the 2D Brillouin zone of graphite. Reproduced with permission. [ 35 ]  
Copyright 2000, APS. 

   Figure 1.    a) Relationship between (n, m) notation and (L,  θ ) notation. b) The ( θ , d) plot for 
chirality identifi cation. Reproduced with permission. [ 32 ]  Copyright 2013, ACS. 
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  3.     Practical Methods to Determine Diameter 

 The diameter of a SWCNT can be characterized by several 

methods.  Figure    4   shows some representative methods. Among 

these approaches, most of them are imaging techniques, like 

atomic force microscopy (AFM), scanning tunneling micros-

copy (STM), high-resolution transmission electron microscope 

(HRTEM), and selected area electron diffraction (SAED). 

Spectroscopy techniques, especially Raman spectroscopy, are 

also used to characterize the dia meter in some specifi c situa-

tions. In this section, we mainly focus on the theories and error 

analysis of these methods.  

  3.1.     Atomic Force Microscopy (AFM) 

 AFM images microscopic nanostructures by detecting the 

force between the surface of the structure and the micro-

scope tip. It can be operated under atmospheric pressure, 

and is compatible with both insulating and conducting sub-

strates. AFM supports a relatively large-scale scan compared 

to other imaging techniques, which makes it useful for char-

acterizing the diameter distribution of SWCNTs. Random 

carbon nanotubes, [ 38 ]  carbon nanotube fi lms [ 9 ]  on amor-

phous silicon dioxide, or horizontal arrays on substrates of 

quartz, [ 39–41 ]  sapphire, [ 42–44 ]  or even graphite [ 45 ]  have been 

reported. Another advantage is that we can investigate the 

morphology of the end of a SWCNT on the surface, including 

cut-off by nanobarriers [ 46 ]  or catalyst nanoparticles, [ 41,47 ]  

which is helpful to study the mechanism of SWCNT growth. 

Due to the high vertical resolution of AFM, the accuracy of 

AFM measurements is 0.2 nm at most. [ 38 ]   

  3.2.     Scanning Tunneling Microscopy (STM) 

 Tunneling currents depend exponentially on the distance 

between the tip and the surface: distance changes of 0.1 nm 

may cause one-thousand-fold variations in the current. This 

endows STM with a very high vertical resolution of 0.01 nm. 

As shown in Figure  4 c and d, we can get an atomic resolu-

tion picture by STM. [ 48,49 ]  Diameters of SWCNTs have also 

been determined from nanotube images after deconvoluting 

the tip contribution to the image. [ 50 ]  Since the apparent 

height results from the combination of both electronic prop-

erties and the topography of the sample, the deconvoluting 

approach leads to a better measurement than determination 

from the apparent nanotube height, as the STM experiment 

measures the local density of states, which rely on properties 

of substrates and tips. The accuracy of the STM measurement 

on Au(111) surface can be 0.05 nm at most. [ 38 ]   

  3.3.     Transmission Electron Microscopy (TEM) 

 Transmission electron microscopy is a microscopy technique 

in which a beam of electrons is transmitted through the spec-

imen. As shown in Figure  4 e, the diameter of a SWCNT is 

measured by the distance of the two minima in the image 

contrast (or the darkest line in the SWCNT images), which 

is proved to be relevant. [ 49 ]  Aberration-corrected HR-TEM 

(AC-TEM) can also be used to characterize the structure of 

a SWCNT, as shown in Figure  4 f, which makes the resolution 

higher. The error in the HR-TEM method in determining the 

diameter of a SWCNT can be less than 0.05 nm. [ 49 ]   

  3.4.     Electron Diffraction (ED) 

 Electron diffraction of an individual SWCNT was fi rst 

introduced by Qin in 1994, [ 51 ]  obtained by regarding the 

tube as a series of molecular helices. [ 52 ]  The diameter was 

determined from the equatorial oscillation. [ 53 ]  The diffraction 

of SWCNTs can be well described by kinematic diffraction 

theory. The equatorial oscillation in the Fourier transfor-

mation of a helical structure like a SWCNT is a zero-order 

Bessel function:

    
π∝ ( )0 0

2
I J DX

  (9)   

   Figure 3.    (a) Phonon dispersion of 2D graphite. (b) The phonon DOS for a 2D graphene sheet. (c) The calculated phonon dispersion relations of a 
(10, 10) tube. (d) The corresponding phonon DOS for a (10,10) nanotube. Reproduced with permission. [ 31 ]  Copyright 2005, Elsevier. 
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 J 0 (x) is the zero-order Bessel function, which can be 

approximated when �x 0 :

    π ( )( ) ~
2 3

4
0J x

x
cos x

 
 (10)

 

 in which x = πDX. R is the reciprocal vector which can be 

measured from the diffraction pattern, and d is the diameter 

of the SWCNT. From this equation, we can get the diam-

eter of a SWCNT by fi tting the intensity of the equatorial 

oscillation. The error in ED measurements by nanoarea 

electron diffraction is estimated to be less than 1% of the 

diameter of the cylinder, which is smaller than 0.02 nm in 

most SWCNTs.  

  3.5.     Raman Spectroscopy 

 Raman spectroscopy can characterize the phonon state of a 

SWCNT. As mentioned in Section 2.4.2, the phonon struc-

ture of a SWCNT can be deduced from 2D graphene. The 

diameter dependency of the various mode frequencies is 

expressed by:

    
ω ω β= + /0 di

n
  

(11)
   

 Many experiments have proven that, under a certain 

energy of the laser, RBM, D, [ 54 ]  G − , [ 55,56 ]  G′, [ 55 ]  M + , [ 57 ]  and 

M −  [ 57 ]  modes obey the equation above. Among these, people 

usually use the RBM peak to measure the diameter. RBM 

is the ‘breathing’ vibration mode of a SWCNT, for which 

all carbon atoms move coherently in the radial direction. 

RBM is a unique phonon mode appearing only in carbon 

nanotubes, and its observation in Raman spectra provides 

direct evidence that a sample contains SWCNTs. [ 61 ]  RBM 

is a fi rst-order Raman mode, and its frequency ω RBM  is one 

order of (linearly dependent on) the diameter. Both theo-

retical [ 63 ]  and experimental [ 38,58–62 ]  studies have shown that 

ω RBM  is inversely proportional to the diameter of a SWCNT 

according to Equation  ( 11)  , in which n = 1. The relationship 

between d and ω RBM  depends on the substrate and atmos-

phere of the sample.  Table    1   gives the relationship under dif-

ferent conditions.  

 The G band is the also a Raman fi ngerprint of SWCNTs 

which is commonly observed. In 2D graphene, the G band is the 

only fi rst-order Raman peak around 1582 cm −1 . When wrapped 

   Figure 4.    Methods to determine diameter: a,b) AFM. Reproduced with permission. [ 38,160 ]  Copyright 2001, APS; Copyright 2010, ACS. c,d) STM. 
Reproduced with permission. [ 34,87 ]  Copyright 1998, NPG; Copyright 2001, AAAS. e,f) TEM. Reproduced with permission. [ 49,64 ]  Copyright 2004, NPG; 
Copyright 2011, NPG. g,h) ED. Reproduced with permission. [ 65 ]  Copyright 2011, Elsevier. i) Raman spectroscopy. Reproduced with permission. [ 38 ]  
Copyright 2001, APS. 
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into a SWCNT, the G band splits into many components, 

including the higher frequency G +  and the lower frequency 

G − . In SWCNTs, G −  peak shifts with the diameter according 

to Equation  ( 11)  , with ω 0  = 1591, β = −47.7, n = 2 for semicon-

ducting SWCNTs, and ω 0  = 1591, β = −79.5, n = 2 for metallic 

SWCNTs. G +  peak, however, does not vary when the diameter 

changes; in other words, ω 0  = 1591, β = 0 in Equation  ( 11)  . [ 31 ]  

 The error in this method depends on the resolution of the 

spectrum. If the resolution is 1 cm −1 , the accuracy can be less 

than 0.02 nm.   

  4.     Practical Methods to Determine Helix Angle 

 The helix angle of a SWCNT can be characterized via sev-

eral methods.  Figure    5   shows four representative characteri-

zations. STM and HR-TEM can characterize the helix angle 

easily. SAED can also give us the information on the helix 

angle independently. A new method, which is based on the 

interaction between SWCNTs and the graphene lattice, is 

also introduced. We call it ‘graphite-assisted atomic force 

microscopy’. This graphite-assisted AFM method can be 

regarded as an ingenious improvement on standard AFM. In 

this section, we will focus on the theories of these methods, 

and analyze the error of these methods.  

  4.1.     Scanning Tunneling Microscopy (STM) 

 As mentioned above, STM measures the local density of states. 

In STM images, the light part refers to the carbon–carbon 

bond, while the darker area is the center of the sixcan calcu-

late the helix angle of the SWCNT. 

 In a perfect SWCNT, a moiré pattern can also be formed 

by the rolled-up graphene layer. This pattern is clearly visible 

between two intense dark lines corresponding to the vertical 

tube walls, as shown in Figure  5 e. This delivers information 

about the helix angle. [ 64 ]  

 Both TEM and STM can give us images at the atomic 

level, so the error of these methods is mainly caused by the 

determination of  T  and  a 1  . The accuracy of HR-TEM is also 

0.5°, the same as for STM.  

  4.2.     Electron Diffraction (ED) 

 In principle, the chiral angle of the SWCNT, helix angle can 

be measured directly from the diffraction pattern. [ 65 ]  Because 

of the structure of a rolled-up graphene layer, the diffrac-

tion pattern from a SWCNT can be simply understood by 

   Figure 5.    Methods to determine helix angle. a) STM. Reproduced with permission. [ 71 ]  Copyright 1998, NPG. b,c) ED. Reproduced with 
permission. [ 53,65 ]  Copyright 2003, AIP; Copyright 2011, Elsevier. d) Graphite-assisted AFM. Reproduced with permission. [ 32 ]  Copyright 2013, ACS. 
e,f) TEM. Reproduced with permission. [ 49,64 ]  Copyright 2004, NPG; Copyright 2011 NPG. 

  Table 1.    Relationship between the SWCNT diameter and RBM shifts 
under different conditions.  

Relationship Conditions

248/ d   [38] Silicon substrate

12.5 + 223.5/ d   [58] Aqueous solution

27 + 204/ d   [59] Suspended

19 + 214/ d   [60] Silicon substrate

0.3 + 227/ d   [61] Super-growth

228/ d   [62] Suspended on Si 3 N 4 /Si Substrate
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considering diffraction from two parallel sheets of gra-

phene. When the incident electron beam is normal to the 

tube axis and sequentially passes through the two graphene 

sheets (corresponding to the ‘top’ and ‘bottom’ walls of the 

carbon nanotube), as shown in Figure  5 c, the resultant dif-

fraction pattern is the sum of the diffractions from each gra-

phene sheet. If the graphene sheets rotate with respect to one 

another about the axis normal to the plane of the sheets, the 

two diffraction patterns will also rotate by the same angle. 

 Though measuring the angle between two diffraction pat-

terns may cause a bigger error, we can calculate the angle 

from the following equation:

    

θ = ⋅ −⎛
⎝⎜

⎞
⎠⎟

= ⋅ −⎛
⎝⎜

⎞
⎠⎟

1

3

1

3

22 1

3

2 3

3
arctan d d

d arctan d d
d

  
(12)

 

 in which d 1 , d 2 , and d 3  are the distances between the dif-

fraction lines and the equatorial oscillation. 

 The error in ED measurements by nanoarea electron dif-

fraction is estimated to be less than 0.2°.  

  4.3.     Graphite-Assisted Atomic Force Microscopy 

 As mentioned above, AFM can operate under atmospheric 

pressure and is suitable for both insulators and conducting 

substrates. However, normal AFM could not realize atomic 

resolution. Over these years, an improvement in AFM called 

the Q-plus technique, has been shown to make up for this dis-

advantage, and both covalent bonds [ 66 ]  and hydrogen bonds [ 67 ]  

can be observed. The surface topography of nano-graphene has 

also been imaged by this technique. However, this technique 

has a very small scanning area, which limits its application. 

 To overcome the limitations of AFM, our group devel-

oped a method to characterize the helix angle of a SWCNT 

with the help of the graphene lattice. As we all know, in the 

case of anisotropic surface-mediated growth of SWCNT 

arrays, the orientation of SWCNTs is determined by the 

surface lattice [ 68 ]  or the atomic terraces [ 69 ]  on the high-ani-

sotropy substrates. Although the graphene lattice has a sym-

metry of D 6h , it can also display a surface-mediated effect for 

SWCNT growth. Furthermore, because of the π–π stacking 

effect between SWCNT and the graphene substrate, the ori-

entations of SWCNTs with different helix angles have evident 

differences. As shown in Figure  5 d, SWCNTs with different 

helix angles show different included angles, referring to the 

channel (the darker line) on graphite. The darker lines are 

the etched trenches on a graphite surface by the Fe catalyst, 

which is proven to be the zigzag edge. From the AFM images, 

it is easy to obtain the angle φ relating to the helix angle  θ :

    
θ φ φ= − < <° ° ° °30 0 60 30mod

  (13)  

   
θ φ φ= −° ° ° °90 30 < 60 < 60mod

  (14)   

 This method can give us information about helix angles 

using AFM. The error of the method depends on the 

trend of the graphene, which can realize an accuracy of 1°, 

approximately.   

  5.     Practical Methods to Determine the 
Electronic Energy State 

 As shown in  Figure    6  , several methods have been developed 

to characterize the electronic structure of SWCNTs. Scanning 

tunneling spectroscopy (STS) measures the local DOS, which 

can describe the electronic structure by dI/dV bias voltage-

dependent curves. Photoluminescence (PL) methods can get 

the E 11  and E 22  electronic states at the same time. Resonant 

Raman spectra and resonant Rayleigh spectra, based on the 

resonant scattering phenomenon, can be used to measure 

the E ii  of a SWCNT. The error of the spectroscopy method 

mostly depends on the resolution of the spectroscopy and the 

function we choose to fi t the peak. For a perfect peak type, 

the accuracy could be ± −1 1cm . The error for spectroscopy 

techniques will not be discussed in the following section.  

  5.1.     Scanning Tunneling Spectroscopy (STS) 

 In scanning tunneling spectroscopy, the normalized conduct-

ance, dI/dV, which has been shown to provide a good measure 

of the major features in the local density of electronic states 

(LDOS) for metals and semiconductors, [ 70 ]  was calculated 

from digital I-V data using standard methods. [ 50,71 ]  As shown 

in Figure  6 a, [ 34 ]  the I-V data recorded with this atomic-reso-

lution image (Figure  6 a inset) shows the same behavior as a 

semiconductor: The tunneling current is relatively small when 

the bias voltage (V) is in the range of −300 mV to 400 mV, but 

increases sharply when when V  increases further. The cal-

culated dI/dV shows sharp increases at −325 mV and 425 mV 

that correspond to the conduction and valence band edges in 

the LDOS, and thus we assign a bandgap of 750 meV. 

 This method has a signifi cant error of 50–100 meV, [ 71 ]  

which makes it diffi cult to become a credible method in 

measuring electronic structures. Nevertheless, the I-V data 

can be an important reference to choose the correct chiral 

index among several possibilities. For example, Figure  6 a 

shows a SWCNT with possible chiral indices of (14, −3) or 

(15, −3). The I-V curve shows strong evidence of a semi-

conducting feature. As mentioned in Section 2.3, (14, −3) 

is a semiconducting SWCNT while (15, −3) is a metallic 

one at room temperature, so the real chiral index should 

be (14, −3).  

  5.2.     Photoluminescence (PL) Spectroscopy 

 In photoluminescence excitation (PLE) spectroscopy, the 

PL intensity of the sample is measured with respect to both 

excitation and emission wavelengths. After being induced 

by absorbing photons with a certain energy, the excitons can 

release the excess energy via different decay channels. Since 

there is a certain DOS near the Fermi level, metallic SWCNTs 

will lose the excess energy of the excitons by rapid nonradia-

tive decay, thus no PL will be observed. For semiconducting 
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SWCNTs, however, there is a bandgap, so the excitons will 

relax to the lowest-lying excitonic states, and then recombine 

by radiative PL with the photon energy corresponding to the 

lowest-lying excitonic state. 

 In most cases electronic transitions are only allowed 

between electronic valence and conduction bands with the 

same symmetry, and the corresponding electronic transitions 

can be labeled as E ii . The subscript numerals refer to the 

corresponding van Hoff Singularities (vHSs) in the valence 

and conduction bands, respectively, counting away from the 

Fermi level. Figure  6 b shows the basic PL process for a semi-

conducting SWCNT. [ 58 ]  Figure  6 c [ 58 ]  shows the PL characteri-

zation of suspended SWCNTs dispersed in D 2 O. The white 

oval marks a region of special interest that contains discrete 

peaks. Within the circled region, many spectral features that 

overlap in simple emission or absorption spectra are clearly 

separated in the two-dimensional excitation–emission spec-

trum. The excitation energy of photons in the circled region 

refers to the E 22  transition of the SWCNT, while the emission 

energy refers to E 11  state. The other peaks under the white 

circle are the signals from the SWCNTs which are excited to 

higher E ii  energy states, like E 33  or E 44 .  

  5.3.     Resonant Raman Spectroscopy 

 The fi rst-order Raman intensity as a function of phonon 

energy,  h ω  , and of the incident laser energy, E L  is calculated 

by the following equation: [ 72 ] 
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 where C is a constant depending on (n, m), while μ( ),n q  

is the number of phonons. γ( )Δ ≡ − − −E E E E iaj L a j , in 

which j, a, and b denote the initial state, excited state, and 

the scattered state of an electron, respectively. γ denotes 

the broadening factor of the resonance event. The matrices 

( ) ( )− , , ,M k q jb M q bad ep , and ( ),M k ajd  stand for the electric 

dipole interaction in photon absorption, the electron–phonon 

interaction in phonon scattering, and the electric dipole inter-

action in photon emission, respectively. We can simplify Equa-

tion  ( 15)   for a transition with a specifi c transition energy E ii :
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 From Equation  ( 16)  , we can see that for either E L  = E ii  

or E L  = E ii  +  hω , the resonance is maximized. The former is 

   Figure 6.    Methods to determine electronic energy states: a) STS. Reproduced with permission. [ 34 ]  Copyright 1998, NPG. b,c) PL spectroscopy. 
Reproduced with permission. [ 58 ]  Copyright 2002, AAAS. d) Resonant Raman spectroscopy. Reproduced with permission. [ 147 ]  Copyright 2008, 
Wiley-VCH. e,f) Resonant Rayleigh spectroscopy. Reproduced with permission. [ 74,160 ]  Copyright 2004, AAAS. Copyright 2010, ACS. 
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called the incident resonance condition, while the latter is 

called the scattered resonance condition. When E L  lies very 

close to E ii , in another words, when E L  is within the resonance 

window of E ii , the signals will be signifi cantly enhanced: even 

Raman signals of individual SWCNTs can be observed. The 

resonance window of RBM is commonly assumed to be 

about ±0.1eV. Thus, the environmental effects can also affect 

the resonance window width of SWCNTs. 

 As shown in Figure  6 d, [ 73 ]  resonance Raman spectra of 

125 SWCNTs were used to generate a 2D plot giving the 

Raman intensity as a function of the laser excitation energy 

and radial breathing mode frequency (ω RBM ). The graph in 

the bottom is a Kataura plot for super-growth SWCNTs, 

which is proven to be identical with the experimental 

results. 

 The electronic transition energy E ii  of SWCNTs can also 

be speculated by the anti-Stokes/Stokes resonant Raman 

intensity ratio, which follows the following relationship: [ 31 ] 

 

∝ − − ± − −I( )
Mg(E)

( )( )

2

E
E E i E E E iii

L ii r l ph ii r
  

(17)
 

 where E l , E ii , and E ph  represent the laser energy, the elec-

tronic transition energy of SWCNTs, and the phonon energy, 

respectively. Γ r  is associated with the lifetime of electronic 

states in the resonance process.  

  5.4.     Resonant Rayleigh Spectroscopy 

 Resonant Rayleigh spectroscopy is another technique 

depending on the resonance between the incident laser 

energy and the electronic state. Rayleigh scattering is an 

ubiquitous process of elastic light scattering from a small, 

polarizable object. [ 74 ]  Rayleigh scattering occurs whether or 

not the sample luminesces, and it does not require the inci-

dent light to couple with the vibrations of the system, which 

makes it intrinsically stronger than Raman scattering. 

 Like Raman enhancements caused by the resonance phe-

nomenon mentioned in Section 5.3, resonant Rayleigh spectra 

can also measure the E ii  state. As shown in Figure  6 e, [ 74 ]  it 

can provide spectrographic information about the system 

through the scattering resonance enhancement when the 

photon energy matches that of an electronic transition. When 

implemented with a bright white-light source, the technique 

offers suffi cient versatility and speed to probe spatially local-

ized regions along an individual nanotube. Figure  6 f shows 

a mapping graph of a SWCNT array, from which we can see 

SWCNTs in different colors, which refer to different resonant 

Rayleigh scattering wavelengths.   

  6.     Practical Examples 

 As mentioned in Section 2.2, two independent parameters 

are necessary to determine the chiral index of a SWCNT. In 

Sections 3, 4 and 5, we have reviewed routes to measure three 

different parameters, including diameter, helix angle, and 

electronic state, which are independent from each other. Any 

two out of these three parameters can uniquely determine 

the (n, m) of a SWCNT. Theoretically, arbitrary combinations 

of characterization methods for the derivation of different 

parameters can be used. For example, we can choose STM to 

measure the diameter, and SAED to characterize the helix 

angle to determine (n, m) indices. However, if we consider 

simplicity, some combinations are better than others.  Table    2   

highlights the combinations which are widely used to charac-

terize the chiral indices of SWCNTs.  

 From the table we can see that, among the methods 

above, STM, HR-TEM, SAED, and Raman spectroscopy 

(RS) techniques can realize the determination of the chiral 

index independently. Resonant Rayleigh spectroscopy can 

only get the information of electronic energy, so it needs the 

diameter or helix angle determination with the cooperation 

of other methods. AFM has the same problem, before the 

improvement via graphite-assisted AFM. In the following 

sections, we will introduce more details about these methods, 

including their instruments, sample preparation and data 

analysis. A range of applications will also be discussed in each 

section. Furthermore, two special methods will be introduced 

in the last section. 

  6.1.     Chiral Index Determined by STM 

 As mentioned above, STM requires a conductive substrate. 

Hence, to characterize the diameter of a SWCNT, sam-

ples are mostly prepared by spin coating nanotube suspen-

sions of dichloroethane on Au(111) surfaces. [ 34,71 ]  Before 

inserted into an STM, samples should be imaged by AFM to 

ensure the SWCNTs are dispersed on the substrate. A 1 µm 

separation between SWCNTs should be appropriate for STM 

measurements. STM imaging studies are carried out at a low 

temperature and under ultrahigh vacuum (UHV). [ 75 ]  Both 

electrochemically etched W tips [ 34 ]  or scissor-cut Pt–Ir tips [ 71 ]  

can be used. Topographic images are obtained by recording 

the tip height at constant tunneling current. 

 STS measurements are made by averaging several current 

vs. voltage (I-V) curves at specifi ed locations on atomically 

resolved SWCNTs. To ensure the reliability of these meas-

urements, a routine check ensures that clean areas of the 

Au(111) substrate exhibit characteristic metallic I-V curves 

  Table 2.    Combinations widely used to characterize the chiral indices of SWCNTs based on a) the (d, θ) method, b) the (θ, E ii ) method, and c) the 
(d, E ii ) method.  
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and the expected 2D surface state [ 76 ]  of this material. Typi-

cally the I-V curves of 6–8 distinct locations are measured. 

The normalized conductance, dI/dV, is calculated from digital 

I-V data using standard methods. [ 34 ]  

 As shown in Sections 3.2 and 4.1, we can get the diam-

eter and the helix angle of a SWCNT. For example, Figure  5 a 

shows an image of a chiral SWCNT. From the image we can 

get the diameter d = 1.3 nm and the angle φ = 7°. By Equa-

tion (12), we can calculate the helix angle θ = 30°-φ = 23°, 

which corresponds to the (11, 7) type. Sometimes, other chiral 

indices are near the (d, θ) measurement, and then determina-

tion of the electric properties by STS is indispensable. 

 STM and STS methods can easily get the structure of 

an observed SWCNT under the microscope. However, if we 

want to characterize a given SWCNT, we may need some spe-

cial procedure, like site-directed transfer. Nanodevices can 

help to solve the problem caused by insulating substrates in 

some circumstances. For example, when a SWCNT is located 

on a small piece of graphite and the graphite is on an insu-

lating substrate, the process can help to get the STM image 

of the SWCNT. [ 45 ]  After covering the sample with a thin 

fi lm of PMMA, Cr/Au (5/75 nm) electrodes around the edge 

of the graphite are patterned via a standard electron beam 

lithography (EBL) process. The PMMA fi lm is then carefully 

removed. The electrode is linked to the Au wire by pressure 

welding. After a necessary annealing process, [ 77 ]  the nano-

device can be used for characterization with STM. 

 STM can also give us a chirality distribution if a suffi -

cient amount of tubes are characterized. For example, Lieber 

and co-workers counted the chirality distribution of purifi ed 

nanotubes, discovering a richness of structures favoring heli-

cities closer to the zigzag (n, 0) direction rather than the arm-

chair (n, n) direction. [ 78 ]  Selective chemical etching was also 

analyzed in the same work. 

 With STM techniques, we can not only characterize indi-

vidual perfect SWCNTs, but also the interactions and lattice-

matched structures in SWCNT bundles. [ 79–81 ]  Defects in bent 

regions, [ 82–84 ]  ends, [ 85,86 ]  and junctions [ 87 ]  can also be charac-

terized from their atomic-scale images. However, defects are 

usually not clearly visible in these regions because the local 

DOS, which are measured in the STM experiment, do not 

necessarily refl ect the atom positions. 

 Though STM can get an atomic-resolution image, it 

requires a long data acquisition time, and the scanning area is 

relatively small. The complication in sample preparation also 

limits its application as a general characterization method, 

especially for as-grown SWCNTs on an insulating surface. In 

addition, this method can only characterize the outside layer 

of a carbon nanotube, making it unsuitable for multiwalled 

carbon nanotube characterization.  

  6.2.     Chiral Index Determined by TEM 

 Unlike STM, TEM requires a suspended sample. Many 

methods can be used to prepare samples. The simplest is to 

place nanotubes on a microscope specimen grid by drying a 

drop of the suspension on the grid. [ 1 ]  Catalysts can also be 

loaded onto the TEM grid, and then SWCNT fi lms can be 

grown there during TEM characterization to realize an in-

situ investigation of the SWCNT growth process. [ 88,89 ]  How-

ever, these methods have poor controllability, for the position 

and direction are impossible to control. To get controllably 

orientated SWCNT arrays across the grid, in-situ gas fl ow-

directied growth can be used for sample preparation. [ 62,90 ]  

Carbon nanotubes can be grown by chemical vapor deposi-

tion (CVD) across commercially available perforated silicon 

oxide [ 90 ]  or Si 3 N 4 /Si substrates using standard photolithog-

raphy and wet-etching processes. [ 91 ]  Then as-grown SWCNTs 

can be observed through grids on the substrates. Horizontal 

arrays can be transferred onto the grid by commonly used 

transfer procedures. 

 In Sections 3.3 and 4.2, we discussed methods to deter-

mine the chiral index of a SWCNT by (d, θ) measurements. 

Though the basic theories of STM and HR-TEM are dif-

ferent, the procedures of analysis are basically the same, for 

both of them rely on atomic-resolution images in perfectly 

structured tubes. 

 Using HR-TEM, we can also study the defects and junc-

tions in SWCNTs. Unlike the description of the local DOS 

in STM, HR-TEM directly images the position of the atom, 

which makes it easy to investigate defects. Typical stable gra-

phene defects, such as pentagon–heptagon pairs, [ 92 ]  vacan-

cies, [ 93–95 ]  and adatoms, [ 96,97 ]  have also been discovered in 

SWCNTs using HR-TEM. [ 49,98–100 ]  Among all kinds of topo-

logical defects, pentagon-heptagon pairs, or ‘5–7 defects’, 

have received the most attention. In the case of SWCNTs, 

5–7 defects are considered to induce a local deformation and 

diameter discontinuity, that is, a local change in the chiral 

index. [ 101,102 ]  These 5–7 defects are also predicted to exist in 

the intramolecular junctions shown using STM, [ 87 ]  but have 

not been observed directly. However, with TEM, atomic-res-

olution images of 5–7 defects can be acquired. These defects, 

at fi rst, were considered to be immobile at ambient tempera-

tures. [ 103,104 ]  However, at 2273 K, the defects were found to 

move and accumulate near the kink of a SWCNT. [ 98 ]  

 More things can be done by determining the real posi-

tions of carbon atoms and the centers of the rings. Warner 

and co-workers used HR-TEM to resolve strain in SWCNTs 

at the atomic level. [ 64 ]  They deposited SWCNTs from a solu-

tion of 1,2-dichloroethane onto a lacey carbon-coated TEM 

grid. By this approach, isolated nanotubes were suspended 

across free space, thereby enabling a substrate-free image. 

The bending observed in the SWCNTs was a direct conse-

quence of drying from the solvent and fi xing onto the lacey 

grid. By comparing simulated and experimental HR-TEM 

images of a (28,0) tube, they got a 2D displacement map. 

By analyzing the displacement, they showed the existence 

of a dominant nonuniform shear strain that varied along the 

SWCNT axis. This work highlights the complex atomistic 

strain behavior of beam-bending mechanics in highly aniso-

tropic SWCNTs. 

 TEM has the same limits as STM: a long data acquisi-

tion time and small scanning area. Furthermore, the small 

atomic mass of carbon renders it easily damaged by the 

electron beam when examined using HR-TEM. [ 105,106 ]  The 

advancement of aberration-corrected HR-TEM now per-

mits angstrom-level resolution at a low accelerating voltage 
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of 80 kV, and thus enables the carbon atoms in sp 2  graphitic 

nanomaterials such as graphene and SWCNTs to be directly 

imaged. [ 64,107 ]  However, some SWCNTs, especially those 

with small diameters (1 nm), are also damaged under these 

conditions.  

  6.3.     Chiral Index Determined by ED 

 Electron diffraction, in principle, can unambiguously deter-

mine both the chirality and diameter of tubes, and thus it 

has been widely used for characterizing the chiral index of 

a SWCNT since 1993. [ 1,108,109 ]  However, conventional diffrac-

tion patterns of individual SWCNTs are too blurry, making 

them diffi cult to identify, as the electron diffraction from a 

SWCNT can be extremely weak and often below the sen-

sitivity of the equipment. In 2003, Gao and co-workers 

reported an improved quantitative structural determina-

tion of SWCNTs by nanoarea electron diffraction in a fi eld-

emission electron microscope, recorded with image plates. [ 53 ]  

 Figure    7  a shows the schematic diagram of nanoarea electron 

diffraction. The electron beam is focused to the focal plane 

of the objective prefi eld, and forms a parallel beam illumina-

tion on the sample. The size of the parallel probe is deter-

mined by the condenser aperture. For an aperture of 10 mm 

in diameter, the probe diameter is ∼50 nm, which is much 

smaller than for conventional SAED, and does not suffer 

from aberration-induced image shifts. [ 110 ]  Nanoarea elec-

tron diffraction also provides a higher beam intensity than 

SAED, with the probe current intensity of 10 5  e/s nm 2 . Both 

the small area and the high beam intensity are important for 

the investigation of SWCNTs because of the small scattering 

cross-section of carbon, and the requirement of a straight 

tube for electron diffraction. The sample preparation for ED 

is the same as for HR-TEM, discussed in Section 6.2.  

 The diffraction pattern of a SWCNT often has two fea-

tures, which are shown in Figure  7 c: a relatively strong equa-

torial oscillation (Eq), which is perpendicular to the direction 

of the tube, and some very weak diffraction lines from the 

graphite sheet (L 1 ∼L 3 ), which are elongated in the direction 

normal to the tube direction. [ 111 ]  Figure  7 d shows the theoret-

ical form of the radial intensity distribution of the layer lines. 

As mentioned in Sections 3.4 and 4.3, we can get information 

about the diameter from the Eq simulation, and about the 

helix angle from the distance between diffraction lines L 1 ∼L 3  

and Eq(d 1 ∼d 3 ). More information can be obtained from the 

diffraction pattern. [ 52,112 ]  For example, the ratio between the 

two chiral indices, m/n, can be calculated directly from d i :
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 More theoretical analyses for SWCNTs are given by 

Qin. [ 51 ]  

 Performing diffraction studies within a transmission elec-

tron microscope has become arguably by far the most pow-

erful technique for the accurate determination of the chirality 

of individual SWCNTs, [ 65 ]  and ED methods are widely used 

to identify certain SWCNTs. [ 113–115 ]  For example, Jourdain 

and co-workers observed the atomic structure of ultra-long 

   Figure 7.    a) Schematic diagram of nanoarea electron diffraction. b) Comparison of diffraction patterns between experimental (left) and theoretical 
(right) results. Reproduced with permission. [ 53 ]  Copyright 2003, AIP. c) A schematic depiction of the diffraction pattern obtained from a SWCNT. 
d) The theoretical form of the radial intensity distribution of one of the layer lines. Reproduced with permission. [ 65 ]  Copyright 2011, Elsevier. 
e) A section of the reconstructed DWCNT image at 1 Å resolution. Reproduced with permission. [ 125 ]  Copyright 2003, AAAS. 
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carbon nanotubes along the nanotube length via electron 

diffraction. [ 116 ]  This work provided direct evidence that the 

atomic structure is conserved along a SWCNT, as compared 

to different indirect methods which indicated structural 

changes. [ 21,26,27,117 ]  

 Deformations can also be studied via ED. Any external 

forces can lead to the deformation of a tube, so diffrac-

tion can alter the structure and lead to mis-assignment of 

the chiral indices. Elliptical deformation, [ 118,119 ]  asymmetric 

deformation, [ 120,121 ]  and torsional twisting [ 122 ]  have been 

reported. 

 As well as being used for chirality measurements of 

SWCNTs, ED can also measure the structure of multiwalled 

carbon nanotubes (MWCNTs), [ 121,123 ]  which is regarded 

as a challenge for STM or HR-TEM methods. As shown in 

Figure  7 e, Zuo and co-workers got an image of a double-

walled carbon nanotube using nanoarea electronic diffrac-

tion. [ 124 ]  The missing phase could be retrieved ab initio from 

the diffraction intensities [ 125 ]  by iterative measurements. With 

the analysis of the diffraction pattern, a double-walled carbon 

nanotube (DWCNT) was found to be a (26,24) tube nested 

inside a (35,25) tube, with an inter-wall spacing of 0.7 nm. The 

complex patterns in the projection are due to the combina-

tion of accidental coincidence and moiré fringes. The appli-

cation of the procedure is demonstrated as an example for 

an eleven-shell carbon nanotube whose chiral indices of each 

and every shell were determined unambiguously. [ 126 ]  Ropes 

containing multiple tubes have also been investigated. [ 127 ]  

 With similar equipment to TEM, ED technology shares 

the same limitations as HR-TEM, mentioned in Section 6.3. 

Though the acceleration voltage can be as high as 200 kV, [ 53 ]  

it is easy to damage the sample. In addition, this method 

cannot distinguish the handedness, for example, (7, 2)-R and 

(2, 7)-L tubes.  

  6.4.     Chiral Index Determined by Graphite-Assisted AFM 

 As mentioned above, our group have developed a new 

method, which is based on AFM, to characterize the chiral 

indices of SWCNTs. [ 32 ]  The van der Waals interactions 

between two graphite layers is strongest when their stacking 

confi guration is AB. Similarly, the maximum interaction 

between a SWCNT and graphite can be achieved if their 

interface has a similar AB stacking geometry. [ 128,129 ]  Cal-

culations have been done to ensure the analysis above. [ 45 ]  

Theoretical calculations based on the registry-dependent 

interlayer potential [ 130 ]  were performed to explore the 

interfacial energies between SWCNTs and the graphite sur-

face. Both the aligned SWCNTs and the graphite substrate 

are considered to be rigid and only a single rigid graphene 

layer was used to model the graphite, because the interaction 

between the SWCNT and other graphene layers is negligible. 

In agreement with previous analyses, the results show that 

(10, 0), (7, 2)-R, (2, 7)-L and (5, 5) SWCNTs have a minimum 

energy at torsion angles of 0° + i × 60°,12.2° + i × 60°, 47.8° + 

i × 60°, and 30° + i × 60°, respectively. To investigate the helix 

angle selectivity of SWCNTs experimentally, the kite-fl ying 

process was used to grow SWCNTs on a graphite surface. [ 130 ]  

Helix angles of the as-grown SWCNTs can be calculated 

using Equations  ( 14)   and  ( 15)  , depending on the included 

angle between the SWCNT and the trend of graphite. The 

diameter can also be measured using AFM by calculating 

the height difference in the z axis. Then the chiral index can 

be determined via a d-θ plot, which is shown in Figure  1 c. 

Raman spectra can also assist in measuring the diameter or 

the electronic state, but this is not as direct as AFM. 

 This method provides a new route to characterize the 

diameter of a SWCNT. However, application is relatively 

narrow provisionally, for it is diffi cult to utilize van der Waals’ 

forces between SWCNTs and graphite.  

  6.5.     Chiral Index Determined by PL 

 PL techniques can determine the chiral indices by probing 

the electronic structure. Both SWCNTs dispersed in solution 

and individual SWCNTs over trenches can be characterized 

by this method. 

  6.5.1.     PL Characterization of SWCNTs in Solution 

 Unlike the methods mentioned above, the PL method can 

characterize a large amount of samples, such as powder-like 

SWCNTs, at once. SWCNTs should be well dispersed before 

this characterization step, [ 131 ]  for bundling can perturb the 

electronic structure of the tubes and thus infl uence the PL 

emission. [ 132–134 ]  Moreover, additional points may appear in 

the PLE map due to exciton energy transfer between the tubes 

inside the bundle. In 2002, O’Connell and co-workers devel-

oped a method to disperse SWCNTs using sodium dodecyl 

sulfate (SDS): [ 131 ]  SWCNTs produced from a high-pressure 

CO reactor (the HiPco process) were dispersed in aqueous 

SDS surfactant (1 wt%) by high-shear mixing for 1 h. The 

resulting dispersion was then treated in a cup-horn sonicator 

for 10 min. After sonication, samples were centrifuged imme-

diately at 122 000 g  for 4 h. The supernatant was then care-

fully decanted, giving micelle-suspended nanotube solutions 

at a typical concentration of 20 to 25 mg/L. After performing 

spectroscopy measurements using a commercial spectro-

fl uorimeter, measurements were corrected for instrumental 

variations in excitation intensity and detection sensitivity to 

give a contour plot, [ 58 ]  as shown in Figure  6 c. The excitation-

dependant ν 11 /ν 22  diagram was then calculated, shown in 

 Figure    8  a. Figure  8 b displays the computed fi ndings from an 

extended tight-binding model calculation on SWCNTs. [ 135 ]  By 

comparing these two diagrams, we can easily get the chiral 

indices of these points. Reference  [ 58 ]  also shows the table 

of spectral data and assignments for the SWCNTs, which can 

help to determine the chiral index. This method can also ana-

lyze the content of different SWCNTs semi-quantitatively, for 

the quantum yields vary for the (n, m) indices, [ 136,137 ]  as shown 

in Figure  8 c. However, the quantum yield also depends on the 

length and the environment of the tubes, [ 138,139 ]  which limits 

the accuracy of the quantitative analysis.  

 Based on the electronic transitions of SWCNTs, absorp-

tion spectra can also determine the electronic state, as 
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shown in Figure  8 d. This method can only characterize 

the E ii  state of semiconducting SWCNTs. Meanwhile, it is 

impossible to fi gure out the corresponding E 11  and E 22  of 

each SWCNT, which limits its application to characterize the 

chirality. Absorption spectra are mostly used to analyze the 

content of tubes with different electronic properties. [ 140–142 ]   

  6.5.2.     PL Characterization of Individual SWCNTs 

 In 2003, Hartschuh and co-workers measured the electronic 

structure of individual SWCNTs using single-molecule pho-

toluminescence spectroscopy. [ 143 ]  Spatially isolated individual 

SWCNTs were achieved by spin-coating ∼75 µL of the SWCNT 

suspension onto a glass coverslip. The spin-coating procedure 

results in well-dispersed individual SWCNTs on a thin sur-

factant layer. Laser excitation at 633 nm ensured a spectral 

isolation of all Raman signals, which occur between 633 and 

770 nm, from the fl uorescence signals above 850 nm. They 

got several single fl uorescence bands with smooth line shapes, 

which can be used to analyze the electronic state of E 11 . Raman 

spectra are used to provide more reliable (n, m) assignments 

based on E 11  and diameter. [ 144,145 ]  Although the substrate can 

greatly reduce or quench PL, the effect can be eliminated if the 

SWCNTs are across trenches etched into the substrate. 

 The PL method, however, also has limitations regarding 

the characterization of chiral indices of SWCNTs. Firstly, PL 

is only applicable for semiconducting SWCNTs, because of 

the continuous DOS at the Fermi level of metallic SWCNTs 

which will quench PL. Furthermore, the most commonly used 

InGaAs detector is only applicable for emission from tubes 

with diameter less than 1.3 nm. Longer wavelength detectors 

such as the HgCdTe detector [ 146 ]  may solve this problem. The 

infl uence from the substrates or surfactants should also be 

considered during analysis of the electronic structure.   

  6.6.     Chiral Index Determined by Resonant Raman 
Spectroscopy 

 Resonant Raman spectroscopy can characterize the chiral 

index of a SWCNT individually. Raman experiments can 

be done at room temperature and under ambient pressure, 

therefore not requiring complicated preparation processes. 

For powder samples, the preparation procedure is similar to 

that for the PL method. For as-grown, aligned SWCNTs on 

a crystal surface, however, some substrates (like quartz) may 

infl uence the RBM signal of the SWCNTs, [ 136 ]  thus it is better 

to transfer the tubes onto a Si-SiO 2  substrate. With a tunable 

laser as the excitation source, we can get information about 

both E ii  and ω RBM  simultaneously, and the (n, m) indices 

can be assigned by referring to the Kataura plot, as shown 

in Figure  6 d. [ 147 ]  By using two triple-monochromator Raman 

spectrometers and a total of 125 different excitation laser 

   Figure 8.    a) The excitation-depend ν 11 /ν 22  diagram. b) Computed fi ndings from an extended tight-binding model calculation on SWCNTs. c) The 
quantum yields varying for the (n, m) indices. Reproduced with permission. [ 58 ]  Copyright 2002, AAAS. d) Absorption spectra of SWCNT solutions. 
Reproduced with permission. [ 131 ]  Copyright 2002, AAAS. 
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lines covering 1.26 eV to 2.71 eV, Araujo and co-workers got 

an almost continuous 3D Raman excitation spectrum. Each 

RBM peak in the spectrum corresponds to a SWCNT with 

E ii  in resonance with the corresponding E L . The diameters 

of the SWCNTs are given by ω RBM  = 227/d. Based on the 

Kataura plot, we can assign the (n, m) indices with certain 

(d, E ii ). Since the ω RBM –d relation varies under different con-

ditions (as shown in Table  1 ), a suitable ω RBM –d calibration 

curve for the specifi c sample is required. 

 Most Raman equipment, however, does not have a tun-

able laser. If the generating laser carries out only a few laser 

lines, not all tubes can be resonant. With a single laser line, 

the E ii  value can be usually estimated within about ±0.1 eV 

according to the resonance window width. By using the exper-

imental ω RBM  combined with the reported ω RBM –d relation 

in Table  1 , d can be calculated within an average error of 

±0.02 nm. [ 148 ]  The uncertainties in both E ii  and d provide a 

region of possible (n, m) locations with one or more points. 

To assign the accurate (n, m) from several candidates, another 

resonant laser is need. If RBM signals under both lasers are 

observed, the calculated d range from ω RBM  and the reso-

nance window of both lasers may probably locate the tube to 

a specifi c (n, m). Although the probability of a SWCNT being 

distinguishable in resonance with two or more laser lines is 

relatively low, resonant Raman spectra created with a few 

laser lines can only measure SWCNTs with small diameters 

with satisfactory accuracy, for the differences between 1/d 

are large enough to be distinguished by micro-Raman or PL 

methods. Another way to solve this problem is to use PL and 

Raman spectrometers simultaneously. 

 As mentioned in Section 3.5, G band can also be used in 

characterizing the diameter of a SWCNT. However, the fre-

quency of G band can be affected signifi cantly by strain, [ 149,150 ]  

charge transfer, [ 151 ]  and substrate identity. [ 152 ]  The shape of 

G −  peak is also widely used to distinguish metallic SWCNTs 

and semiconducting SWCNTs. Metallic SWCNTs have an 

asymmetric Breit-Wigner-Fano (BWF) peak due to phonon 

coupling with the electronic continuum, [ 153 ]  whereas semi-

conducting SWCNTs exhibit a symmetric Lorentzian peak. 

 Other Raman features, including 2D features, [ 55,154 ]  inter-

mediate frequency model (IFM) features, [ 155,156 ]  and elec-

tronic Raman scattering (ERS) [ 157 ]  have also been reported 

to characterize the chiral indices of SWCNTs, but not as 

widely as RBM features. 

 Furthermore, Raman spectroscopy can also be used in 

in-situ characterization. For example, Rao and co-workers 

reported the measurements of growth rates of individual 

SWCNTs through in-situ Raman measurements and cor-

related them with their helix angles. [ 25 ]  They employed 

laser-induced heating of catalysts on silicon pillars, which 

are formed by etching Si/SiO 2  wafers. The scattered light 

from the pillar is used to collect Raman spectra, which are 

acquired continuously during the growth of a single SWCNT 

within the laser spot. SWCNT length is calculated by inten-

sity of the G band at 1560 cm −1 . RBM is used to calculate 

the diameter of the SWCNT, which allows the assignment 

of the chiral index by the d-E ii  method. The relationship 

between helix angle and growth rate are analyzed in this 

work. 

 This method is quick, non-destructive, and the instru-

ment is generally available to a wide community user and has 

become one of the most widely used and convenient ways to 

characterize the chirality of a SWCNT. However, due to the 

obstacle of measurements of large-diameter SWCNTs, some 

other methods should be used to locate the accurate (n, m), 

like PL, resonant Rayleigh spectra and ED.  

  6.7.     Chiral Index Determined by Resonant Rayleigh Spectra 

 Rayleigh scattering involves an elastic scattering process, 

which can be greatly enhanced by the resonance effect when 

the incident photon energy matches the electronic transition 

energy. 

 To minimize background scattering and achieve a good 

signal-to-noise ratio, individual SWCNTs are suspended over 

a gap and illuminated by a focused laser beam. [ 74,158,159 ]  In 

2004, Sfeir and co-workers used standard optical lithography 

and wet etching procedures to prepare a slit on a silicon 

substrate. [ 74 ]  Flow-directed SWCNTs were prepared using a 

chemical vapor deposition process which crossed the slit, as 

shown in  Figure    9  a. The supercontinuous white-light is gen-

erated by passing femtosecond laser pulses from the output 

of a mode-locked Ti:sapphire laser operating at a wavelength 

of 800 nm through a microstructured optical fi ber. The non-

linear response of the fi ber yields radiation covering a spec-

tral range of ∼450 to 1550 nm with an average power of tens 

of milliwalts. The white light is focused with a microscope on 

the slit and is at normal incidence to a suspended SWCNT. 

The scattered light is then collected at an oblique angle in 

a confocal arrangement. The Rayleigh scattering image on 

a CCD camera is shown in Figure  9 b. RBM is used simulta-

neously to determine the diameter of the SWCNT, and the 

chiral indices of the SWCNT can be assigned.  

 Although we can get good results using this method, the 

suspended geometry limits its spatial resolution, the diameter 

range of observable nanotubes (determined by the growth 

method), and the correlation with other measurements (such 

as AFM). To overcome these problems, Joh and co-workers 

developed a so-called ‘on-chip Rayleigh image’, which real-

ized the characterization of horizontal arrays on quartz sub-

strates. [ 160 ]  They used a broadband laser-based dark-fi eld 

microscope to minimize the background scattering without 

suspending the SWCNTs, allowing Rayleigh imaging of 

SWCNTs directly on a solid substrate for the fi rst time. As 

shown in Figure  9 c, the substrate with SWCNTs was coated 

with glycerol, serving as an index-matching medium. More-

over, the laser excitation geometry prevented incident light 

from being collected by the detection optics. AFM heights 

(d AFM ) were measured after carefully removing the glycerol. 

After using a corrected experimental diameter d = d AFM  + 

0.2 nm to estimate the real tube diameter, the chiral indices 

can be assigned via the d-E ii  method. On-chip Rayleigh 

imaging can also identify and locate sudden changes along 

the length direction of individual carbon nanotubes. Figure 

 9 d shows examples of intramolecular junctions, including 

semiconductor–semiconductor and metal–semiconductor 

junctions. 
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 Resonant Rayleigh spectroscopy provides a powerful char-

acterization technique for individual SWCNTs, offering rapid 

feedback of key nanotube properties. However, the sample 

preparation for this method is relatively complex compared to 

that of resonant Raman spectroscopy. The requirement of a 

continuous laser is another limitation for its wide use.  

  6.8.     Other Methods 

 In addition to the common imaging and spectroscopy tech-

niques mentioned above, some special methods have also been 

reported for the characterization of the electronic structure of 

a SWCNT. Five methods—an absolute absorption cross-sec-

tion method, a charge-transfer bleaching method, a photocur-

rent spectroscopy method, a circular dichroism method, and an 

X-ray diffraction method—will be introduced in this section. 

  6.8.1.     Absolute Absorption Cross-Section 

 Early in 2002, the chirality dependence of SWCNT optical 

transition energies was established. [ 58 ]  However, much less 

information is available for the cross sections of SWCNTs. 

In 2004, Islam and co-workers fi rst reported the absorption 

cross section of a SWCNT of 1.7 × 10 −18  cm 2  per C-atom for 

E 22 . 
[ 161 ]  The spectrum of their sample was broad and struc-

tureless, which suggested that the value is a combination 

of multiple unresolved absorption peaks. Because of the 

abundant content of (6, 5) species in CoMoCAT and HiPco 

samples, many groups have focused on 

the absorption cross section of (6, 5) 

SWCNTs. [ 162–165 ]  In recent years, much 

work has been reported on the relation-

ship between the structure and the adsorp-

tion cross section. Wang and co-workers 

compiled an atlas based on simultaneous 

electron diffraction measurements of 

the chiral index and Rayleigh scattering 

measurements of the optical resonances, 

which allow identifi cation of the chiral 

index of a SWCNT from a measurement 

of its optical resonances. [ 166 ]  They fi rst 

realized high-throughput and quantitative 

determination of nanotube absorption 

cross-sections over a broad spectral range 

at a single-tube level for more than 50 

individual chirality-defi ned SWCNTs. [ 167 ]  

This proved that the absolute absorption 

cross-section could be used to charac-

terize the structure of SWCNTs. In 2014, 

Weisman and co-workers measured peaks 

and spectrally integrated absolute absorp-

tion cross sections for the fi rst (E 11 ) and 

second (E 22 ) optical transitions of seven 

semiconducting SWCNT species in a bulk 

suspension. [ 168 ]  They found that the cross 

sections per carbon atom decrease with 

increasing nanotube diameter, and E 11  

absorptions are stronger than E 22 . How-

ever, in experiments on single SWCNTs, 

the attenuation measurements are still challenging, [ 168 ]  

which would limit its application.  

  6.8.2.     Charge-Transfer Bleaching 

 UV/vis/NIR absorbance spectra have been used to monitor 

electron transfer between small molecule redox reagents 

and SWCNTs by Zheng and Diner. [ 162 ]  (6, 5) SWCNTs were 

enriched by DNA-wrapping, and K 2 IrCl 6  was used as an oxi-

dant. Changes in the fi rst van Hove absorbance spectra of the 

nanotubes were observed. The reduction potential of SWCNTs 

is found to increase with increasing bandgap and decrease 

with the introduction of an anionic dispersant. O’Connell 

and co-workers made a further study of the reactivity of 

HiPco nanotubes, suspended in SDS solution with 4-amino-

1,1-azobenzene-3,4-disulphonic acid (AB). [ 169 ]  Relative inten-

sity as a function of time for fl uorescence was fi tted as a pseudo 

fi rst-order reaction. Moreover, they noted that the near-linear 

dependency of the Fermi level on the bandgap directly trans-

lates to the observed near-linearity in the reaction rates. This 

could help to measure the electronic structure of a SWCNT.  

  6.8.3.     Photocurrent Spectroscopy 

 A carbon nanotube device was fabricated starting from 

a piece of Si wafer covered with 285 nm thermal SiO 2  by 

   Figure 9.    a) SEM image of a SWCNT on a silicon substrate. b) Rayleigh scattering imaging 
of the SWCNT. Reproduced with permission. [ 74 ]  Copyright 2004, AAAS. c) Schematic of the 
optical setup of an on-chip Rayleigh image. d) Representative spatial Rayleigh images of 
intramolecular junctions. Reproduced with permission. [ 160 ]  Copyright 2010, ACS. 
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Barkelid and co-workers. [ 170 ]  Trench gates were patterned 

using electron beam lithography followed by the evaporation 

of Pt. The carbon nanotubes were grown in a CVD oven at 

900 °C under CH 4  and H 2  fl ow. For the photocurrent image, 

the refl ected light from the sample was collected by a photo-

diode, generating a refl ection image of the sample. Simulta-

neously, the current through the SWCNT was measured for 

every laser coordinate, generating the photocurrent image. 

External quantum effi ciencies of 12.3% and 8.7% were 

obtained for the E 11  and E 22  optical resonances, respectively, 

and this set a lower limit for the absorption coeffi cient for 

a single semiconducting carbon nanotube. This phenomenon 

could also be helpful to analyze the electronic structure of a 

SWCNT.  

  6.8.4.     Circular Dichroism (CD) 

 With the exception of structures with high symmetry (the 

so-called armchair and zigzag tubes), all nanotubes are 

chiral, that is, the tubes possess either right- or left-handed 

helicity. Among the methods discussed above, only STM, 

TEM, and graphite-assisted AFM can distinguish the right- 

and left-handedness of the tubes. It has been predicted 

that pure SWCNT enantiomers should exhibit circular 

dichroism (CD). [ 30,171,172 ]  Dukovic and co-workers showed 

that a racemic mixture of nanotubes exhibits CD when the 

SWCNTs are wrapped with DNA. [ 173 ]  In the corresponding 

CD spectrum, peaks associated with the E ii  transitions are 

clearly evident, which can be used to assign the chiral index. 

Nanotubes solubilized with sodium dodecyl benzenesulfonate 

(NaDDBS), a nonchiral surfactant, do not exhibit CD. This 

suggests that either wrapping selects one nanotube enanti-

omer over the other, the observation of CD signal is inherent 

to a chiral nanotube, or the inherent chirality of DNA induces 

the CD signal in a racemic mixture of SWCNTs. This offers a 

way to characterize the helicity of a SWCNT.  

  6.8.5.     X-Ray Diffraction 

 In addition to electronic diffraction, X-ray diffraction 

(XRD) can also afford a geometrical determination of 

SWCNT. Powder XRD measurements were carried out to 

determine the effectiveness of the proposed method. Highly 

enriched SWCNTs with certain chiralities were prepared 

from a purchased SWCNT material using a combination of 

gel-separation [ 174 ]  and density gradient ultracentrifugation 

purifi cation [ 175,176 ]  techniques. Powder XRD patterns were 

then observed for the purifi ed samples. The measurements 

were performed using synchrotron radiation with a wave-

length of 1 Å at beam lines. The SWCNT sample was sealed 

in vacuum inside a quartz tube after thorough evacuation 

at 770 K to remove materials adsorbed both inside and out-

side the SWCNTs. [ 177 ]  The fi ne structures appear around 

Q > 5 (1/Å) region, depending on the SWCNT sample’s chi-

rality distribution. The analysis of the fi ne structure is dis-

cussed in detail in reference  [ 178 ] , and will not be described 

here.    

  7.     Conclusion 

 The geometry, expressed by chiral index (n, m) of SWCNTs, 

plays an important role in determining their structure-related 

properties. Depending on different mechanisms, imaging tech-

niques and spectroscopy techniques can be used to probe (n, m). 

 Table    3   shows the substrate of the methods mentioned above.  

 As compared with spectroscopy techniques, imaging tech-

niques are more relevant and direct for the characterization 

of individual SWCNTs independently. STM and TEM pro-

vide atomic-resolution graphs and structures of defects, and 

ends can be observed as well. Furthermore, left- and right- 

handed SWCNTs can be distinguished by these methods. 

ED can be used to characterize the structure of each layer 

in multiwalled tubes, especially double-walled tubes, from 

the diffraction pattern. These methods can characterize any 

given structure of a SWCNT, which is independent of the 

structure of electric or phonon. However, the problem with 

these methods is that the sample preparation is very compli-

cated. Special substrates or suspended conditions are often 

required, and an ultrahigh vacuum system is also needed. 

Being treated with high voltage or an electron beam, samples 

are easily damaged. Furthermore, imaging techniques usually 

require long data acquisition times, which limit their use as a 

general large-area or large-amount characterization method 

for arrays or powder-like SWCNTs. 

 Most spectroscopy techniques can work at room tem-

perature and under atmospheric conditions, and the sample 

preparation is simple. Optical images of SWCNTs allow rapid 

and easy visualization. The quick response time and con-

venient sample movement make it easy to realize large-area 

mapping, which is useful for characterizing SWCNT arrays. 

Meanwhile, the measurement procedure is usually noninva-

sive to the sample. Spectroscopy techniques also have their 

limitations. Firstly, the accuracy of determination is relatively 

poor for large-diameter SWCNTs, which can be explained as 

the decreasing of Δ(1/d) when d increases. Hence two or more 

methods are usually required to ensure accuracy. Secondly, 

some spectroscopy techniques only work for certain material 

types, for example, PL can only characterize semiconducting 

SWCNTs, and single-wavelength Raman spectroscopy can 

only characterize parts of resonant tubes. That is to say, spec-

troscopy, especially Raman, is mostly used to obtain statistical 

results on a large amount of samples. Imaging techniques like 

ED, however, are good at characterizing one SWCNT with 

visual information, and can also provide convincing evidence 

of (n, m) as a supplement of spectroscopy. 

  Table 3.    Substrates of the different methods.  

Substrate Example Method

Amorphous Si(SiO 2  coating);Glass 

coverslip

AFM, Raman, 

FL, RRS

Lattice with interaction Sapphire; Graphite Raman, AFM, STM

Lattice without interaction Au(111) STM

Suspended —— TEM, SAED, Raman, 

FL, RRS

Solution Aqueous FL
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 Though many constructive works have been reported 

in the past 20 years, comprehensive and accurate methods 

to conveniently determine the (n, m) structure of any given 

SWCNT is still a great challenge. More structure-related 

properties should be in-depth understood, so as to develop 

new methodologies and techniques. Thus, the room for 

improvement is still broad, and more effort is still needed.  
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