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CHAPTER I 
 

INTRODUCTION 

 

1.1 History of Carbon Nanotube (CNT) 

The first time that the world explore carbon nonotube is not certainty but 
many group believe that carbon nanotube might have used to contribute the strength of 
steel in the middle ages, roughly 5th to 15th century. In 1952 Radushkevich and 
Lukyanovich reported hallow graphitic carbon tubular form nature that are 50 
nanometers in diameter in Journal of Physical Chemistry of Russia. However, the access 
to Russian publications was not easy in the period of the cold war and Russian 
language was no encouraging thus, this finding was not listed in databases1, 2. In 1976 
the hallow carbon fiber with nanometer scale diameter synthesized by chemical vapor 
deposition technique was shown by Oberlin, Endo and Koyama3. In 1979 carbon 
nanotube synthesized on carbon anode in arc discharge was presented at the 14 th 
Biennial Conference fo Carbon at Pennsylvania State University by Abrahamsom4 as 
carbon fibers and it was characterized and hypothesized for their growth at low 
pressures in nitrogen atmosphere. The popular literature attributes the discovery of CNT 
synthesized by arc discharge was presented by Ijima5 in 1991. After that, due to their 
excellent physical, chemical mechanical and electronic properties, carbon naonotube 
are being the most studied carbon-based nanomaterial. 

1.2 Structural and chiral vector of Carbon Nanotube 

Carbon nanotube is an alltrope of carbon with its shape like a cylindrical 
tube of carbon atoms in the quasi-one dimensional structure. It can be categorized as 
single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotube 
(MWCNTs) as shown in Figure 1.1. The SWCNT structure can be conceptualized by 
Hamada notation which is the wrapping of a carbon sp2 layer called graphene sheet into 
the cylindrical shape. The wrapped direction is mostly represented by a pair of indices 

   



 
 

2 

(n,m) called the chiral vector6 as illustrated in figure 1.2. The integer n and m refer to the 
size of vectors along two directions defined by unit vectors R1 and R2 in the graphene 
sheet. If n=m, the SWCNT are called armchair. If m=0, the SWCNT are called zigzag. 
Otherwise are called chiral as shown in figure 1.3.   

 

a)  b)  

Figure 1.1 structural displays of a) SWCNT and b) MWCNT 



 
 

3 

mR2

nR1 zigzag

armchair
R1

R2

(n,0)

(n,n)

Ch=nR1+mR2

chiral (n,m)

 

Figure 1.2 The direction of wrapping defined by two directional vector R1 and R2 on the 
graphene sheet  

 

a)     b)            c) 

Figure 1.3 The structures of a) zigzag b) armchair and c) chiral SWCNT 
  



 
 

4 

1.3 Electronic Properties of Carbon Nanotube 

The potential applications of carbon nanotube are enormous. Major 
applications often take advantage of their unique electronic properties. The uniqueness 
on electronic properties of SWCNT is directly related to their structures. It is generally 
accepted that SWCNTs with (n-m)/3 = integer are metallic otherwise they are 
semiconductor7. All armchair (n=m) and zigzag with n being a multiple of 3 carbon 
nanotubes are metallic, and other zigzag carbon nanotube are semiconductor. This is 
known as the 1/3 rule preformed by zone folding approximation (ZF)7, 8. The band gap 
energy of semiconductor zigzag SWCNTs was found to decrease inversely with tube 
diameter and chiral vector by ZF prediction. This result is in agreement with the Hartree-
Fock approximation9. However, the reliability of ZF as well as the HF method for 
predicting the band gap energy is often questioned. Recently, while the density 
functional theory (DFT)10, 11 calculations revealed zigzag SWCNTs (n,0) with n=3-5 to be 
metallic, HF and ZF predicted them to be insulator and semiconductor, respectively. 
Due to the σ-π hybridization effect11 becomes more important with decreasing tube 
diameter. However, the σ-π hybridization effect can increase the steric repulsion inside 
the tube such that smaller diameter tubes are energetically less favorable than larger 
tubes. Previously, growing of SWCNT with very small diameter was produced inside 
zeolite channels12 and multi-walled nanotubes13. It shows that the energetic effect of 
small diameter nanotube can be modified if taken in to account14 the steric repulsion 
inside the channel. 

An effective and efficient way to modify the electronic properties of 
semiconductor is by heteroatom substitution. For CNTs, substitution of carbon atoms by 
boron or nitrogen atoms has been the most-studied at the level of experimentals15-23 and 
theoreticals24-27. It is found that the band gap energy and Fermi energy level of doped 
SWCNTs can be controlled by dopant atom. However, the most of theoretical 
calculations did not investigate the electron spin of doped SWCNTs system except the 
work of Owens et al.28. They investigated electron spin and magnetic properties of boron 
or nitrogen doped SWCNTs by using HF theory with cluster model of doped SWCNTs. 
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Their result revealed that the most favorable configuration, the high spin electronic state 
in boron or nitrogen doped zigzag SWCNT, has been observed. However, the 
representation of SWCNTs by the cluster model is questionable. Doping of both boron 
and nitrogen atoms represent a promising approach for modifying the electronic 
properties of CNTs as a function of their chemical composition. However, boron nitride 
nanotube are semiconductors with a constant gap of 5.8 eV9 without depending on their 
geometries whereas it is well known that undoped SWCNTs present a metallic and 
semiconductor behavior with depending on their geometry (chiral vector). Recently, the 
synthesis of B-N doped SWCNTs was reported by using chemical vapor deposition29, 
laser ablation16 and arc discharge15. It is shown that B-N doping in SWCNTs can 
decrease the band gap energy. Moradian and Azadi30 investigated the B-N doped 
zigzag (10,0) SWCNTs by using DFT calculation of average quantities contribution of 
each configuration of doping. They found that band gap energy of the B-N doped 
SWCNTs can be controlled by the concentration dopant. However, the effect of B-N 
doping position is still questioned.  

Another important fascinating property of CNT is a high mechanical 
strength related to be 100 times stronger than steel9, 31-33. Thus, it is a promising material 
for device under high pressure conditions. However, few investigations on electronic 
properties of SWCNTs under external pressure have been performed under various 
strains9, 34-36. The results indicate the significant dependent of the tube strain on the band 
gap energy. Normally, these strains can be induced by chemical treatment, electric and 
magnetic fields, and mechanical means. However, to our knowledge the investigation on 
electronic properties under external pressure of B-N doped SWCNTs has not yet been 
reported. 
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1.4 Objective of the Present Study 

on the objective of this work is to investigate the uniqueness of electronic 
and properties and mechanical properties of SWCNTs by using density functional theory 
calculation. Specifically, we aim to: 

I. Study effect of tube diameter and chiral vector on electronic structure of 
SWCNTs,  

II. Study effect of boron and nitrogen doping on electronic structure of SWCNTs,  
III. Study effect of external pressure on electronic structure of undoped and B-N 

doped SWCNTs, and  
IV. Study the mechanical properties of undoped and B-N doped SWCNTs  
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CHAPTER II  
 

THEORY 

 

2.1. Quantum Mechanics 

Before the twentieth century, objects can be described as the rigid body 
particles with mass ‚𝑚‛. Their properties could be calculated according to classical 
mechanics such as  

Kinetic energy    =1

2
𝑚𝑣2                                                      (2.1) 

Force                  = 𝑑𝑝

𝑑𝑡
=

𝑑 𝑚𝑣 

𝑑𝑡
= 𝑚𝑎                                              (2.2) 

where 𝑣 is the velocity of the object 
           𝑝 is the momentum of the object 
           𝑡 is the time progresses 

Later, it became clear that classical mechanics alone were incapable of 
explaining several phenomena especially for very small objects such as electrons and 
other subatomic particles. These limitations of the classical mechanics led to a 
revolution in scientific principles, and quantum mechanics (QM) has then been 
developed in the early decades of the 20th century. 

Quantum mechanics is an accepted scientific principle which describes 
the behavior of small particles in atomic and subatomic scales. Schrödinger equation or 
wave mechanic is per se the usual formulation for solving quantum mechanical 
problems or chemical problems. This equation is based on the concept of wave-particle 
duality, all matter exhibits both wave-like and particle-like properties. According to Louis 
de Broglie37,  the particle wavelength, λ, which is a wave-like property of a particle is 
related to its linear momentum, 𝑝 
                                                                𝑝 =

ℎ

𝜆
                                                     (2.3) 

where ℎ is Plank’s constant. 
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Hence, following this concept and the mathematical description of the 
differential equation for the standing wave, Erwin Schrödinger proposed famous 
equation that bears his name 

                          −
ℎ2

8𝜋2𝑚
∇2 + 𝑉  Ψ = 𝐸Ψ.                                         (2.4) 

Here Ψ is the wavefunction, 𝑉  is the potential operator, E is the system 
energy, and ∇ is the differential operator.  

In abbreviation, the equation is written as 

           𝐻 Ψ = 𝐸Ψ                                                 (2.5) 
when                                                    𝐻 = 𝑇 + 𝑉                                               (2.6) 

where 𝐻  is the Hamiltonian and 𝑇  is the kinetic operator. 

In mathematics, an equation of this form is called an eigen-value 
equation. Ψ is called the eigenfunction and E is an eigenvalue. According to 
Heisenberg, the operator and eigenfunction can be represented as matrix or vectors, 
respectively. 

In quantum chemistry, the wavefunction Ψ is a function of the electron 
and nuclei positions. The square of this function is a probabilistic description of electron 
and nuclei behavior. As such, it can describe the probability of electrons and nuclei 
being in certain locations, but it cannot give exact locations of the particles. The 
wavefunction is also called a probabilities amplitude. In order to obtain a physically 
relevant solution of the Schrödinger equation, the wave function must be continuous, 
single-valued, normalizable and antisymmetric with respect to the interchange of 
fermion particles. The total Hamitonian operator can be written in terms of the kinetic 
and potential operators of nuclei and electrons. 

              𝐻 𝑡𝑜𝑡 = 𝑇 𝑛 + 𝑇 𝑒 + 𝑉 𝑛𝑒 + 𝑉 𝑒𝑒 + 𝑉 𝑛𝑛                          (2.7) 

where  𝑇 𝑛  is the kinetic operator of nuclei, 𝑇 𝑒  is the kinetic operator of 
electrons, 𝑉 𝑛𝑒  is the potential operator representing electron-nucleis attraction, 𝑉 𝑒𝑒 is the 
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potential operator representing electron-electron repulsion, and 𝑉 𝑛𝑛   is the potential 
operator representing nucleis-nucleis repulsion. 

With such complexily Hamiltonian, solving the Schrödinger equation 
exactly is impossible. To reduce the complexation, the Hamitonian operator can be 
separated into two parts to a good approximation, where one part describes the 
electronic motion and another part describes nuclear motion. This approximation is 
called Born-Oppenheimer approximation. It is convenient to decouple these two 
motions, and compute electronic energy for fixed nuclear positions. The nuclear kinetic 
energy term is taken to be independent of the electrons, correlation in the attractive 
electron-nuclear potential energy term is eliminated and the repulsive nuclear-nuclear 
potential energy term becomes a simply evaluate constant for a given geometry. Hence, 
the electronic Hamitonian is taken to be  

                             𝐻 𝑒𝑙 = 𝑇 𝑒 + 𝑉 𝑛𝑒 + 𝑉 𝑒𝑒                                             (2.8) 
and the electronic Schrödinger equation is  

      𝐻 𝑒𝑙Ψel 𝐪𝐢, 𝐪𝐤 = 𝐸𝑒𝑙Ψel 𝐪𝐢, 𝐪𝐤                   (2.9) 

where subscript ‘el’ emphasizes the invocation of the Born-Oppenheimer 
approximation and 𝐪𝐢 is the electronic coordinate and the 𝐪𝐤 is the nuclear coordinate 
which is treated as parameter. The eigenvalue of the electronic Schrödinger equation is 
the electronic energy. If the electronic Schrödinger equation is solved, the nuclear 
Schrödinger equation can also be solved with electronic energy being the potential 
term. However, the Schrödinger equations for electronic system can exactly be solved 
only for the one electron system. Methods of approximation have been developed for 
solving the Schrödinger equations for many-electron systems. 

2.2 Spatial Orbital and spin orbitals. 

An orbital has been defined as a one-electron wavefunction. A spatial 
orbital φi(r) is a function of the position vector 𝑟 and give details of an electron spatial 
distribution such that  φ𝑖(𝑟) 2𝑑𝑟 is the probability of finding an electron in the small 
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proximity 𝑑𝑟 surrounding 𝑟. To have such meaning, a set of spatial orbital satisfies the 
orthonormal condition. 
     𝑑𝑟 φ𝑖

∗ 𝑟 𝜓𝑗  𝑟 = 𝛿𝑖𝑗                            (2.10) 

If the set of spatial orbitals  φ𝑖(𝑟)  were complete, then any arbitrary 
function 𝑓(𝑟) colud be exactly expanded as  

                  𝑓 𝑟 =  𝑎𝑖φ𝑖 𝑟 ∞
𝑖=1              (2.11) 

The wavefunction for an electron that describes both its spatial 
distribution and spin is the spin orbital, 𝜒(𝑥), where 𝑥 indicates both spatial and spin 
coordinates. 

                     𝜒(𝑥) =  
φ 𝑟 𝛼(𝜔)

𝑜𝑟
φ(𝑟)𝛽(𝜔)

                        (2.12) 

2.3 Hartree-Fock approximation 

Since the orbital model is a very attractive one, and it is clear to be used 
successfully as the model for atom, molecule and solid state. The Hartree-Fock 
approximation (HF) solves the electronic Schrödinger equation for many-electron 
systems by assuming a single electron moves in the potential that averages out the 
effects of the nuclei and the remaining electrons. Electron repulsion is certainly not taken 
to be zero, but the HF approximation cannot treat the finer details of electronic structure 
theory that are caused by the instantaneous repulsion between electrons. 

The HF approximation defines the ground state of N-many-electron 
wavefunction by Slater determinant. 

)()()()(

)3()3()3()3(

)2()2()2()2(
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or in case of restricted closed-shell Hartree-Fork (RHF) where N = n2  
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
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
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)2()2()2()2()2()2(

)3()3()3()3()3()3(
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)!2(
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n
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





   …..   (2.14) 

where 1

  2𝑛 !
 is the normalization constant 

Although there is no exact analytical solution to the Schrödinger equation 
for system that contains more than one electron, the standard numerical techniques can 
achieve approximate solutions. The usual approach in quantum chemistry is to build the 
total wavefunction from the linear combination of a set of orthogonal functions called 
‘basis function’. In practice, the basis set is refered to a set of atomic orbitals, so this 
approach is called ‘Linear Combination of Atomic Orbital to form Molecular Orbital 
(LCAO-MO). Thus, the molecular orbital 𝑖 (𝜑𝑖) can be built form 𝑘 atomic orbitals  (𝜙𝑘 )  







 ii c



1

            (2.15) 

where 𝑐𝜇𝑖  is the molecular coefficient. 

Form an approach which constructs a determinantal wavefunction from a 
set of LCAO-MOs, what it remains is to verifty the MO coefficients  (𝑐𝜇𝑖 ). This could 
be achieved by optimizing the molecular wavefunction for a particular system with the 
variation method. The procedure would guarantee that the energy eigenvalue is always 
an upperbound to the exact energy. Thus, the lowest energy from the minimized set of 
molecular coefficients will give the best approximation to the exact wavefunction for the 
chosen basis set. 

The variational constraint leads to a set of algebraic equations 
(Roothaan-Hall)38, 39 for 𝑐𝜇𝑖  expressed in matrix form as 
     𝐅𝐂 = 𝐒𝐂𝛆              (2.16) 

where 𝐂 is the matrix of MO coefficient, 𝐅 the Fock matrix which is the 
sum of a term representing the energy of a single electron in the field of the bare atomic 
nuclear and a term describing electron-electron repulsion within an averaged field of 
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electron density, 𝐒 is the matrix which describing the overlap of molecular orbitals and 𝛆 
is the diagonal matrix containing the energies of each orbital.  

Since the terms within the Fock matrix 𝑭 depend upon the electron 
density, which in turn, depends upon molecular wavefunction defined by the matrix of 
MO coefficients 𝑪. The Roothan-Hall equation is nonlinear and must be solved by an 
iterative method so, it is called ‘self-consistent field’ (SCF) method. Leading to 
convergence of the SCF method, the minimum-energy MOs produce the electric field 
which generates the same orbitals (hence, the self-consistency). 

However, each electron in HF approximation moves in an average field 
of other electron and nuclear thus, this approximation neglects electron correlation that 
can lead to the large deviation from exact values.  

2.4 Density functional theory 

Density functional theory (DFT) is a method to investigate the electronic 
structure. In this theory, the properties of system are considered by using functionals of 
electron density. Thus, this method is called density functional theory. The DFT reduces 
the dimension of the electronic structure theory drastically. The only problem left is that 
the universal functional connecting to the electron density are still unknown. DFT is very 
popular for calculations of solid state physics since 1970s because its results for solid 
state systems agreed well with experiment data in many cases.  Now, DFT is the most 
popular method for investigation of electronic structures in chemistry and physics. 
However, the main problems for recent functionals of DFT are the inability to 
systematically improve them and the poor description of van der Waals interactions. 

Density functional theory was proven by the two Hohenberg-Kohn 
theorems40. The first theorem expresses that the ground state properties of a N-electron 
system are uniquely defined by the ground state electron density (𝜌). Thus, the ground 
state energy (𝐸0) is the functional of 𝜌, written as 𝐸0 = 𝐸0[𝜌]. However, this theorem 
did not propose the means to obtain the exact 𝜌. 
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The second Hohenberg-Kohn theorem proves that the energy functional 
of the trial ground state density, 𝜌 , is an upperbound to the exact energy, 𝐸0.  

𝐸𝑡𝑟𝑖𝑎𝑙 [𝜌 ] ≥ 𝐸0[𝜌]            (2.17) 

However, this theorem still was not proposed to compute the energy from 
the trial electron density.  

In 1965, Kohn and Sham41 suggested an idea to calculate the ground 
state energy based on the N-electron non-interacting system. For this system, the 
ground state energy can be expressed as  

 𝐸 𝜌 = 𝑇𝑠 𝜌 + 𝑉𝑛𝑒  𝜌 + 𝐽[𝜌] + 𝐸𝑥𝑐 [𝜌]                 (2.18) 

                 = −
1

2
  𝜑𝑖 ∇

2 𝜑𝑖 

𝑛

𝑖=0

+   
𝑍𝛼𝜌 1 

 𝑟1𝛼  
𝑑𝑟 

𝛼

+
1

2
 

𝜌 1 𝜌 2 

𝑟12
𝑑𝑟1    𝑑𝑟2    + 𝐸𝑥𝑐 [𝜌] 

where  𝜑𝑖  is Kohn-Sham orbital, 𝑇𝑠 𝜌  is the kinetic energy functional for independent 
electron, 𝑉𝑛𝑒  𝜌  is the electron-nuclear attraction functional or external potential, 𝐽[𝜌] is 
the coulomb interaction functional and 𝐸𝑥𝑐  𝜌  is the exchange-correlation energy 
functional. 𝜌 1  can be expressed as 

   𝜌 =   𝜑𝑖 
2𝑛

𝑖=1                (2.19) 

The final term in equation 2.18, the exchange-correlation energy 
functional, is the only term that is still unknown. The first simple and good approximation 
is to assume that the density is a slowly varying function. It means that the density is 
local and can be treated as a uniform electron gas. For LDA, the exchange-correlation 
energy functional (𝐸𝑥𝑐 [𝜌]) can be written as 
    𝐸𝑥𝑐

𝐿𝐷𝐴 𝜌 =  𝜌 𝑟 𝜀𝑥𝑐 (𝜌 𝑟 )𝑑𝑟            (2.20) 
where 𝜀𝑥𝑐 (𝜌 𝑟 ) is the exchange-correlation energy per particle of a uniform electron 
gas of density 𝜌 𝑟 . This term can be split in to exchange (𝜀𝑥 ) and correlation (𝜀𝑐 ) 
contributions. 
    𝜀𝑥𝑐 𝜌 𝑟  = 𝜀𝑥 𝜌 𝑟  + 𝜀𝑐 𝜌 𝑟             (2.21) 
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The exchange functional part is first given by Dirac formula and has 
been developed by Slater42 (S) in 1972. The correlation functional part, which is purely 
dynamical correlation, has been parameterized from the quantum Monte Carlo results 
by Vosko, Wilk and Nusair43 (VWN). This approximation can be extended to the 
unrestricted open shell system and it is called the ‚local spin-density approximation‛ or 
LSDA.  

 𝐸𝑥𝑐
𝐿𝑆𝐷𝐴 𝜌𝛼𝜌𝛽  =  𝜌 𝑟 𝜀𝑥𝑐 (𝜌𝛼 𝑟 , 𝜌𝛽 (r))𝑑𝑟            (2.22) 

To improve over the LSDA approach, the non-uniform electron gas must 
be considered. The first derivative of the electron density has been included to the 
exchange and correlation functionals.  Such the approach is known as the ‚Generalized 
Gradient Approximation‛ (GGA) or non-local approximation.  
  𝐸𝑥𝑐

𝐺𝐺𝐴  𝜌𝛼𝜌𝛽  =  𝜌 𝑟 𝜀𝑥𝑐 (𝜌𝛼 𝑟 , 𝜌𝛽  𝑟 , 𝛻𝜌𝛼 𝑟 , 𝛻𝜌𝛽  𝑟 )𝑑𝑟         (2.23) 

Using GGA, improved results for molecular geometries and ground-state 
energies are obtained. In particular, the most widely used GGA functional for the solid 
state system is the Perdew-Burke-Ernzerhof44 (PBE) exchange-correlation functional, a 
direct GGA parameterization, because it can give reasonable bond length and good 
lattice constants in bulk solid45. Although DFT results are usually accurate for most 
systems, there is no systematically way for improving these functionals. Thus, the 
current DFT approach can not estimate the error of the calculation without comparing to 
other methods or experimental results.  

2.5 Basis sets 

The basis set is the set of orthogonal functions used for construction of 
molecular orbitals. These functions usually are functions which used for described 
atomic orbitals for atomic and molecular system, therefore they center on atoms. The 
atomic orbitals are Slater type orbitals that decayed exponentially with distance from the 
nucleus. However, the overlap and 2-electron integrals with Slater-type orbitals are 
difficult to calculate analytically. Therefore, Gaussian-type orbitals that lead to simpler 
integrals and reduced computational costs were preferred instead. Another alternative is 
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the basis function which gives numerical values on an atomic-centered spherical-polar 
mesh. This type of basis set is called ‚numerical basis set‛. For the numerical basis 
set46, 47, the radial part is obtained by solving the atomic DFT equations numerically. In 
addition, a reasonable level of accuracy is usually obtained by using about 300 radial 
points from the nucleus to an outer distance of 10 Bohr. A set of cubic spline for each of 
the 300 sections are stored radial functions thus, the radial part is piecewise analytic. 
The use of the exact DFT spherical atomic orbitals has several advantages. The 
molecule can be dissociated exactly to its constituent atoms. The basis set 
superposition effects has been minimized. Therefore, it can give the excellent results 
even for weak bonds. 

The most simple of the molecular orbitals operate only one basis function 
for each atomic orbital up to the valence orbitals. These basis set is minimal basis set. 
Conversely, the minimal basis set still cannot describe well in most cases since, the 
exponent has only one value. This effect lead to an inability to explain differently charge 
distribution on atom and the size of orbital cannot be changed in the different 
environment. To increase the flexibility, the basis set is decontracted. When two or more 
basis functions are used to describe each atomic orbital, the basis set is called the 
extended basis set. In the split-valence basis set, two functions (or more) are required 
for description of the atomic orbital in the valence space, while orbitals for inner core 
electrons are treated with single function. Examples of the spilt-valence basis set are 
SVP, 6-31G and DN basis sets.46, 47 Nevertheless, the extended basis set still give the 
unsophisticated results in the case of high polar or high strain systems. Since, the 
flexibility on the shape of orbitals is needed to be included. The higher angular 
momentum functions are added to increase the flexibility of the orbitals. This expansion 
is called polarization function. For example, DN basis set is added with single d function 
on all non-hydrogen atoms and DND basis set is formed. DNP basis set is expanded 
from DND by including a p function on hydrogen atom.  
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2.6 Periodic calculations 

A fundamental unit cell being repeated to from an infinite system can be 
used to described the periodic system. Not only periodicity can be extended in three 
dimensions as in solid state system but also be in one or two dimensions as in polymer 
and surface systems. The three dimensions unit cell can be considered with lattice unit 
vactor 𝑎𝑖  where 𝑖 = 1, 2 and 3 spanning the physical space, with length and the angles 
between them defining the shape. For the simplest cell, it could take 𝑎1 = (1,0,0); 𝑎2 = 
(0,1,0) and 𝑎3 = (0,0,1). The periodic system can be generated by translation of the unit 
cell. 

The periodicity of the centered atoms in the system requires that the the 
wavefunction and the electron density must display the same periodicity. The Bloch 
theorem is used to describe the periodicity. It states that the wavefunctions at equivalent 
positions in different cell are related by a complex phase factor connecting the lattice 
vector R and 𝑎 vector in the reciprocal space. 

   𝜙 𝒓 + 𝑹 = 𝑒𝑖𝒌∙𝑹𝜙(𝒓)           (2.24) 
where vector 𝒓 discribe a point in real space while vector 𝒌 discribe a point in reciprocal 
space. 

The Bloch theorem expresses the crystalline orbital (𝜙) for the nth band 
in the unit cell and can be written as a wave-like part and cell-periodic part (𝜑) called a 
Bloch orbital 

   𝜙𝑛,𝒌 𝒓 = 𝑒𝑖𝒌∙𝑹𝜑𝑛(𝒓)         (2.25) 

The Bloch orbital can be expanded into a set of nuclear-centered basis 
function (𝜒𝑗 ). 
   𝜙𝑛,𝒌 𝒓 =   𝑐𝑛𝑗𝑅

𝑚
𝑗 𝑒𝑖𝒌∙𝑹𝜒𝑗 (𝒓 + 𝑹)           (2.26) 

Now, the system has been transformed to an infinite number of orbitals in 
only treating within unit cell. The solutions become a function of the reciprocal space 
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vector 𝒌 within the first Brillouin zone. Hence matrix equation of the variation problem 
has been formulated to equation 2.27 

   F𝒌C𝒌 = S𝒌C𝒌ε𝒌                       (2.27) 

The solutions are continuous as a function of 𝒌, and provide a range of 
energies called a band energy. Total energy per unit cell can be calculated by 
integrating over 𝒌 space. As the principle in molecular system, the equivalent of the 
highest occupied molecular orbital (HOMO) is the Fermi energy level. The energy 
different between the top of the highest filled band and the bottom of the lowest empty 
band is called band gap. It is equivalent to HOMO-LUMO gap in molecular system. The 
systems with a zero band gap are metallic. Those with a non-zero band gap are 
insulator or semiconductor. It is depending on size of the gap compared with the 
thermal energy kT. 
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CHAPTER III 
 

COMPUTATIONAL DETAILS 

3.1 Effect of Tube Diameter  

Structures of zigzag (n,0) and armchair (m,m) single-walled carbon 
nanotubes (SWCNT), where n being 4-26 and m being 4-14 with tube diameter from 3-
20 Å were generated by the Material Studio 4.3 program. The periodic boundary 
condition48 (PBC) was implemented. The 1x1x2 and 1x1x3 supercells were employed for 
zigzag and armchair SWCNTs, respectively, as shown in Figure 3.1. The carbon 

nanotubes were placed in a tetragonal cell with following cell constants, α = β = 90° 

and γ = 120º. Structure and cell volume optimizations and energies were carried out 
using density functional calculations based on generalized gradient approximation 
(GGA) with Perdew, Burke and Ernzerhof44 (PBE) exchange-correlation functional with 
Dmol3 package. For basis set, double numerical basis set plus d polarization function 
(DND) was used46, 47. Density of state and orbital analysis were carried out within the first 
Brillouin zone. The k-point sampling was made 4 k points along the tube and gamma 
points within the Monkhost-Pack scheme49.  

a)    b) 

 

 

 

 

 

 

Figure 3.1 Structures in PBC of a) zigzag SWCNT and b) armchair SWCNT 
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3.2 Effect of B-N Doping  

Two pairs of boron and nitrogen atoms have been substituted on carbon 
atoms in zigzag (8,0) and armchair (5,5) SWCNT to control the dopant concentration at   
approximately 3% to simulate experimental concentration. The B-N doping position were 
varied to investigate possible doping sites. The boron atoms were defined as the 
reference position. The substitution of nitrogen atoms perimeter circumference was 
done in two directions, i.e period and round directions, as shown in figure 3.2. The 
round postion starts from 0-8 and 0-9 for zigzag and armchair, respectively. The position 
zero refers to the Boron reference. The period direction starts from a-d for all models. a 
being the Boron reference. All B-N doped SWCNT structures were generated with the 
Material Studio 4.3 program in the periodic boundary conditions (PBC). The 3 spin 
states i.e. singlet, triplet and quintet  were considered. Geometry optimizations were 
performed using density functional calculations based on generalized gradient 
approximation (GGA) with Perdew, Burke and Ernzerhof (PBE) exchange-correlation 
function on Dmol3 package. Double numerical basis set plus d and p polarization 
function (DNP) was used. Zigzag (8,0) and armchair (5,5) SWCNT model has been 
described in tetragonal lattice where the cell parameters are α = β = 90°, γ = 120º, 
a=b=20 Å and c = 17.07 and 14.80 Å with four times (128 atoms) and six times (120 
atoms) supercell respectively. A 4 k-point Monkhorst-Pack grid along the tube axis has 
been used for Brillouin zone integration. 
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Figure 3.2 Structures of BN-doped a) zigzag SWCNT and b) armchair SWCNT 

3.3 Effect of External Pressure 

Undoped and the most stable isomer form of B-N doped (8,0) zigzag 
and (5,5) armchair SWCNT were selected for investigations. Various strain ratio (ε) form 
-0.1 to 0.1 were employed. Table 3.1 displayed the strain ratio with c cell parameter. 
Geometry optimizations were performed using density functional calculations based on 
generalized gradient approximation (GGA) with Perdew, Burke and Ernzerhof (PBE) 
functional and DNP basis set on Dmol3 package. The models have been described in 
tetragonal lattice where the cell parameters are α = β = 90°, γ = 120º, a=b=20 with 
various c parameter matched with strain ratio as shown in table 3.1. A 4 k sampling 
point in Brillouin zone with Monkhorst-Pack grid along the tube axis has been used for 
calculation. 
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Table 3.1 Strain ratio and c unit cell parameter on SWCNT structures 
(8,0) SWCNT (8,0) Doped SWCNT (5,5) SWCNT (5,5) Doped SWCNT 

ε c ε c ε c ε c 
-0.10 15.36 -0.10 15.38 -0.10 13.31 -0.10 13.33 
-0.09 15.53 -0.09 15.55 -0.09 13.46 -0.09 13.48 
-0.08 15.70 -0.08 15.72 -0.08 13.61 -0.08 13.63 
-0.07 15.88 -0.07 15.89 -0.07 13.75 -0.07 13.77 
-0.06 16.05 -0.06 16.06 -0.06 13.90 -0.06 13.92 
-0.05 16.22 -0.05 16.24 -0.05 14.05 -0.05 14.07 
-0.04 16.39 -0.04 16.41 -0.04 14.20 -0.04 14.22 
-0.03 16.56 -0.03 16.58 -0.03 14.35 -0.03 14.37 
-0.02 16.73 -0.02 16.75 -0.02 14.49 -0.02 14.51 
-0.01 16.90 -0.01 16.92 -0.01 14.64 -0.01 14.66 
0.00 17.07 0.00 17.09 0.00 14.79 0.00 14.81 
0.01 17.24 0.01 17.26 0.01 14.94 0.01 14.96 
0.02 17.41 0.02 17.43 0.02 15.09 0.02 15.11 
0.03 17.58 0.03 17.60 0.03 15.23 0.03 15.25 
0.04 17.75 0.04 17.77 0.04 15.38 0.04 15.40 
0.05 17.92 0.05 17.94 0.05 15.53 0.05 15.55 
0.06 18.09 0.06 18.12 0.06 15.68 0.06 15.70 
0.07 18.26 0.07 18.29 0.07 15.83 0.07 15.85 
0.08 18.44 0.08 18.46 0.08 15.97 0.08 15.99 
0.09 18.61 0.09 18.63 0.09 16.12 0.09 16.14 
0.10 18.78 0.10 18.80 0.10 16.27 0.10 16.29 
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CHAPTER IV 
 

RESULTS AND DISCUSSIONS 

 

4.1 Effect of Tube Diameter and Chiral Vector 

The strain energy per atom (relative to graphene sheet) of SWCNT was 
determined according to 
                    Estain=ESWCNTs/atom - Egraphene/atom              (4.1) 

The values were then plotted with tube diameters in the range of 3 to 21 
Å for armchair and zigzag SWCNTs and shown in Figure 4.1a. As the tube diameter 
decreasing, SWCNT rapidly becomes more unstable. The strain energies of both 
armchair and zigzag SWCNTs also show linear relationship with respect to square of the 
tube diameter (1/D2) as displayed in Figure 4.1b. This observation agrees well with 
previous theoretical study9. It is worth to note that for similar tube diameters armchair 
SWCNTs have higher strain energy than the zigzag structures as evident by the higher 
value of slope in Figure 4.1b.  

a)     
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b)   
 
Figure 4.1 Strain energy per carbon atom of SWCNTs optimized structure as a function 
of a) tube diameter and b) reverse square diameter 

The diameter and the chiral vector of carbon nanotube are interrelated 
and they can represent each other. To investigate the effect of tube diameter as well as 
chiral vector on electronic properties of zigzag and armchair SWCNTs, the band gap 
energies of relaxed SWCNTs at various tube diameters were determined using 
PBE/DND and the results were illustrated in Figure 4.2. Three types of zigzag SWCNTs, 
i.e. n=3i, n=3i+1 and n=3i+2, were investigated. The plot between band gap energies 
(Eg) and tube diameters for armchair and zigzag SWCNTs shows a maximum at a 
certain tube diameter. All type of SWCNTs with the smallest tube diameter (< 5 Å) are 
found to be metallic or semimetal ( < 7 Å) with very small Eg (less than 0.6 eV). The 
metallic property of very small diameter SWCNTs has never been observed when using 
zone folding scheme (ZF)8 and tight-binding based method50, 51 as well as the Hartree-
Fock approximation9, 10. However, it was observed when using DFT calculations10, 11.  The 
small band gap was suggested to be the result of the σ-π hybridization in carbon 
atoms11. The curve for (3i)-zigzag SWCNT has the maximum Eg of 0.1 eV at the diameter 
of 7 Å. Thus, (3i)-zigzag SWCNT shows metallic or semi-metal property for all diameter-
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range. For the armchair SWCNT, the maximum Eg of 0.45 eV is also observed at the 
diameter of 7 Å. The band gap energy for armchair SWCNT drops gradually after the 
maximum and reaches the value of 0.1 eV at the diameter of 16 Å. Although, with the 
maximum being noticed the armchair SWCNT maintains the metallic property at all tube 
diameter. The curves for (3i+1)- and (3i+2)-zigzag SWCNT show the maxima at 8 (0.75 
eV) and 9 Å (0.9 eV), respectively. Their band gap energies converge to the value of 0.0 
eV, they could become metal, at very large diameter.  

 

 
 

Figure 4.2 Band gap energy of SWCNTs optimized structures varying with tube 
diameters 
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a)  

b)  
 
Figure 4.3 Relation between band gap energy a) and 1/D, where D is the tube diameter 
of zigzag n=3i+1 and n=3i+2 SWCNTs in the range of 3-21 Å  b) and 1/D2, where D is 
the tube diameter of armchair SWCNTs in the range of 5-19 Å  *the metallic SWCNTs 
show zero band gap energy 

Clearly, all (3i+1)- and (3i+2)-zigzag SWCNTs with the diameter larger 
than 8 Å are semi-conductor. Interestingly, both (3i+1)- and (3i+2)-zigzag SWCNTs 
converge to the same value of band gap energy of 0.0 eV at large tube diameter. 
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Moreover, energies band gap for (3i+1)- and (3i+2)-zigzag SWCNTs show linear 
dependencies with 1/D where D being tube diameter as displayed in Figure 4.3a. 
Although band gaps of both (3i+1)- and (3i+2)-zigzag SWCNT are linear to 1/D, they do 
not share the same slope. However, a linear relationship with 1/D2 which was found for 
armchair SWCNT (Figure 4.3b). These results allow us to predict the trends for 
electronic properties (conductivity) of SWCNT in relation to the tube diameters. The 
distinct features of armchair and zigzag SWCNTs display different natures of their 
electronic properties. The 1/D and 1/D2 dependences also hint the influence of the 
external potential to the electronic energy of SWCNT.  

In Figure 4.4, dependencies of bond distances (B1 and B2) and bond 
angles (A1 and A2) of zigzag SWCNTs with various tube diameters are displayed. The 
B1 and B2 parameters represent bond distances along tube axis (c direction) and 
circumference (ab plane), respectively, while A1 and A2 represent the B1/B2 and 
B2/neighboring B2(B2’) bond angles, respectively. From the plot, it is observed that 
while B1 increases exponentially, B2 decreases in the similar manner with tube 
diameters and both values converge to 1.425 Å (carbon-carbon graphitic bond length). 
For the bond angle, A1 holds constant at 120º for almost entire range of SWCNT 
diameters whereas A2 is 107.5º for (4,0) SWCNT and raises with tube diameters to the 
value of 120º. The value of 120º implies the sp2 hybridization whereas the angle of 
107.5º represents the sp3 hybridization for carbon atom. The change in bond lengths 
and bond angles shows rapid deviation from sp2 to sp3 hybridization when tube 
diameter is smaller than 7 Å. This is in accordance with Figure 4.1a where the abrupt 
shift of the strain energy before 7 Å being observed. It also confirms the strong σ-π 
effect for smallest tube diameter and in agreement with the deviations of band gap 
energy in Figure 4.2. 
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Figure 4.4 Bond Distance and Bond angle of zigzag SWCNTs on various tube diameters 

To understand electronic properties of SWCNT, orbital analysis were 
applied for HOMO and LUMO of these compounds. For (3i+2)-zigzag SWCNTs, plots of 
their HOMOs and LUMOs when n = 5, 8, 11, 14, and 17 were generated and shown in 
Figure 4.5. The result indicated that HOMOs and LUMOs of zigzag SWCNT with n = 11, 
14 and 17 have similar shape and pattern but they differ from those with n = 5 and 8. For 
HOMOs and LUMOs, the patterns of numbers of lobes on B1 and B2 bonds per 
numbers of hexagonal rings are given in Table 3.1. These patterns are distinct for 
different SWCNTs and can also reflect the behavior in Figure 4.2. The patterns are 
2i/3i/3i and 0/2i/3i for HOMO and LUMO for (3i)-zigzag SWCNT except for (3,0) zigzag. 
The patterns for (3i+1)-zigzag SWCNT are 0/2i/3i+1 and 2i+2/2(i-1)/3i+1 for HOMO and 
LUMO at large tube diameters and 3i+1/2i/3i+1 and 3i+1/2i/3i+1 at small tube 
diameters. Also, the HOMO and LUMO patterns for (3i+2)-zigzag are 4i+2/2(i-1)/3i+2 
and 0/2i+2/3i+2 at large diameter and 4i+2/2i/3i+2 and 4i+2/4i/3i+2 at small diameter. 
For armchair SWCNT, the HOMO and LUMO patterns become n/n and 2n/n. These 
results are in agreement with the band gap energy tendency shown in Figure 2. We 
observed that at very small tube diameter (<7 Å) patterns for HOMO or LUMO of 
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SWCNTs deviate from large tube diameter (>7 Å). This deviation is in agreement with 
the observation on the strain energy. 
 
Table 4.1 Numbers of HOMO’s and LUMO’s lobes per number of carbon hexagonal ring 
on one empirical cell and patterns  

Type (n,m) No. lobes on B1 / B2 /No. C rings Patterns 

  
HOMO LUMO HOMO LUMO 

Zigzag/n=3i  (6,0)  4/6/6 4/0/6 2i/3i/3i 2i/0/3i 

 
(9,0)  6/9/9 0/6/9 2i/3i/3i 0/2i/3i 

 
(12,0)  8/12/12 0/8/12 2i/3i/3i 0/2i/3i 

 
(15,0)  10/15/15 0/10/15 2i/3i/3i 0/2i/3i 

 
(18,0)  12/15/15 0/12/18 2i/3i/3i 0/2i/3i 

Zigzag/n=3i+1  (4,0)  4/2/4 4/2/4 3i+1/2i/3i+1 3i+1/2i/3i+1 

 
(7,0)  0/4/7 7/0/7 0/2i/3i+1 3i+1/0/3i+1 

 
(10,0)  0/6/10 8/6/10 0/2i/3i+1 2i+2/2i/3i+1 

 
(13,0)  0/8/13 10/6/13 0/2i/3i+1 2i+2/2(i-1)/3i+1 

 
(16,0)  0/10/16 12/8/16 0/2i/3i+1 2i+2/2(i-1)/3i+1 

Zigzag/n=3i+2  (5,0)  6/2/5 6/4/5 4i+2/2i/3i+2 4i+2/4i/3i+2 

 
(8,0)  10/2/8 8/0/8 4i+2/2(i-1)/3i+2 3i+2/0/3i+2 

 
(11,0)  14/4/11 0/8/11 4i+2/2(i-1)/3i+2 0/2i+2/3i+2 

 
(14,0)  18/6/14 0/10/14 4i+2/2(i-1)/3i+2 0/2i+2/3i+2 

 
(17,0)  22/8/17 0/12/17 4i+2/2(i-1)/3i+2 0/2i+2/3i+2 

Armchair n=m (4,4)  4/4 8/4 n/n 2n/n 

 
(5,5)  5/5 10/5 n/n 2n/n 

 
(6,6)  6/6 12/6 n/n 2n/n 

Graphite   4/3 4/3 - - 
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Figure 4.5 HOMO and LUMO of n=3i+2 zigzag SWCNTs  
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4.2 Effect of B-N Doping  

Two pairs of B-N were doped on SWCNT at various positions and spin 
states. Their optimized geometries and energies were determined to identify the most 
favorable B-N doping position and spin multiplicity. Figure 4.6 presents the relative 
energies of SWCNTs with various doping scheme and spin states and the most stable 
doping at various B-N distances. The result indicated that the most preference B-N 
doping of zigzag (8,0) and armchair (5,5) SWCNTs  are  the position where B-N distance 
is the smallest (B-N distance = 1.44 Å and 1.46 Å for zigzag and armchair SWCNTs, 
respectively). In addition, the substitution of N to the distance longer than one bond form 
B requires 28.1-42.2 and 25.3-44.7 kcal/mol/B-N pair for B-N doped zigzag (8,0) and 
armchair (5,5), respectively. This agrees with the suggestion on the bond stability in 
which [B-N > C-C > C-N > C-B]52. Therefore, the most stable structure would require the 
maximum number of B-N and C-C bonds. Having B next to N maximizes B-N and C-C 
bonds. Structures with singlet spin has the lowest energy with close shell state. The 
triplet and quintet of B-N doped zigzag (8,0) SWCNT are 2.7-8.7 and 14.1-22.3 
kcal/mole/B-N pair and of armchair (5,5) are, 2.4-6.7 and 10.74-22.9 kcal/mole/B-N pair 
higher in energy. For higher spin state such as triplet and quintet, the dominant spin 
densities does not occur on B or N (less than 0.09 electron) as show in tables 4.2 and 
4.3 but it were presented on carbon atom near dopant. However, relative energies for all 
electron spin states and all type of SWCNTs structures increase in the same manner 
with B-N distance as shown in Figure 4.6. 
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Figure 4.6 Relative energies for the B-N doping as a function of B-N distance of B-N 
doped a) zigzag (8,0) and b) armchair (5,5) SWCNTs. 
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Table 4.2 Spin densities on boron atom and nitrogen atom of zigzag (8,0) SWCNTs 
Position of Doping Triplet spin Quintet spin 

Round Period B atom N atom B atom N atom 
1 a 0.033 0.003 0.041 0.011 
2 a 0.029 0.016 0.026 0.029 

3 a 0.042 0.023 0.041 0.029 
4 a 0.037 0.015 0.067 0.052 
5 a 0.033 0.021 0.073 0.063 
6 a 0.040 0.016 0.077 0.056 

7 a 0.041 0.017 0.073 0.056 
8 a 0.047 0.019 0.082 0.054 
0 b 0.036 0.012 0.064 0.020 
1 b 0.043 0.017 0.076 0.037 
2 b 0.043 0.020 0.075 0.030 

3 b 0.035 0.025 0.063 0.067 
4 b 0.038 0.018 0.068 0.054 
5 b 0.044 0.019 0.078 0.055 
6 b 0.037 0.019 0.073 0.059 

7 b 0.039 0.014 0.073 0.051 
8 b 0.031 0.018 0.071 0.065 
0 c 0.036 0.025 0.066 0.044 
1 c 0.039 0.015 0.066 0.032 

2 c 0.038 0.021 0.069 0.057 
3 c 0.034 0.025 0.038 0.060 
4 c 0.036 0.015 0.067 0.050 
5 c 0.027 0.019 0.058 0.061 

6 c 0.038 0.016 0.075 0.056 
7 c 0.040 0.016 0.072 0.055 
8 c 0.046 0.019 0.081 0.054 
0 d 0.013 0.025 0.020 0.043 

1 d 0.035 0.009 0.033 0.029 
2 d 0.025 0.012 0.028 0.031 
3 d 0.033 0.022 0.033 0.060 
4 d 0.034 0.016 0.065 0.051 
5 d 0.042 0.018 0.076 0.055 

6 d 0.040 0.019 0.077 0.058 
7 d 0.040 0.014 0.074 0.051 
8 d 0.033 0.017 0.077 0.063 
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Table 4.3 Spin densities on boron atom and nitrogen atom of armchair (5,5) SWCNTs 
Position of Doping Triplet spin Quintet spin 

Round Period B atom N atom B atom N atom 
1 a 0.013 0.013 0.035 0.035 
2 a 0.028 0.029 0.055 0.087 

3 a 0.024 0.026 0.064 0.074 
4 a 0.034 0.045 0.068 0.088 
5 a 0.031 0.037 0.072 0.089 
6 a 0.034 0.042 0.07 0.085 

7 a 0.019 0.021 0.067 0.089 
8 a 0.028 0.035 0.063 0.073 
9 a 0.014 0.015 0.031 0.052 
0 b 0.014 0.014 0.032 0.041 
1 b 0.013 0.026 0.044 0.067 

2 b 0.019 0.02 0.055 0.062 
3 b 0.023 0.039 0.065 0.087 
4 b 0.03 0.035 0.07 0.085 
5 b 0.029 0.036 0.07 0.087 

6 b 0.032 0.041 0.07 0.09 
7 b 0.029 0.029 0.068 0.079 
8 b 0.019 0.019 0.061 0.087 
9 b 0.018 0.008 0.046 0.051 

0 c 0.014 0.019 0.04 0.053 
1 c 0.015 0.017 0.041 0.045 
2 c 0.017 0.035 0.055 0.08 
3 c 0.025 0.029 0.065 0.077 

4 c 0.026 0.038 0.068 0.087 
5 c 0.031 0.038 0.07 0.087 
6 c 0.029 0.033 0.069 0.084 
7 c 0.031 0.041 0.068 0.09 

8 c 0.025 0.023 0.061 0.069 
9 c 0.019 0.02 0.059 0.079 
0 d 0.021 0.018 0.055 0.065 
1 d 0.026 0.024 0.048 0.073 
2 d 0.018 0.018 0.049 0.054 

3 d 0.031 0.043 0.064 0.086 
4 d 0.028 0.032 0.068 0.083 
5 d 0.033 0.043 0.068 0.085 
6 d 0.032 0.039 0.07 0.088 

7 d 0.029 0.039 0.066 0.081 
8 d 0.023 0.036 0.066 0.087 
9 d 0.022 0.03 0.057 0.069 
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Figure 4.7 shows Mulliken charges on boron and nitrogen atom in doped 
zigzag (8,0) and armchair (5,5) SWCNTs, as the function of round and period vector. 
Boron atom possesses positive charge with values between 0.17 to 0.30 for zigzag and 
0.15 to 0.29 for armchair. While nitrogen atom possesses negative charge with values 
between -0.38 to -0.43 for zigzag and -0.37 to 0.45 for armchair depending on doping 
position. When the B-N atom is bonded such as at 1a and 0d for zigzag and at 1a and 
0b for armchair, charge on B and N become more positive. The oscillation on the value 
of charges was observed between odd and even number of round vectors for both 
structures. The similar behavior could also be noticed in case of stabilities of doped 
SWCNT as seen in Figure 4.6. The oscillation has some characteristic which depends on 
the symmetry of doping position. However, one must separate cases for odd and even 
round vectors as done in Figure 4.8. The linear relation between relative stabilities of 
structures with odd and even round vectors and 1/B-N distance of doped SWCNT was 
observed when plotting according to period vectors. Positions a1 and d0 are excluded 
from the plot; since charges that bear on boron and nitrogen atoms in 1a and 0d 
position are too different for other positions. The square correlation coefficients of linear 
relation (R2) from the plots between 1/B-N distances and relative energies of around 
0.963 to 0.998 indicates the successful of the fitting of the results to linear equations. 
This linear relation suggests the importance of the columbic interactions to stabilities of 
B-N doped SWCNT. The grouping according to period vectors implies the similarity of 
doped SWCNT with same period vectors and the distinction between those with different 
period vectors. From Figure 4.7, it could be observed that B and N substituted at the 
same period vector have similar charge distributions. SWCNTs with same period vector 
have similar environment and thus similar charge distribution. The different in the nature 
of SWCNTs at different period vectors could then be explained by the different 
environment around substituted atoms. However, the odd-even alternation is probably 
an effect of the distinct electronic structures between SWCNTs substituted at odd and 
even positions of round vectors.  
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Figure 4.7 Charge on doped atom in a) zigzag (8,0) and b) armchair (5,5) SWCNTs as 
functions of position of doping , In the inset solid line represent charge on boron atom 
and dash line represent charge on nitrogen atom. 
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Figure 4.8 Correlation between relative energies and B-N distance reciprocal 
consideration by symmetry of doping a) odd number and b) even number on round 
direction of B-N doping for zigzag SWCNT 
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The effect of B-N doping upon electronic band structures of SWCNTs 
were investigated. The example of calculated undoped and B-N doped zigzag (8,0) and 
armchair (5,5) SWCNTs band structure are shown in Figure4.9. The band gap energy, 
Eg, which calculated from differences between valence and conduction band energies 
as a function of B-N doping positions was shown in Figure 4.10. The result indicates that 
B-N doping on SWCNTs decreases the band gap energy of undoped zigzag (8,0) 
SWCNT form 0.606 eV to 0.183-0.571 eV depending on doping positions, Figure 4.9a. 
Similarly, the band gap energy of armchair (5,5) SWCNT reduces form 0.448 to 0.133-
0.427eV depending on doping positions, Figure 4.10b. This observation is agreement 
with experiment15 that was synthesized B-N doped SWCNTs by arc discharge method 
and found that B-N doping effect lead to reduce Eg of SWCNTs. Considering the 
substitution on the period direction of zigzag (8,0) SWCNT, it was found that 
dependencies of energies band gap on round vectors are quite similar between B-N 
substitutions on period a and c and those between period b and d. By closely analyze of 
B-N doped zigzag (8,0) SWCNT, the doping at period a and c has very similar 
environment and likewise for that at period b and d. In addition, there is a pattern of 
maxima and minima on Figure 4.10a. Substitutions on period a, b, c, and d shows 
maximum points of Eg at positions 0, 2, 5, and 8 of round vectors and the minimum 
points of Eg at positions 1, 4, and 6 or 7 of round vectors. Whereas, positions of doping 
on period direction of For armchair (5,5), the similarity between patterns of Eg according 
to period vectors was not found, 4.10b. However, the maximum and minimum of Eg upon 
round vectors were observed for B-N doped armchair (5,5) SWCNT. The observed 
maximum points of Eg are on 1a, 7a, 2b, 4b, 9b, 1c, 3c, 5c, 8c, 0d, 6d, and 8d B-N 
substitutions while the minimum points of Eg are on 3a, 6a, 9a, 0b, 3b, 5b, 8b, 0c, 2c, 
4c, 6c, 9c, 5d, 7d, and 9d B-N substitutions. The patterns for Eg are less pronounced 
than those of stabilities and charges. Again, we expected that B-N substitutions 
generated difference electronic structures. While substitutions in period direction varies 
external potential which then alters stability, charge distribution, and band gap energy of 
SWCNT, substitutions along round direction causes the change in electronic structure of 
SWCNT.  
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a)  b)  

c)  d)  
Figure 4.9 Calculated band structure of a) undoped zigzag (8,0) SWCNT b) B-N 
doped zigzag (8,0) SWCNT at 1a position of doping c) undoped armchair (5,5) 
SWCNT and d) B-N doped armchair (5,5) SWCNT at 0b position of doping.  
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Figure 4.10 Band gap energy (Eg) of undoped and B-N doped a) zigzag (8,0) b) 
armchair (5,5) SWCNT as a function of doping position 
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3.2 Effect of External Pressure 

To investigate mechanical properties of SWCNTs, stress was applied to 
undoped and B-N doped zigzag (8,0), and undoped and B-N doped armchair (5,5) 
SWCNTs along tube axis (c-direction), see Table 3.1. Geometries of structures shown in 
Table 3.1 were optimized and thier energies were determined. Plots of energies of 
undoped and B-N doped zigzag (8,0) and undoped and B-N doped armchair (5,0) 
relative to their unstress structures with the stress ratio (𝜀) were made and displayed in 
figure 4.11. All structures have simiar curvature, in exception of B-N (8,0) which has 
slightly larger curvature. The curvature of the plot in Figure 4.11 is related to Young’s 
modulus which can be calculated according to   

  𝑌 =  1
𝑉0

𝜕2𝐸

𝜕𝜀2  
𝜀=0

                    (4.1) 

where 𝑉0 is the equilibrium volume, 𝐸 is the total energy of system and 𝜀 is the starin 
ratio along the tube axis. Young’s modulus values of undoped and B-N doped (8,0) and 
(5,5) SWCNTs were given in table 4.4. 
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Figure 4.11 Relative energy of undoped and B-N doped  zigzag (8,0) and armchair (5,5) 
SWCNT as a function of strain ratio 
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Table 4.4 Young’s modulus value obtained from DFT comparing with other calculation 
and experimental works. 
 

SWCNT 
Young's Modulus (TPa) 

This work HF9 Finite Element31 TEM32 AFM33 
(8,0) 1.082 1.306 0.910 

1.25 1.0 
(8,0) B-N doped 1.069 - - 

(5,5) 1.101 1.293 0.919 
(5,5) B-N doped 1.091 - - 

 

Values of Young’s modulus obtained from this work are 1.082 and 1.091 
TPa for undoped (8,0) and (5,5) SWCNTs, the values agree well with those obtained 
from previous calculations and experiments. However, both TEM and AFM were 
performed on mixtures of SWCNTs and their values are varied. Since values of Young’s 
modulus of zigzag and armchair SWCNTs are very similar, experimental values can still 
be used to represent SWCNTs. For B-N doped SWCNTs, Young’s modulus values are 
slightly smaller than the undoped SWCNTs, i.e. 1.069 and 1.091 TPa for B-N doped 
zigzag (8,0) and armchair (5,0), respectively. Thus, B-N doping almost has no effect on 
mechanical properties of SWCNTs.  

The effect of stress on the electronic band gap of undoped and B-N 
doped SWCNTs were investigated and the result was displayed in Figure 4.11 which 
showed the chage of Eg with stress ratio (𝜀). From the graph, It is observed that the Eg of 
undoped zigzag (8,0) SWCNT decreases from 0.6 eV to nearly 0 eV when applying 
stress, 𝜀 = 0.0 to 0.1. However, when applying stress 𝜀 = -0.03  Eg reaches maximum 
with the value of 0.8 eV and it reduces afterward to 0 ev at 𝜀 = -0.1. The similar behavior 
is observed for B-N doped zigzag (8,0) SWCNT, i.e. decreases to nearly 0 eV when 𝜀 
=0.0 to -0.1 and = 0.0 to 0.1. In this case, the maximum is at 𝜀 = 0.0.  For undoped and 
B-N doped armchair (5,5) SWCNT, Eg does not monotonically decreases like that of the 
zigzag but it rather oscillates with 𝜀. Moreover, the undoped and B-N doped armchair 
do not share the same behavior. For both cases, Eg can be reduces to the value close to 
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0 eV. For undoped armchair (5,5) SWCNT, Eg is the highest (0.58 eV) at 𝜀 =-0.09. For B-
N doped armchair (5,5) SWCNT, appear the maximum point of Eg is the highest (0.40 
eV) at 𝜀 =-0.08. The stress or external pressure while has almost no effect on 
mechanical property such as Young’s modulus, it has a drastic effect on the electronic 
band energy of undoped and B-N doped SWCNTs.  
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Figure 4.11 Band gap energy (Eg) of undoped and B-N doped  a) zigzag (8,0) and b) 
armchair (5,5) SWCNT as a function of strain ratio 
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CHAPTER V 
 

CONCLUSION 

 

Effects of tube diameter, B-N doping and external pressure (stress) on 
electronic band structures of zigzag and armchair SWCNTs with various tube diameter 
(D) were invistaged using density functional PBE with DND or DNP basis set. The results 
revealed linear tendency of strain energy with 1/D2 when comparing with graphene 
sheet for both zigzag and armchair SWCNTs. The linear relationship was observed 
between band gap energies and 1/D of (3i+1) and (3i+2) zigzag SWCNT and between 
band gap energies of and 1/D2 armchair SWCNT. For very small tube diameter (smaller 
than 5 Å), most SWCNTs are metal or semimetal. The maxima of band gap energies of 
SWCNTs was observed when the tube diameters are in the range of 5-7 Å. The (3i+1) 
and (3i+2) zigzag SWCNTs have the maximum band gap energies around 0.9 eV and at 
tube diameter of 9 Å and their band gap energies are converged to 0 eV for very large 
diameter while 3i zigzag and armchair SWCNTs have a very small to zero band gap that 
are being metal for all range of tube diameter. The distinction in electronic properties of 
very small diameter SWCNTs probably are a result of the change in atomic hybridization 
of C atom from sp2 to sp3 as predicted from bond lengths and bond angles of SWCNTs. 
This change in atomic hybridization also affects the electronic structures of SWCNTs.  

Various B-N doping were performed for zigzag (8,0) and armchair (5,5) 
SWCNTs. Favorable B-N doping positions and spin states for both zigzag and armchair 
SWCNTs were identified by comparing their energies. The results indicated that the 
most favorable electron spin state is closed shell singlet and the most stable doping 
position is that with the B-N closest distance. From plots of stabilities of armchair and 
zigzag SWCNTs and B-N distances, the oscillation pattern is observed. Stabilities of 
SWCNTs show linear relationship 1/B-N distance suggesting that stabilities of B-N 
doped SWCNTs are governed by columbic interaction between positively charged 
boron and negatively charged nitrogen atoms. Band gap energies of B-N doped 

   



 
 

45 

SWCNTs depend on the position of doping. There are positions on round vectors which 
maxima and minima band gap energies were observed. Although there exhibits 
patterns, no explanation can be given, except these patterns are the result of variations 
in electronic structures. These variations are more dependent on round than period 
vectors. For zigzag SWCNTs, patterns can be grouped according to period vectors, i.e. 
a-d and b-c. This is not the case for armchair SWCNTs. The grouping is the result of 
similar environments of the period vectors.   

By applying external pressure to undoped and doped armchair (5,5) and 
zigzag (8,0) SWCNTs, Young’s modulus value could be calculated. It was found that B-
N doping has almost no effect on Young’s modulus. Also the result indicates that 
undoped and B-N doped armchair (5,5) are mechanically stronger than zigzag (8,0) 
SWCNTs. However, undoped and B-N doped SWCNTs still have Young’s modulus value 
in the order of TPa. Thus, they are considered to be one of the stiffest material yet 
discovered. In addition, it was observed that electronic band gaps of these materials 
changed when applying external pressure along the tube axis. For zigzag SWCNTs, 
external pressure with both positive and negative strain ratio would reduce its band gap 
energy and the material could turn from semiconductor to metallic. For armchair 
SWCNTs, the change in the band gap energy is also evident, however, with no regular 
patterns like in the case of zigzag SWCNTs. In additions, the patterns for band gap 
energy when applying external pressure are dissimilar for undoped and B-N doped 
armchair SWCNTs. Thus, cautions must be made when bringing SWCNTs to subject to 
external pressure. 

Tube diameters, external pressure and B-N doping could change 
electronic properties of armchair and zigzag SWCNTs. From this study, we could 
summarize the changes and it could be used as the guide for selection of appropriate 
SWCNTs which could be useful for application in electronic devices.  
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