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## 5172564723 . : MAJOR CHEMISTRY
KEYWORDS : DFT/ CARBON NANOTUBES

ARTHIT VONGACHARIYA : EFFECTS OF TUBE DIAMETER, EXTERNAL PRESSURE
AND BORON-NITROGEN DOPING ON ELECTRONIC STRUCTURES OF SINGLE-
WALLED CARBON NANOTUBES. THESIS ADVISOR : ASSOC. PROF. VUDHICHAI
PARASUK, Ph.D., THESIS CO-ADVISOR : ASST. PROF. THITI BOVORNRATANARAKS,

Ph.D., 51 pp. i’i/
o~
Electronic band structures ef zigzag and armchair single-walled carbon nanotube

(SWCNT) with tube diameter from-3-10 A! were investigated by density function theory with

numerical basis set. Thq,p!ﬁ'o/f'

electronic properties dep

boundaryﬁondition was implemented for all calculations. The
on'chiral yecters and tube diameters. The dependence of SWCNTs

band gap energy on tube diameter; s.ho\'avé thé. maximum at certain tube diameter. The band gap

energy converges to .a particular & !ges'_-at I-Fge'_diameter. Band gap energies of (3i+1) and

(3i+2) zigzag SWCNTs sgems nverg"p to the same values at large diameter. Their band gap
energies vary inversely with fube lafneter whe’rits those of armchair SWCNT vary inversely with
(tube diameter)2 Zigzag (8,0) and armohatr (LR 5}_‘)$WCNTS were used to investigate the effect of
boron and nitrogen (B-N) doping. The electromc bani:structures of B-N doped SWCNTs change
with the position of doping only on the XY plane,{ﬂg-zuzag SWCNTs while it depends on both of

XY plane and Z axis ¥or armchair SWCNTs. The favorable B-N dgging position on SWCNTs is

that with the smallestj N distance in singlet spin state. EIectrech)and structures of undoped
and B-N doped zigzag Ja 0) and armchair (5,5) SWCNT were also calculated at various strain
ratio (€) to investigate the effect of external pressure. The change in band gap energies at
various strain conditions has been observed. The B-N doping has-almest no effect on Young's
modulus, and its; magnitude remains in the order of TPa. For zigzag SWCNTs, external pressure
with both positive and negative strain“ratios could reduece its band gap ‘energy whereas no
reguiar patterns are obsernved for armehair. SWCNTs. This understanding could be applied for

selection of appropriate SWCNTs which could be useful for electronic devices application.
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CHAPTER |

INTRODUCTION

1.1 History of Carbon Nanotube (CNT)

The first time that the warld explore carbon nonotube is not certainty but
many group believe that carben nanotube might have used to contribute the strength of
steel in the middle ages, roughly 5™ 15" century. In 1952 Radushkevich and
Lukyanovich reported hallew .graphitic carbon tubular form nature that are 50
nanometers in diameter ingdournal of Phyélical Chemistry of Russia. However, the access
to Russian publications was/not easy m “the period of the cold war and Russian
language was no encouraging thus; t;wis f;}d'rmg was net listed in databases"”. In 1976
the hallow carbon fiberwith'nanometer sc'éflg diameter synthesized by chemical vapor
deposition technique was shown by Obéﬂm, Endo and Koyamaa. In 1979 carbon
nanotube synthesized on carbof anode inﬁ%e,’:‘discharge was presented at the 14"
Biennial Conference fo Carbon-at Pennsyl\}é%{a.:-State Uniyersity by Abrahamsom” as
carbon fibers and -jt;'was_c;ba,tactedzed_and_hypomesiizled for their growth at low
pressures in nitrogeﬁ étmosphere. The popular literature a’tt’r-ibutes the discovery of CNT
synthesized by arc diséharge was presented by Ijima5 in 1991. After that, due to their

excellent physical,ichemicalimechanical ‘and electroniC \pfopérties, carbon naonotube

are being the mast studied carbon-based nanomaterial.
1.2 Struetural 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



(n,m) called the chiral vector® as illustrated in figure 1.2. The integer n and m refer to the
size of vectors along two directions defined by unit vectors R, and R, 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.
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Figure 1.1 struca;'ral displays of a) SV¥CNT and b) MWCNT
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graphene sheet * i

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



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
semiconductor’. 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’ ® The band gap
energy of semiconductor zigzag SWCNTs was found to decrease inversely with tube
diameter and chiral vector by*ZEsprediction. This result is in agreement with the Hartree-
Fock approximationg. However, ithe reli;bility of ZF as well as the HF method for
predicting the band gap' enéergy is oftern questioned. Recently, while the density
functional theory (DFT)w' y calculationé re\z,ea{,ed zigzag SWCNTs (n,0) with n=3-5 to be
metallic, HF and ZF prédicted them 1o béj—jns‘ulator and semiconductor, respectively.
Due to the O-TU hybridization effe‘c_‘tf? beCé@_es maore important with decreasing tube
diameter. However, the O-TC hybridi'zation ef@!’%an increase the steric repulsion inside
the tube such that smaller diamieter tubes é"'rter'énergetical_ly less favorable than larger
tubes. Previously, growing-6i=SWENT-with-Very/-sihal diémeter was produced inside
zeolite channels’” and~multi-walled nanotubes . It shows;that the energetic effect of
small diameter nanotut;é can be modified if taken in to account' the steric repulsion

inside the channel.

An effective and efficient way togmodify the electronic properties of
semiconductar 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
theoreticals”™ ', 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.”. They investigated electron spin and magnetic properties of boron

or nitrogen doped SWCNTs by using HF theory with cluster model of doped SWCNTs.



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 eV’ 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 reportéa-by using chemical vapor depositionzg,
laser ablation’ and are discharge15. It is shown that B-N doping in SWCNTs can
decrease the band gap energy. Moradian and Azadi™ investigated the B-N doped
zigzag (10,0) SWCNTs by using DET call_cul_‘lation of average quantities contribution of
each configuration of doping. They #oun;I‘ that band gap energy of the B-N doped
SWCNTs can be controlled by the conce‘ntratlon dopant. However, the effect of B-N
doping position is still questioned: =

b )
il s

Another |mportant fascmatm_g_pFoperty of CNT is a high mechanical

strength related to be 100 times-stronger; than' Stee’r9 oy

for device under hlgttefessufe—eendttrens—HeweveHevm lnvestlgat|ons on electronic

properties of SWCNTS ‘under external pressure have been performed under various

Thus it is a promising material

strains” >, The results indicate the significant dependent of the tube strain on the band

gap energy. Nosmally, these strains can be‘induced by 'chemical treatment, electric and
magnetic fields,"and mechanical means. However, to our knowledge the investigation on
electronic propertieSyunderexternal pressuré ofiB=N doped SWCNTsthas not yet been

reported:



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:

Study effect of tube diameter and chiral vector on electronic structure of

SWCNTSs,
Study effect of boron and nitrogé oping on electronic structure of SWCNTSs,
Study effect of exter structure of undoped and B-N

AULINENINYINS

ARIANTAUNIINGIAE



CHAPTER 1l

THEORY

2.1. Quantum Mechanics

Before the twentieth ce bjects can be described as the rigid body

e calculated according to classical

(2.2)
where v is the velocity o
p is the momentu
t is the time progresse e
LAl ©
gi’]”r}f;h‘ ¥ ii
Later, it bece Llear that ¢l _ echanics alone were incapable of
explaining several p_henomena"é’sﬁé‘;éfaﬁ r very small objects such as electrons and
other subatomic particles.—Fhese—limi ¢ cal mechanics led to a

ecmmics (QM) has then been

revolution in scientifi |pr

developed in the early decades of the 20th century.

SRR TTYIE LTl G-

the behavior of small particles in atoﬁic and subatemic scales. Schrddinger equation or
wave Roﬁalajﬁ Q @mauomaiga M%I‘lna aa&lm mechanical
problemgor 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, A, which is a wave-like property of a particle is
related to its linear momentum, p

p=1 (2.3)

where h is Plank’s constant.



Hence, following this concept and the mathematical description of the
differential equation for the standing wave, Erwin Schrodinger proposed famous

equation that bears his name

(- V2 +7)w = EW. (2.4)

Here W is the wavefunction, ¥ is the potential operator, £'is the system

energy, and V is the differential operator.

In abbreviation, the equationsiswiitten as

-

HY = EY (2.5)
when H 3 T+V (2.6)

where H is the Hamiltoniah andl 7' i§ the kllnetio operator.
In mathematics, an, équafibo. of this form is called an eigen-value

Y
equation. W is calledsthe elgenfuncnom and FE is an eigenvalue. According to

Heisenberg, the operatorsand elgenfunctlon,can be represented as matrix or vectors,

respectively. et "o

In quantum ch-e_hﬁiétry, the wavefunction Wis a function of the electron

and nuclei positions.lfhe square of this function is a probartéi_i.iﬂstio description of electron
and nuclei behavior. As such, it"can describe the prob?bility 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 jorder to obtain a physically
relevant solution“of the Schrédinger. equation, the_wave function must be continuous,
single-valued, normalizable, and antisymmetric with|respect (to%the: linterchange of
fermion particles. The total Hamitonian operator can be written in terms of the kinetic

and potential operators of nuclei and electrons.
Hior = Tn T, + ‘711 I7ee + 17nn (2.7)

where Tn is the kinetic operator of nuclei, Te is the kinetic operator of

A~ A~

electrons, V. is the potential operator representing electron-nucleis attraction, V,,is the



potential operator representing electron-electron repulsion, and I7,m is the potential

operator representing nucleis-nucleis repulsion.

With such complexily Hamiltonian, solving the Schrodinger 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 forfixedsnuclear positions. The nuclear kinetic
energy term is taken to be independent of the-eléctrons, correlation in the attractive
electron-nuclear potentialvenergy-term is eliminated and the repulsive nuclear-nuclear
potential energy term becomes a'simply eivaluate constant for a given geometry. Hence,

the electronic Hamitonian is_ taken to be

H\el" e 7;e "jf ‘77:[6 \ Vee (2.8)

ol

and the electronic Schrédinger equation is J

4 )

X
Ea'¥e CICM) (2.9)

H el\Pel_,V(_“qi‘»._(ﬂlk) =

where_subscript ‘el émphasiéé'é'.th'e‘ invocation of the Born-Oppenheimer
approximation and {;-is-the-electronic-coordinate-and-the.qj is the nuclear coordinate
which is treated as péra’meter. The eigenvalue of the electrcz)inic Schrédinger equation is
the electronic energy. jl-f the electronic Schrodinger eq:uation is solved, the nuclear
Schrodinger equation ‘can”also/be solved with 'electronicenergy being the potential
term. However, the Schrodinger equations for electronic system can exactly be solved
only for_ the 'ene ‘electron ‘system:-Methods' of ‘@approximation ‘have, been developed for

solving the Schrodinger 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 ¢;(r) is a function of the position vector r and give details of an electron spatial

distribution such that |¢; (r)|?dr is the probability of finding an electron in the small



10

proximity dr surrounding 7. To have such meaning, a set of spatial orbital satisfies the

orthonormal condition.

Jdr o; ()Y (r) = 4 (2.10)

If the set of spatial orbitals {¢;(r)} were complete, then any arbitrary

function f(r) colud be exactly expanded as

f(T') l lal(pl(r) (2-11)

i N . l/&n that describes both its spatial
distribution and spin is the spin-orb @lndlcates both spatial and spin

(2.12)

successfully as the model d solid state. The Hartree-Fock
approximation (HF) hrodinger equation for many-electron
systems by assumlpga single electron’ mo tial that averages out the

effects of the nuclei he remainir _ Ision is certainly not taken
to be zero, but the HFBproxma the fin@details of electronic structure

theory that are caused byftheiinstantaneous repulsion between electrons.

AUEINEVNIWEINI

apprOX|mat|on defines the ground state of N-many-electron

Wavef“@“W’TﬁﬁeﬂTﬁu UAIAINYA Y

QO L@ O @
L | 2 2.2 2@ - 1@
Y= VLG I 21 €) B 21 €) TR A ©)) (2.13)
(N)!| . . S
Zi(N) 7, (N) x5 (N) - 2 (N)

or in case of restricted closed-shell Hartree-Fork (RHF) where N = 2n
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¢ (D) ¢ (D)pQA) ¢, Da(l)
. 0.(2a2) 0. (2B2)  ¢,(2a(2)
Y= 2,(a@®  20QBO)  0,@a@® - | . (2.14)
(2n)! : : :
@ (2na(2n) ¢, (2n)(2n) @, (2n)a(2n)
where (zln)! is the normalization constant

Although there is no exact analytical solution to the Schrodinger 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-oi-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 ‘Lineag Combinationll of Atomic Orbital to form Molecular Orbital

(LCAO-MO). Thus, the molg€ular orbital i (g;) can be built form k atomic orbitals (¢y,)

_—

i
\ &

% ;Z Cﬂi¢ﬂ (2.15)

Rl 4

o

where c,; is the molecular cogfficient, ¥/

-,. TJ"

Form an approach which construets a determinantal wavefunction from a

J i

set of LCAO-MOs, what:it remains is to verifty the MO cogfficients (C/u')- This could

be achieved by optim]z_ing the molecular wavefunction forﬂfa‘ particular system with the
variation method. The procedure would guarantee that the energy eigenvalue is always
an upperbound_to the exactenergy. Thus, the lowest energy from the minimized set of
molecular coefficients will give the bestlappfoximation tolthelexact wavefunction for the

chosen basis set.

The variational constraint leads to a set of algebraic equations

)38,

39 . .
(Roothaan-Hall for c,; expressed in matrix form as

FC = SCe (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 €

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 €. 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 eleciron n HF approximation moves in an average field
of other electron and nuclear thus, this approximation neglects electron correlation that

can lead to the large deviationfrom/exactvalues.

2.4 Density functional th€ory ;

Density funcitional theory (Dl':T) is @ method to investigate the electronic
structure. In this theory, the properties: of sys,te_m are considered by using functionals of
electron density. Thus, this method:is calledigffgity functional theory. The DFT reduces
the dimension of the electronie structure théd'riy.drastically._The only problem left is that
the universal functional-cennecting-to-the-eleciron-density: ére still unknown. DFT is very
popular for calculations of solid state physics since 1970s :lzaecause its results for solid
state systems agreed erII with experiment data in many cases. Now, DFT is the most
popular methad | for investigation of électrenic; structures- in“chemistry and physics.
However, the fain problems for recent functionals of DFT are the inability to

systematically improve them,and thie pcor degcription offvan derWaalsiinteractions.

Density functional theory was proven by the two Hohenberg-Kohn
theorems”’. The first theorem expresses that the ground state properties of a N-electron
system are uniquely defined by the ground state electron density (p). Thus, the ground
state energy (Ej) is the functional of p, written as Eq = Ey[p]. However, this theorem

did not propose the means to obtain the exact p.
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The second Hohenberg-Kohn theorem proves that the energy functional

of the trial ground state density, p, is an upperbound to the exact energy, Ej.

Etrial [,5] = EO [P] (2-17)

However, this theorem still was not proposed to compute the energy from

the trial electron density.

In 1965, Kohn and Sham'| 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[pV= Elp) 4 Vi [p] +J[0) 4 Exc [p] (2.18)
_ N \(Zp() L (P2
__EZ(;(%IVZI%)-{-Z[ {-Tlal dr+§jder1dT2+Exc[p]

where @; is Kohn-Sham erbital, T;[p]is thé ‘ki"netic energy functional for independent
electron, V. [p] is the electfon-nuclear attraction functional or external potential, J[p] is
' A
the coulomb interaction functional and £, [pjrs the exchange-correlation energy
Y d e |l‘.J

functional. p(1) can be expressed as —

Il

P p=Tislel U (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 gass For LDA, the exchange-correlation
energy‘functional (Ey. [p]) canbewritten as

Ex?[p] = [ p(r)exc (p(r))dr (2.20)
where €, (p(r)) is the exchange-correlation energy per particle of a uniform electron
gas of density p(r). This term can be split in to exchange (&,) and correlation (&)

contributions.

Exc (p(r)) =g, (p(r)) + &, (p(r)) (2.21)
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The exchange functional part is first given by Dirac formula and has
been developed by Slater” (S) in 1972. The correlation functional part, which is purely
dynamical correlation, has been parameterized from the quantum Monte Carlo results
by Vosko, Wik and Nusair™ (VWN). This approximation can be extended to the
unrestricted open shell system and it is called the “local spin-density approximation” or

LSDA.

EJ%&S‘DA [pa pﬁ] v f p(r)gxc (pa (T‘), Pp (r))dr (2.22)

To improve over the LSDA approaeh, the non-uniform electron gas must
be considered. The first derivative of the electron density has been included to the
exchange and correlation functiehals. ‘Such the appreach is known as the “Generalized

Gradient Approximation” (GGA) of non—loeal approximation.

Ex [papf] # o025 (f; (1), 05 (1), Vpo (1), Vpg (r))dr ~ (2.23)

Using GGA, improved resulfs for molecular geometries and ground-state
energies are obtained. In partlcular the most Wldely used GGA functional for the solid
state system is the Perdew- Burke Emzerho'ri (PBE exchange-correlation functional, a

direct GGA parameterization, because it Can g1ve reasonable bond length and good

o B

lattice constants in bulk solid® . Although DFT results ale usually accurate for most

systems, there is ne. systematlcally 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

Thebasis set is the setraf arthogonal functions used fori 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
set™ ¥, 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 Jits constituent atoms. The basis set

superposition effects has been minimized. Theregiore, it can give the excellent results

2
even for weak bonds.

The most'simple of the moillecular orbitals operate only one basis function

' |

for each atomic orbitaltip te'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 effett leéd to an inability to explain differently charge

distribution on atom and the si'ze' of or'b’:i‘iaf cannot be changed in the different
"

environment. To increase the fleX|b1!|ty the ba3|s set is decontracted. When two or more

basis functions are used to descrxbe each atom|c orbital, the basis set is called the

i

extended basis set. In the spl|t valence baS|S set two functlons (or more) are required

for description of the_atomlc orbital in the valence space, :wh||e 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.”” ¥’ Nevertrieless, the extended basis set still give the
unsophisticated results_in the case_of| high polarfor high strain systems. Since, the
flexibility on the shape of orbitals#is needed tesbe included. ¢lhe higher angular
momenidm 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.



16

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 a; 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 a; = (1,0,0); a; =
(0,1,0) and a3 = (0,0,1). The periodic systemican be generated by translation of the unit

cell.

The periodicity ofsthe centered atoms in the system requires that the the
wavefunction and the elgetron’ density must display the same periodicity. The Bloch
theorem is used to describe the periodicit;l. It states that the wavefunctions at equivalent

positions in different cell are related by a"';‘complex phase factor connecting the lattice

vector Rand a vector in'the feciprocal space.

TR +R)= el R (r) (2.24)

where vector 1 discribe a point in feal space while vector k discribe a point in reciprocal

space.

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

Bloch orbital

bni(r) = eRo, (1) (2.25)

The Bloch orbital can be expanded into a set of nuclear-centered basis
function ()(]-).

G i(r) = X7 Xrcyy e Ry (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 = gkckek (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

systems with a zero bang o'are, mi h ith a non-zero band gap are

insulator or semicondu f the gap compared with the

thermal energy KT.

ﬂuEJ’JVIEJVITWEﬂﬂ‘i
QW’]Nﬂ‘iﬂJ UA1AINYAY



CHAPTER 1lI

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 A were generated by the .3 program. The periodic boundary

condition™® (PBC) was imple x1x3 supercells were employed for

spe ivelw in Figure 3.1. The carbon

ell wi owing cell constants, & = [3 = 90°

zigzag and armchair S
nanotubes were placed i
and Y = 120°. Structur OF izat d energies were carried out

B lized gradient approximation
Azefhc nge-correlation functional with

Dmol3 package. For b i >t plus d polarization function

46, 47

(DND) was used " . De st | | a were carried out within the first
Brillouin zone. The k-point ampl Fwa T k points along the tube and gamma
= . Lw

points within the Monkhost-

L]

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 anc"
|
P,

round postion starts from 0-8 and 0: DJ
zero refers to the Boron re e

directions, as shown in figure 3.2. The
@mchair, respectively. The position
A—

rio starts from a-d for all models. a

being the Boron refere ctures were generated with the

Material Studio 4.3 p nditions (PBC). The 3 spin

states i.e. singlet, tri eometry optimizations were

performed using den on generalized gradient

described in tetragonal lattice whe
;:-J,.l;:"fl_.’t zi’.
e A

a=b=20 A and ¢ = 17,07 /dnd 14.80 A With four 1

atoms) supercell re tively. -p

atoms) and six times (120

®

:
AU INENINYINS

ARIANTAUUMINGIAY

id along the tube axis has

been used for Brillouingane integ :
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Undoped and the mer form of B-N doped (8,0) zigzag

e-';:ﬂ‘::. s ‘-_.‘ w "’» a

and (5,5) armchair §WNT were selec

ted for ons. Various strain ratio (g) form

-0.1 to 0.1 were employed. Table 3.1 _
Geometry optimizationg/vere perfo ing density fum;tional calculations based on
generalized gradient appreximation (GGA)awith Perdew, Burke and Ernzerhof (PBE)

unctoral andﬁ&ﬂ,da& QD VBRI VLR &L 6. Fove been cescrivea n

tetragonal lattice where the cell parameters are Qe B=90°y i_jZOO, a=b=20 with

oo RIS W IR BAE B+« somoing
point in Igrillouin zone with Monkhorst-Pack grid along the tube axis has been used for

calculation.



Table 3.1 Strain ratio and c unit cell parameter on SWCNT structures

21

(8,0) SWCNT (8,0) Doped SWCNT (5,5) SWCNT (5,5) Doped SWCNT
€ (¢} € C € C € 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 j 13.90 -0.06 13.92
-0.05 16.22 14.05 -0.05 14.07
-0.04 16.39 14.20 -0.04 14.22
-0.03 16.56 ' 14.35 -0.03 14.37
-0.02 16.73 14.49 -0.02 14.51
-0.01 16.90 14.64 -0.01 14.66
0.00 17.07 14.79 0.00 14.81
0.01 17.24 14.94 0.01 14.96
0.02 17.41 15.09 0.02 15.11
0.03 17.58 15.23 0.03 15.25
0.04 17.75 15.38 0.04 15.40
0.05 17.92 *ei;f;:zjfs_____ —=z 5 53 0.05 15.55
0.06 18.09 [ 0.0¢ ! 5 15.68 0.06 15.70
0.07 18.26 | o 07 18.29 0.07 15.83 0.07 15.85
0.08 ﬁtu Ejo'?tn E]% W(EJ '] ﬂsﬁ 0.08 15.99
0.09 18161 0.09 1863 009 16.12 0.09 16.14
0.1Q 1¢ﬂ 31 070 . .33-.":'.; “ -‘[-ﬁ 2 2?10 16.29




CHAPTER IV

RESULTS AND DISCUSSIONS

4.1 Effect of Tube Diameter and Chiral Vector

The strain energy per

determined according to

!elatlve to graphene sheet) of SWCNT was
WC éﬂe/atom (4- 1 )
The va . Of 1-1 -- e ( meters in the range of 3 to 21

A for armchair and zigza SWC) . .. s 5 n - ure 4.1a. As the tube diameter

decreasing, SWCNT rapi of¢ es ’\
4 \ \

armchair and zigzag SWCNTs .‘

The strain energies of both

0 with respect to square of the

tube diameter (1/D S digplaye observation agrees well with
previous theoretical study’. | 2 tha similar tube diameters armchair
SWCNTs have higher strain'e ~.:.‘ [ thal 2g structures as evident by the higher

value of slope in Figure 4.1b
|

ol m a |
E: ﬂuﬂqwaw§Wﬂ1ﬂﬁ
gqmmmmwnﬂmaﬂ

ol AAA‘A‘%AA“AAQAA.A“

Tube Diameter (A)
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0.8
A
O =
A Zigzag
s A Armchair
E
goar R? = 0.99996
=
L2
?0'4 i R2 =0.998824
&
£
® 03
b
02 |
01
0 1
0.00 0.10 0.12
b)
Figure 4.1 Strain energy [é o '*'_ f 5 optimized structure as a function
of a) tube diameter and b)
The diameter anif\tg\g_, hnr‘ ¢ r of carbon nanotube are interrelated
and they can represent each Qti'\gy,lf;a inves e the effect of tube diameter as well as
chiral vector on el ic properties of zigzag anc air SWCNTSs, the band gap

energies of relaxed lers were determined using

PBE/DND and the res were illustrated in Figure 4.2.

PN N 12 () 1014
o A mﬁﬁﬂwﬁﬁzﬂﬁ AL ohe

metallic property of very small diameter SWCNTs has never been observed when using

hree types of zigzag SWCNTs,

zone folding scheme (ZF)8 and tight-binding based method™ " as well as the Hartree-
Fock approximationg’ ", However, it was observed when using DFT calculations™"". The
small band gap was suggested to be the result of the o-Tt hybridization in carbon
atoms'". The curve for (3i)-zigzag SWCNT has the maximum £ of 0.1 eV at the diameter

of 7 A. Thus, (3i)-zigzag SWCNT shows metallic or semi-metal property for all diameter-
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range. For the armchair SWCNT, the maximum £z of 0.45 eV is also observed at the
diameter of 7 A. 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 A. 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 A (0.9 eV), respectively. Their band gap energies converge to the value of 0.0

eV, they could become metal, at very large diameter.

e ——

1.00

0.90 ——— # Zigzag n=3i

0.80 ' B Zigzag n=3i+1
?g 0.70 A ZigZag n=3i+2
& 0.60
EJ X Armchair
o 0.50
&
©  0.40 " A
k] A
g
o 0.30

0.20

X
0.10 X X X %
0.00 7 *
3 \7 &Y' ) 18 21

U 4
Fi 428B ¢ f T cll [ ith tub
d:::reeters anﬁj ’Ejga W% ngﬁ zrj rﬁv?mg with tube

AMIAN TN INGINY
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1.0
y = 8.2459x - 0.0518
0.9 R?=0.9992
)
5 0.8
=)
5 0.7 A ZigZag 3i+2
c
[¢b]
% W ZigZag 3i+2
o> 0.6
2
© -
y = 5.5972x + 0.0845
m o5 R2 = 0.9945
0.4
0.3 : :
0.04 0.10 0.11 0.12
a)
0.5
S 04
2
>
(@]
o
2 03
[«}]
g y =19.782x + 0.0132
_g’ 02 R?=0.9985
o o
©
m
0.1
0.0
°°"F'1 ‘LIEI"’? ‘wswmmm
b)

Fowe 45 BARIAI UNIT BHAR Buoe s

of Z|gzag n=3i+1 and n=3i+2 SWCNTs in the range of 3-21 A b) and 1/D°, where D is

the tube diameter of armchair SWCNTs in the range of 5-19 A *the metallic SWCNTs

show zero band gap energy

Clearly, all (3i+1)- and (3i+2)-zigzag SWCNTs with the diameter larger

than 8 A 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/D* 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/D? dependences also hint the influence of the

external potential to the electronic energy of SWCN
)

In Figures4:4 dependencies of bond distances (B1 and B2) and bond
angles (A1 and A2) ofzigzag SWCNTs v‘\J/Iith various tube diameters are displayed. The
B1 and B2 parameters represent bpnd}diﬁstances along tube axis (c direction) and
circumference (ab plane), respectively, :‘Nhile A1l and A2 represent the B1/B2 and
B2/neighboring B2(B2’) pond angiés; res?le;tively. From the plot, it is observed that
while B1 increases exponentially,” B2 d_éjéfeéses in the similar manner with tube

) "J-‘.qo
diameters and both values converge to 1.425_AJ(carbon—carbon graphitic bond length).

-t

For the bond angle, A1 holds .censtant aHZOO for almost entire range of SWCNT

] g

diameters whereas A2\ is 107.5°> fo-r ‘(4,0) SWCNT and raises ‘vvith tube diameters to the

value of 120°. The Vaﬁue of 120° implies the sp2 hybrid,i.iz'ation whereas the angle of
107.5° represents the s_p3 hybridization for carbon atom. The change in bond lengths
and bond angles show$ .rapid deviation from sp2 to sp3 hybridization when tube
diameter is smallerithan 7 A. This is in accerdance with Figure 4.1a where the abrupt
shift of the strain energy before 7 A being obsenved. It also confirms the strong o-Tt
effect for smallest/{ube  diametef,and in agfeement with;the deviations of band gap

energy in Figure 4.2.
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Figure 4.4 Bond Distance and Bond_.angIeTo‘f zigzag SWCNTs on various tube diameters

To understand ‘electronic &Qperties of SWCNT, orbital analysis were
applied for HOMO and LUMQ of these corﬁ%;‘&)u‘nds. For (3i+2)-zigzag SWCNTSs, plots of
their HOMOs and LUMOs when""'“h = 5-8- 11714“and 17 were generated and shown in
Figure 4.5. The result indicated'th'at‘HOMOsi”gr'i:d" LUMOs of.zigzag SWCNT with n = 11,
14 and 17 have similarshape and pattern but they differ fr‘orrjthose with n = 5 and 8. For
HOMOs and LUI\/IOs-, the patterns of numbers of Iobes:on B1 and B2 bonds per
numbers of hexagonalxrings are given in Jable 3.1. These patterns are distinct for
different SWCNTs ‘and .can also reflect the ibehavior 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 lahd [2i+2/2(i- 19/3i+.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 A) patterns for HOMO or LUMO of
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SWCNTs deviate from large tube diameter (>7 A). This deviation is in agreement with

the observation on the strain energy.

Table 4.1 Numbers of HOMO'’s and LUMOQO's lobes per number of carbon hexagonal ring

on one empirical cell and patterns

UG AN WS
ARIANTAUUMINGIAY

Type (n,m) | No. lobes on B1/B2 /No. C rings Patterns
HOMO LUMO HOMO LUMO
Zigzag/n=3i | (6,0) 4/6/6 2i/3i/3i 2i/0/3i
(9,0) 2i/3i/3i 0/2i/3i
(12,0) 2i/3i/3i 0/2i/3i
(15,0) 10/ - 2i/3i/3i 0/2i/3i
(18,0) 2l | N 2i/3i/3i 0/2i/3i
Zigzag/n=3i+1| (4,0) v \412/4 - 3i+1/2i/3i+1 3i+1/2i/3i+1
(7,0) ' - 07 0/2i/3i+1 3i+1/0/3i+1
(10,0) / fﬁ | 0/2i/3i+1 2i+2/2i/3i+1
(13,0) 8 A 0/2i/3i+1 2i+2/2(i-1)/3i+1
(16,0) 0/40/ . 0/2i/3i+1 2i+2/2(i-1)/3i+1
Zigzag/n=3i+2 | (5,0) /24525 4i+2/2i/3i+2 4i+2/4i/3i+2
(8,0) 1 | di220-1)/3142 | 3i+2/0/3i1+2
(11,0) 4i+2/2(i-1)/3i+2 0/2i+2/3i+2
(14,0) 4i+2/2(i-1)/3i+2 0/2i+2/3i+2
(17, (i-1)/3i+2 0/2i+2/3i+2
Armchair n=m (4,3?i A{ n/n 2n/n
(5, ; : -~ n/n 2n/n
(6,6) | ,’u n/n 2n/n
Graphite g =h4/3 ﬂS - -




Chiral vector HOMO

(5,0)

(8,0)

(11,0)

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 (5,56) SWCNTs are the position where B-N distance
is the smallest (B-N distance = 1.44 A and .46 4 for zigzag and armchair SWCNTSs,
respectively). In addition, the substitutionJOf N-to therdistance longer than one bond form
B requires 28.1-42.2 and.26:3-44.7. kcal/mol/B-N pair for B-N doped zigzag (8,0) and
armchair (5,5), respeciively _Fhis agrees with the suggestion on the bond stability in
which [B-N > C-C > C-N' > C-B]52. Thgrefcﬁ;eﬂ,_ the most stable structure would require the

maximum number of B-N"and G-C bondslHaving B next to N maximizes B-N and C-C

i
1 *

bonds. Structures with singlet spih-' héas th':fe 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
T ,' *‘_

kcal/mole/B-N pair and of armchaif {5,5) ar'ei‘_2.=4;6.7 and 10.74-22.9 kcal/mole/B-N pair

= ;“_'j..'J
higher in energy. For higher spin staie such as triplet and quintet, the dominant spin

densities does not oceur-on B dF N (less th-a‘n'Oﬂ.*OQ electrqn) as show in tables 4.2 and

4.3 but it were presenféd on carbon atom near dopant. Ho@ever, relative energies for all
electron spin states and all type of SWCNTs structures increase in the same manner

with B-N distance as showngin 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.



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
a 0.033 0.021 0.073 0.063
a 0.040 0.016 0.077 0.056
7 a 0.017 0.073 0.056
8 a 0.019 0.082 0.054
0 0.064 0.020
1 0.076 0.037
2 0.075 0.030
3 0.063 0.067
4 0.068 0.054
078 0.055
6 0.059
7 0.051
8 0.065
0 0.044
1 0.032
2 0.057
3 0.060
4 ~ 0.050
5w 0.027 058 0.061
6 | I c 0 ' 75 0.056
7 i c | [oor2 0.055
8 c 0.046 0.019 0.081 0.054
o fdn o 018 4 vﬂoloiﬁ - 20 0.043
F d .03 ‘-j . 3 0.029
-4 d o‘.‘o25 0.012 0.028 0.031
Qerin ﬁ 188 1 o AR oy e I 00
P TO N FT 36 bl I b §1 tobes [ ot
f 5 d o042 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
a 0.031 0.037 0.072 0.089
a 0.034 0.042 0.07 0.085
7 a 008 | 0021 0.067 0.089
8 a o\ 35 0.063 0.073
9 a 0,014 : 0.031 0.052
0 - 0014, 0 0.032 0.041
1 1.013- |00 L 0.044 0.067
2 Aﬂb’e \' \\% ~0.055 0.062
3 23 - 0.089 0.065 0.087
4 b 0,03 \ 5\':“ 0,07 0.085
5 0055 = | 0036% % 007 0.087
6 200824 | 4 80 0.07 0.09
7 o2 I 0.029 ) 0.068 0.079
8 4 19016 ) 0 "~ 0.061 0.087
9 s 0.008 0.046 0.051
0 ol NEEE0w 19 0.04 0.053
1 c Jj:',_:hef'ijs; 017 0.041 0.045
2 - S eV : .05 0.08
3 “:E c 0.025| . 51‘435 0.077
+ 4L e 0.02 Sodss 0.087
5 I o ' Jf 0.07 0.087
6 c 0.029 0.033 0.069 0.084

t = o

H ol o1 o @fn AT @0 I S0 | oo
407 SaCPR RIZ AN R L 21N PRI
o4 c 0.019 0.02 0.059 0.079
ORGSO AT ol 5 N s
WO BT 3Bl W1 obeud T (e | Y fob
f 2 ' 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) SWCNTSs, 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
Ob for armchair, charge on B and N become more positive. The oscillation on the value
of charges was observed between odd amdieven 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 pasition«However, one must separate cases for odd and even
round vectors as done ingFigure/4.8. Thia linear relation between relative stabilities of
structures with odd and even found veciors and 1/8-N distance of doped SWCNT was
observed when plotting according to peric;;d vectors. Positions a1 and d0O are excluded
from the plot; since charges that bear o’irj‘-ubg_ron and nitrogen atoms in 1a and 0d
position are too different for other p_c‘g_sitions':_firle- square correlation coefficients of linear
relation (Rz) from the plots betWeen 1/B-N @anes and relative energies of around
0.963 to 0.998 indicates the suceessful of fb%‘-'fitting of the results to linear equations.
This linear relation seggests-the_importance-ofthe columb,i:c-interactions to stabilities of
B-N doped SWCNT. The grouping according to period vec::tbrs implies the similarity of
doped SWCNT with same period vectors and the distinction between those with different
period vectorsy.Fram Figure 4.7/ iticouldbe obsenved that Bsand N substituted at the
same period vecetor have similar charge distributions. SWCNTs with same period vector
have similarenvironment and.thus similan charge distribution: Fhesdifferent 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) SWCNTSs 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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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,
E5, 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 efiect lead to reduce £; of SWCNTs. Considering the
substitution on the peried direction 0} zigzag (8,0) SWCNT, it was found that
dependencies of energies bandigap on round veetors.are quite similar between B-N
substitutions on period a and ¢ and,-thc;se t-b;etvyeen period D and d. By closely analyze of
B-N doped zigzag (8,0) SWONT, .the db:‘piing at period a and ¢ has very similar
environment and likewise for that at_ period';k_)_a;md d. In addition, there is a pattern of
maxima and minima on Figure/%4:10a. Substitutions on period a, b, ¢, and d shows
maximum points of Eg at positions O, 2, 5,f;n'd8 of round vectors and the minimum
points of Ey at positiensd-4d.-and.6.0r.Zof round.veciors. Whereas, positions of doping
on period direction of Fer armchair (5,5), the similarity betwé:én patterns of £g according
to period vectors was not found, 4.10b. However, the maximum and minimum of Eg upon
round vectors Were biisenvedfor (B:N dopedlaimchain (5,6)=SWCNT. The observed
maximum pointsiof £g are on 1a, 7a, 2b, 4b, 9b, 1c, 3c, 5¢, 8c, 0d, 6d, and 8d B-N
substitutionsawhile the minimum peintsiof £gyare, on, 3a76a, Oy, 0by, 3b,15b, 8b, Oc, 2c,
4c, 6¢, 9¢, 5d, 7d,"and 9d B-N substitutions. The patternsfor £z 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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4.3 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)
SWCNTSs 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 t tress ratio (&) were made and displayed in

figure 4.11. All structures have s n exception of B-N (8,0) which has

slightly larger curvature. T igure 4.11 is related to Young's

modulus which can be

(4.1)

where Vj is the equili lume, E-is f system and ¢ is the starin

ratio along the tube axis. , dul ; ped and B-N doped (8,0) and

o2
R%veel.:.igigy (eV)

-0.08 -0.04 0.00 0.04 0.08

€

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.

Young's Modulus (TPa)
SWCNT 9 31 32 33
This work HF Finite Element TEM AFM
(8,0) 1.082 1.306 0.910
(8,0) B-N doped 1.069 - -
1.25 1.0
(5,5) 1.101 1.293 0.919
(5,5) B-N doped 1.091 - -

Values of Youhg's modulu‘? obtained from this work are 1.082 and 1.091
TPa for undoped (8,0) and#(5,5) SV\/CNTt§,a|-the values agree well with those obtained
from previous calculations: and pr’erim“‘e‘nts. However, both TEM and AFM were
performed on mixtures of SWCNTs‘and the%w_ \;alues are varied. Since values of Young’s
modulus of zigzag and armchair SWCNTS ar§ \‘/;ery similar, experimental values can still
be used to represent SWCNTS._,_FO‘I".:B—N déé%ci,?WCNTs, Young’'s modulus values are
slightly smaller than the undqpe_d SWCNTSE%_[.O% and 1.091 TPa for B-N doped

zigzag (8,0) and armehair (5,0), respectively. Thus, B-N do"p_ing almost has no effect on

mechanical properties‘of SWCNTs.

The effe:ct of stress on the electronic ba:nd 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 (€). From the graph, It is observed that the £ of
undoped zigzag (8;0)« SWCNT,decreases' from 10.6! eV to nearly-0 eV when applying
stress, €= 0.0 to 0.1. However, when applying stress € = -0.03 £z reaches maximum
with the value of 0.8 eV and it reduces afterward to 0 ev at € = -0.1. The similar behavior
is observed for B-N doped zigzag (8,0) SWCNT, i.e. decreases to nearly 0 eV when &
=0.0t0 -0.1 and = 0.0 to 0.1. In this case, the maximum is at € = 0.0. For undoped and
B-N doped armchair (5,5) SWCNT, £z does not monotonically decreases like that of the
zigzag but it rather oscillates with €. Moreover, the undoped and B-N doped armchair

do not share the same behavior. For both cases, £z can be reduces to the value close to
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0 eV. For undoped armchair (5,5) SWCNT, £z is the highest (0.58 eV) at € =-0.09. For B-
N doped armchair (5,5) SWCNT, appear the maximum point of £ is the highest (0.40
eV) at € =-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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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 sstrain energy with WD° when comparing with graphene
sheet for both zigzag and armchair SWCNTE, "THE lifear relationship was observed
between band gap energiesr@nd 1/D. of (3i+1) and (3i+2) zigzag SWCNT and between
band gap energies of and f/D3 armchairGBWCNT. Forwvery small tube diameter (smaller
than 5 A), most SWCNTs dre metal or semimetal, The maxima of band gap energies of
SWCNTs was observed when the tubé di%meters are in the range of 5-7 A. The (3i+1)
and (3i+2) zigzag SWCNTs have t_he_maxirﬁym band gap energies around 0.9 eV and at
tube diameter of 9 A andtheir ban‘di_gap e'rﬁgrgies are converged to 0 eV for very large
diameter while 3i zigzag and armichair SWCI\is’?ffave a very small to zero band gap that
are being metal for all range oa‘-tube"diametéf";."-'The-distinction in electronic properties of
very small diameter SWCNIs probablyare-a-resultofthe change in atomic hybridization
of C atom from sp2 to -spg as predicted from bond lengths and bond angles of SWCNTs.

This change in atomic h}bridization also affects the electronic structures of SWCNTSs.

Variods [B-N doping(were performed_ for zigzag (8,0) and armchair (5,5)
SWCNTs. Favorable B-N doping positions and spinsstates for both zigzag and armchair
SWCNTs were identified by camparing.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
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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 SWCNTSs, 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 te'undoped and doped armchair (5,5) and
zigzag (8,0) SWCNTs, Young's-modulus yalue-ceuld be calculated. It was found that B-
N doping has almost neweffeci-on Young's modulus. Also the result indicates that
undoped and B-N doped ammchair (5,5)1 are mechanically stronger than zigzag (8,0)
SWCNTs. However, undoped and B:N dopeel SWCNTs stillhave Young's modulus value
in the order of TPa. Thus, they are eone}dered to be one of the stiffest material yet
discovered. In addition, it was obeerved t‘f’lat electronic band gaps of these materials
changed when applying extemal p'ressure"'-alc’)ng the tube axis. For zigzag SWCNTSs,
external pressure with both posmve and negatlve strain ratio would reduce its band gap

energy and the material could turn from Semlconductor to metallic. For armchair

g =

' ~i

SWCNTSs, the change in.the band gap energy is also ewdent however, with no regular

patterns like in the case of zigzag SWCNTSs. In addltlons,-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.

Tubg" diameters; <external fpressure; and (B-N"doping | could change
electronie 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

SWCNTSs which could be useful for application in electronic devices.
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