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Preface

This book describes the usage of a carbon nanotube channel as a nanodelivery
system for copper atoms, in which the transportation of copper atoms is achieved
through the application of electromigration. Apart from that, it also highlights the
use of molecular dynamics simulations as a means for the investigation of the
nanosystem. The steps involved in building the molecular dynamics simulation
program is illustrated in this book, leading to an example showing the application
of the molecular dynamics program, and the use of the program to investigate the
carbon nanotube as a delivery system.

This is a text intended for engineering and science students, who wish to create
a molecular dynamics simulation program of their own and to conduct an ana-
Iytical study of a molecular system. The nanodelivery system of carbon nanotubes
presents the possible usage of the carbon structure in many areas in the future. The
reason for writing this particular subject is to share the expertise of this field of
study, which is relevant to current development in nanotechnology.

The book is divided into two main parts. The first part introduces some of the
relevant concept of molecular dynamics simulations, and to show how to use it to
study a group of atoms, which are formed into a rectangular system. The second
part focuses on the application and results of the molecular dynamics simulation of
carbon nanotube systems, and at the same time provides scientific explanations to
the phenomena observed during the simulation process of the carbon nanotube as a
nanodelivery system.

This book is comprehensive, informative and serves as a guide for readers who
are interested in molecular dynamics and the latest development of carbon
nanotubes. The content of this book consists of a research effort that lasted for 4
years, and inspirations from many well-established scientific works.

Lastly, we would like to thank our friends and families for their constant
support and understanding towards our busy schedules.

G. Lim
Z

M. C.
Z. W. Zhong
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Chapter 1
Introduction

1.1 Background

A carbon nanotube (CNT) is a fascinating nanostructure that has promising
potentials for future applications. A CNT is a cylindrical tube made of carbon
atoms, and exists either as a single-walled structure known as a single wall carbon
nanotube (SWCNT), or as a multilayered structure known as a multi-walled car-
bon nanotube (MWCNT). The diameter of an SWCNT can be as small as 0.3 nm
[1], whereas the inner diameter of an MWCNT can be larger than 15 nm [2]. An
article, which first reported the findings of CNTs, was published by Radushkevich
and Lukyanovich [3], in the Russian Journal of Physical Chemistry. However, the
most significant publication of CNTs made to the scientific community was given
by lijima in 1991 [4]. Intensive research efforts on CNTs have since escalated and
gained attentions worldwide.

There are a wide range of applications in which a CNT can be used. They
include implantable materials and devices, surgical aids [5], DNA detectors and
sensors, molecular transporters [6—11], and many more [12, 13]. A CNT can also
be combined with other biomolecules to form a hybrid system for bioelectronics
and nanocircuitry [14]. Since the centre core of a CNT is hollow, a CNT is
naturally a good candidate as a nanochannel. The studies involving the flow of
molecules and atoms along a CNT are thus essential for investigating the suit-
ability of the CNT as a transport vehicle on a nanoscale, and predicting the flow
phenomena that can be expected in the nanochannel.

There has been a particular interest in SWCNTSs as nanochannels because the
wall of a SWCNT is only one atom thick, and the atomic influences of the carbon
wall on the flow substances are less complicated compared to a MWCNT, where
the multilayered wall effect may need to be considered. However, the structure of
an SWCNT is less than perfect. SWCNTSs have been produced experimentally over
the years [15, 16] and often, defects can be found along the walls of SWCNTs
[17, 18].

In usual cases, a SWCNT can be produced with well-defined morphologies, a
uniform thickness and other unique characteristics, which allow the structure to be

M. C. G. Lim and Z. W. Zhong, Carbon Nanotubes as Nanodelivery Systems, 1
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2 1 Introduction

made suitable for encapsulating and transporting metal atoms. The properties of
CNTs can be described using a set of vectors, known as the chiral vectors, to
determine the arrangement of the carbon atoms, the type of electronic structures and
also the diameter of the CNT [19]. The electrical conduction in an CNT can either
be metallic, or semiconducting, depending on the indices in the chiral vector of the
tube [20]. Other additional features of a CNT include kinks and nanotube junctions,
which are usually formed by combining more than two CNTs together [21, 22].

A pentagon-heptagon pair is an example of a defect that exists in the network of
the CNT [23]. In fact, a pentagon-heptagon pair defect can occur when two CNTs
of dissimilar diameters are connected together experimentally [24]. A junction is
formed when two dissimilar CNTs are joined together at their ends. The structure
of the junction is similar to a nozzle or a diffuser, depending on how the cross
sectional area of the junction changes along the CNT channel [25]. The shape of
the CNT channel junction affects the volume of the encapsulated material flowing
through it. The junction of the CNT channel is therefore a crucial factor to be
investigated for the flow properties of nanomaterials [26].

The filling and encapsulation of metal atoms in CNTs is a widely discussed
topic because there are many properties of CNTs that can be enhanced through the
addition of metal atoms in the cavities [27, 28]. Besides that, CNTs can also be
used as templates for forming nanowires [29, 30]. For example, iron filled CNTs
are suitable to be used as magnetic field sensors due to the ferromagnetic
behaviour of the system at room temperatures [31]. Apart from that, CNTs filled
with ferromagnetic fillers can also potentially be used to control the heating of
tumour tissues [32].

The studies involving the filling of materials in CNTs have been carried out for
many years [33-36]. There are many methods, which have been explored and
experimented to fill metals into CNTs. Some of these methods are capillarity-
induced filling, carbon arc discharge methods, wet chemical techniques, pyrolysis,
and many others [37]. Quite often, simulation methods are also attempted by
researchers to investigate the possible filling processes of metal atoms in CNTs
[38, 39]. One of the methods of filling copper atoms into CNTs is through the
sucking effect caused by the capillary attraction between copper atoms and the
CNTs, achieved through a process known as the microwave plasma-assisted
chemical vapour deposition (MPCVD) method [40]. By using the same principle,
the capillary effect of palladium in CNTs has been tested using molecular simu-
lation techniques [41, 42].

Since CNTs are suitable for encapsulating metal atoms, CNTs are thus ideal
candidates to function as delivery systems for nanomaterials, such as metal atoms.
There are several ways of transporting encapsulated materials in CNTs. Electro-
migration is one of the important methods for transporting metal atoms along
CNTs [43]. The forces that contribute to the electromigration force depend on the
electric field and the scattering of electrons, which are referred to as the ‘direct’
and ‘wind’ forces, respectively [44]. By altering the electric field along a CNT, the
migration of the encapsulated metal atoms can be achieved due to the effect of
electromigration. The encapsulated metal atoms move towards the opposing
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direction of the electric field that is parallel to the direction of the electron flow.
Such phenomenon is observed in experiments and simulation studies [45-47].
Besides that, the voltage gradient determines the direction of the mass transport
along CNTs [48].

In the case of atomic scale mass transport, we can control the mass distribution
along CNTs, since the direction and the rate of the mass transport are affected by
the external drive. The importance of such a method is that the mass delivery of
metal atoms in CNTs can be applied to nanorobotic spot welding using electro-
migration processes [49]. The nanorobotic manipulation is carried out to transport
copper mass through inter-nanotubes. The magnitude of the bias voltage to
transport copper along CNTs, with diameters ranging from 40 to 80 nm, is
between 1.5 and 2.5 V.

Quite often, the studies involving the transportation of metal atoms along CNTs
are carried out by considering uniform tubules as the delivery systems [50]. Non-
uniform tubules, on the other hand, are rarely looked into. For example, the feature
of a CNT channel junction is worth investigating, because the structural geometry
of the junction affects the outcome of the flow processes along a CNT. The
investigation of flow processes along these CNT channels provides valuable
information, which could be useful for manipulating the outcome of the mass flow
using the feature of a channel junction.

In view of the complexity of the experiments for the studies of CNT channels as
nanodelivery systems, we investigate the nanodelivery systems in this book using
molecular dynamics (MD) simulations instead. MD simulation is a great tool for
the studies of molecular and atomic systems. The descriptions of building an MD
simulation program will be covered in Chap. 2, and an example of using the MD
simulation program to investigate a nanosystem will be shown and discussed in
Chap. 3. We will be focusing on the investigations of the CNT channels as
nanodelivery systems for copper atoms in Chaps. 4-6, using MD simulation
methods as the principal tool in our investigations.
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Chapter 2
Building an MD Simulation Program

2.1 Introduction

In this chapter, we will focus on how to build a molecular dynamics (MD)
simulation program using three important parameters for an atom: forces, veloc-
ities and positions. There are many different equations available for calculating the
parameters of an atom in an MD simulation program, depending on the level of the
accuracy that we would like to achieve and the type of the molecular system that
we are studying. Besides that, there are also different methods developed over the
years to improve the accuracy of the integrated parameters. Our main focus in this
book is to demonstrate the construction of an MD simulation program, using
simple yet realistic equations to describe molecular phenomena as accurate as
possible. In order to maintain the relevancy of the equations used for the MD
simulation program and the system that we are going to discuss in the following
chapters, the following sections highlight some basic theories and equations
required for constructing an MD simulation program for the analysis of transport
phenomena in carbon nanotube channels.

2.2 Ensembles

An MD simulation is a useful tool for predicting the atomic positions, velocities
and forces of atoms. The calculations based on statistical mechanics are essential
for converting the microscopic information to macroscopic phenomena, such as
pressure, heat capacities, energy and other properties. The properties of the
systems in MD simulations are calculated in terms of the function of time. By
integrating Newton’s second law of motion using different integration algorithms,
we can determine the atomic trajectories of atoms in space and time using the
calculated acceleration values of the atoms.

There are four types of ensembles in MD simulations, which describe the
conditions of a particular thermodynamics state of the atomic system [1].
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e Microcanonical ensemble: This ensemble is characterised by a fixed number of
atoms, N, a fixed volume, V and a fixed energy, E. It is also commonly referred
to as an NVE ensemble. This ensemble corresponds to an isolated system.

e Canonical ensemble: This is a thermodynamic state, which is characterised by a
fixed number of atoms, N, a fixed volume, V and a fixed temperature, T. It is an
ensemble commonly referred to as an NVT ensemble.

e [sobaric—isothermal ensemble: The thermodynamic state for this ensemble is
characterised by a fixed number of atoms, N, a fixed pressure, P and a fixed
temperature, 7. It is referred to as an NPT ensemble.

e Grand canonical ensemble: This ensemble comprises a thermodynamic state,
which is characterised by a fixed chemical potential, y, a fixed volume, V and a
fixed temperature, 7. It is referred to as a pVT ensemble.

2.3 Periodic Boundary Conditions

A periodic boundary condition is an important condition for simulating a small
part (computational box) of a large system. The original computational box is
defined as the primary cell. The atoms in the primary cells are replicated in the
imaginary cells, surrounding all around the primary cell. There are a total of 26
imaginary cells surrounding the primary cell. As atoms move out from one side of
the primary cell into the surrounding image cells, the position of the atoms is
recalculated and then translated back into the primary cell by allowing the atoms to
re-enter to the opposite side of the primary cell. It should be noted that the
computational box should be larger than twice the cutoff distance of the interaction
potential used in the system.

2.4 Neighbour List

The neighbour list is created in MD simulations, such that the computation speed
can be improved by reducing the time required to evaluate the pair interactions in
the system. In order to create the list, a loop over particles fromi = 1toi = N —
1, where N is the number of particles, is examined. The first loop encloses a second
loop, in which the second loop covers all the possible neighbours of that particle,
fromj =i+ 1 toj = N. There will be a total of N(N — 1)/2 pairs of atoms, with
the consideration of the boundary conditions of the system during the generation of
the list. If the distance between two atoms is greater than the cutoff distance, the
interactive force is assumed to be zero, and the loop for the jth atom is thus
terminated.
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2.5 Potential Energy and Forces
2.5.1 Embedded Atom Method

There are various models in the field of MD simulations, which can be used to
approximate the energy between two atoms. The interaction between two atoms
may be weak or strong, depending on the type of the phase and the element of the
atoms being modelled in the simulations. Simple pair potential is the most basic
potential that is often used to describe organic molecules, liquid and gaseous
atoms. However, for metal atoms, a stronger interaction is required instead to
describe the potential energy of the atoms more realistically, and therefore the
embedded atom method (EAM) is being considered in the examples in this book
for the interaction between metal atoms.

EAM is a method, which describes the potential of metal atoms with the
combination of pair potential and electron density embedded functions in its
energy equation. One of the differences between the EAM and pair potentials is
that pair potentials do not properly account for local density variations. The pair
potentials are also not able to consistently describe the forces in particular atomic
configurations for metals, even though the total energy is calculated based on the
sum of pair potentials between two atoms [2]. In the case of metal atoms due to the
EAM, the dominant energy of the atom is calculated based on the energy required
to embed an atom into the local electron density caused by the surrounding atoms
of the system, which results in many-body effects [3, 4]. The EAM thus consists of
the computational simplicity required for defects and amorphous systems, and
avoids the ambiguities of the pair potential schemes [5].

The total energy of the EAM [6], E,,, combines the energy, &, required for
embedding atoms into the homogenous electron gas, and the energy, xp(r,-j), for the
two-body interaction:

E‘O‘:Zéi(gi)+%zw(rij)' (2-1)

r;; is the distance between atoms i and j. ¢; denotes the host electron density at
atom i due to the surrounding atoms. ¢;(g;) is the embedded function in the
universal form [7] and y(r;;) is the two-body potential function [8].

2.5.2 Forces on Atoms Due to the EAM Potential

The potential energy of an atom, such as the EAM potential, is differentiated
during the simulation in order to determine the force on an atom due to the system.
As the positions of the neighbouring atoms change, the overall effect of the



10 2 Building an MD Simulation Program

homogeneous electron gas caused by the surrounding atoms and pair potentials
would influence the force on the atom. Based on the magnitude of the force on the
atom, the acceleration of the atom is then determined. The force on the atom is
expressed as the differentiation of the EAM potential [9, 10]:

Yi=—

Sl e g (ds(m)) Ty
dl",‘j |r,-j|

S | d (%} c(ﬂﬁ) | d (z,: gw))]‘

1

(2.2)

where 7; represents the force on the ith atom, N is the total number of atoms in the
system and j is the number of neighbouring atoms surrounding the ith atom. ry; is

dx// (r/j)

the distance between the ith and jth atoms. a4 is the derivative of the pair
ij

potential between the ith and jth atoms with respect to the separation between
them. dﬂ%—;) and d:z—i;) are the derivatives of the ‘embedding function’ for the ith
and jth atoms, respectively. g(r,-j) is the electron density provided to the embedded
ith atom by its surrounding jth atoms.

The host electron density is first calculated and stored in an array of matrix for
all atoms in the simulation, which uses the EAM potential. The derivatives of the
‘embedded function’ for each of the ith and jth atoms are then computed simul-
taneously during the simulation, using the stored host electron density values [11].
The algorithm for computing the energy and force of an atom using the EAM
potential is elaborated further in Sect. 2.5.5.

2.5.3 Lennard-Jones Potential

The Lennard-Jones (LJ) potential is a pair potential for computing the interactive
forces between atoms. One of the applications of this potential in this book is to
describe the interaction between metal atoms and the CNT carbon atoms. The
expression of the potential energy between metal and carbon atoms is shown as
[12]:

, (2.3)

i<j ij ij

Ecuc() =3 [Clzgd') _ Colie])

where r is the distance between two atom pairs, and Cg and C;, are constants.
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2.5.4 Potential and Force Algorithms

Figure 2.1 shows the algorithm of computing the potential energies and forces for
metal atoms in MD simulations using the EAM potential. Before initializing the
program, the parameters of the EAM potential are first defined by the users. Next,
the atom pairs are chosen according to the neighbour list and the cutoff distance
that is defined by the users. The neighbour list will help to ease the computational
effort in determining the neighbouring contribution of the electron density and the
pair potential for the embedded ith atom in the system. The positions of the atoms
are checked against the periodic boundary condition of the system before the
calculation of the host electron density is carried out.

The computation of the forces between two atoms is determined based on the
cutoff distance between the ith and the jth atoms. This step is essential for
increasing the computational speed. According to Eq. (2.2), the force on an atom is
dependent on the derivatives of the pair potential and the embedded function of the
EAM potential. The host electron density is calculated in the first loop of the
algorithm for all the atoms, as shown in Fig. 2.1, because the host electron density
for both the ith and the jth atoms is required for the calculation of the derivatives
of the embedded function.

Next, the atom pairs are chosen again according to the neighbour list and the
cutoff distance, before the computation of the pair potential, remaining embedded
function terms, energy and force for each atom is carried out. The calculation is
done for each of the atom pairs simultaneously in the second loop of the algorithm.
Once the calculations are completed, the values are converted according to the
units that have been determined by the user for the system.

2.5.5 Electromigration Forces on Metal Atoms

Electromigration is one of the transport methods for the encapsulated materials in
CNTs. The electromigration consists of the direct force and the wind force. The
expression of the electromigration force is shown as [13]:

Yem = (Fd + FW)eﬁf = <Fd +%> eﬁf7 (24)
where F, and F,, are the valence equivalents of the direct and wind forces
respectively, e is the electron charge, and f; is the electric field. The electric field
is defined as the region, in which a point charge experiences a force exerted by
another charge particle. The unit of the electric field is voltage per meter, V/m
(Vm™"). T'is the temperature in Kelvin and R(T) is the resistivity of the material.
The resistivity is temperature dependent and can be described as R(T) =
2.96 4+ 0.00768(T — 473) puQcm for copper [14]. The temperature-independent
quantity, k,,, for copper is given as k,, = —33.3 pQcm [14, 15].
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Input parameters required for EAM and force on atom

|

Select the atom pair based on neighbour list <

!

| Check periodic boundary for atom pairs |

Is atomic distance < cut-off

Yes

Calculate the host electron density for i"™ and the th atoms

Complete calculations for all atom pairs
from the list?

Yes

4

Select atom pairs based on neighbour list

y

Check periodic boundary for atom pairs

Is atomic distance < cut-off

Yes

Calculate the pair potential, remaining embedded
function terms, energy and force for each atom

Complete calculations for all atom pairs
from the list?

Yes

Convert the unit of force, add energy terms for EAM potential and convert the
unit of energy

Fig. 2.1 Algorithm for the EAM potential and induced force

Electromigration is a forced atomic diffusion due to an electric field and
associated electric current in the metals [16]. In this book, we consider the wind
force as the main contributor, which is used as the good measure for the elec-
tromigration force, because we assume the contribution of the direct force to be
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small [14]. On the other hand, we assume that the cluster of metal atoms that we
are going to study is a result of the separation from the bulk material due to
electromigration, and hence the cluster of metal atoms would not only be influ-
enced by the scattering of electrons, but also be affected by the bulk resistivity of
the bulk material.

2.6 The Velocity Verlet Method

In MD simulations, there are several numerical algorithms, which can be used to
integrate the equation of motion. The method shown here is known as the velocity
Verlet method. The equations for determining the position, velocity and acceler-
ation of an atom are as follows:

v(t—i-%) — () —&—a(t)%, (2.5)
sp(t+ot) = s,(1) +v (t + %) or, (2.6)

a(t +01) = 5,(t + 6t) = (s, (t + 61)) /m, (2.7)
v(t+5t) =v (r + ?) + % (a(t + 61))dt, (2.8)

where v is the velocity, a is the acceleration, s, is the position and ¢ is time. The
velocity Verlet method consists of a velocity correction factor at half a time step,
which allows the acceleration of the atom over the time step to be taken into
consideration, such that the final velocity is better predicted.

The advantage of using the velocity Verlet algorithm is that the velocity term
appears directly in the equation of motion to be iterated, so that no extra effort or
storage is required. Apart from that, the equations retain the superior numerical
precision of the summed form [17]. The velocity Verlet method is the preferred
choice for the MD simulations in this book, because it provides convenience for
nonequilibrium MD calculations, which need continuous or periodic rescaling of
the velocities for atoms.

The velocity of the encapsulated atoms in a CNT channel is computed using
Newton’s equation of motion. If we assume that each of the atoms is being pushed
by an electromigration force, y,,,, the resulting equation of motion for the ith atom
along the z direction would be:
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d N
m& (V,' - ui)z: Vem T+ Z (VEij)Z7 (29)
j=1j#i

where N is the number of atoms translocating along the CNT, m is the mass of an
atom, v is the velocity of the atom at time ¢ + dt, u is the velocity of the atom at
time ¢ and E is the potential energy between two atoms.

In order to maintain a constant temperature in the system during simulations,
the velocity of the moving atoms is required to undergo a rescaling process which
takes place before the velocity Verlet method is implemented. According to Eq.
(2.9), the velocity of the moving atoms consists of forces due to the potential
energy and the electromigration. If we were to rescale the velocity term based on
this relationship, the drift velocity of the moving atoms would be affected sig-
nificantly. In view of this problem, a new set of velocities is calculated for the
purpose of computing the rescaling values for adjusting the temperature of the
system. The additional set of velocities is computed as:

N
Wei = Wg.lid + g{ Z (VEU)Z}7 (210)
' S Ve
where N is the number of atoms translocating along the CNT, m is the mass of an
atom, w is the velocity of the atom at time ¢ + dt, w°41s the velocity of the atom at
time ¢ and E is the potential energy between two atoms. The velocity at time
t + dt is equal to the velocity of the moving atom at time ¢ plus the forces due to
the potential energy between atoms. This additional velocity term would ensure
that the rescaling process would only adjust the thermal contribution to the atoms
instead.

2.7 Simulation Algorithm

Figure 2.2 shows the algorithm of an MD simulation. The numbers indicated at the
sections of the algorithm represent the steps at which the processes would take
place during the simulation. Step 1 defines the variables and constants for the
equations and conditions necessary for performing the MD simulations. Step 2
initiates the coordinates, velocities and accelerations of the atoms in the system.
The initial neighbour list for atom pairs and the host electron density at equilib-
rium is created at this stage. The simulation loop for the numerical calculations of
MD starts at step 3. Within this loop, the velocity Verlet method, the velocity
rescaling method for controlling temperature, periodic boundary conditions, the
EAM potential model, the LJ potential and the forces on atoms are all executed for
every time steps and every atom.

At step 5, the positions of the atoms are first updated using the velocity
Verlet algorithm. Next, the new positions of the atoms are adjusted based on periodic
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Fig. 2.2 Simulation
algorithm

1. Set variables

2. Set initial conditions

|

3. Initiate simulation loop

!

4. Control temperature

|

5. Solve MD equations t=r+1

A

6. Collect data

7. t = total time ?

Yes

8. Post processing

boundary conditions. The neighbour list, the EAM potential and the Verlet algorithm
are updated accordingly, such that the velocity of the translocated atoms can be re-
established and the accelerations due to the resultant forces can be derived. The
information is collected in step 6 for the purpose of executing additional calculations
for determining other properties and functions such as the mean square displacement,
pair correlation function, layer structure factor, mean square vibrational amplitude
and to display values such as energies and temperatures of the system for references.
The final consolidation of the data and visual display of the system are carried out
after the completion of the simulation at step 8.
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Chapter 3
Sample of an Application of an MD
Simulation Program

3.1 Introduction

The MD simulation program is a useful tool for carrying out analyses on a
molecular system, in which the progressive changes of the molecular positioning
and energy are described over the progression of time steps. Chapter 3 shows and
explains how the MD simulation program can be applied and used to carry out the
analyses of a molecular/atomic system. Results from the simulations are also
presented to give a realistic description of how the system can be analysed using
MD methods. The molecular system created for the discussion of this chapter is
made up of Al atoms.

The molecular system in this chapter is modelled as a simple rectangular Al
block, with the top and bottom surfaces of the block being exposed to air, and the
sides of the block connected to a larger Al system. The same Al block is also
modelled as a small part of a larger system by surrounding this small part with more
Al atoms using the periodic boundary condition method described in Chap. 2.
We will be using this simple model to investigate the surface premelting of an Al
system, where the exposed area (surface) consists of Al atoms arranged in the (110)
configuration. The computational methods section will describe the information
required for carrying out MD calculations.

3.2 Simulation Details for a Bulk Al Slab and an Al(110)
Surface

MD simulations are performed in this section to study an Al(110) surface. The
system consists of an Al fcc crystal with two free surfaces on the (110) planes.
The slab consists of 432 atoms, which are divided into 12 layers, 36 atoms each.
The dimensions of the slab are 22.28 x 15.75 x 15.75 A® in the «x, y and
z directions respectively. There are two analyses carried out in this section: the
bulk analysis for the Al system and the surface analysis for the Al(110) surface.
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Periodic boundary conditions are applied in the x, y and z directions for the bulk
analysis. On the other hand, periodic boundary conditions for the surface analysis
are imposed only in the directions parallel to the surface (x and y directions) of the
slab so that diffusion of atoms along the z direction at high temperatures is
possible.

The atoms in the system are modelled using the EAM potential with a cutoff
distance of r., = 1.65a¢ (ag = 4.05 f\) [1]. The temperature of the Al slab is
controlled during simulations. The temperature of the system is maintained using

the velocity rescaling [2]:
' T,
MY ek 3.1
Vo T ’ ( )

where V" is the velocity of the atoms after rescaling, v° is the velocity of the atoms
before rescaling, T, is the targeted temperature and 7 is the actual temperature of
the system.

The temperature of the system is generated based on the average kinetic energy
of the atoms [3]:

N1 , 3
E Em,- E ﬁaﬁiziNka. (32)
i=1

0=X,y,2

N is the number of the atoms in the system and k;, is the Boltzmann constant. The
neighbour list is used in this simulation to improve the efficiency of the program.

The simulation cases for the Al system are divided into bulk and surface
analyses. There are 9 simulation cases in this section. The temperatures assigned
for the Al bulk analysis are 240, 584 and 708 K, whereas the temperatures
assigned for the Al(110) surface analysis are 240, 400, 500, 579, 710 and 810 K.
The total time simulated for each case is 12 ps. The time step for each simulation
is set at 2 fs.

3.3 The Atomic Behavior of a Bulk Al Slab and an Al(110)
Surface

The structure of the Al slab and the dynamics of the Al atoms on the surface are
verified using the pair correlation function, and the mean square displacement of
the atoms in the z direction, perpendicular to the slab surface. The pair correlation
function (the probability distribution for the distance between two atoms) for the
AI(110) surface is compared with the pair correlation function for the bulk Al.
Figure 3.1 shows the surface dynamic of the Al slab at different temperatures.
The black atoms represent the positions of atoms after the simulation is performed
at a specified temperature. The surfaces of the slab are located at the left and right
sides of the slab, perpendicular to the z direction. The Al atoms are in the perfect
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Fig. 3.1 Dynamics of Al
atoms on the surface of the
slab at various temperatures.
The black atoms represent the
positions of the Al atoms at
the specified temperature

lattice position at temperatures up to 579 K, as shown in Fig. 3.1. As the tem-
perature increases, the Al atoms become more disordered, especially at 710 K.
This phenomenon occurs at a lower temperature than the expected premelting
temperature of 810 K.

In order to confirm this preliminary finding, pair correlation functions are
plotted for both the bulk and surface Al atoms. The pair correlation results for the
bulk Al at 240 K, the Al(110) surface at 240 K and the bulk Al at 584 K are shown
in Figs. 3.2, 3.3 and 3.4 respectively. Figures 3.5, 3.6 and 3.7 show the results of
the pair correlation function at the Al(110) surface at 579 K, the bulk Al at 708 K
and the Al(110) surface at 710 K, respectively.

The periodic structure of the pair correlation function described at 708 K in
Fig. 3.6, for the bulk Al is quite reasonable, compared to Schommers’s finding [4].
Figure 3.7 shows the pair correlation function analysis for the Al(110) surface at
710 K, and the difference between the highest and lowest peaks for the pair
correlation function is about 1.5. Based on Fig. 3.7, the anharmonicity in the figure
suggest that the premelting phenomenon might occur near 710 K.

The layer structure factors, s,(K), for the outermost four layers of the Al(110)
surface are presented in Fig. 3.8. The layer structure factor is expressed as [5]:

six(K) = <1%Ze”(’”=">, (3.3)

i€l
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Fig. 3.2 Pair correlation
function analysis for bulk Al
at 240 K

Fig. 3.3 Pair correlation
function analysis for the
Al(110) surface at 240 K

Fig. 3.4 Pair correlation
function analysis for bulk Al
at 584 K

3 Sample of an Application of an MD Simulation Program

Pair Correlation Function

Pair Correlation Function

Pair Correlation Function

8
A
6 '™
4 ‘l r )
- Iy
2 = - g5
r Y b o A A
A ‘AAAA Aa 4
A 4
0_
0 1 2 3 4 5 6 7 8 9 10
Distance between two atoms (A)
8
6 +
4 4
'y
i A
A
2 A “n : A ?
nOATE A A
A% .
_ . L X W ¥

0 1 2 3 4 5 6 7 8 9 10
Distance between two atoms (A)

8
6

4
4 ok

‘A

A
2 A ﬁ A

s: L4
5 “.W.“u. U. v .-'-I
0o 1 2 3 4 5 6 7 8 9 10

Distance between two atoms (A)

where K = (27/a()(0,0,2) is the reciprocal lattice vibration vector along the rows
in the [001] direction, r, ; is the radius vector of the ith atom, a, is the lattice
parameter and N, is the number of atoms in the /th atomic layer. The angular
bracket represents an averaging over the simulated trajectories. For a perfectly
ordered fcc structure at 0 K, s(K) is equal to 1. On the other hand, s.(K) is equal to
0 for a disordered structure such as liquid. According to Fig. 3.8, the layer
structure factors for the four outermost layers decrease with temperature almost
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Fig. 3.5 Pair correlation
function analysis for the
AI(110) surface at 579 K

Fig. 3.6 Pair correlation
function analysis for bulk Al
at 708 K

Fig. 3.7 Pair correlation
function analysis for the
Al(110) surface at 710 K
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linearly until around 710 K. The vibrational amplitudes of the Al atoms at the four
outermost layers increase at around 710 K, which suggests that the premelting
phenomenon of the first four layers becomes more significant at temperatures

higher than 710 K.

The gradual increase in the slope of the graph for the layer structure factors at
temperatures between 600 and 710 K, suggests that a loss of order in the atomic
arrangement for the outermost four layers had occurred, which is associated with
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the melting phenomenon. The first four layers of the Al slab melted at a tem-
perature approximately <100 K below the bulk melting temperature of 800 K.
When there is a significant decrease in the layer structure factor, it indicates that
the surface atoms begin to shift from their regular positions and become adatoms.
This process leads to the formation of vacancies. The occurrence of the disorder of
the surface Al atoms at 710 K in Fig. 3.8 therefore represents the complex dif-
fusion events on the Al(110) surface, that leads to the melting phenomenon as
temperature increases.

Figure 3.9 shows the mean square vibrational amplitudes of the atoms on the
Al(110) surface along the x, y and z directions, which correspond to the [001],
[110] and the [110] directions respectively. The mean square vibrational ampli-
tudes of the surface atoms along the x and y directions increase greatly at 710 K,
suggesting an anharmonic increment. Compared between the x, y and z directions,
the atoms along the y direction on the Al(110) surface have the easiest diffusion
path. The anharmonic behaviour of the surface Al atoms along the x direction
indicates that jump-exchange processes might occur at temperatures between 650
and 710 K, due to the occurrence of strong lateral vibrations of the row atoms
along the [001] direction.

Fig. 3.9 The mean square 1 — =
vibrational amplitudes of the =SE-xdrection '
atoms on the Al(110) surface
as a function of temperature
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The vibrational amplitudes of the atoms perpendicular (z direction) to the
Al(110) surface are within the range of the nearest-neighbour distance (=2~"a,
where a is the lattice constant), as shown in Fig. 3.9. This finding suggests that the
EAM potential resulted in ordered oscillation of the surface atoms, perpendicular
to the Al(110) surface at temperatures lower than the bulk melting temperature.

The layer diffusion coefficient of the surface atoms which are parallel to the
AI(110) surface is expressed as [6],

lim (2 (1)) = 4d.t, (3.4)

t—00

where

(1) = <NLZ”(I+ At) — ri(t)>, (3.5)

k“ick

in which N; is the number of atoms on the surface layer, d. is the diffusion
coefficient, the angular bracket, { ) represents the averaging over time origins (Ar),
and (1) is the mean square displacement. The difference between the diffusion
rate and the mean square vibrational amplitude is that the diffusion rate of the
surface atoms is influenced by the diffusion coefficient, whereas the mean square
vibrational amplitudes vary based on the temperature of the system. By using the
diffusion coefficient in Eq. (3.4), the diffusion constant for the outermost layer at
810 K is found to be about 11.76 x 107> cmz/sec, which is close to the diffusion
constant of 9.6 x 107> cm?*/sec at 810 K as reported by Schommers [4]. The
surface premelting of Al (110) has hence occurred at a temperature lower than
810 K, based on the potential used in this example.

The equilibrium melting temperature of the Al material (which is modelled
using the EAM) is investigated using the Lindemann index. The Lindemann index
is often used to determine the melting temperatures of bulk solids. The Lindemann
criterion states that in order to consider a bulk matter as melted, the root mean
square (rms) bond length for the thermal fluctuation of the solid should increase
more than 10-15 % of the original value, or when the Lindemann index value
increases suddenly at a particular temperature [7, 8]. The Lindemann index is the

Fig. 3.10 Lindemann index 0.60
for the Al material modelled

by the EAM potential aas

0.30

Lindermann index

0.15
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quotient of the rms distance of an atom from its equilibrium position, and the
averaged nearest neighbor distance of that particular atom [9]. The equilibrium
melting temperature for the Al material modelled in this chapter is around 810 K,
as shown in Fig. 3.10. The degree of the undercooling affects the premelted layer
width of a material, as suggested by Song et al. [10]. As the undercooling
decreases, the layer width of the premelting surface would increase. Lu and Li
have reported that the critical undercooling temperature for Al is about 0.16 %
below the melting temperature [11]. Based on the equilibrium melting temperature
of 810 K which is deduced from Fig. 3.10, the critical undercooling temperature
for the Al material would then be about 680 K.
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Chapter 4
Carbon Nanotube Channels
as Nanodelivery Systems

4.1 Introduction

The investigation of CNT channels as nanodelivery systems will be carried out in
this chapter describing the translocation of copper atoms along these channels. We
will be using the MD simulation as a tool to carry out the modelling and analyses
for the CNT systems. The simulation conditions in this section consist of the
descriptions for the CNT systems, conditions for the simulation and parameters for
the additional equations required for the analyses.

The CNT system is made up of a (5,5)—(4,4) CNT channel with copper atoms
encapsulated within it. The simulations focus on the translocation of copper atoms
due to electromigration. As copper atoms are transported along the channels, the
resulting changes to the temperatures, energies and forces of the copper atoms are
presented to illustrate the flow behaviour of the copper atoms along CNT channels
with a junction feature.

4.2 Transportation of Copper Atoms Along a (5,5)-(4,4)
CNT Channel

In this section, the transportation of copper atoms along a CNT channel is per-
formed using MD simulations. In the simulations, the CNT channel is modelled as
a nonpolarised, single-walled and armchair CNT channel. The CNT channel
consists of one CNT junction, which is formed due to the joining of two nanotubes
of different diameters. The connecting joint of the CNT channel is connected by a
pentagon and heptagon pair of carbons [1]. For this simulation case study, a (5,5)—
(4,4) CNT channel with 596 carbon atoms is constructed. The CNT channel has a
diameter of 6.8 A for the (5,5) nanotube section and a diameter of 5.4 A for the
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(4,4) nanotube section. The (5,5)—(4,4) CNT channel is approximately 82 A in
length and spans between —41 and 41 A along the z coordinate. The carbon atoms
are fixed in space.

There are 20 copper atoms encapsulated in the (5,5)—(4,4) CNT channel.
Energy minimisation and equilibrium MD runs for the copper atoms are made,
before the nonequilibrium MD simulations are performed. The copper atoms are
modelled using the EAM potential [2] with the cutoff distance of r., = 1.65a,
(ap = 3.615 A).

The interaction between copper and carbon, Ec,_c(r), can be expressed using
Eq. 2.3, where r is the distance between the copper and carbon atoms,
Ce = 41.548 (eVA®) and C;, = 2989.105 (eVA'?). The cutoff distance is set at 10
A [3]. A bias voltage is applied along the CNT channel to drive the copper atoms.
The driving forces (y.,) exerted on the copper atoms by the electromigration
process can be expressed with Eq. 2.4. Since the wind force can be used as a good
measure for the main contribution to the driving force due to electromigration in
this example, we therefore consider only the wind force for simplicity in this study.

In the MD simulations, the electromigration force is induced towards the —
z direction because copper atoms would move along the opposite direction of the
applied electromigration force. The bias voltages are set at 2, 4, 6, 8 and 10 V. The
repulsive effect between atoms is represented by the positive energies or forces in
the simulations, whereas the attractive effect between atoms are represented by the
negative values of the energies and forces.

During the simulations, the temperature of the copper atoms would increase due
to the effect of the resistive heating in electromigration. In order to maintain the
temperature of the system, the modified velocity rescaling method is used in this
section to control the outcome of the temperature after copper atoms are induced
with the electromigration forces. The equation for the modified velocity rescaling
method is expressed as:

pew T
e S i 4 (4.1)

1d ?
l/t? TEJ

where u™" is the resulting velocity of the ith atom after rescaling, u® is the
velocity of the ith atom before rescaling, T; is the targeted temperature and 7, ; is
the temperature of the ith moving atom. 7,; is calculated based on Eq. 3.2,
whereby the velocity term in Eq. 3.2 is generated using Eq. 2.10. Both the velocity
Verlet method and the neighbour list are used in the algorithm of the simulations
for the translocation of the copper atoms along the CNT channel.

The simulation cases are setup by assigning the initial temperatures of copper
atoms at 373, 673, 873, 1073 and 1273 K, which are below the melting temper-
ature of copper. The time step for the simulations is set at 1 fs, with a total duration
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of 20 ps for each of the simulation studies. The duration of the simulation is set in
such a way that it is sufficient for the copper atoms to translocate along the entire
CNT channel.

4.3 Analyses of the Dynamical Behaviour of Copper Atoms
in a (5,5)-(4,4) CNT Channel

The flow processes of copper atoms along the (5,5)—(4,4) CNT channel is inves-
tigated in this section, focusing on the different flow phenomena due to different
temperatures. Copper atoms are initially located at the wider end of the channel. A
bias voltage is then applied along the CNT channel to induce the electromigration
force for the copper atoms to propel from the wider end to the narrow end of the
channel. As the temperature and the magnitude of the bias voltage vary in different
case studies, the resulting flow of the copper mass is also affected. Based on the
conditions of the simulations in this study, the threshold voltage for the translo-
cation of the copper mass along the (5,5)—(4,4) CNT channel is 0.25 V. Apart from
the flow conditions, the other contributing factor for the change in the flow
behaviour of copper atoms is the obstruction of the CNT junction to the flow
processes.

Figure 4.1 shows the translocation of copper atoms along a (5,5)—(4,4) CNT
channel at 873 K, due to a bias voltage of 2 V. The copper mass is transported as a
whole along the channel, with no copper atom separated from the group of copper
mass. When the copper mass reaches the junction, the copper atoms are “pushed”
towards the junction due to the driving force and the distances between copper
atoms are shortened, as shown in Fig. 4.1b. The cause of the “squeezing” effect on
the copper mass is mainly due to the combination of the electromigration force and
the blockage of the CNT junction. As the driving force continues to induce onto
the copper atoms, the copper atoms are then realigned and forced out of the
junction into the narrower region of the channel, which is shown in Fig. 4.1c.

Figure 4.1d shows the increase in the length of the copper mass in the down-
stream of the channel due to the decrease in the cross-sectional diameter of the
downstream section of the channel. However, it is observed that there is a slight
difference between the spacing of the copper atoms at the leading and trailing ends
of the copper mass existing at the (4,4) CNT. As shown in Fig. 4.1e, the copper
atoms at the leading end have a narrower spacing, compared to the copper atoms
which are closer to the CNT channel junction. As the copper mass is obstructed by
the channel junction during the translocation process, no copper atoms are
detached from the copper mass and move into the (4,4) CNT separately. The
reason is the magnitude of the electromigration force is strong enough to push the
entire copper mass through the CNT junction by overcoming the energy barrier.
The ratio between the upstream and downstream channel diameter is closed to 1,
and hence the difference between them is small.
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Fig. 4.1 Translocation of copper atoms along a (5,5)—(4,4) CNT channel due to a 2 V bias
voltage at 873 K. Figures depicted the snapshots from the simulation at (a) 1.6 ps, (b) 3.4 ps,
(c) 4.4 ps, (d) 6.7 ps and (e) 9.0 ps respectively

The change in the temperature of the copper mass during the translocation
processes shows how an electromigration would result in the increase of the
temperature for copper atoms, compared to that of the initial temperature assumed
for the channel and the copper mass. The increase in the temperature suggests the
presence of the effect of Joule heating in the copper mass. Figure 4.2 shows the
change in the temperature of copper atoms along the channel during simulations.
At 373 K, the increase in the bias voltage causes the temperature of copper atoms
to increase the most, compared to the other system with higher initial tempera-
tures. A bias voltage of 10 V increases the initial temperature by almost 800 K in
copper atoms, as shown in Fig. 4.2a.

In Fig. 4.2e, it is observed that the bias voltage of 2 V at 1273 K causes the
initial temperature to increase by about 25 K, whereas a bias voltage of 10 V
results in an increase of about 230 K in the copper atoms. When there is an
increase in the bias voltage, the kinetic energy of the copper atoms is also
increased, therefore causing the temperature of the copper mass to elevate. On the
other hand, when the copper mass is blocked by the channel junction (at about 4 ps
as shown in Fig. 4.2), the velocity of the copper atoms is reduced, resulting in a
lower kinetic energy, hence effectively lowering the change in temperature. For
systems with initial temperatures of 673 K and above, the maximum increase
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Fig. 4.2 Temperatures of the copper atoms during the translocation processes. The temperature
of the CNT channel with copper atoms is initially assumed to be (a) 373 K, (b) 673 K, (c) 873 K,
(d) 1073 K and (e) 1273 K respectively

caused by the bias voltage of 10 V is less than 600 K, whereas a bias voltage of
2 V results in temperature differences of less than 100 K. The highest temperature
achieved in the simulations of the flow of copper atoms in the (5,5)—(4,4) CNT
channel is ranged between 1200 and 1500 K, for the bias voltage of 10 V, as
suggested in Fig. 4.2a.

In order to have a better understanding of the relationship between the copper
mass and the CNT channel during the translocation process, the change in the
interactive forces between the copper mass and the CNT channel during simula-
tions is investigated. The position of the copper mass along the CNT channel is
defined according to the placement of the centre of mass (COM) of the copper
atoms along the z-axis of the channel. Figure 4.3 shows the interactive forces
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Fig. 4.3 Interactive forces between the copper mass and the CNT channel. The temperature of
the CNT channel with copper atoms is initially assumed to be (a) 373 K, (b) 673 K, (¢) 873 K,
(d) 1073 K and (e) 1273 K respectively

between the copper mass and the CNT channel. There are three main segments of
the CNT channel designated for the analyses of the interactive forces. The three
segments are: the (5,5) CNT segment (between —40 and —11 A), the channel
junction (between —11 and 2 A) and the (4,4) CNT segment (between 2 and 40 A).

When the copper mass is transported along the (5,5) CNT segment between —30
and —11 A, the interactive forces between the copper mass and the CNT channel
are less than 0.5 aJ/A. However, the interactive forces between the channel and
copper increase as the copper mass approaches the CNT junction region. The
increase in the interactive forces at the junction indicates strong repulsive forces
being generated between the copper atoms and the CNT channel junction.
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As compared between figures (a—e) in Fig. 4.3, it is observed that the highest
interactive force of about 6.5 aJ/A occurs when copper is near the junction, with a
surrounding temperature of 373 K and a bias voltage of 10 V, as shown in
Fig. 4.3a. At 1273 K, the thermal vibration of the copper atoms is large because
the temperature of the copper atoms is close to the melting temperature. When
copper atoms are blocked by the CNT junction at this temperature, the reconfig-
uration of the copper atoms becomes easier and hence lower repulsive forces are
generated. On the other hand, the atomic arrangements of copper atoms at lower
temperatures are more organised and compact due to smaller thermal vibrations.
When the bias voltage is high (high driving force) at a low temperature, the
repulsive forces between the CNT channel junction and the copper mass would be
higher too. According to Fig. 4.3, the interactive forces between copper atoms and
the straight segments of the channel ((4,4) and (5,5) CNT) are quite low, regardless
of the temperature or the magnitude of the driving force.

The potential energy of the copper mass is shown in Fig. 4.4, in order to have a
better understanding of the atomic arrangement of the copper atoms during sim-
ulations. The potential energy of copper atoms indicates the possible changes to
the atomic configuration of the copper mass. According to Fig. 4.4, a significant
change to the atomic configuration of copper atoms occurs at the CNT junction,
which is indicated as a large variation of the potential energy. The potential energy
of copper at the (5,5) CNT segment and the (4,4) CNT segment however is almost
similar for all the case studies at different temperatures.

Figure 4.4 also shows that the potential energy of the copper mass at the
junction is higher when the surrounding temperature is low, and when the mag-
nitude of the driving force is high. At a low temperature, the thermal vibration of
copper atoms is small, resulting in lesser atomic movements. When the copper
mass moves towards the CNT, the electromigration force and the obstruction of
the CNT junction result in an increase in the potential energy of the copper mass.
Due to the difficulty of the reorganisation of the copper atoms at lower tempera-
tures, the potential energy becomes higher because the repulsion between copper
atoms is stronger when the copper mass is “squeezed” towards the junction.

Based on the observation made in Fig. 4.4, the potential energy between —30
and —12 A (position of the copper mass) is negative. This suggests that the copper
atoms are in a compact state and the attractive energy dominates among them. The
increase in the potential energy as copper atoms pass through a CNT junction
indicates that the atomic distances between copper atoms are closer than the initial
atomic separation of copper atoms at the (5,5) CNT. The narrowing of atomic
separation between copper atoms at the CNT junction would result in the repulsive
effect among the copper atoms.

Since the (4,4) CNT segment is narrower than the (5,5) CNT segment, the
mobility of copper atoms at the (4,4) CNT segment would be more difficult. As a
result, the collision between copper atoms would be more frequent and more
repulsion occurs between them. The outcome of this phenomenon is reflected as a
higher potential energy of copper atoms at the (4,4) CNT segment, compared to
the (5,5) CNT segment. The difference in the energies also reflects the changes in
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Fig. 44 The change in the potential energy for copper atoms along the CNT channel. The
temperature of the CNT channel with copper atoms is initially assumed to be (a) 373 K,
(b) 673 K, (¢) 873 K, (d) 1073 K and (e) 1273 K respectively

the atomic configuration of the copper mass, and the CNT junction acts as a buffer
region for the change to occur.

Figure 4.5 shows the resistive force acting on the copper mass by the CNT
channel wall. Among the figures in Fig. 4.5, Fig. 4.5e shows the resistive forces
with the least fluctuations. The maximum resistive force acting on the copper mass
by the CNT channel junction at 373 K is about 6 aJ/A, which is larger than the
maximum resistive force at 1273 K under the same bias voltage of 10 V. The
resistive forces at the (5,5) CNT and (4,4) CNT segments are close to 0 al/A, as
shown in Fig. 4.5a—e. Since the resistive forces are low, the difference in the
resistive effect between these two segments is quite insignificant.
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Fig. 4.5 Resistive forces on the copper mass along the CNT channel. The temperature of the

CNT channel with copper atoms is initially assumed to be (a) 373 K, (b) 673 K, (¢) 873 K,
(d) 1073 K and (e) 1273 K respectively

4.4 Analyses of the Atomic Arrangement of Copper Atoms
Under Electromigration Conditions

This section of the book focuses on the continuation of the investigation for the
flow of copper atoms along the (5,5)—(4,4) CNT channel. Figure 4.6a shows the
side and cross-sectional views of the transportation of copper atoms along a (5,5)—
(4,4) CNT channel. There are two copper atoms specifically highlighted in dark
grey and light grey in Fig. 4.6. The dark and light grey represent the copper atoms
numbers 1 and 2, respectively. The placement of the dark and light grey copper
atoms in Fig. 4.6b indicates the initial orientation of the copper mass. As the
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position of the coloured copper atoms changes, the new position represents the
change in the orientation of the entire copper mass as shown in Fig. 4.6b and c. At
a bias voltage of 2 V, the copper mass is rotated by an angle of approximately 45
degrees with respect to the y coordinate as the copper atoms are propelled towards
the (4,4) CNT channel during the simulations.

When copper atoms are translocated along the CNT junction due to the elec-
tromigration force, a rotating phenomenon on the copper atoms occurs and causes
the potential energy of copper atoms to increase. This rotating process results in a
higher total energy for the copper mass, and thus improves the ability of the copper
atoms to overcome the energy barrier of the junction.

Figure 4.7 shows the temperature ratio of copper atoms during electromigration
transportation to the initial temperature of copper. The temperature ratio for the
copper mass shows the effect of an electromigration process on the temperature of
the copper mass. The temperature ratio is defined as the ratio of the temperature of
copper atoms during electromigration to the temperature of copper atoms at the
initial state. When the temperature ratio is high, it is suggested that the energy
contributed by electromigration is mainly used to increase the thermal vibration of
copper atoms. On the other hand, a low temperature ratio suggests that the energy
contributed by electromigration is mainly used to translocate the copper atoms
towards the narrow ending of the channel instead. The temperature ratio of the
copper mass at a low bias voltage is quite small. The data in Fig. 4.7 suggest that a
low bias voltage can in fact only affect the temperature ratio of the copper mass
minimally. Since the temperature ratio is small, the thermal vibration of the copper
atoms would not change significantly compared to the initial state.

When the bias voltage increases, the temperature ratio of the copper atoms
would increase accordingly as well. At 673 K, the maximum temperature ratio for

(a) flow direction  s————— ‘
z

Fig. 4.6 Transportation of copper atoms along a (5,5)-(4,4) CNT channel. (a) Side view of
copper atoms transported along the (5,5)—(4,4) CNT channel, (b) Copper transport along the (5,5)
CNT segment and (c¢) Copper atoms transport along the (5,5)—(4,4) CNT junction
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a bias voltage of 10 V is about 1.7, which is about 54 % more than the effect of
2 V. As the initial temperature of the copper mass increases, the temperature ratio
of the copper mass would also reduce. The reduction in the temperature ratio at
high temperatures suggests that the thermal vibration of the copper atoms at high
temperatures would be large enough such that any further increase in the bias
voltage only contributes minimally to the overall thermal vibration of the copper
atoms. This phenomenon would be reasonable assuming that there is no sudden
increase in the temperature of copper atoms within a few picoseconds due to
electromigration.

Figure 4.8 shows the total interactive forces between the copper mass and a
(5,5)—(4,4) CNT channel junction due to different bias voltages. The interactive
force is defined using the derivative of Eq. (2.3) with respect to r. The interactive
forces between the copper mass and the CNT channel junction are high when the
applied bias voltages are high. As mentioned earlier, the copper atoms adopt a
rotating phenomenon while being transported along the channel junction at a lower
bias voltage. By comparing this phenomenon with Fig. 4.8, it is understood that
the rotating phenomenon at a lower bias voltage results in less repulsive interac-
tion between copper atoms and the CNT channel junction because lower inter-
active forces suggests more attraction between copper atoms and the CNT channel
junction.

When the bias voltage is increased, the interaction between copper atoms and
the CNT channel junction becomes stronger because there is more repulsion
between copper atoms and the CNT junction. According to Fig. 4.8, the highest
interactive forces occur when the temperature of the copper atoms is initially set at
673 K, with a bias voltage of 2 V. For initial temperatures that are higher, the
interactive forces do not increase as much as that at 673 K. The interactive forces
at high bias voltages are suggested as having more repulsion on the copper atoms
due to the blockage of the CNT channel junction.

Figure 4.9 shows the changes in the interactive forces due to different initial
temperatures of copper atoms in the (5,5)—(4,4) CNT channel. The interactive
forces between copper atoms and the CNT junction are higher when initial
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temperatures are low, as compared to that at higher temperatures. The change in
the interactive forces is reflected as the change in the thermal vibration of copper
atoms. As temperature rises, the thermal vibration of copper atoms increases. The
high vibration level causes copper atoms to interact more frequently with the
channel junction, and the attraction between copper atoms and the CNT junction is
reflected as lower interactive forces compared to that at lower initial temperatures.
The copper atoms are less mobile and more compact at lower temperature, and
hence the lesser attraction between copper atoms and the CNT junction is reflected
as higher interactive forces.

Figure 4.10 shows the radial forces of copper atoms translocating along a (5,5)—
(4,4) CNT channel. The direction of the radial forces is defined along the plane
that is parallel to the cross-sectional area of the CNT channel. The CNT channel
junction is represented between —11 and 2 A in Fig. 4.10. According to Fig. 4.10,
the most significant changes in the radial forces occurs when copper atoms are
transported along the channel junction, as shown between —13 and 0 A. Apart
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Fig. 4.10 Radial forces on
the translocated copper atoms
along a (5,5)—(4,4) CNT
channel. The initial
temperatures are set at
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from that, the radial forces in the (5,5) CNT segments are relatively lower, and the
radial forces in the (4,4) CNT segment show a slight oscillation while copper
atoms move towards the tube end.
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Chapter 5
Variation in Carbon Nanotube Channels
as Nanodelivery Systems

5.1 Introduction

This section investigates a variety of CNT channels as nanodelivery systems by
varying the sizes of the channels. MD simulations are performed to analyse the
effect of the CNT channel junctions on the flow of copper atoms due to electro-
migration, and the effect of chirality on the flow behaviour of copper atoms.

The variation in the CNT channel junction sizes is created by combining CNTs
of different diameters. The joining of two CNTs with different diameters results
not only in dissimilar input and output diameters of the junction, but also inner
surface areas of various sizes, which is crucial when the reconfiguration of the
copper atoms takes place at the junction. The simulation conditions in this section
will be focused on providing the details and parameters for setting up the case
studies, and the results and analyses from the simulations will be presented fol-
lowing that.

5.2 Effects of Junction Sizes on the Flow of Copper Atoms
Along CNT Channels

In this section, the CNT channels are modelled using nonpolarised, single-walled
and armchair CNTs. Each CNT channel consists of one CNT junction, which is
joined by two CNTs of different diameters. There are four CNT channels con-
structed for this simulation study: the (12,12)—(5,5) CNT channel, the (12,12)-
(7,7) CNT channel, the (12,12)—(9,9) CNT channel and the (12,12)—(10,10) CNT
channel. The diameters for the (5,5) nanotube, (7,7) nanotube, (9,9) nanotube,
(10,10) nanotube and (12,12) nanotube are 6.77 A, 9.48 A, 12.2 10\, 13.5 A and
16.2 A, respectively. The CNT channels span the z coordinate between —65 and
105 A, with lengths of about 110 and 170 A. Both the energy minimisation and
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equilibrium MD runs are made before the nonequilibrium MD simulations are
performed.

The main purpose of the CNT channel junction in this study is to provide a
geometrical constraint along the channel for the flow of copper atoms. The carbon
atoms are fixed in this study so that the simulation cases are simplified, and the
geometrical obstruction along the channel is focused upon instead of considering
the effect of moving carbon atoms. Before the simulations are performed, copper
atoms are placed near the opening of the (12,12) CNT for all the simulation cases,
and the copper mass is aligned parallel to the tube axis. Each CNT channel has 100
copper atoms. The EAM potential in Eq. (2.1) is used to model the copper atoms
with a cut-off distance of 1.65a, (ap = 3.615 A) for each pair of copper atoms.
The van der Waals energy between a pair of copper atom and carbon atom is
described using Eq. (2.3).

In order to induce a driving force for the copper atoms to be transported along
the CNT channel, electromigration is applied along the channel with a bias voltage
of 10 V. The intensity of the electromigration is controlled using Eq. (2.4). The
repulsive effect between atoms is represented by the positive values of energies or
forces generated from the simulation results, whereas the attractive effect between
atoms is represented by the negative values of the simulation results.

The modified velocity rescaling method, shown in Eq. (4.1), is used to control
the temperature of the copper atoms. The neighbour list is constructed in all the
simulation cases in order to improve the efficiency of the simulation program.

The temperature for the simulation studies in this section is set at 1073 K,
which is below the melting temperature of copper. The simulation time step is set
at 1 fs. The total simulation duration for the case studies in this section is set at
20 ps, which is sufficient for the copper atoms to be transported from one end of
the channel to the other.

5.3 Analyses of Copper Due to Different Junction Sizes

Figure 5.1 shows the transportation of copper in different CNT channels. There are
four different cases in this study, whereby each case focuses on one type of CNT
channels. The (12,12)—(5,5) CNT channel, (12,12)—(7,7) CNT channel, (12,12)-
(9,9) CNT channel and the (12,12)—(10,10) CNT channel are described in cases 1,
2, 3 and 4 respectively. There are a total of 2048 carbon atoms in the (12,12)—(5,5)
CNT channel, 1854 carbon atoms in the (12,12)—(7,7) CNT channel, 1956 carbon
atoms in the (12,12)—(9,9) CNT channel, and 1998 carbon atoms in the (12,12)—
(10,10) CNT channel. The (12,12) CNT segment of each channel is about 45 Ain
length, whereas the (5,5) CNT segment is about 100 A in length, and the (7,7),
(9,9) and (10,10) CNT segments are about 60 A in length.

The (12,12) CNT is defined as the upstream section of the channel, and the (5,5)
CNT, the (7,7) CNT, the (9,9) CNT and the (10,10) CNT are the downstream
section of the channel. Since the diameter of the narrow section of the CNT
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Fig. 5.1 Transportation of copper atoms along 4 different CNT channels. Cases 1, 2, 3 and 4
refer to the (12,12)—(5,5) CNT channel, the (12,12)—(7,7) CNT channel, the (12,12)-(9,9) CNT
channel and the (12,12)—(10,10) CNT channel, respectively

channels is different in each case, the formation of the CNT junctions in terms of
the length and the inner surface areas is hence dissimilar for each case, which
affects the overall length of the channel. In this section, the “entrance” of the
channel refers to the position where the (12,12) CNT segment and the channel
junction are joined. The “exit” of the channel refers to the position where the
downstream segment and the channel junction are joined. The diameter ratio is
defined as the quotient of the cross-sectional diameters of the upstream CNT and
the downstream CNT. The diameter ratio is also the quotient of the cross-sectional
diameters of the channel junction entrance and the exit. The calculated diameter
ratios for cases 1, 2, 3 and 4 are 2.4, 1.7, 1.3 and 1.2, respectively. In order for the
comparison between different CNT channels to be relevant, the copper atoms are
initially located at the same position for each of the CNT channels with the same
amount of copper atoms. The results from the simulations are presented in
Figs. 5.2,5.3,5.4,5.5,5.6,5.7.

When the copper atoms are transported along the CNT channel, the obstruction
from the CNT channel junction causes the copper atoms to undergo atomic
reconfiguration. In order to provide more meaning to the reconfiguration of the
copper atoms, the potential energy of the copper atoms during simulations is
plotted. Figure 5.2 shows the potential energy of copper during the transportation
along CNT channels. When copper atoms reach the junction, the obstruction from
the junction stops the approaching copper atoms. However, the electromigration
force continues to push the copper atoms towards the CNT channel junction which
leads to the shortening of the separation between the copper atoms in the copper
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mass. This phenomenon results in an increase in the potential energy of copper
atoms, whereby most of the copper atoms are repelling one another and the
reconfiguration of copper atoms occurs, as shown in cases 1 and 2 in Fig. 5.2.

Cases 3 and 4 show a very low increment in the potential energy between 5 and
10 ps, compared to cases 1 and 2 in Fig. 5.2. This is because the diameter ratios of
the channel junctions for cases 3 and 4 are relatively smaller than the ratios in
cases 1 and 2. As the copper atoms reach the exit of the channel junction even-
tually, the potential energy of copper atoms then rises to the maximum. Although
the kinetic energy of copper atoms is reduced due to the decrease in the velocities
at the channel junction, the increase in the potential energy of copper atoms and
the electromigration forces are sufficient enough to overcome the potential energy
barrier at the channel junction caused by the carbon atoms.

The potential energy barrier of the channel junction is closely related to the
diameter ratio of the channel junction. Since the diameter ratio of the channel
junction is larger in cases 1 and 2, the increment in the potential energy for copper
atoms in these two cases is also much more significant than other cases. Based on
the results of the simulations, it is noted that a difference of 16.67 % between the
upstream and the downstream cross-sectional diameters results in a nearly insig-
nificant increase in the potential energy of copper atoms at the junction, as shown
in case 4 of Fig. 5.2. However, a 58 % difference between the upstream and the
downstream cross-sectional diameters causes an increase of 18 % in the potential
energy of copper atoms at the channel junction in case 1.

The Van der Waals energy between copper atoms and carbon atoms of the CNT
channel in the z direction are shown in Fig. 5.3. The position of the copper mass is
determined using the position of the centre of mass of the copper atoms. The
interactive forces in the 4 cases are compared to illustrate the effect of the junction
size on the impedance of the copper flow. The junction of the CNT channel is
tapered along the z direction of the channel, which gives a direct obstruction
towards the flow of copper atoms. Figure 5.3 shows that the strongest van der
Waals force between copper atoms and the carbon atoms of the CNT channel
occurs in case 1. The van der Waals forces (between —20 and 20 A in Fig. 5.3) in



5.3 Analyses of Copper Due to Different Junction Sizes 43

Fig. 5.3 Van der Waals 14 .
forces between copper atoms —Cese 1
and carbon atoms of the CNT ;5:\ ——Case 2
channels during simulation :é 10 + Case3 |

g —=Case 4

g L a

2 54

E 2

£

-2 E T T

80 60 40 20 0 20 40 60 80
Position ofthe coppermass (A)

cases 2, 3 and 4 are relatively smaller compared to case 1. The small increase in
the interactive forces (between —20 and 20 A in Fig. 5.3) suggests that the channel
junction plays a major role in increasing the van der Waals forces between copper
atoms and the carbon atoms of the CNT channel. The upstream and downstream
segments of the channels that are straight have a nearly negligible effect on the
interactive forces in the z direction.

The magnitude of the interactive force in case 1 shows a gradual reduction over
a distance of 20 A after the 0 A position, as shown in Fig. 5.3. Since the cross-
sectional area of the downstream segment is small, the length required for
accommodating the copper atoms at the downstream segment would be longer too.
The gradual reduction in the interactive forces suggests that there are remnants of
copper atoms in the junction as the rest of the copper atoms flow into the
downstream segment of the channel. The ease of leaving the channel junctions,
such as in cases 3 and 4, would result in a shorter interval for the interactive forces
to reduce to nearly zero.

In order to obtain a better understanding of the relationship between the average
interactive forces and the diameter ratio of the channels, Fig. 5.4 is plotted to
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illustrate the difference in the magnitude of the interaction in regard to the sizes of
the junction. The diameter ratio is used to represent the size of the junction.
Figure 5.4 shows that the average van der Waals force between copper atoms and
the CNT channel junction decreases as the diameter ratio increases. When the
diameter ratio is smaller than 1.3, the rate of increase in van der Waals force is
greater. The higher gradient in the van der Waals force can be explained based on
the inner surface area of the channel junction and the contact between the junction
and the copper atoms.

When the diameter ratio of the channel junction is lower than 1.3, the copper
atoms that flow along the junction would not undergo significant reconfiguration
due to the less narrowing of the junction. The contact between the junction and the
copper mass occurs only on the surface of the copper mass. The amount of contact
between the junction and the copper mass depends on the inner surface area of the
junction. The inner surface area would be much larger for the channel junction that
is more tapered (diameter ratio increased) towards the downstream segment of the
channel due to the difference in the diameters of the upstream and the downstream
segments. As the diameter ratio increases, the contact between the inner surface of
the junction and the surface of the copper mass would also increase, and this is
reflected as an increase in the average interactive force. However, as the diameter
ratio continues to increase further, the narrowing of the downstream segment of
the channel causes the atomic structure of the copper mass to be rearranged so that
the copper atoms can be transported through the exit of the junction by
electromigration.

The rearrangement of the copper atoms results in the increase in the surface
area of the copper mass, mainly due to the change in the volume of the copper
mass. Since both the inner surface area of the junction and the surface area of the
copper mass increase, the resulting proportional increment in the average inter-
active force becomes steady and less steep. According to Fig. 5.4, the low gradient
of the van der Waals force occurs at diameter ratios higher than 1.3.

The velocity of the copper mass along the CNT channel is illustrated in
Fig. 5.5. The position of the copper mass is determined based on the centre of
mass of the copper atoms along the channel in the z direction. Figure 5.5 shows
that the velocity of the copper mass reduces significantly when the copper mass is
flowing along the CNT channel junction, compared to the velocity at straight
sections. This phenomenon shows the impedance of the junction on the flow of the
copper mass. Among all the cases, the velocity of the copper mass in case 1 shows
the most distinct change, as observed from Fig. 5.5. Besides the influence of the
junction, the velocity of the copper mass at the narrow channel is also affected by
the interaction between copper atoms at the downstream CNT and the copper
atoms at the junction.

The length of the channel junction spans the z coordinate between —21 and 5 A,
as indicated in case 1 of Fig. 5.5. As shown in Fig. 5.5, the velocity of the copper
mass does not stabilize at the position near 5 A. Instead, the velocity of the copper
mass continues to increase further beyond the 20 A position. The velocity of the
copper mass stabilizes only when the copper mass has completely passed through
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the junction. The increase in the velocity of the copper mass at the 20 A position
and beyond signifies the existing interaction between the copper atoms at the
junction and at the downstream CNT. As the cross-sectional diameter of the
downstream CNT channel in cases 2, 3 and 4 increases as compared to case 1, the
copper atoms are able to flow through the junction easily and the change in the
velocity at the junction is hence smaller.

Another interesting finding in relation to the flow of the copper atoms along the
channel is that the difference between the velocity of copper atoms in the upstream
CNT and the downstream CNT is rather small. Figure 5.6 shows the velocity ratio
of copper atoms with respect to the diameter ratio of the channel. The velocity
ratio is defined as the ratio of the velocity of copper atoms at the upstream CNT
channel to the velocity of copper atoms at the downstream CNT channel. Like-
wise, the diameter ratio is defined as the ratio of the cross-sectional diameter of the
upstream CNT channel to the cross-sectional diameter of the downstream CNT
channel. Figure 5.6 shows that as the copper mass moves from the upstream to the
downstream CNT channel, the resulting velocity of the copper mass in the
downstream (12,12)—(5,5) CNT channel does not increase, but decreases slightly.
The velocity ratio for this phenomenon is reflected as more than 1.
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The velocity of copper atoms along the downstream CNT for case 1 is reduced
because the flow is faced by the resistance of the inner surface of the downstream
CNT channel. The van der Waals interaction between copper atoms and the CNT
junction is higher for cases 1 and 2, because the reconfiguration of the copper atoms
leads to the elongation of the copper mass in the narrow downstream CNT channel,
as shown in Fig. 5.3. The elongation of the copper mass in cases 1 and 2 leads to a
larger contact area with the downstream CNT channel, which results in higher
resistive forces acting on the surface of the copper mass, especially for case 1.

The flow velocity of copper atoms along the downstream segment of the
channel increases for cases 2, 3 and 4, except in case 1. However, the magnitude of
the increment is still quite minimal. In this simulation study, one of the significant
difference between the classical theory and the atomic simulation model is that in
the latter model, the movements of the flowing atoms and the interaction of these
atoms with the atoms of the channel are being taken into considerations. The
results obtained from the simulations for these atoms are therefore a time average
of the flow behaviour for the flowing atoms, rather than an outcome for flow
materials as a whole.

Figure 5.7 shows the velocity distribution of copper atoms along the CNT
channels. The main difference between Figs. 5.5 and 5.7 is that the former figure
shows the average velocity of the copper mass as a whole, whereas the latter shows
the z velocity of every copper atom along the CNT channels. The velocity scale
consists of both positive and negative values. The positive values refer to the
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Fig. 5.7 Velocity distributions of copper atoms along the CNT channels
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direction of copper atoms moving towards the downstream, whereas the negative
values refer to the direction of copper atoms moving towards the upstream.

Among the four cases shown in Fig. 5.7, the velocities of copper atoms at the
junction of (12,12)—(5,5) and (12,12)-(7,7) CNT channels (Cases 1 and 2
respectively) vary the most, at 10000 £ 500 (fs). The large variation in the
magnitude of the velocities is due to the jamming of copper atoms at the junction
of the channel. The velocities of the trailing copper atoms decrease as a result of
the blockage by the junction. The squeezing effect of the copper mass at the
junction causes the leading copper atoms to be forced out from the junction into
the downstream. The increase in the velocities of the leading copper atoms at
10000 £ 500 (fs), as shown in Fig. 5.7, suggests that the leading copper atoms are
forced out from the junction due to electromigration. On the other hand, the wide
variation in the velocities of copper atoms is noticeably less significant for both the
(12,12)-(9,9) and (12,12)—(10,10) CNT channels, which are Cases 3 and 4
respectively.



Chapter 6
Carbon Nanotube Chirality and the Flow
Phenomena of Copper Atoms

6.1 Introduction

The last chapter of this book focuses on the investigation of the effect of the CNT
chirality on the flow behaviour of copper atoms. The variation in the CNT
channels is created using CNTs with different chirality. The purpose of creating
the CNT channels with different chirality is to use these nanodelivery systems to
find out how the distribution of carbon atoms along the channels would influence
the flow behaviour of nanomaterials, particularly for copper atoms in this section
of the book.

The investigation is carried out using similar MD simulation methods as that
described in previous chapters. As mentioned in Chap. 4, the copper atoms dis-
played a spiral flow phenomenon when copper atoms are being transported along a
(5,5)-(4,4) CNT channel. Based on this particular finding, the investigation of
copper flow is extended for another type of CNT channels of similar sizes. The two
main characteristics of CNTs, which are chosen for this study, are the armchair and
zigzag CNTs.

6.2 Effect of CNT Chirality on the Spiral Flow of Copper
Atoms in Their Cores

MD simulations are performed in this chapter for the flow of copper atoms along
CNT channels with different chirality. In the simulations, the two CNT channels
are modelled using nonpolarised, single-walled, zigzag and armchair CNTs. Each
of the CNT channels consists of one CNT junction, formed by the joint of two
nanotubes of different diameters. The (5,5)—(4,4) CNT channel consists of two

M. C. G. Lim and Z. W. Zhong, Carbon Nanotubes as Nanodelivery Systems, 49
SpringerBriefs in Applied Sciences and Technology,
DOI: 10.1007/978-981-4451-39-0_6, © The Author(s) 2013


http://dx.doi.org/10.1007/978-981-4451-39-0_4

50 6 Carbon Nanotube Chirality and the Flow Phenomena of Copper Atoms

armchair CNTs, whereas the (8,0)—(7,0) CNT channel consists of two zigzag
CNTs.

In order to compare the effect of the CNT chirality on the flow of copper atoms,
the CNT channels are chosen such that there are minimal differences in the
diameters between the two channels. This is to ensure that the comparison is not
significantly affected by the geometrical differences between the two CNT chan-
nels. There are 828 carbon atoms in the (5,5)—(4,4) CNT channel, and the diam-
eters of the (5,5) nanotube and the (4,4) nanotube are 6.8 A and 54 A,
respectively. There are 795 carbon atoms in the (8,0)—(7,0) CNT channel, and the
diameters of the (8,0) nanotube and the (7,0) nanotube are 6.3 A and 5.5 A,
respectively. The two CNT channels span the z coordinate between —53 and 59 A,
which is approximately 112 A in length. The carbon atoms of the CNT channels
are fixed in space.

Each of the CNT channels consists of 28 copper atoms. The copper atoms are
located at the widening ends of the CNT channels. Energy minimisation and
equilibrium MD runs are made before the nonequilibrium MD simulations are
carried out.

The copper atoms are modelled with the EAM potential shown in Eq. (2.1). The
interaction between the copper atoms and the carbon atoms is described using the
LJ potential in Eq. (2.3), whereas Eq. (2.4) describes the electromigration force
necessary for driving the copper atoms along the CNT channels. In order to control
the temperature of the system during simulations, the modified velocity rescaling
method in Eq. (4.1) is used to adjust the temperature.

There are two bias voltages set in this simulation study: 2 and 4 V. 2 V is
chosen as one of the simulation conditions so that the erratic behaviour of copper
atoms due to the strong driving forces can be minimised. The repulsive effect
between two atoms in the simulations is described by the positive values of
energies or forces, whereas the attractive effect is described by the negative values
instead.

There are two initial temperatures set for the simulation cases: 673 and 1073 K.
The simulation cases are set up based on the combinations of temperatures,
orientation of the copper mass and the types of CNT channels used, which will be
elaborated in the next section. The time step for the simulations is set at 1 fs. The
maximum simulation duration for this study is set at 20 ps, which is necessary for
the transportation of copper atoms to be completed along the CNT channel.

In order to simplify the case studies, the force field parameters for the carbon
atoms in the CNT channels are not established. Instead, the focus on the difference
between the CNT channels is solely on the spatial distribution of carbon atoms
along the channel. The electronic properties of CNTs associated with the different
chirality will also be neglected for this study to reduce the factors influencing the
flow phenomena of copper atoms. The main contribution for the difference in the
flow behaviour of copper atoms therefore depends on the LJ potential between
copper and carbon atoms at this stage.
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6.3 Analyses of the Spiral Flow Phenomenon of Copper
Atoms

The effect of the CNT chirality on the spiral flow phenomenon of copper atoms is
investigated in this section. The driving force for the flow of copper atoms is
achieved through the induction of electrmogration along the channel. The copper
atoms flow from the wider end (upstream) of the CNT channel towards the narrow
end (downstream) of the CNT channel. The magnitude of the driving force
depends on the amount of the bias voltage applied along the channel.

Figure 6.1a shows the translocation of copper atoms along a (5,5)-(4,4) CNT
channel (armchair CNT channel) with a bias voltage of 4 V at 673 K. The cross-
sectional view of the initial configuration of the copper atoms at the wider end
(5,5) CNT, is shown in Fig. 6.1b. The copper atoms depicted in Figs. 6.1b—d are
the first four atoms of the copper mass. Since the structure of the copper mass is
made up of the repetition of the first four copper atoms, the first four copper atoms
are thus used as a representation to show the cross-sectional movements of the
copper mass along the CNT channel.

When the copper atoms move along the CNT channel due to electromigration,
the structure of the copper mass undergoes reconfiguration as the copper mass
passes through the junction of the channel. Due to the narrowing of the diameter
along the junction, the copper atoms are forced to undergo rearrangements before
the copper mass is able to pass through the channel junction, through the combined
effect of the driving force and the interaction between copper and carbon atoms.
Such a condition leads to the reconfiguration of the copper mass in the (4,4) CNT
as shown in Fig. 6.1c. As more copper atoms continue to flow into the narrow
segment of the channel, copper atoms that have left the junction tend to move in a
spiral fashion, as observed in Fig. 6.1d. The spiral flow behaviour has been
mentioned earlier in Chap. 4. However, a more thorough investigation shows that

Fig. 6.1 Translocation of copper atoms along a (5,5)—(4,4) CNT channel at 673 K, witha 4 V
bias voltage. Sketches show the cross-sectional view of the CNT channel at a 5.4 ps b 8.1 ps, and
c 15.1 ps respectively
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Fig. 6.2 Translocation of copper atoms along a (8,0)—(7,0) CNT channel at 673 K, witha 4 V
bias voltage. Sketches show the cross-sectional view of the CNT channel at a 5.4 ps b 8.1 ps, and
¢ 15.1 ps respectively

the copper atoms not only rotate while flowing, but forms a two copper atoms
arrangement visible through the cross-sectional view of the (4,4) CNT.

Figure 6.2a shows the flow of copper atoms along a zigzag CNT channel.
Although the initial configuration of the copper atoms in the (8,0) CNT, as shown
in Fig. 6.2b, is nearly similar to the arrangement of the copper atoms in the (5,5)
CNT, the final structure of the first four copper atoms in the narrow section of the
(7,0) CNT has turned out to be different from that in the (4,4) CNT. The first four
atoms of the copper mass are depicted in Figs. 6.2b—d. Figure 6.2c shows the
restructured form of the first four copper atoms in the (7,0) CNT when the copper
atoms have just entered into the (4,4) CNT segment.

Figure 6.1c shows that the distribution of the copper atoms is similar to
Fig. 6.2c. However, as the copper atoms proceeds farther in the (7,0) CNT seg-
ment, the first four copper atoms rotate about 90° to the right. This angle of
rotation is much larger than that occurred in the (4,4) CNT. The cause of the larger
rotational angle is likely to be due to the arrangement of trailing copper atoms at
the junction when the leading copper atoms first enter into the narrow section of
the channel. Besides that, the magnitude of the interactive forces between copper
and carbon atoms may also play a part since the spatial distribution of carbon
atoms is different between the armchair CNT channel and the zigzag CNT channel.
The difference in the angle of rotation for the spiral flow highlights the effect of the
CNT chirality on the flow of copper atoms.

Before the conclusion on the effect of the CNT chirality can be made, the initial
positioning of copper atoms in two different CNT channels is also addressed in this
study for further investigation. Based on the outcome from the energy minimi-
sation procedure, the copper mass is constructed based on the repetition of the first
four copper atoms. Figure 6.3 shows the positioning of the first four copper atoms.
The arrangement of the copper atoms depicted in Fig. 6.3a is assigned as the 0°
configuration for this study. Since the CNT junctions of the channels are asym-
metrical, another configuration for the placement of copper atoms is also



6.3 Analyses of the Spiral Flow Phenomenon of Copper Atoms 53

copper atoms with a 0° of

R
rotation, and b 45° of rotation b (‘ \ J._,/
‘ 4
X

considered, and is shown in Fig. 6.3b. The placement of the copper atoms in
Fig. 6.3b is assigned as the 45° configuration. The reason for having two different
initial configurations of the copper atoms is such that the interaction between the
copper mass and the CNT channel junction can be different based on the initial
contact between these two bodies.

The factors that may influence the spiral flow phenomenon of the copper mass
include temperature, the initial positioning of the copper atoms, the magnitude of
the bias voltages and the interaction of carbon atoms in CNT channels with the
encapsulated metal atoms. From Figs. 6.4, 6.5, 6.6, 6.7, each of the possible
parameters that may affect the outcome of the flow behaviour is investigated in this
chapter, so as to verify that the chirality of the CNT channel is the main con-
tributing factor.

Figure 6.4 shows the cross-sectional view of the spatial distribution of the first
four copper atoms along the CNT channel with a 2 V bias voltage at 673 K. The
copper atoms converge to the centre of the channel as they move downstream. The
copper atoms are reconfigured from four positions into two positions, as depicted
in the cross-sectional views of the channels in Fig. 6.4. A similar repositioning of
the copper atoms is also observed in Figs. 6.1c and 6.2c. The central position of
the downstream CNT channel is between 0 A and —1 A for the y axis and 0 A for
the x axis due to the asymmetric feature of the downstream segment of the
channel. The copper atoms converge towards the centre of the channels regardless
of the initial position of the copper atoms. Since three out of the four copper atoms
in the 45° configuration are positioned closer to the central axis of the downstream
segment of the channel (between 0 A and —1 A for the y axis), the cross-sectional
path taken by the copper atoms in this configuration is also shorter. The spiral flow
phenomenon in this case is therefore quite insignificant. As compared between
figures a—d in Fig. 6.4, it is observed that the spiral flow phenomenon in the (8,0)—
(7,0) CNT channel is more obvious than that in the (5,5)—(4,4) CNT channel when
the copper atoms are at the 0° configuration. It is also noted that the low bias
voltage (2 V) results in a weaker driving force, and hence the repulsion by the
junction of the channel onto the copper atoms is not strong. The convergence
process of the copper atoms along the downstream is therefore smoother.

Figure 6.5 shows the flow of the first four copper atoms along the channels at
1073 K, with a 2 V bias voltage. The increase in temperature, at 1073 K, causes a
greater vibration among the copper atoms, compared to that in Fig. 6.4, at 673 K.
Since the high temperature increases the thermal vibration of copper atoms, the
random motions of the copper atoms do not form a significant spiral flow fashion
when they are transported along the downstream of the CNT channel.

Fig. 6.3 Initial (a) . (b)
configuration of the first four . )
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Fig. 6.4 The cross-sectional view of the spatial distribution of the first four copper atoms along
the CNT channel with a 2 V bias voltage at 673 K. The first four copper atoms at a 0° in the
(5,5-(4,4) CNT channel b 45° in the (5,5)-(4,4) CNT channel ¢ 0° in the (8,0)-(7,0) CNT
channel, and d 45° in the (8,0)—(7,0) CNT channel. The values shown beside the data points
represent the z positions of the copper atoms along the CNT channel

The copper atoms are found to be more constrained within the downstream
(8,0)—(7,0) CNT channel, than that in the (5,5)—(4,4) CNT channel, as shown in
Fig. 6.5. The formation of the spiral flow by copper atoms depends not only on the
temperature, but also the distribution of the carbon atoms along different CNT
channels, whereby the point of interaction between carbon and copper atoms
would vary between the two channels. The resulting structure of the copper mass
in the downstream segment of the channel at a higher temperature is similar to a
thread, where atoms are connected one after the other along the downstream. This
outcome is observable in both the (5,5)—(4,4) and the (8,0)-(7,0) CNT channels.

In order to understand the influence of a higher bias voltage on the spiral flow
phenomenon of copper atoms, the flow phenomenon of copper atoms at a bias
voltage of 4 V is investigated. Figure 6.6 shows the cross-sectional view of the
spatial distribution of the first four copper atoms along the CNT channel with a
4 V bias voltage at 673 K. As the magnitude of the bias voltage increases, the
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Fig. 6.5 The cross-sectional view of the spatial distribution of the first four copper atoms along
the CNT channel with a 2 V bias voltage at 1073 K. The first four copper atoms at a 0° in the
(5,5)—(4,4) CNT channel b 45° in the (5,5)-(4,4) CNT channel ¢ 0° in the (8,0)-(7,0) CNT
channel, and d 45° in the (8,0)—(7,0) CNT channel. The values shown beside the data points
represent the z positions of the copper atoms along the CNT channel

resulting collision of the copper atoms and the CNT channel junction becomes
stronger. The magnitude of the flow of copper atoms to overcome the blockage of
the junction so as to proceed farther into the narrow channel becomes more sig-
nificant than that at a lower bias voltage. As shown in Fig. 6.6, the spiral flow
phenomenon of the first four copper atoms is more significant along the (8,0)—(7,0)
CNT channel, than that in the (5,5)—(4,4) CNT channel.

Due to the asymmetrical feature of the channel junction, copper atoms at the
45° configuration are closer to the central axis of the downstream segment of the
channel. The path taken by the copper atoms to move into the junction is thus
shorter and the spiral flow phenomenon is less obvious. Apart from that, it is found
that the (8,0)—(7,0) CNT channel causes the formation of the spiral flow path by
the copper atoms to be more significant than the (5,5)—(4,4) CNT channel. The
spiral flow phenomenon by copper atoms is most significant at the 0° configuration
in the (8,0)—(7,0) CNT channel, as shown in Fig. 6.6¢c. The reconfiguration of the
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Fig. 6.6 The cross-sectional view of the spatial distribution of the first four copper atoms along
the CNT channel with a 4 V bias voltage at 673 K. The first four copper atoms at a 0° in the
(5,5)—(4,4) CNT channel b 45° in the (5,5)—(4,4) CNT channel ¢ 0° in the (8,0)—(7,0) CNT
channel, and d 45° in the (8,0)—(7,0) CNT channel. The values shown beside the data points
represent the z positions of the copper atoms along the CNT channel

copper atoms along the CNT channel is a necessary process for the copper atoms
to increase its potential energy, so that the potential barrier of the channel junction
can be overcome.

The fluctuation of the copper atoms becomes greater when the temperature is
increased. Figure 6.7 shows the movements of the copper atoms with a 4 V bias
voltage at 1073 K. As compared to Fig. 6.6, it is found that the spiral flow phe-
nomenon of the copper atoms in Fig. 6.7 is significantly reduced and the flow path
along the x and y axes is also much shorter. Instead of fluctuating along the x and
y planes, the copper atoms move along the CNT channels much quickly, due to the
combination of a stronger driving force and a higher temperature. The combined
energies from the high temperature and the high driving force on the copper atoms
cause the copper atoms to overcome the potential barrier much easily, and flow
through the channel junction without much fluctuation, as compared to Fig. 6.5 at
the same temperature. The resulting reconfiguration process of the copper atoms is
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Fig. 6.7 The cross-sectional view of the spatial distribution of the first four copper atoms along
the CNT channel with a 4 V bias voltage at 1073 K. The first four copper atoms at a 0° in the
(5,5)-(4,4) CNT channel b 45° in the (5,5)-(4,4) CNT channel ¢ 0° in the (8,0)-(7,0) CNT
channel, and d 45° in the (8,0)—(7,0) CNT channel. The values shown beside the data points
represent the z positions of the copper atoms along the CNT channel

thus shorter. Nonetheless, the spiral flow phenomenon is still evident among the
copper atoms in Fig. 6.7c.

Despite the similar sizes between the two CNT channels, the outcomes in the
flow path are quite different. As shown in Figs. 6.6 and 6.7, the spiral flow phe-
nomenon of copper atoms along the (8,0)—(7,0) CNT channel, at a 4 V bias
voltage, is evident. These results suggest that the different chirality of the CNT
channel does affect the flow pattern of the copper atoms along the channel. With a
different carbon distribution around the CNT channel, the (8,0)—(7,0) CNT channel
junction tends to cause the copper atoms to interact more strongly around the inner
wall of the channel, which results in a rotational flow path in the downstream
segment of the channel.

The spiral flow phenomenon of copper atoms in the CNT channel also results in
the formation of a helical structure for the copper mass in the downstream CNT
channel. The copper atoms form rows of atoms, which are wounded helically. The
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effect of the CNT chirality on the spiral flow phenomenon of the copper atoms in
the downstream CNT channel is thus important, because the amount of rotation
suggests the formation of a helical copper structure, which is more compact
compared to a thread-like structure.

The filling of copper as viewed from the cross-sectional area of the downstream
CNT channel is essential for knowing whether the stability of the hybrid structure
consisting of the CNT and copper atoms can be formed, since the stability of the
hydride structure is associated with the compactness of the encapsulated material
in the channel [1, 2]. According to the results of the study in this chapter, the spiral
flow phenomenon is most evident in the downstream segment of the (8,0)—(7,0)
CNT channel, at 673 K with a 4 V bias voltage. This is also the same condition
under which the most compact copper structure is formed. The results of this study
suggest that the CNT channel formed by zigzag CNTs is a more favourable
nanodelivery system to be used for transporting copper atoms and is suitable for
the formation of a better hybrid system of a copper filled CNT.
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