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ABSTRACT

Molecular dynamics (MD) simulation of reactive condensed-phase hydrocarbon
systems is a challenging research area. The AIREBO potential is particularly useful
in this area because it can simulate bond breaking and bond forming during chem-
ical reactions. It also includes non-bonded interactions for systems with significant

intermolecular interactions.

The first part of this dissertation describes a method to adaptively incorporate van
der Waals interaction of carbon atoms into the AIREBO force field. In bond-order
potentials, the covalent bonding interactions adapt to the local chemical environment,
allowing bonded interactions to change in response to local chemical changes. Non-
bonded interactions should adjust to their chemical environment as well, although
this adaptivity has been somewhat limited in previous implementations. Here the
ATREBO potential is extended to include an adaptive Lennard-Jones potential, al-
lowing the van der Waals radius and well depth to vary adaptively in response to
chemical reactions. The resulting potential energy surface and its gradient remain
continuous, allowing it to be used for dynamics simulations. This new potential is
parameterized for hydrocarbons, and is fit to the energetics and densities of a variety
of condensed phase molecular hydrocarbons. The resulting model is more accurate
for modeling aromatic and other unsaturated hydrocarbon species, for which the orig-
inal AIREBO potential had some deficiencies. Testing on compounds not used in the
fitting procedure shows that the new model performs substantially better in predict-
ing heats of vaporization and pressures (or densities) of condensed-phase molecular

hydrocarbons.

The second part of this dissertation describes the investigation of nanotube weld-
ing by ion bombardment. Nanotube technology has found many applications in recent

years. Junctions between heterostructured nanotubes are of particular interest be-



cause of their possible application in nanoscale devices. Simulation is performed on
the formation of junctions by Ar ion irradiation of nanotubes using the AIREBO force
field. Two groups of nanotubes are used in this research. One includes larger nan-
otubes of diameter 13 A, another includes smaller nanotubes of diameter about 7-8 A.
Nanotube junction formation under different bombardment ion energies is explored.
In both large and small nanotubes, junctions can be formed by ion irradiation. It
is found that for large nanotubes, high energy impacts are needed in order to form
junctions. Smaller nanotubes are badly damaged by high energy ions. The different
types of defects created by ion impact are also investigated. Cross-links in the nan-
otube intersection are used as a primary index of junction formation. A comparison of
longer relaxation and cooling times is also performed. The evaluation of conductivity
of nanotube junctions during simulation is explored. For (10,0) nanotubes, conduc-
tance across the junction becomes non-zero after the first impact for 330 eV energy

impact.
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CHAPTER 1
INTRODUCTION

Molecular Dynamics Simulation

Molecular dynamics (MD) is a computer simulation technique. It uses classical
mechanics to calculate the force between particles in a system. The first thing a
molecular dynamics simulation needs is a force field or potential describing interac-
tions. The force field could be as simple as the hard sphere model, or as complex as
quantum calculation. The choice depends on what system is investigated and what
accuracy the simulation needs. After choosing an appropriate potential, the simula-
tion system needs to be set up. Every particle in the system is assigned a coordination
(x,y,2) and a velocity (v,, vy, v,). Knowing position of particles, the potential energy
(V) can be calculated from the force field. The force on each particle is determined

from the gradient of the potential energy:

ov
Fi= ~ o, (1.1)

where F; is the force on atom ¢. According to Newton’s law of motion, the

acceleration of each particle is the derivative of the force:

F;
a; = — (12)

m,
In a small time step, the acceleration and velocity of particle can be seen as

constant. Thus after one time step At, the new coordination of the particle is:

Ti41 = T4 + (O At (13)

The new velocity of particle becomes

Vi+1 = Uy + a;- At (14)



From this new set of coordination and velocity, the calculation can go on to the
next step until the end of simulation. Usually the time step used in MD simulation

is less than 1 fs.

ATREBO Force Field

The ATREBO force field was developed by Steven Stuart and Judith Harrison in
2000[1]. It is a further developentment of the reactive empirical bond-order potential
(REBO). The REBO potential is used in simulations of hydrocarbon systems. The
difference between REBO potential and molecular mechanics potentials lies in that
chemical reactions can be simulated in REBO potential. Bond breaking and bond
forming are described by a Tersoff-type potential[5, 6].

The bond-order potential, originally proposed by Tersoff, provides a method for
classical simulations of covalently reactive systems, such as silicon and carbon. In
these potentials, the interaction between two atoms is represented as the combination

of a repulsive and an attractive interaction,

Vij(r) = Vi + b Vi3 (1.5)

27?7

where the relative strength of these two terms is controlled by the bond order, b;;.
The bond order is a many-body term that depends on the local chemical environ-
ment, including coordination numbers and bond angles, and enables the strength of
the covalent bond between atoms 7 and j to vary adaptively in response to changes
in the bonding environment. As with embedded-atom models[7], each individual
bond weakens as the atoms participating in the bond acquire more neighbors, since
their valence electrons are divided among more bonding interactions. However, the
bond-order potentials also treat the dependence of the bond energy upon the angular
distribution of neighbors — a term which is crucial for the directional bonding found
in covalent materials.

This approach has been particularly fruitful for modeling carbon and hydrocar-
bons, and there have been a number of parameterizations of bond-order potentials

for hydrocarbon systems. Following the original Tersoff model[8], Brenner developed



the REBO model[9], which has been widely used. Pettifor has shown that the po-
tential energy expressions used in these empirical bond-order models is equivalent to
one that can be derived from orthogonal tight-binding models in the second-moment
approximation[10], and has developed analytical bond-order potentials that go be-
yond this approximation[11].

The REBO potential has been used successfully in simulation of many differ-
ent materials and processes, including carbon nanotubes[12], tribology of diamond
surfaces[13], and fullerenes[14]. But the REBO potential is not suitable for every hy-
drocarbon system. It does not include intermolecular interactions, making it a poor
choice for systems with significant intermolecular interactions. This includes liquid
and thin film systems.

The ATREBO model extends the REBO model to include non-bonded interactions,
including van der Waals terms. These intermolecular interactions are crucial for mod-
eling condensed-phase molecular systems, or the non-covalent interactions between
layers in graphitic materials. The AIREBO potential has been used in simulation of
friction on alkane monolayer[15], amorphous carbon[16], and hydrogen adsorption on

nanotubes[17].

Van der Waals Interaction

The van der Waals interaction is the dispersion force and repulsion force between non-
bonded atoms and molecules. It is the main force between particles in noble gases
and non-polar compounds. It holds molecules together in the liquid state. Without
van der Waals interaction, noble gases would not liquify.

The Lennard-Jones(LJ) potential is one of the approximate models of the van der
Waals interaction. It was proposed by John Lennard-Jones of Bristol University in

1931[18]. The most common mathematical form of the LJ potenial is in equation 1.6:

o= (00 e

It is also called the 12-6 potential. The parameter € is the depth of the potential

well, while & is related to the size of the atom. The r~'? term models the repulsive
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Figure 1.1 Lennard-Jones potential with 0 =2 and e=1 .

interaction in short diatance. It increases rapidly as the distance between molecules
shorten. This repulsive interaction originates from electronic orbital overlap. It is the
result of Pauli exclusion principle. The r=¢ term models the dispersive interaction at
long distance. The dispersion force is also called the London force. It is the attractive
force between molecules. Dispersion force arises from the fluctuation of dipole mo-
ments and multipole moments. This is weak interaction,but it keeps particles close in
condensed phase. The advantage of the LJ equation lies in its simplicity and efficiency

1

in calculation because r'? is the square of r®.

A graph of this potential is shown in Fig. 1.1.

Introduction to Carbon Nanotube

One of the biggest discovery in the 1990s was carbon nanotube materials. These
were first discovered by lijima in 1991[19]. There are two types of nanotubes: single
wall nanotube (SWNT) and multi wall nanotube (MWNT). The first nanotube found
is MWNT. SWNT was discovered two years later[20, 21]. Since then, great progress

has been made in the past fifteen years. Due to their unique properties, nanotubes

4



have become a central area of chemistry research. A carbon nanotube can be visual-
ized as a sheet of graphite rolled into a cylinder. Depending on how it is rolled, it is
named following this method. As shown in Figure 1.2 (a), the naming of nanotube
is determined by two vectors: a; and ay shown in blue. The composite vector rolling

the sheet is a summation of these two vertors:

when n = m, the nanotube is named (n,n), an armchair nanotube. When m = 0, it
is (n,0), a zigzag nanotube. In all the other cases, they are chiral nanotubes. Graph
b, ¢, d in Figure 1.2 are examples of these three type of nanotubes.

One of the interesting features of carbon nanotubes is their electronic properties.
Carbon nanotubes can be metallic or semiconducting, depending on their diameters
and the helicity of the arrangement of graphene rings in their walls.[22] Zigzag (n,0)
SWNTs have two types of electronic behaviour depending on the value of n: they are
metallic if n/3 is an integer or semiconducting otherwise. Chiral (n,m) SWNTs are
similar to the zigzag nanotubes: metallic when (2n+m)/3 is integer and otherwise
semiconducting. All armchair (n,n) SWNTs are metallic. The band gap for the
semiconducting nanotubes decreases with increasing diameter d.

In the following chapters, two simulations using AIREBO force field was con-
ducted. In chapter 2, an adaptive treatment of van der Waals interaction in LJ
12-6 form was developed. An improvment in liquid property prediction was observed
in testing compounds. In chapter 3, nanotube junction formation simulation was
condcuted using AIREBO force field. Effect of ion bombardment energy on junction

formation and conductivity of nanotube junctions were investigated.
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CHAPTER 2

ADAPTIVE TREATMENT OF
VAN DER WAALS INTERACTIONS

Introduction

The van der Waals interactions are treated adaptively in the AIREBO potential,
allowing the interaction to be switched off smoothly as the chemical environment
changes and a non-bonded pair becomes bonded[1]. But although the strength of
the van der Waals interactions responds adaptively to the local environment, the
form of that interaction does not. I.e., the van der Waals radius and magnitude
of the dispersion interaction do not vary with changes in hybridization to reflect
changes to the size or polarizability of the electrons which give rise to the van der
Waals interaction; a single parameterization of the van der Waals energy expression is
used for all interactions. Consequently, the van der Waals interactions in the original
ATREBO potential are not as transferable across different hydrocarbon hybridizations
as would be desired. Here we describe an extension of the AIREBO potential to
allow the parameterization of the van der Waals interaction to change adaptively
with the chemical environment of the interacting atoms. This is done by having the
coefficients of the Lennard-Jones 12-6 expression for the van der Waals interaction
depend parametrically on the coordination number of the interacting atoms.

The rest of this chapter is organized as follows. In section we present the modifi-
cations to the AIREBO model. Section describes the details of the fitting procedure
used to reparameterize the potential. Finally, in section we discuss the application

of this potential to some hydrocarbons not included in the fitting database.



Model

The van der Waals interactions represent the combination of attractive dispersion
interactions and repulsive exchange interactions. There are many functional forms

used to represent these van der Waals interactions in molecular simulations; the form

used in the AIREBO potential is the Lennard-Jones (LJ) 12-6 form,

Viil(r) = 4e;j [(i—j)n - (%)6] (2.1)

where r;; 1s the distance between atoms : and j, and Vj; is the potential energy of their
interaction. The computational advantages of using this form (only two parameters,
no unphysical turnover, computational efficiency) outweighed the increased accuracy
that can be obtained from different functional forms.[23] The infinitely repulsive r~12
core has been replaced by more physically realistic potentials with finite cores when
using AIREBO for high-energy collisions.[24] This repulsive core — whether infinite
or merely strong — is treated adaptively in the AIREBO potential, so that the
repulsive interactions are diminished between reactive or covalently bound atoms, but

is undiminished for chemically saturated atoms. The total van der Waals interaction

included in the potential is thus
E,'j = O./VLJ(T) (22)

where the many-body term « is a function not only of the bond distance r, but also
the bond order between ¢ and j, as well as the position of all first neighbors bonded
to atoms ¢ and j.[1] Neither the LJ 12-6 functional form nor the means of making the
repulsive interactions adaptive is modified in the current work. Rather, we confine
our attention to the variability of the LJ € and o parameters (or the underlying
polarization and radius of the electron cloud) with chemical environment.

The 0;; and €;; parameters characterize the van der Waals interaction between
atom types ¢ and j. These determine many of the material properties for soft,
molecular systems, such as their cohesive energy, boiling point, density, etc. Conse-
quently, most non-reactive force fields, such as CHARMM][25], UFF[26], AMBER|27],
MM3[28] and COMPASS[29, 30], utilize different € and o values for different “types”



of carbon atoms. These atom types can be distinguished by their hybridization state
(sp? vs. sp® carbon) or by their bonding environment (an sp? carbon in a carbonyl
group or an alkene bond or a conjugated system), and can extend to dozens of dif-
ferent atom types for a single atomic number. The physical basis for distinguishing
between atoms in different chemical environments is, of course, that the chemical
environment influences the electronic distribution on the atom, and the size and po-
larizability of this electron could affect the exchange and dispersion interactions. In
a reactive potential such as AIREBO, however, hybridization state and bonding en-
vironment are free to change, and all carbon atoms must be treated with the same
potential. Consequently, the original AIREBO potential used only a single ¢ and
e value for each atom, neglecting any variation in the shape of the van der Waals
potential with bonding environment. In the original AIREBO potential, the o¢¢ and
ecc parameters were obtained by fitting to the interlayer spacing and elastic constant
of graphite, while oy and eyy were determined by fitting to the pair correlation
function of liquid-state methane and ethane. (The heterogeneous parameters, ogc
and epyc, are determined from the Lorentz-Berthelot combining rules.[31]) One re-
sult of this fitting procedure has been that the AIREBO potential provides a better
description of the saturated molecular hydrocarbons for which it was fit than for un-
saturated species. For example, the fine detail in the liquid structure of ethylene is
not reproduced well by the AIREBO model (see Figure 2.1).

If the performance of the AIREBO potential is to be improved in this regard,
it is necessary to allow the shape of the van der Waals potential to adapt in re-
sponse to changes in the local bonding environment. The approach taken here is to
treat the o¢c and ege terms as functionally dependent on the bonding environment,
rather than as unvarying constants. In the nonpolar, hydrocarbon systems for which
ATREBO has been parameterized, the electron distribution on the s-valent hydrogen
atom is assumed not to change substantially in different environments, and so the
oy and egpy values remain constant. At a mininum, the LJ parameters for carbon
should depend on the hybridization state of the carbon atom, which determines to

a large degree the size and character of the atom’s electron distribution. In addi-



25 T T T T T T
AIREBO ——
experiment
2 - -
N
15 / \ i
/ \
i \\
N
% 1k \ o R S
N —
\\ /7/
05 | / 4
//’
0 = _
_05 1 1 1 1 1 1 1
2 3 4 5 6 7 8 9 10
r(A)

Figure 2.1 Carbon-carbon pair correlation function goe for liquid ethylene at 106 K.
Experimental result from Ref.[2]

tion, these parameters should also depend on the type of atoms to which the carbon
atom is bonded. Bonds with different polarity and different length will give rise to
different nonbonded interactions. Although both C-C and C—H bonds are nonpolar,
they have very different lengths. Thus, since the bond order potentials use coor-
dination number as a proxy for hybridization state, the o and e values for carbon
can be assumed to depend on the number of carbon and hydrogen neighbors of the
carbon atom in question: oc¢(NY, N) and ec(NY, N¥) rather than constant values
that are independent of their bonding environment. A physical basis could also be
provided for even more complex features of the chemical environment, such as the
number and identity of second neighbors. This approach may prove to be necessary
with the introduction of heteroatoms, as is the case with many classical, nonreactive
force fields.[25, 27, 28] However, these effects are neglected in the current model. It
might be expected that the LJ parameters should also depend on the degree of local

conjugation; the m-bonding electrons on an unsaturated carbon may give rise to very
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different van der Waals interactions depending on whether they are localized and
relatively nonpolarizable, as in an olefin, or delocalized and more polarizable, as in
benzene or graphite. A dependence of the LJ parameters on local conjugation was
considered, but was found not to be necessary. The parameters for conjugated and
nonconjugated sp* carbons were found to be quite similar, as described below, so the
extra complexity of this additional environmental dependence was abandoned.

In these reactive, bond-order potentials, the coordination numbers N¢ and N7
are not integer quantities, as in a nonreactive potential, but take on fractional values,
varying smoothly over the course of a reaction.[9, 1] Consequently, the functions
oc(NY NT) and ec(NY, N) need to be defined for non-integer arguments. It is
highly impractical to fit such a function for LJ parameter values at non-integer values
of NY and N¥, both because there is no unambiguous method of assigning non-
integer coordination numbers to a partially dissociated bond, and because there are
no appropriate experimental or even ab initio data which can be used to fit the van der
Waals interactions for such transient and unstable systems. Consequently, we have
chosen to implement the functional dependence of the Lennard-Jones parameters on
coordination number via a bicubic spline,[32] in which a knowledge of the function
(and some of its derivatives) at integer knot points can be used to generate a smooth
function that can be interpolated for non-integer arguments. The integer knot points
correspond to stable molecular species, for which the function can be parameterized
with experimental data.

Thus we take

3 3
(N9 NTY =33 ¢ (NOF(NTY (2.3)
k=0 1=0
and
3 3
(N7, NTT) = 3737 (N (N (2.4)
k=01=0

where the {c{,} and {¢;} coeflicients are defined within a rectangular region in which

N¢. <« N¢ <« N¢ and N9 <« NH <« NH

e g in Saws 1.€., within a region bounded by

four spline knot points at (N, N#) = (NY, NH . (NC.  NHZ 3 (NS NH 3
and (NS, NI ). The sixteen coefficients {ci} in Eqs 2.3 and 2.4 can thus be
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determined by specifying the value of the function and three of its derivatives at each
of the four knot points. In a different region, the function o¢ or e¢ is determined
similarly, but with a different set of coefficients. The continuity of the function and
its gradient are ensured at the boundary through the shared spline knot points at
that boundary. Here we use integer values of N¢ and N¥ as the knot points, and

require that

600 . 600 . 6200 .
ONC ~ ONH ~ QNCGNH 0 (25)
and
2
66(] . 660 6 €C —0 (26)

ONC — 9NH ~ GNCONH

at each of the knot points. This is done to ensure that there are no forces arising

ao'c
ONC

from a nonzero slope such as for stable molecules with integer coordination
numbers, and also because of a lack of experimental information that correlates to
these derivatives. The values of o¢ and e at knot points (integer number of bonded
neighbors) are obtained by fitting to the cohesive energies and density for liquids of
small molecular hydrocarbons, as described in the following section. To do this fitting,
we make use of the fact that for a stable, nonreactive system (such as a hydrocarbon
liquid at sub-pyrolytic temperatures) the coordination number for each atom is an
integer, and the van der Waals interactions in the liquids are determined only by the
o and € values at the knot points. Thus these simulations can be performed without
knowledge of all of the coefficients in Egs. 2.3 and 2.4, and thus before the o¢ and e¢
values have been obtained at all knot points.

The strength of the reactive bond-order potentials, however, lies in their ability
to simulate chemical reactions. During these reactions, the coordination numbers
will be non-integer and the bicubic splines will be evaluated away from the knot
points. Thus the full Lennard-Jones interaction is evaluated as in Eq. 2.1, where the

interatomic o;; and €;; parameters are obtained from the single-atom values using the

Lorentz-Berthelot combining rules[31],

(O','—I-O'j) (27)

DN | =

045 =

12



and
€ = €;€4, (28)

and o¢ and €¢ are now calculated from Eqs. 2.3 and 2.4 for the case where 7 or j is
a carbon atom.

One important difference worth mentioning is that for COMPASS and all non-
reactive force fields, the type of carbon will not change during simulation. But for
ATREBO simulations, which usually involve reactions, carbons in the system will not
always remain the same. There is only one carbon type. But in different chemical
environments, carbons have different LJ parameters.

Equations 2.3 and 2.4 thus represent the only modification to the AIREBO po-
tential in the current work, and the coefficients needed to parameterize this equation
are obtained in the following section. It is worth commenting also on how this minor
change affects the calculation of forces under the new potential. The forces are cal-
culated from the negative gradient of the potential in the usual manner, so that the

force on atom m in the Cartesian direction 3 (8 =z, y, or z) is

0
552 L Vi 29)
' m n<m

L)
FE = -

where V) is given by Eq. 2.1 and we are ignoring all of the contributions to the
force from non-van der Waals terms in the potential. The Lennard-Jones potential
as traditionally implemented is a function only of the interatomic distance, so the
Lennard-Jones contribution to the force is evaluated simply as

ovVE oy,
Fl =~ L 2.10
P ; dri; 0B (2.10)

In the new model, however, the van der Waals potential depends on the atomic
positions not only explicitly through the :—5 bond length, but also implicitly via the
e and o parameters. Thus the force becomes

n<m armn aﬁz aO-mn aﬁz aernn aﬁz

(2.11)

Now, because of the dependence of ,,, and €,,, on the coordination numbers of atoms

m and n, the double sum must run not only over all pairs of atoms involving the atom

13



¢ in question, but also over all pairs k—j where k is at least partially bonded to i (such
that displacing : will change the coordination number of k and thus alter o;; and
€rj). Please see appendix A for a detailed discussion of the derivatives included in

Eq. 2.11.

Parameterization

Simulation Details

In order to perform the parameterization, molecular dynamics simulations were
performed for a variety of small molecular hydrocarbons in the liquid state. These
compounds ranged from one to four carbons in size, and included both saturated hy-
drocarbons, as well as unsaturated carbons with sp and sp? hybridization, including
both conjugated and non-conjugated molecules. A complete list of the nine molecules
used to do the fitting is provided in Table 2.1. Each molecular dynamics simulation
consisted of 128 molecules in a periodic simulation cell at the experimental density,
except for one case (methane) where 256 molecules were used in order that the side
length of the periodic cell would exceed twice the LJ cutoff (30¢¢). When experi-
mental data for the enthalpy of vaporization were available, the simulations were per-
formed at the experimental boiling point of the system, Ty, (or 298 K, if T, > 298 K,
as for benzene). If Ay, H was not available at Tp, the simulation was performed at
298 K. The specific temperatures used for each compound, along with the experimen-
tal density and Ay,,H, are provided in Table 2.1. The simulations were performed
in the canonical (NVT) ensemble, using the Langevin thermostat[33]. Long-range
corrections[34] were used to account for the van der Waals energy contributions be-
yond the LJ cutoff of 30. The simulations were run for a minimum of 100 ps after
equilibration at the desired temperature, although frequently for as long as 200 ps
in order to obtain adequate statistical averaging of the system pressure. The simu-
lated properties used to fit the LJ potential are the pressure, P, and the enthalpy of
vaporization, Ay,, H. Because the systems are simulated at the correct experimental
density at ambient pressure, a well-parameterized potential should give a pressure of

1 bar, while the target value for Ay, is obtained from experiment. The pressure is
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compound T(K) p (g cm=3) | experiment ATREBO[1] this work
AHvap AHvap err(%) | P(bar) AHyap err(%) | P(bar)
(kJ/mol) (kJ/mol) | err(%) | P(bar) | (kJ/mol) | err(%) | P(bar)
benzene 298 0.8765¢ 33.83¢ 28.84 -14.75 1070 33.64 -0.56 -4.6
methane 111.7 0.4228% 8.17¢ 9.55 16.89 -381 8.15 -0.24 -19.9
ethane 184.6 0.5446% 14.69¢ 16.26 10.61 476 14.7 0 15.3
ethylene 169.45 0.5678% 13.54% 12.5 -7.68 399 13.54 0 15.3
acetylene 189.6 0.613¢ 16.95° 8.9 -47.49 851 16.9 -0.29 26.3
propane 231.1 0.584% 19.04% 19.45 2.15 451 18.99 -0.26 64.9
propadiene 240 0.6575% 18.427 17.52 -4.88 417 18.46 0.22 0.01
isobutane 262 0.5934° 21.30¢ 22.32 4.78 204 21.31 0.05 -2.56
MAD 13.6 531.1 0.20 18.6

?Reference[35]
Reference[36]

Table 2.1 Heats of vaporization and pressures as calculated with the new potential,
with the original AIREBO potential[l], and as reported experimentally. The exper-
imental pressure of each system at the specified state point is 1 bar. The mean
absolute deviation (MAD) from experiment is provided for both properties.

calculated using the internal virial, while Ay, H is calculated from the equilibrium
energies of separate simulations of a single gas-phase molecule and an N-molecule

simulation of the liquid at the same temperature,

AvpH = NU(g) — U(I) + RT (2.12)

where it has been assumed that the gas is ideal and the molar volume of the liquid is

negligible compared to that of the gas.

Parameterization

In the original ATREBO potential, the LJ parameters for carbon were obtained
from the properties of graphite. Thus we take these values, unmodified, as the LJ
parameters for graphitic carbon, with (N, NH) = (3,0), as well as for sp? carbon
in a benzene-like environment of (N9 N¥) = (2,1). At this point the only two
remaining parameters needed in an unreactive simulation of liquid benzene are the
values of oy and ey. These two parameters were modified to obtain the best fit to the
experimental values of Ay,, H and P for benzene. Because the strong and monotonic
dependence of energetic properties such as Ay, H on € and PV properties such as the

pressure (or density) on o, this optimization is relatively straightforward and results
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in an unambiguous pair of (op,er) values. The values of o and € for hydrogen are
2.538 A and 28.8 K, respectively. These values are assumed to apply for H atoms in
any chemical environment.

Next, the values of (o¢,ec) were determined in a like fashion, for one type of stable
bonding environment at a time. This was done first for molecules containing carbon in
only a single bonding environment: methane, ethane, ethylene and acetylene. Next,
with (¢, €c) values in hand for the specific spline knots corresponding to these bond-
ing environments, these values could be used in order to parameterize (o¢, €c) values
for additional spline knots using molecules such as propane or isobutene, which con-
tain carbon in more than one different bonding environment. In all cases, each pair
of experimental values of Ay,, H and P for a specific liquid was used to fit only a
single pair of (o¢,€c) values at one knot point. The resulting parameter values are
tabulated in Table 2.2.

The values of the heat of vaporization and pressure (at the experimental density)
obtained during the parameterization procedure for the compounds used in the fitting
process are presented in Table 2.1, along with the results obtained using the published
AIREBO potential.[1] Because these properties were explicitly used during the fitting
procedure, it is no surprise that they are well reproduced, with a mean absolute
deviation (MAD) of 0.2% in the heat of vaporization and 20 bar in the pressure.
The ATREBO values are presented merely as an illustration of the accuracy of the
potential when not using adaptive LJ parameters, with MAD of 13% in the heat of
vaporization and over 500 bar in the pressure.

Although the parameterization using the compounds in Table 2.1 is straightfor-
ward, there were some difficulties in the fitting process. One of these is that not all
of the desired spline knot points can be easily parameterized from existing data. In
some cases, the bonding environment corresponding to the knot point may be realis-
tic, but the experimental or ab initio data may be hard to obtain. Such is the case
for N® =1 and N7 = 0, corresponding to a C; dimer. This species exists, and is
an important component in many reactive simulations, such as sputtering, but it is

too reactive to exist in a condensed phase from which the van der Waals parame-
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Ne | Ny | o(A) | e(K) | fitting compound
0 0 | 3.58 | 167.7
0 1 4.13 75.1
0 2 | 3.99 34.8
0 3 | 3.12 15.6
0 4 3.7 5.1 methane
1 0 | 3.05 | 157.14
1 1 | 3.60 | 64.54 acetylene
1 2 | 3.46 | 243 ethylene
1 3 2.59 50.8 ethane
1 4 | 3.17 | 40.3
2 0 | 2.85 | 125.6 propadiene
2 1 3.40 33.0 benzene
2 2 | 3.00 | 48.7 propane
2 3 | 2.13 75.2
2 4 | 2.71 64.7
3 0 | 3.40 33.0
3 1 2.70 82.7 1sobutane
3 2 | 2.30 98.4
3 3 1.43 | 124.9
3 4 | 201 | 1144
4 0 | 2.35 | 104.5
4 1 1.65 | 154.2
4 2 1.25 | 169.9
4 3 | 038 | 196.4
4 4 1 0.96 | 185.9

Table 2.2 Knot values characterizing the bicubic spline for e and o¢ at integer values
of N¢ and N¥. All derivatives of e¢ and o, with respect to N¢ and N¥ are zero at
these knot points. The values were obtained by fitting to the specified compound, if
present, or by extrapolation from nearby parameter values.

ters could be inferred. It is possible to imagine a series of ab wnitio calculations on
a pair of Cy dimers from which their van der Waals interaction potential could be
obtained, although it would not be trivial to decouple this interaction from the co-
valent bonding interaction. The simpler approach used here is to arbitrarily specify
values of o¢ and ec that preserve the general contour of the bicubic spline surface.
Thus the parameters for the carbon dimer (N, N¥ = 1,0) were obtained by linear
extrapolation from the values for acetylene (1,1), propadiene (2,0), and benzene (2,1).

In other cases, the bonding environment corresponding to one of the desired spline
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knots may not be physically realistic. Such is the case for overcoordinated forms of
carbon, such as (N9, Nf) = (2,3). Although there are no stable molecular species
with this bonding configuration, such geometries may appear as transient states dur-
ing energetic collisions. Furthermore, the parameter values at five-coordinate knot
points may be needed to obtain values at non-integer coordination numbers, e.g. dur-
ing an Sy2 reaction, even if the total coordination number never exceeds four during
the reaction. Here it is difficult even to conceive of a realistic ab wnitio calculation
that could provide realistic LJ parameters for such species. In this case also, the
approach taken is to extrapolate from nearby parameter values. All extrapolated
values chosen in this manner are specified in Table 2.2. It should be emphasized
that although the LJ parameters obtained in this manner are somewhat arbitrary,
they have little effect on any realistic simulations. They control the van der Waals
interactions only for highly reactive or transient species, for which the interactions
are primarily determined by covalent bonding. Finally, one additional case that pre-
sented difficulties during the parameterization was (N¢, Nf) = (4,0). Although this
case could in principle have been parameterized using neopentane (and knowledge
of the (N, NH) = (1,3) parameters derived from ethane), we were unable to find
parameters that exactly reproduced the pressure and Ay,,H for this system. This
is presumably because the density and cohesive energy of liquid neopentane depend
very little on the van der Waals interactions of the buried central carbon, which inter-
acts very little with neighboring molecules. But for this same reason, the properties
of any simulation will be likewise very insensitive to the values of the LJ parameters
chosen at this knot point. The parameter value at (N, N¥) = (4,0) is extropolated

from the simulation determined parameter value at (0,4), (1,3), (2,2), and (3,1).

Once the values of o¢ and e¢ are determined at all of the knot points, and the
derivatives at these knot points are specified using Eqs. 2.5 and 2.6, it is straightfor-
ward to invert Eqs. 2.3 and 2.4 in order to obtain the coefficients ¢J; and cf,; in each
domain of the spline. The result of this procedure is shown in Figures 2.2 and 2.3,

which show the variation of ¢ and e with changes in the local coordination number.
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Figure 2.2 Graphical depiction of the o(N¢, Nf) surface. Black crosses stand for the
values determined by simulation.
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Figure 2.3 Graphical depiction of the e(N¢, N¥) surface. Black crosses stand for the
value determined by simulation.
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Results and Discussion

The van der Waals spline knots for carbon atoms that resulted from the fitting
procedure are shown in Table 2.2. The variation of the ec and o¢ parameters with
coordination number is illustrated graphically in Figures 2.2 and 2.3.

In order to test the performance of the new LJ parameters, simulations were
performed for a variety of compounds not used in the fitting procedure. There are 27
of these test species, consisting of straight-chain, branched, and ring compounds with
between three and nine carbon atoms, including saturated and unsaturated species,
including conjugated and aromatic species. The full list of 27 test species appears in
Tables 2.3 and 2.4. As with the compounds used in the parameterization procedure,
the heat of vaporization and pressure are calculated at the experimental density and a
specified temperature (typically the boiling point). The results for the new potential,
as well as the predecessor AIREBO potential are tabulated in Tables 2.3 and 2.4.

The pressures tabulated in Table 2.3 demonstrate that the PV performance of
the current potential is much better than with the previous (non-adaptive) LJ pa-
rameterization. For each class of compounds (linear and branched (or ring) alkanes
and alkenes, and linear alkynes) the new model shows a substantial improvement over
the previous AIREBO parameterization. The MAD from the expected experimental
pressure is only ~ 200 bar with the new model, rather than 850 bar with AIREBO.
The improvement is particularly good for alkynes, where the mean absolute error in
the pressure has been reduced to about 7% of its previous value.

A distribution of errors in the pressure is presented in Figure 2.4. This distribution
shows that both potentials tend to overestimate the pressure for hydrocarbons near
the normal boiling point, but both the mean and the variance are lower with the new
potential. Whereas pressure errors of 0.5 to 2 kbar are common with AIREBO, the
largest pressure error observed with the new model on the 27-species test set was
500 bar.

The cohesive energies of liquid molecular hydrocarbons are also improved with
the new potential, as can be seen from the heat of vaporization data presented in

Table 2.4. The only class of compounds for which the new potential is not improved
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compound P (bar)
T(K) | p (g cm™) [ AIREBO[1] | this work

alkanes butane 272.7 0.6011° 489 88.2
cyclohexane 298 0.7739¢ 1447 76

hexane 298 0.6606° 706 74.3

octane 298 0.6986° 918 210

MAD 890 112

RMSD 980 130

alkenes Z-butene 276.84 | 0.6213° 538.6 106
propene 225.46 0.6100° -495 70

E-butene 274.2 | 0.6041° 372 6.3

Z-2-pentene 309.8 0.6503° -277 244

1,2-butadiene 284 0.6760¢ 1426 222

1,3-butadiene 269 0.6506° 704 236

toluene 298 0.8668° 1133 240

MAD 707 161

RMSD 823 188

branched 2,3-dimethylpentane 298 0.6908 692 291
alkanes 2,3-dimethylbutane 298 0.6616° 503 258.5
3-methylpentane 298 0.6598¢ 617 168.7
2-methylhexane 298 0.6787 696 168.2
2-methylheptane 298 0.698¢ 790 210

isopentane 301.1 0.6201° 418 210
3-methylhexane 298 0.687¢ 771 204.6

MAD 641 216

RMSD 655.7 220

branched | 2-methyl-1,3-butadiene 298 0.679¢ 794 423
alkenes 2,3-dimethyl-2-butene 293 0.708¢ 768 321
trans-1-propenylbenzene 293 0.9023° 1596 439

styrene 298 0.9016° 1266 494
2-methyl-2-pentene 298 0.6863° 760 217

isobutene 298 0.6242° 824 517

MAD 1001 379

RMSD 1061 394

alkynes 1-butyne 281.23 0.6783¢ 1356 -229
2-butyne 298 0.691¢ 1994 -28.9

1-pentyne 298 0.6901¢ 1295 -65

MAD 1548 107

RMSD 1596 152

total MAD 850 207
RMSD 963 250

?Reference[35]
*Reference[36]

Table 2.3 Pressures as calculated with the new potential and with the original
AIREBO potential[l]. The experimental pressure of each system at the specified
state point is 1 bar. The mean absolute deviation (MAD) and root mean square
deviation (RMSD) from experiment are provided seperatedly for several categories of
compounds. 21
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is the linear alkanes, where the mean absolute deviation (MAD) in the heat of va-
porization increased from 2.42 kJ/mol with the AIREBO potential to 4.08 kJ/mol
with the new potential. This is perhaps not surprising, as saturated alkanes are the
class of compounds for which the AIREBO potential was explicitly parameterized.
For all other classes of compounds examined, the new potential provides an improved
description of the cohesive energy in the liquid. The improvement is dramatic for
linear alkenes, with the MAD decreasing from 3.13 kJ/mol to 0.49 kJ/mol. For the
set of test molecules taken as a whole, the MAD has improved by from 3.86 kJ/mol
to 1.96 kJ/mol, and now indicates a mean absolute error of less than 7% in the heat
of vaporization. Because no data from this test set were included in the parameter-
ization, and efforts have been made to ensure that the test set represents a variety
of different types of small hydrocarbon molecules, these errors can be expected to be
typical for additional species not analyzed here. Figure 2.5 shows the distribution of
error values in the heat of vaporization with the AIREBO and new potential. This
figure shows clearly that the average magnitude of the error is reduced with the new
potential.

The carbon—carbon pair correlation function, goc(r), is very sensitive to the van
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Figure 2.6 Carbon-carbon pair correlation function goe for liquid ethylene at 106 K.
Experimental result from Ref.[2]
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compounds Expt ATREBO[1] this work
AHyap AHyap A(AHyap) % AHyap A(AHvap) %
(kJ/mol) | (kJ/mol) (kJ/mol) %
alkanes
butane 22.44¢ 22.95 0.51 2.27 23.34 0.90 4.00
cyclohexane 33.01¢ 33.81 0.80 2.42 34.78 1.77 5.36
hexane 31.56¢ 34.39 2.83 8.96 35.98 4.42 14.0
octane 41.49¢ 47.06 5.57 13.42 50.72 9.23 22.3
MAD 2.42 6.77 4.08 11.40
RMSD 3.37 8.67 5.54 14.21
alkenes
Z-butene 23.34¢ 20.83 -2.51 -10.7 22.18 -1.16 -4.94
propene 18.42¢ 21.57 3.15 17.1 18.64 0.22 1.20
E-butene 22.72¢ 22.04 -0.68 -2.98 22.10 -0.62 -2.73
Z-2-pentene 26.1¢ 32.09 5.99 22.9 26.81 0.71 2.73
1,2-butadiene 24.02¢ 21.48 -2.54 -10.6 24.38 0.36 1.50
1,3-butadiene 22.47¢ 19.44 -3.03 -13.5 22.18 -0.29 -1.27
toluene 38.01¢ 34.01 -4.00 -10.5 38.09 0.08 0.21
MAD 3.13 12.63 0.49 2.08
RMSD 3.52 14.08 0.61 2.59
branched alkanes
2,3-dimethylpentane 34.26¢ 25.48 -8.78 -25.6 33.96 -0.30 -0.89
2,3-dimethylbutane 29.12¢ 23.55 -5.57 -19.1 28.52 -0.60 -2.04
3-methylpentane 30.287 27.07 -3.21 -10.6 30.71 0.43 1.42
2-methylhexane 34.87¢ 36.94 2.07 5.93 39.91 5.04 14.4
2-methylheptane 39.67¢ 37.97 -1.70 -4.27 41.16 1.49 3.76
isopentane 24.79¢ 30.43 5.64 22.75 31.54 6.75 27.2
3-methylhexane 35.1° 31.56 -3.55 -10.1 35.97 0.87 2.47
MAD 4.35 14.06 2.21 7.46
RMSD 5.01 16.38 3.40 12.39
branched alkenes
2-methyl-1,3-butadiene 26.8° 24.11 -2.69 -10.04 27.81 1.41 5.34
2,3-dimethyl-2-butene 32.51¢ 24.37 -8.14 -25.1 30.75 -1.76 -5.41
trans-1-propenylbenzene 46.4° 45.23 -1.17 -2.51 49.38 2.98 6.42
styrene 43.9° 33.62 -5.08 -13.1 43.70 -0.2 -0.45
2-methyl-2-pentene 31.6° 28.86 -2.74 -8.68 31.88 0.28 0.88
isobutene 22.13¢ 19.81 -2.32 -10.60 18.52 -3.61 -16.31
MAD 4.49 13.1 1.71 3.70
RMSD 5.85 15.9 2.20 4.64
alkynes
1-butyne 24.52¢ 20.38 -4.14 -16.9 27.22 2.70 11.0
2-butyne 26.7° 22.69 -4.26 -15.8 27.28 0.33 1.24
1-pentyne 28.4° 22.18 -6.22 -21.9 30.80 2.40 8.46
MAD 4.79 17.9 1.89 7.22
RMSD 4.94 18.3 2.22 8.54
total
MAD 3.86 12.8 1.96 6.45
RMSD 4.62 14.8 2.98 9.55
?Reference[35]
Reference[36]
°Reference[37]

Table 2.4 Heat of vaporization as calculated with the new potential, with the original
AIREBO potential[l], and as reported experimentally. The mean absolute deviation
(MAD) and root mean square deviation (RMSD) from experiment are provided.
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der Waals interactions in the liquid. The positions of the peaks are highly sensitive
to the density of the fluid and the atomic radii, while the peak heights are sensitive to
the strength of the nonbonded interactions, relative to kT'. The gcc(r) data were not
utilized in the parameterization of the new potential (unlike the parameterization of
the AIREBO potential). Thus a comparison of pair correlation functions with exper-
iment provides additional evidence of the success of the new potential, relative to the
previous AIREBO potential. Figures 2.6 through 2.9 show the pair correlation func-
tions for ethylene, benzene, ethane, and methane. It shows from these figures that
the structure of the liquid is usually better described with the new potential. Even for
systems that were explicitly used in the parameterization of the original AIREBO po-
tential, such as methane, the pair correlation function is substantially improved with
the new potential. Not all systems have better results in pair correlation functions.
Figure 2.8 shows that the result for ethane is worse than the result from AIREBO
potential. This is not surprising in that AIREBO parameter specifically fit to pair

correlation function of ethane.

Conclusions

A new potential has been developed and implemented which enables the van
der Waals interactions in a reactive bond-order potential to vary with the chemi-
cal environment. This is done by having the parameters characterizing the van der
Waals interaction (o and € in the Lennard-Jones equation) for a particular atom vary
smoothly and continuously with the coordination number and chemical identity of
the neighbors of that atom, via a bicubic spline. This model has been parameterized
using the energetics and PV behavior of a set of 8 hydrocarbon molecules. When
used to simulate a set of 27 molecules that were not included in the parameterization
procedure, this potential provides substantially improved results over the AIREBO
potential, which does not allow for adaptive changes in the van der Waals interac-
tions. For stable molecular species, the errors in the pressure near the boiling point
were reduced from 850 under AIREBO to 207 bar with the new model. The errors

in predicted heats of vaporization are reduced by approximately 30%, to below 3
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kJ/mol.

This potential will be most useful in simulations of chemically reactive systems.
The adaptive nature of the nonbonded interactions ensures that they can adjust to
changing chemical environments, and the continuous nature of the potential guaran-

tees that the resulting forces can be evaluated and used in a dynamics simulation.
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CHAPTER 3
SIMULATION OF CARBON NANOTUBE
JUNCTION FORMATION WITH
ATREBO POTENTIAL

Introduction

Given the fact that SWNTs can be metallic or semiconducting, junctions between
different types of SWNTs can be very useful in nanoscale electronics. Simulations
of the formation of nanotube junctions have been performed in recent years. These
simulations include modeling electron beam welding and ion irradiation [38, 39, 40,
41, 42].

There were several reports of experiments on the formation of junctions between
nanotubes. One of these was published by Terrones and coworkers.[38] In their work,
they used electron beams to weld SWNTs together. The experiment was carried
out in a high voltage TEM at 800 °C. Under controlled electron beam conditions,
the merging of nanotubes was observed at the contact area on timescales of a few
minutes. Since the junction didn’t form without irradiation, they concluded that
electron beam effects were responsible for the formation of junctions. They reasoned
that irradiation-induced vacancies in the tubes help to form the junction. Dangling
chemical bonds around the vacancies were assumed to serve as the bridge between
nanotubes. Furthermore, they performed tight binding molecular dynamics simula-
tions of the welding process. The temperature of these simulations was 1000 °C in
order to accelerate the junction formation. The total simulation time was 220 ps. By
the end of the simulation, a surface reconstruction had taken place and the two nan-
otubes had formed an X junction. They concluded that the mechanism of junction
formation of nanotubes was the creation of vacancies and interstitials induced by the
high energy electron beam. Thus it is possible to construct nanotube networks by

welding nanotubes together with electron beams at high temperature.



Banhart also performed studies of soldering nanotubes by electron beam.[39] This
study investigated soldering multiwalled carbon nanotubes by irradiating the junction
with a scanning electron microscope. X and T junctions were formed.

Ni and coworkers[40] studied the ion beam modification of carbon nanotube bun-
dles both experimentally and computationally. In the computational study, they
used classical MD simulation with the REBO force field to perform the bombard-
ment of CHJ on bundled single wall nanotubes (SWNTs) and multi-wall nanotubes
(MWNTs). At an incident energy of 10 €V, most of the CHJ ions were absorbed
while the rest were scattered from nanotubes. At 45 eV, most of the ions lost one to
two hydrogen atoms in collision. About half of the large fragments adhered to the
outer nanotube surface. Some of these fragments bonded to a surface carbon atom
and stabilized. At 80 eV, most of the fragments penetrated the surface and modified
the internal structure. The rest were adsorbed onto the outer surface. The issue
of forming internanotube junctions was also investigated computationally by bom-
barding crossed nanotubes with low energy carbon ions. These simulations predicted
the formation of bonds between nanotubes. This work confirms experimentally and
computationally that ion beams can be used to functionalize, cross-link, connect and
create defects in nanotubes.

Sinnott[41] simulated carbon nanotube welding using electron beam irradiation.
The REBO potential was used in this study. The simulation system consisted of two
nanotubes crossing each other at a 90 degree angle. Both ends of the two tubes were
fixed. This study investigated the electron beam welding of the following four pairs
of nanotubes: (5,5)-(5,5), (10,0)-(10,0), (8,3)-(8,3) and (5,5)-(10,0). The simulation
showed that the chirality of the nanotubes has an influence on the formation of junc-
tions. They found that (5,5)-(5,5) pairs join more smoothly than other pairs, followed
by (5,5)-(10,0),(8,3)-(8,3) and (10,0)-(10,0). There was no significant difference in the
bonding properties in the impact zone.

Another simulation of welding carbon nanotubes by Krasheninnikov et al. used
Ar ion irradiation[42]. In their research, they simulated the Ar ion irradiation on both

suspended carbon nanotubes and supported nanotubes. They also used the REBO
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potential[9] to do the simulation. The temperature was 1000 K, similar to actual
electron irradiation experiments. The SWNT pairs they used in their simulation
were: (10,10)-(10,10), (12,0)-(10,10), (12,0)-(10,3) and (16,0)-(16,0). The optimum
energy of ion was determined to be 0.4-0.6 keV. The optimum dose is in the range
of (0.5-0.7)x10" c¢m™? for nanotubes with diameters < 1 nm and 1 x 10'® cm™? for
larger nanotubes. High temperatures were indispensable in junction formation. They
concluded that ion irradiation may be used to produce nanotube junctions. They also
demonstrate that without ion irradiation, even high-pressure compression of crossed

nanotubes at high temperature won’t create junctions.

Simulation System

There have been several simulations of nanotube welding. But still not every
aspect of the process has been investigated.

For example, the molecular dynamics simulations performed by researchers have
all used the REBO potential. It is known that the REBO potential has some restric-
tions. One of these is that intermolecular interactions are not included. Although in
some reaction systems these may not be very important, it is important in the case of
nanotubes because of the large number of atoms and the nonbonded interactions be-
tween the graphitic walls of the crossed nanotubes. The new AIREBO potential with
adaptive treatment of intermolecular interaction fully incorporates the van der Waals
interaction and its variation during chemical reactions, making it a better choice in
these simulations.

Another research area not covered by previous investigation is the electronic prop-
erty changes during the junction formation. In what stage of junction formation the
rectifying behavior becomes apparent is still unknown. By exploring the electronic
properties of our simulation results, we can reveal some aspect of the conduction

behavior of nanotube junctions.
Junction Formation Between Perfect Nanotubes

The simulation was performed to weld nanotubes placed at 90 degree angles to each
other (Figures 3.1 and 3.2). Immediately beneath the bottom nanotube was an imag-

inary reflective surface. All atoms collided with this surface were reflected elastically

31



Figure 3.1 Crossed carbon nanotubes. top view: (10,0) on (10,0)

Figure 3.2 Crossed carbon nanotubes. side view: (10,0) on (10,0)

by reversing the z component of their velocity. This imaginary reflective surface was
used to simulate supported nanotube welding. The advantage was that it was much
computationally efficient than atomistic simulation of the substrate. Nanotubes were

fully relaxed by running a simulation for 100 ps at 1000 K. Both ends of these two

32



nanotubes were fixed. A contact area was defined for these two nanotubes. The size
of contact area was the same as the overlapping area of two nanotubes. Depending
on the size of nanotubes, the side of rectangular overlap region ranges from 5 A to 15
A. The area of the contact region is from 20 A’ t0 165 A, From a plane 10 A above
this intersection, Ar ions were generated randomly with a velocity directed toward
the nanotube overlapping area. Through this arrangement, Ar ions were guaranteed
to hit some carbon atom. The damages from both nanotubes provided reconstruction
material for the junction formation. At the beginning of the simulation, the system
temperature was set to 1000 K. During the welding process, the temperature would
increase with each impact. A Langevin thermostat[33] was used to keep the system
at 1000 K after some time for the evolution of defects.

A series of different Ar ion energies was used in the simulations. The speeds of
Ar ions used were 0.3, 0.4, 0.5, 0.6, and 0.7 A/fs. The corresponding impact energies
were 186 €V, 330 eV, 516 eV, 742 eV and 1010 eV. For each simulation, the ion
energy is constant. A total of 20 Ar ions were generated in each simulation. Since
the intersection areas were not the same in each combination, the flux and fluence
were not the same for each case. The fluence is the number of impacts per unit
area. And the flux is the number of impacts per unit area per unit time. Table 3.3
lists the flux and fluence for all cases. The total ion irradiation dose for each case
is 20 impacts on an impact zone of 20-200 sz or in the vicinity of (1-10)x 10" ion/
cm™2. By comparing number of defects created from different nanotube combinations
with different ion energies, the effect of the ion impact energy on nanotube junction
formation is investigated.

The simulations were performed in three steps. The first step is the ion irradiation
period. In this step, an Ar ion was generated randomly in the plane parallel with
the substrate. It bombarded the nanotube intersection and transfered its energy to
nanotube carbons if it collided with carbon atoms in the nanotube. The time steps
were very small in order to conserve energy. For low energy impact (186 €V, 330 eV),
it was found that a 0.01 fs time step was good enough. For larger energy impact (516
eV, 742 €V, 1010 V), the time steps could be as low as 0.005 fs or 0.004 fs, depending
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SWNT | diameter(A) | S/M
large | (11,9) 13.58 S
(10,10) | 13.56 M
small | (7,5) 8.17 S
(6.6) S.14 M
(10,0) 783 S
(9.0) 7.05 M
(5.5) 6.78 M

Table 3.1 Nanotubes used in the simulations. S: Semiconducting; M: Metallic

on the nanotubes. At the end of step 1, the most drastic chemical rearrangements
were typically finished. This step lasted 200 fs. The second step is the defect evolution
process. During this step, the impact energy was dispersed across more carbon atoms
in the nanotube. Additional bond breaking and bond forming reactions are expected
in this stage as more atoms are affected by collisions. In this step, many defects could
be formed. It lasted 5000 fs to let the system fully evolve and the impact energy
fully thermalize. The time step in this period is 0.1 fs, much longer than during the
first step. The third step was the cooling of the system. A Langevin thermostat
was used in this simulation. The purpose of this process is to keep the system from
evaporating after repeated impacts. This process lasted 3000 fs. Because systems are
not required to conserve energy when being thermostatted, the time step was 0.2 fs
in the third stage. At this point, another impacting ion was generated and the three
steps were repeated. During these simulations, the structure of the impact zone was
explored to examine damage to the nanotubes. The number and type of defects and

the conductivity of nanotube were explored after the third step.

The nanotubes used in the simulations were divided into three groups: metallic-
semiconductor(MS), metallic-metallic(MM) and semiconductor-semiconductor(SS).
Metallic SWNTs (9,0), (5,5), (10,10) and (6,6) were used. Semiconducting SWNT's
(11,9), (7,5) and (10,0) were also used. Table 3.1 shows the diameter of the nanotubes

used in the simulations.

Simulations were conducted on the 7 SWNT pairs with identical structures, i.e.

(10,10)-(10,10), (11,9)-(11,9), etc. In addition, combinations of different SWNT's were
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TYPE nanotubes
SS (7,5)-(10,0)
MM (9,0)-(6,6)
SM (10,10)-(11,9)

(10,0)-(6,6)

Table 3.2 Heterostructure nanotube junctions formed in simulation

nanotube combination | area of impact zone flux fluence
A’ (10%%)s~'em™2 | (10" )cm™2

(11,9)/(11,9) 144 1.69 1.39
(10,10)/(11,9) 120 2.03 1.67
(10,10)/(10,10) 165 1.48 1.21
(7,5)/(7,5) 45.5 5.36 4.39
(7,5)/(10,0) 45.5 5.36 4.39
(10,0)/(10,0) 20.9 11.7 9.56
(9,0)/(9,0) 28.4 8.6 7.05
(10,0)/9,0) 45.5 5.36 4.39
(5,5)/(5,5) 39.0 6.25 5.12
(6,6)/(9,0) 45.5 5.36 4.39
(6,6)/(10,0) 45.5 5.36 4.39
(6,6)/6.,6) 51.4 4.74 3.89

Table 3.3 Flux and fluence in nanotube junction formation simulations

also simulated. For the MS type of junction formation, (10,10)-(11,9), (10,0)-(9,0),
and (10,0)-(6,6) were used. For the MM type, (9,0)-(6,6) were used. For SS type
junctions, (7,5)-(10,0) was used in simulation. The simulation of junction formation
between identical SWNT's also revealed either MM or SS type nanotube combinations.
Table 3.2 identifies the heterostructured pairs of SWNT's that were used. Thus a total
of 12 different SWNT junctions were simulated.

The length of the nanotubes was 100 A. If tubes were too long, it would require
too much time to do the simulation. If they were too short, the elastic strain of the

nanotubes could not be fully relaxed (see Figure 3.2).

Conductivity of Joint Nanotube

One possible application of nanotube junction is nanoscale electronic devices, such as
transistor devices. So it is important to investigate electronic properties of nanotube

junctions. An examination of the relationship between conductivity and nanotube
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welding process is especially meaningful in determining the quality of nanotube junc-
tions.

The current [;;(9) flowing from terminal ¢ to terminal j of the nanotube junctions
with applied voltages © = {17, -, V,,} was calculated by using the Landauer formula
[43]:

L) = 25 [ 16, B) % [ — s — V)~ (E =y — V)WE (3

In this equation, fy is the Fermi-Dirac distribution, p; and p; are the chemical
potential of nanotube terminal 7 and j. V; and Vj are applied voltages on terminals ¢
and j. Thus fo(E — pu—eV) reflects the population of electrons at an excitation energy
E — i — €V for a terminal with chemical potential p and applied voltage V. The
difference in Fermi-Dirac distribution will be large for energy E at which the difference
in electrochemical potential between terminal ¢ and j results in a substantially non-
equilibrium distribution of electron.

T;;(0, E) is the two-terminal transmission at energy E with applied voltages 0[44].
The transmission function can be expressed in terms of the Green’s function of the
conductors and the coupling between conductors and leads. The Green’s function is
obtained from the Hamiltonian matrix of the conductor region and self-energies. The
coupling between conductors and leads is expressed as a function of the advanced
and retarded self-energies terms of the leads. An iterative transfer matrix procedure
is used to calculate self-energies. A Slater-Koster tight-binding Hamiltonian is used
in calculating the density of states. These calculations were performed after the
cooling period of each impact for selected tubes. They were done in collaboration
with Vincent Meunier at Oak Ridge National Lab(ORNL). This technique has been
used successfully in the past to calculate the conductance and electronic properties
of systems such as doped carbon nanotubes[45], and haeckelite structures[46].

For different applied voltages, the corresponding currents [;; can be calculated.
Using a linear fitting procedure on the I(V) relationship, we can derive a scalar

conductance between each pair of terminals.
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Results and Discussions

Many defects can be created by high energy ion bombardment of nanotubes.
They can be divided into two groups concerning nanotube welding: constructive de-
fects and destructive defects. Constructive defects help bonding between nanotubes,
thus making the nanotube junction robust. Destructive defects tend to destroy nan-
otube structure, making it hard to retain its shape. The degree of welding can be
evaluated by the number of constructive defects created during the welding process.
Conductivity of nanotube junctions can also be related to the quality of the junction
formation.

Damages to Nanotube Structure

Carbon atoms in a perfect nanotube are in a sp? hybridization state as in a
graphene sheet. When some bonds are broken, new carbon hybridization states are
created. There are several types of damages caused by Ar ion bombardment. After
direct impact by a high energy Ar ion, bonding between carbon atoms is weakened.
If one carbon bond dissociates, the participating carbons will become sp hybridized,
bonding with two carbons instead of three as in sp? carbon. If two bonds on the same
carbon are broken, this carbon can be described by an s hybridization state, connect-
ing with only one other carbon. This requires much more energy and the probability
for a carbon losing two bonds is low. Thus number of s carbons is significantly less
than sp carbons. If the collision between the incoming Ar ion and a nanotube car-
bon is head-on and the Ar energy is high enough, it is possible to knock the carbon
entirely out of the nanotube structure. A single carbon atom without any bonds will
be the collision result. These can all be viewed as destructive defects. Alternatively,
sp> carbon can be formed when reactive carbon species bond with each other. In
some rare cases, when sp® carbon is approached by some carbon radical, it is possible
for them to briefly form sp®>d carbon. This structure is not stable and will typically
decay after a short time. Figure 3.3 shows a typical distribution of defects evolving
with the welding process.

Cross-link defects are especially important as constructive defects in nanotube

welding. A crosslink denotes bonding between carbon atoms in the top and bot-
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Figure 3.3 Evolution of the number of various types of defects during the carbon
nanotube junction formation process for a (6,6)/(10,0) junction.

tom nanotubes. These defects are important because only cross-links can bond two
nanotubes together. Initial impact by energetic particles will cause damages on one
nanotube wall. Some particles may be knocked out of the nanotube structure. Loss
of particles is the destructive aspect of nanotube welding. Other carbon atoms may
become active species by breaking bonds. When they are close to other reactive

species from another nanotube, new bonds may be formed and cross-links created.

Figure 3.4 illustrates various types of defects created by ion impact. The yellow
atom (s) bonds with only one carbon. The middle red atom (sp) bonds with only two
other red carbon atoms. Green and blue atoms form cross-links between the upper

and bottom nanotube.

Figure 3.5 shows the change in the number of cross-links during twenty impact
simulations at five different energy impact energies for the (6,6)/(10,0) pair. The
number of cross-links created at the lowest energy of 186 €V steadily increases during

the twenty impacts. With increase of energy, more cross-links are formed even after
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Figure 3.4 Ilustration of defects during carbon nanotube junction formation for a

(6,6)/(10,0) pair after 15 impacts at 186 eV.
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Figure 3.5 Change in number of cross-links for (6,6)/(10,0) carbon nanotube junction
formation at 5 different impact energies.
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the first energetic impact. Results from lower energies of 186 and 330 eV differ from
those at higher energies of 516 eV, 742 eV and 1010 eV. The low energy impacts
show a slow and steady increase in the number of cross-links. After 12 impacts, the
330 eV irradiation remains nearly constant at 40 cross-links. The three high impact
energies 516 €V, 742 eV and 1010 eV have more cross-links than 186 eV and 330 V.
For each of these systems, the number of cross-links increased rapidly before the 8th
impact. Then there is a slow increase for 516 €V and 742 eV, with a plateau of close
to 100 cross-links in each case. A visual examination of the nanotube (Figure 3.6)
shows that after 8 impacts, most of the intersection had been ablated by the 1010 eV
impacts, leaving much less carbon atoms to form cross-links. Similar behavior can be
seen for other small nanotubes.

For larger nanotubes like (10,10) and (11,9), the results are different. Figures 3.7,
3.8 and 3.9 all show a steady increase of cross-links with increasing fluence at all 5
energy levels for each of the 3 junctions between these two larger tubes. No plateau
is observed at fluences up to 1.2 — 1.7 x cm™2. Larger nanotubes have more carbon
atoms in the impact zone. The energy of incoming ion is likely to be absorbed by
more atoms in nanotube structure than small nanotube. The impact on each carbon
atom 1is decreased. Thus they are less likely to be knocked out of the structure.
Figure 3.10 shows that the structure of the (10,10)/(10,10) junction remains together

in the impact zone after 20 impacts at energy 742 eV.

Defects in Different Nanotubes at The Same Impact Energies

The formation of various defects under the same impact energies is also investi-
gated. Figures 3.11 through 3.15 compare the cross-link formation for all nanotubes
at 5 different impact energies. One observation from these figures is that at lower
energies (186 eV, 330 eV, and 516 €V, see Figures 3.11, 3.12, and 3.13), number of
cross-links in larger nanotubes (i.e. (10,10) and (11,9) ) is not among the largest.
But at higher energies (742 €V and 1010 eV, see Figures 3.14 and 3.15), the three
combinations of larger nanotubes have the most cross-links among 12 nanotube com-

binations. This implies that lower impact energies are not strong enough to create

40



Figure 3.6 Carbon nanotube junction formation for the (6,6)/(10,0) pair after 8 im-
pacts at energy 1010 eV.

constructive defects for large nanotubes ( > 13A). Another observation from these
figures is that the plateau is between 60-100 cross-links for the smaller nanotubes.
Most small nanotubes has plateau between 60-80 (see Figures 3.12, 3.13, and 3.14).
This plateau is reached quite early for high impact energies and is not reached within
20 impacts for the lowest impact energy considered. The plateau starts as early as

4th impact. After plateauing, the number of cross-links fluctuates in a small range.

One special case in Figures 3.14 and 3.15 is the (10,0)/(10,0) pair. The number of
cross-links for this combination is significantly lower than other small nanotubes (37

compared to 60 in Figure 3.14, 40 compared to 50 in Figure 3.15). The main reason is
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Figure 3.9 Evolution of cross-links in carbon nanotube junction formation for the

(10,10)/(11,9) pair.

that the fluence of ion impacts is higher for (10,0)/(10,0) than other tubes (see Table
3.3). The same numbers of ion impacts on a smaller area will create more severe
damage on the nanotube wall. For lower energies, this may not be that serious. But
for higher energies like 742 eV and 1010 eV, the results are different. This phenomena
is not a coincidence. The (9,0)/(9,0) combination has the second largest fluence in

Table 3.3, and it has the second fewest cross-links in Figures 3.14 and 3.15.

Figures 3.16 to 3.20 show the change of sp carbon number with different nanotube
combinations at 5 different impact energies. One important difference in the sp and
cross-links data is that the number of sp carbons in larger nanotube junctions always
exceed that in the smaller nanotube junctions after 20 impacts except (10,0) at 330
eV. This is probably because of the large number of carbons in the impact zone. Those
carbons provide an abundant source for bond breaking reaction, and sp carbons are

the most easily formed product of the bond breaking reaction.

The plateau of sp carbon number for smaller nanotubes at energies 516 eV, 742
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Figure 3.10 (10,10)-(10,10) carbon nanotube junction after 20 impacts at energy 742
eV.

eV and 1010 eV also starts as early as 4th impact, as in the case of cross-links. The
number range in these plateaus is higher than that for cross-links. The range of sp
carbons is as low as 60 at 186 eV , as high as 170 at 1010 V.

The ratio of sp carbons and cross-links is a good indication of the nanotube junc-
tion quality. More sp carbons means more dangling bonds. More cross-links means
more bond forming. Better nanotube junctions require a lot of cross-links. So a good

nanotube junction can be indicated by a smaller sp/cross-links ratio.

Figure 3.21 shows the evolution of the sp/cross-links ratio for (10,0)/(10,0) nan-

otubes at 5 different impact energies. There is an apparent decrease of sp/cross-links
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Figure 3.11 Evolution of cross-links at 186 eV for different combinations of nanotubes.
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Figure 3.12 Evolution of cross-links at 330 eV for different combinations of nanotubes.
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Figure 3.13 Evolution of cross-links at 516 €V for different combinations of nanotubes.
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Figure 3.14 Evolution of cross-links at 742 eV for different combinations of nanotubes.
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Figure 3.17 Evolution of sp carbon at 330 eV for different combinations of nanotubes.
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Figure 3.21 Evolution of the sp/cross-links ratio for (10,0)/(10,0) nanotubes at 5
different impact energies.

ratio at impact energy 186 €V. The final value is close to 1. At energy 330 eV, 516
eV, and 742 eV, similar trends can be found, except that the final value is higher
than that of 186 eV. At energy 1010 eV, we actually see a initial decrease of ratio
at the first several impacts, followed by a increase trend. This could signal a bad
junction formation or continued damage to the junction. The detailed discussion of

conductivity is conducted in section .

For large nanotubes, the situation is different. Figures 3.22, 3.23, and 3.24 all
show a continued decrease of the sp/cross-links ratio at all 5 impact energies, except
in the case of (11,9)/(11,9) at energy 186 eV. In general, for large nanotubes, more
fluence is better. Further examination reveals that for impact energies 330 eV, 516
eV, 742 €V, and 1010 eV, the ratio becomes stable after the 16th impact in all three

combinations.

The number of sp carbons is shown in Figure 3.25 for all pairs at 330 eV. This

is a typical sp® figure. Other figures under different energies are not shown because

50



35

T T T T T T T T T
186eV ——
330 eV
~__ 516 eV --------
30 \ 742 eV i
\ 1010 eV
|
\‘\
25 .
\
\‘\
Q \
& 20t \ .
x \
£ \
= \
] \
o \
o 15 \ _
=3 \
] \
\
10 |- 4
5 I 7747/'/\\\ ]
0 1 1 1 1 1 1 7”””I’ 1 1
2 4 6 8 10 12 14

Number of Impacts

Figure 3.22 Evolution of the sp/cross-links ratio for (10,10)/(10,10) nanotubes at 5
different impact energies.
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different impact energies.
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Figure 3.25 Evolution of sp® carbon at 330 eV for different combinations of nanotubes.
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they are very similar to Figure 3.25. We can see from this figure that the number of
sp> carbon species is much smaller than the number of sp carbon atoms. The number
is mostly between 5-15 for small nanotubes and 15-25 for large nanotubes. Carbon
atoms in the sp® hybridization state are stable in nature and do not easy to react

with other carbons.

Effects of Relaxation and Cooling Time

Comparison of ion irradiation with different relaxing and cooling times is performed
on the (10,0)/(10,0) combination. Omne combination uses the standard procedure,
another one uses a procedure with longer cooling and relaxing period. Both periods
are doubled from the standard procedure.

Figures 3.26 and 3.27 show the evolution of cross-links in these two cases. One
observation at the low energy of 186 eV is that cross-links in standard procedure has
a fast increase before 8th impact and a steady slow increase after that. The longer
relaxation procedure starts from a slow increase and continues with a fast increase
after 16th impact. After 20 impacts, the longer relaxation procedure has close to 50
cross-links vs. a little more than 30 cross-links in standard procedure. Note that in
Figure 3.27, cross-links are formed after first impact, earlier than in Figure 3.26. For
higher energy at 742 eV, we see a plateau of 35 in Figure 3.26 after 8th impact. But in
Figure 3.27, a much higher plateau of 70 is found before 9th impact. A examination
of coordinate files found that one nanotube half is disconnected from the rest after 9th
impact in Figure 3.27. This confirms that higher impact energies and large fluence
are dangerous for small nanotube welding. These observations demonstrate that
longer relaxation and cooling time helps cross-links formation, but it cannot save the
nanotube from high energy damage.

Figures 3.28 to 3.35 show evolution of various defects at 4 different energies. The
most significant observation at 186 eV is the smaller number of sp? and s carbon
defects with the larger relaxation and cooling periods than with the shorter ones.
They are less than 10 compared to 20 in Figure 3.28. The reason may be that more

time is allowed for carbons interact with other carbons in nanotube structure before
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Figure 3.26 Evolution of cross-links in carbon nanotube junction formation for the
(10,0)/(10,0) pair (standard relaxation and cooling time).

next impact. They will have better chance to form bond and stay in nanotube body.
It also can explain the larger number of single carbons (10 compare to 5 in Figure 3.28)
in Figure 3.29. Similar results can be found in Figure 3.30 and 3.31 at 330 V.

The situation at higher energies is different. The number of single and s carbons
are similar between the standard procedure and long relaxation time procedures.
At 516 eV, there are 52 single carbons and 37 s carbons in the standard procedure
simulation, and the corresponding numbers for the long relaxation time procedure are
51 and 43. At 742 eV, the numbers are 84 and 66 in standard procedure simulation,
and 71 and 55 for long relaxation time procedure. This seems to imply that long

relaxation time at high energy is not as important as at low impact energy.

Conductivity

The conductivity of the nanotube junction is another important diagnostic of the
quality of the nanotube junction. Figures 3.36 through 3.39 show the evolution of the
conductance of the (10,0)/(10,0) nanotube system under 5 different bombardment
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Figure 3.27 Evolution of cross-links in carbon nanotube junction formation for the
(10,0)/(10,0) pair (longer relaxation and cooling time).
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Figure 3.28 Evolution of defects in carbon nanotube junction formation for the
(10,0)/(10,0) pair at 186 €V (standard relaxation and cooling time).
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Figure 3.29 Evolution of defects in carbon nanotube junction formation for the
(10,0)/(10,0) pair at 186 V. (long relaxing and cooling time).
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Figure 3.30 Evolution of defects in carbon nanotube junction formation for the
(10,0)/(10,0) pair at 330 eV (standard relaxation and cooling time).
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Figure 3.31 Evolution of defects in carbon nanotube junction formation for the

(10,0)/(10,0) pair at 330 €V (long relaxing and cooling time).
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Figure 3.32 Evolution of defects in carbon nanotube junction formation for the
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Figure 3.35 Evolution of defects in carbon nanotube junction formation for the
(10,0)/(10,0) at pair 742 €V (long relaxing and cooling time).

energies. The terminals are labeled as shown in Figure 3.40. Terminals 1 and 2 are
the two ends of same nanotube on the top. Terminals 3 and 4 are the two ends of
same nanotube on the bottom. The conductance is calculated for each of the terminal
pairs that had no electrical connection in the original unwelded pair: the 1-3, 1-4, 2-3,
and 2-4 terminal pairs. Figures 3.36 to Figure 3.39 show the conductance between
terminals 1-3, 1-4, 2-3, and 2-4 respectively. At the beginning of simulations, there is
no connection between these two nanotubes. Thus the conductances in these graph

at time 0 is 0 before first impact.

At 186 eV, the conductance becomes non-zero after 3 impacts. Close examination
of nanotube structure found that during the first two impacts, no damage is made
to the bottom nanotube. (The low incoming energy of the Ar ion creates a hole of
5 A in size on the top nanotube.) After the third impact, a hole of ~ 4A is created
on bottom tube, and cross-links begin to appear (see Figure 3.26). After 6 impacts,
conductance becomes stable at a value of 0.4 (2¢2/h) to 0.7 (2¢?/h) depending on the
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terminal pair.

Conductances under 186 eV bombardment are always stable in all four combi-
nation of terminals. This proves that a continuous lower energy ion irradiation can
successfully weld nanotubes together.

For the highest energy of 1010 eV, the first few impacts create conductivity in nan-
otube junction. The junction formed is of a high quality, as judged by conductance.
For the 2-3 pair, the conductance ranges from 0.6-0.9 until the 10th impact, higher
than for the junctions formed at lower energies. Figure 3.40 shows that the physical
connection between these terminals is quite good. But after the 11th impact, we can
see a sharp decrease of conductance (see Figures 3.38 and 3.39). There must be a
high energy impact in the region where the junction formed. The connection between
terminals 2 and 3 was completely cut off. After that, the junction disappeared and
never recovered. The conclusion can be drawn that the bridge between terminal 2
and the rest of the junction was broken. Figure 3.41 confirms this conclusion. An
examination of Figure 3.36 and 3.37 has similar results, except that the disconnec-
tion between terminal 1 and the rest of the junction happened after the 16th impact.
From Figure 3.40 we can also find that terminal 1 connected with terminal 4 better
than with terminal 3 and terminal 2 with terminal 3 better than with terminal 4.
Thus the observation in Figure 3.36 and 3.37 that at the 10th impact, conductance
between 1 and 4 is much larger ( 0.3 ) than that of 1 and 3 ( 0.1 ). The same thing
is true for the 2-3 and 2-4 terminal pairs from Figure 3.38 and 3.309.

In the case of moderate energy impacts, conductivity is non-zero from the first
impact. With increasing number of impacts, conductance fluctuates around 0.4 to
0.6. No clear pattern can be observed from the conductance data. None of them had
a total disconnection between nanotubes. But a decrease of conductance at lower
fluence can be found in some case. For example, in Figure 3.37, the conductance
under 742 eV bombardment decreased after the 13th impact, and then remained at
a low level. Similiar behaviors can be seen at energy 516 €V in Figure 3.37, 330 eV
in Figure 3.38, and 742 eV in Figure 3.39.

In all four combination of terminals, only at the lowest energy of 186 eV, does the
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Figure 3.36 Evolution of conductance between terminals 1-3 for the (10,0)/(10,0)
nanotube junction at different energies.

conductance remain constant increase for all 20 impacts. At the end of 20 impacts,
the conductance at 186 eV was always the highest. The conclusion may be drawn
that for the (10,0)/(10,0) combination, bombardmant at a low energy (186 V) at a
high fluence (~ 10 x 10'%¢m™?) ion irradiation will create the optimal junction and
conductivity. A high energy at low dose may have similar result, although the results

are more sensitive to stopping at the appropriate fluence.

Conclusion

From this work, a few conclusions can be drawn. The energy of impact ions plays
an important role in nanotube reconstruction. If the energy is too high, damage
caused by collisions between ions and carbons can become irreparable. This means
the structure of the nanotube will be destroyed. We found that 742 eV and 1010 eV
impact energies are appropriate for large diameter nanotubes (10,10), (11,9), based
on the number of crosslinks created and ratio of sp/cross-links. Physical examinations

confirmed that the nanotube structure retained its shape. For small nanotubes, a 186
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Figure 3.37 Evolution of conductance between terminals 1-4 for the (10,0)/(10,0)

nanotube junction at different energies.
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Figure 3.39 Evolution of conductance between terminals 2-4 for the (10,0)/(10,0)
nanotube junction at different energies.

eV impact energy is most appropriate judging from Green’s function calculations of
conductivity.

The optimum fluence is associated with the size of nanotube and the impact
energy. For small nanotubes with a diameter less than 10 A, a fluence of 5 x 10" cm™2
is appropriate at lower energy (186 eV, 330 eV). A fluence of 2 — 3 x 10"%cm™? is
appropriate at ion energies of 516 eV and 742 eV based on the plateau in cross-
links figures. A fluence of 1 — 2 x 10'%%cm™% may be used at 1010 eV, but it is not
recommended to use this high energy for small nanotubes. For large nanotubes,
the highest fluence in simulation is only ~ 1.7 x 10"”cm™2 due to the large size
of intersection. Based on the nanotube defects created, we believe a much higher
fluence will result in even better junction formation. The dose recommended in
Krasheninnikov’s research[42] is lower than ours. The reason could be that their
impact zone is larger than ours. In their simulations, the nanotubes outside of contact

zone 1s also bombarded by ions. Although in the contact zone the structure could hold
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pacts at 1010 eV. The four terminals used in the conductivity calculation are labeled
in different colors. Terminals 1, 2, 3, 4 are shown in red, blue, green and yellow,

respectively.

together due to two nanotubes, the area with only one nanotube is easy to be badly
damaged by the same dose as shown in ref.[42]. That may be why they recommend
a lower dose than in our research. If the ion irradiation can be focused in the contact
zone, our recommended dose is appropriate. If a larger area including single nanotube
is irradiated, a lower value as in Krasheninnikov’s research may be better. Still the
dose in this research is in the same order of magnitude as in their research.

With different combination of nanotubes investigated in this research, we did not

observe any favorable trend in nanotube welding. Being chiral, zigzag or armchair
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Figure 3.41 Carbon nanotube junction between (10,0)/(10,0) nanotubes after 11 im-
pacts at 1010 eV. The four terminals used in the conductivity calculation are labeled
in different colors. Terminals 1, 2, 3, 4 are shown in red, blue, green and yellow,
respectively.

nanotubes seems to have little effect on how easy or difficult it is to form junction.
In the figures of crosslinks for different combinations of nanotubes at different ener-
gies(Figures 3.11 through 3.15), all small nanotube combinations has similar behavior.
The number of crosslinks is in a small range with no favor to any particular struc-
ture. The same is true for large nanotube combinations. The primary determining
factors in junction formation are the energy and fluence of impact ions. Simula-
tions of (5,5)/(5,5) and (10,0)/(10,0) did not show the trend suggested in Sinnott’s
reserach|[41].
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A comparison of longer relaxing and cooling periods reveals that at lower energies
(186 €V and 330 €V), a significant increase of cross-links is observed. But at high
energies (742 V), it cannot prevent the nanotube system from being disassembled.

Our simulations show that cross-tube conductivity can be achieved by nanotube
welding using ion irradiation. The structure of the nanotube intersection is crucial to
its conductivity. Too much damage in the nanotube structure will cause significant
loss of conductivity.

The ATREBO potential is used in this research instead of the REBO potential.
One major difference between these two potentials is that AIREBO potential includes
intermolecular interaction. Although intermolecular interaction may not be signifi-
cant during an energetic process, such as ion particles colliding with a nanotube, it
will have an effect in the long process of defect evolution and nanotube structure
recovery after initial impact. A better description of intermolecular force is helpful to
simulation. The new AIREBO potential with adaptive treatment of van der Waals in-
teraction will have an even more accurate description of intermolecular interactions.
During the junction formation, the chemical environment of carbons changes with
bond breaking and bond forming. A lot of intermediate states could happen during
this process. With the new parameter sets, the new AIREBO potential is expected
to perform better than the old AIREBO potential.
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Appendix
LENNARD-JONES FORM CALCULATION

Lennard-Jones Interaction Between Atoms ¢ And j, V;;

The Lennard-Jones contribution to the total energy for atom pair i-j in the AIREBO

potential is given by

El = S(t(ri;))S(te(bi))Ci; Vij + [1 — S(t.(ri;))]Ci;Vii
= {S(t:(ri;))S(te(bij)) + [1 = S(tr(ri;))1}Ci; Vi
= {S(t:(r)[S(te(bij)) — 1] + 1}C};Vi; (A1)

where
S(t)=0(—t) +0(1)0(1 — t)[1 — +*(3 — 2t)] (A.2)

is a switching function characterized by ranges

LJmin
7“,']‘ — Tl~

tr(rij) = riLijaz _JrleJmin (Ag)

for the bond length and '

b.: _ pmin
ty(by) = —2— 4 A4
b( ]) b?;am _ r;ft]un ( )
for the bond order.
Ci; = 1—max{w;;(ri;),

wik (rik)wr (Tar ), VE

w,'k(rik)wkl(rkl)wlj(rlj),Vk,l} (A5)

is the bond weight, if the atoms 1 and j are not connected by two or fewer intermediate
atoms

The traditional Lennard-Jones form is

Vi = del((2)2 = (T2)"] (A6)

7“,] 7“,']‘
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From the Lorentz-Berthelot combining rules, the heterogeneous parameters, o;; and

€;j, are determined by

e = (€i€;)?
oij (0i + o)
2
the distance between ¢ and j is
rig = V(= 2 4 (= 93 (2= 2)?)

Derivative of EZ»LjJ With Respect To x;

(A7)

(A.8)

(A.9)

Taking the derivative of Eq.(A.1) with respect to a one-dimensional coordinate of

atom ¢ gives

OEL’ Vi,
. = S((ri))[S(t(big) — 1] + 1}Ci; s
00,]
H{S (e (rij)) [S(te(biy)) — 1] + 1}V oz,
0S5 (t,(r;
U 5 4,00,) - 11047,
a5 (ty(b;;
+5(tr(ri1))7(6i J))Cisz'j
Derivative of V;; with respect to x;
81@ . 81/;] 86,5 81/;] 60',']‘ a‘/;] 87“,5
01’,’ N 06,5 0:1;, 60,5 01’, 67“,']' 01’,

The following equations are detailed explainations of the above equation.

AVij deij
Oe;j Ox;

From Eq.(A.6)

The first term

S g Ly (2
17 17 i
From Eq.(A.7)
86,5 . 6% 06,'
6:1% N Be,» 61;,
The first term in Eq.(A.13)
O€ij RPN
Je; 2 5 e,)
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(A.11)

(A.12)

(A.13)
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In the new potential, the LJ well depth depends on the coordination numbers Ng

and N so the second term in Eq.(A.13)

i

66,' 06,' 0Ni0 ae,' 6NiH

i A15
where
NE = (2 keWik(riv)) — 8¢ Wi (ri;) (A.16)
k#i
is the carbon-only coordination numbers, and
N = (32 denWin(rin)) — 6 Wis(r45) (A.17)
k#i
is the hydrogen-only coordination numbers.
Wik (rix) is a switching function for REBO interactions.
d;; represents a Kronecker delta
6?\5,’_'0 a?\?j’f can be derived from bicubic spline
From Eq.(A.16) and Eq.(A.17), % and 8(;\5{ in Eq.(A.15) can be calculated
L = r A.18
= - A19
ONH oWy,
= 5 A.20
8r,»k a'l“,'k H ( )
ONZ _ W s (A.21)
Or,»k B a'l“,'k kO .
Replacing j with & in Eq.(A.9) leads to derivative
0rik (.TL‘, — :Ek)
= A.22
dz; Tik (4.22)
The second item in Eq.(A.11) %%:
aVi; 120}t 607
Vo= de(—L — A.23
0oi; €is( r}jz r?j ) ( )
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From Eq.(A.8)

60',']‘ a aa,»j 3(7,'
8:1% N 60',' 8:1;,

60',']‘

1
60',' 2

60,» 80',' 6Ni0 60,» 8NiH

9z;  ONC 9z, | ONF o,

do; do;
ONE 8N1H

2

aajii.c and a;vf are given in Eq.(A.18) and Eq.(A.19).

The third term in Eq.(A.11) 2%,

can be derived from bicubic spline.

Orij Ox; "
_— Ei‘ J—
orij ’ ri? rzj

Irij _ (zi—))

&n rij

Derivative of V;; With Respect To x;

6V,5 B 6V,] 06,5 n 6V,] 60',']‘ n 01/;] 87“,5
al’]‘ N 06,5 al’j 60,5 al’j 67“,']' al’j

Followings are each term of the above equation.

Vi, O Ois
i _ g% %ij
Fei [(

)= ()]

T,']‘ T,’j

66,']‘ a ae,»j 6ej
al’]‘ N 06]' al’j

-
7 7

66]‘ 86]‘ ON]C 86]‘ 0N]H

dr;  ONC 9x; | ONF oa,
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(A.25)

(A.26)

(A.27)

(A.28)

(A.29)

(A.30)

(A.31)

(A.32)

(A.33)



where

Ny = Q- deWalra)) = 8;cWii(r;) (A.34)
I#]

is the carbon-only coordination numbers, and

N = (S 6 Walra)) — 81 Wii(ry5) (A.35)
I#5

is the hydrogen-only coordination numbers

aﬁv_c gV—H can be derived from bicubic spline
ONj _ ~ ONj o (A.36)
dr; = Orj Oz,
ON}' _ ~ ON Ora (A.37)
dz; S Orp Ox,
%]ZI _ %VZJI‘I - (A.38)
5;5 _ %VZJI‘I 51 (A.39)
Orjg _ (j — 1) (A.40)
Ox; 7]
The second item in Eq.(A.29):
gL/Z _ eia‘(lig; B 6265;) (A.41)
-
% _ % (A.43)
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0o ; Jo; 3Njc 0o ; @N]H

= A.44
dr;  ONC 9z; | ONT oa, (A.44)
86]?0 86;}{ can be derived from bicubic spline. aajzjé and 86]:?{ are given in Eq.(A.36)
and Eq.(A.37).
The third term:
oV (—12)c}?  (—6)c?,
— de;; v ] A.45
orij i ri? ri ) ( )
Oryg = (25— ) (A.46)
@:xj rij
Derivative of V;; With Respect To x;
6Wj _ 61/;] 66,5 n 61/;] 80',']‘ n 0‘/,] 07“,5 (A47)
61:, 86,5 al‘l 60,5 61:, 61“,5 a:L‘l
Followings are each term of the above equation.
OV g Ty (T (A.48)
@e,»j Ty ri;
86,5 ae,'j 6ej
= -7 A.49
8:1;1 86]' 0;1;1 ( )
06,']‘ 1 € .1
— ()3 A.50
66]‘ 2(6]‘) ( )

4 - ON¢ - ONH
e; _ ‘%JC Iy 66JH J (A.51)
8:1;1 8]\7] 0:1:1 aN] 0:1:1

O¢; O¢;

. — can be derived from bicubic spline
dNE BN!

8N]C 6N]C aTﬂ
= A.52
al’[ aT]‘l 0;51 ( 5 )

ONH o 6N]H 8rﬂ

J

6.171 N aT]‘l 01;,

(A.53)
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= 0 Ab4
6731 6rﬂ tH ( )
ONC oW,
e ) A 55
07“]‘1 6rjl e ( )
Oy _ (@ =z)) (A.56)
alfjl le
The second item:
aVi; 120} 607
= fe(—2L — Y A.
aUz’j 6]( rl1jz T?j ) ( 57)
80',']‘ 60,']' adj
= A58
8:1;1 adj a:rjl ( )
60',']‘ 1
— == A.59
60']‘ 2 ( )

, . ONC . ONH
Jdo; _ 0JJC i 0(7;[ f (A.60)
8:1;1 BN] alfjl BN] 6:1;1

80‘j 80‘j
aNjC aNJH
aNjC ONH

e and 5.~ are given in Eq.(A.52) and Eq.(A.53).

The third term:

can be derived from bicubic spline.

oV, (—12)0}2  (=6)0},
= de;; L 2] A.61
r,, = e ) (A.61)
67“,']‘
— A.62
Friall (A.62)

Derivative of V;; With Respect To z
xy 1s a neighbor of 1.

6Wj B 61/;] 66,5 n 61/;] 80',']‘ n 0‘/,] 07“,5
aCL‘k - 86,5 aCL‘k 60,5 a:L‘k 61“,5 a:l?k

(A.63)

Followings are the each term of the above equation.
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86,']‘ . 1 €51
66,' N 2(6,)

@e,» 06,' 8Nf 86,- 6NiH

9zr _ ONC Ozx | ONF Oz,

de; de;
SNiC aNﬁ

can be derived from bicubic spline

6NC . BNlC arik

2

axk N arik al’k

2

al’k N a'l“,'k alfjk

6NH . ONlH a'l“,'k

ON_ OWa,
Orae  Org
ONC oWy,
rae  Org ¢
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Oxy, Tik

The second item:

‘7 ) 11 5
v 12 6
60,] Tl']‘ rij
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al’k N 00,' axk
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(A.64)

(A.65)

(A.66)

(A.67)

(A.68)

(A.69)

(A.70)

(A.71)

(A.72)

(A.73)

(A.74)

(A.75)



60',' 60',' 8Nf 60‘,’ 6NiH

9r  ONC dan | ONF Bay

a%fc a‘?\‘,’}, can be derived from bicubic spline.
k2 2
ANE ONH

o and Z;- are given in Eq.(A.68) and Eq.(A.69).

The third term:
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