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Abstract

In recent years, heterojunctions and devices consisting of two-dimensional material
stacks held together through van der Waals (vdW) forces have gained a lot of attention.
In particular, graphene is a promising 2D material for use in single-molecule junctions,
due to its high mechanical strength and robust chemical stability at room temperature.
In the case of conventional metal electrode junctions, the molecules are attached to the
metal electrodes through anchor groups at both ends. Through this configuration,
electrons are transported along the molecular backbone, which means they travel from
the left electrode to the right electrode via anchors attached to the molecule. Due to this,
the size of the device corresponds to the length of the molecule. In contrast, in this
thesis, a series of selected molecules was successfully sandwiched between two-
dimensional graphene electrodes via vdW interactions to create single-molecule two-
dimensional van der Waals heterojunctions (M-2D-vdWHs). In this case, electrons are
transported between two graphene electrodes in a cross-plane manner, and the size of

the device is determined by the molecule's thickness, rather than it’s length.

This thesis investigates cross-plane charge transport in graphene-based single-molecule
van der Waals heterojunctions (M-2D-vdWHs). The results presented in this thesis are
computed using SIESTA, which is a density functional theory (DFT) code that solves
the Kohn-Sham self-consistent equations. This is then combined with the Gollum code
to obtain electron transport properties. The resulting predictions are compared with the
experimental results obtained using a newly developed cross-plane break junction
(XPBJ) technique. In this thesis, two collaborative research projects have been

undertaken, whose results are summarized below.



First, I have investigated charge transport through three well-defined molecular bilayer-
graphenes (MBLGs), which consist of two vertically stacked graphene nanoflakes
bound together via m-m stacking interactions, and molecular single-layer graphene
(MSLG). DFT calculations indicate that the size of molecular graphene could be used
to tune charge transport through vdW heterojunctions. Additionally, molecular
junctions based on molecular single-layer graphene (MSLG) are more conductive than
those based on molecular bilayer-layer graphenes (MBLGs). Moreover, the DFT
calculations also indicate that the angles between the core of molecular graphene and
peripheral mesityl groups significantly affect charge transport through MSLG junctions,

where a decrease in the angle results in an increase in electrical conductance.

Secondly, I studied the influence of substituents and m-conjugation on cross-plane
charge transport in graphene-based molecular junctions. The theoretical results
demonstrated that the electrical conductance of molecular graphene junctions based on
pyrene increases after being substituted by both electron-withdrawing and electron-
donating groups. This suggests that both types of substituents can be used to tune charge
transport in graphene-based junctions, which differ from conventional metal electrode
junctions. Furthermore, I investigated the electrical conductance of the hydrogenated
derivatives of pyrene, which have different degrees of conjugation and consequently
different degrees of planarity. I found that the conductance of the molecular junctions

decreases gradually with a weakening of the molecular conjugation.
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Chapter 1.

1 Introduction and Background
1.1 Molecular electronics

In 1965, Gordon Moore predicted that the number of transistors in integrated circuits
(ICs) would double about every two years [1]. Consequently, electronic devices will
become smaller, faster, and cheaper as transistors in integrated circuits become smaller
and more efficient. Currently, complementary metal-oxide-semiconductor (CMOS)
technology is widely utilized for integrating circuits (ICs), such as microprocessors,
microcontrollers, memory chips, and other types of digital logic circuits. However,
there are several challenges associated with continuous CMOS transistor downscaling
due to physical limitations [2]. For instance, as the gate thickness is scaled down,
leakage currents increase exponentially. Additionally, as the number of transistors per

unit area in ICs increases, power consumption and thermal issues arise.

To overcome these challenges, one promising idea is to use single molecules, a few
molecules, and self-assembled monolayers (SAMs) as basic components of electronic
devices such as switches [3-8], rectifiers [9, 10], sensors [11, 12], and transistors [13-
15], etc, which is well-known today as molecular electronics. The idea that a single
molecule can function as a device was first suggested by Ratner and Aviram in 1974
[16]. They proposed a molecule consisting of three parts: a donor pi system, an acceptor
pi system, and separated by a sigma-bonded molecular bridge (methylene). Such a
device is called a molecular rectifier. This idea, however, did not have any significant

impact due to the absence of real experiments to test it at that time.
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Molecules possess attractive properties that make them suitable candidates for use as
components in electronic devices [17]. For example, the size of a molecule is of the
order of a nanometre (between 1 to 10 nm), which leads to increasing the capacity and
improvement in the performance. Additionally, the presence of quantum interference in
molecular junctions which can be used to adjust their electronic properties to provide
switching and sensing capabilities. It is also possible to prepare many molecules at a
low cost. However, molecules also have some obvious limitations such as the small size
of the molecules makes it difficult to control the connection between the electrodes and

the molecules. Also, molecules become unstable at high temperatures.

The field of molecular electronics became an active research area in the 1990s as
fabrication techniques improved. The first experimental study that measured the
conductance of a junction containing a single molecule was performed by Mark Reed’s
group and James Tour’s group in 1997 [18]. They studied the electrical properties of
benzene-dithiol connected to gold electrodes, using mechanically controllable break
junctions (MCBJ). Then in 2003, the first STM-based single molecule conductance was
repeatedly measured by forming thousands of gold-molecule-gold junctions [19]. To
date, several experimental techniques have been developed for preparing molecular
junctions and studying their electrical properties. The three common experimental
techniques used to study electron transport through single molecules are mechanically
controlled break junctions (MCBJ) [20], electromigration break junctions (EBJ) [21],

and scanning tunnelling microscopy (STM) [22].

Combined with experimental techniques, many theoretical tools have been developed
and used to predict the transport properties in molecular devices. Currently, density

functional theory (DFT) is an enormously successful method for electronic structure
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simulations of the ground-state of metals, semiconductors and insulators [23]. For bulk
materials, molecules, and surfaces, DFT is one of the most widely used computational
tools and it is essential to verify experiment results and provide guidance for

experiments.

1.2 Molecular junctions

In nanoscale electronic systems, a molecular junction refers to a molecule that is
connected robustly with at least two electrodes via anchor groups. To explore the
influence of the structure of a molecular junction on transport properties, the molecule,

the electrode, and their contact have been extensively investigated.

Firstly, several studies have examined the effect of intrinsic properties of molecules,
such as their length [24, 25] and conformation [26-28]. Secondly, a variety of anchoring
groups have been investigated such as thiol [29, 30], amines (NH2) [31, 32], and
fullerene (C60) [33] etc. It is found that the choice of anchoring groups affects the
strength of the connection between the molecule and the electrodes, and therefore

determines the stability of the molecular junction [34].

Thirdly, electrode materials play a vital role in the charge transport at single-molecule
junctions and can be classified into metal and non-metal. To date, gold electrodes are
the most widely used for studying charge transport in single-molecule junctions due to
their good malleability and strong bonding to sulfur [19]. In addition, other materials
such as Pt, Cu, Pd, and Ag have also been reported to be adopted as electrodes [35-39].
However, it has been reported that electronic devices utilizing metal electrodes have
experienced some problems. For instance, the high atomic mobility of metal atoms

makes it difficult to form stable nanogaps between metal electrodes [40, 41]. Also,
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except for gold, all metal electrodes are easily oxidized under ambient conditions [37].
Non-metal electrodes such as carbon-based materials like graphene are ideal materials
to replace metal electrodes. Graphene has attracted considerable scientific and
technological interest since its discovery by Andre Geim and Konstantin Novoselov in
2004 [42]. This is due to its unique properties such as exceptional electrical
conductivity, mechanical strength, and chemical stability. Graphene is composed of
carbon atoms arranged in a perfect hexagonal lattice, with each carbon atom bonded to
three nearby carbon atoms. It forms a single layer that is only one atom thick. It is a
fundamental component of other carbon allotropes, such as graphite, carbon nanotubes,

and fullerene.

As this thesis discusses the transport of charge through molecular graphene junctions, I
will discuss the advantages of using graphene as an electrode material and present some

examples from the literature.

1.3 Molecular junctions with graphene electrodes

Recently, some researchers have succeeded in fabricating molecular junctions by
replacing metal electrodes with graphene electrodes. This is due to the graphene’s
highly dispersive density of states near the Fermi energy E£r[43] and robust mechanical
stability. Furthermore, graphene electrodes can form stable contact with single
molecules through covalent bonds (amide bond) [44, 45] as well as non-covalent bonds
such as van der Waals interactions [46-48] and m-wt interactions [49-52]. As a result of
the advantages listed above, by using two-dimensional planar graphene electrodes, we
can study the intrinsic properties of molecules through non-covalent interactions with

graphene electrodes. Figure 1.1 shows some examples of graphene-molecule-graphene
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junctions in which the molecule attaches to graphene electrodes via covalent bonds and

non-covalent interactions as described below [53].

a
Lead3 Lead4
T3 y L o T4
X b
z T '
e N T12
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— — T11 peaa 1 Lead2 112
T11 Lead1 Lead2

Figure 1.1. Examples of molecular junctions with graphene electrodes. (a) (left)
cross-plane graphene-C60-graphene junction and graphene-anthracene (PAH3)-
graphene junction (right) based on van der Waals interactions. (b) In-plane
graphene junctions with two C60 as anchors connecting the molecule to graphene
electrodes via m-m stacking interactions. (c) In-plane graphene-diarylethene-
graphene junction via an amide bond between the molecule and two graphene

electrodes.

Figure 1.1(a) presents (left) various pristine fullerenes including (Css, C7o, C7sand Cop)
and (right) nine polycyclic aromatic hydrocarbons (PAHs) were successfully
sandwiched between two graphene electrodes via the overlap between  orbitals in these

molecules and graphene electrodes to form single-molecule two-dimensional van der
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Waals heterojunctions M-2D-vdWHs [46, 47]. Also, as shown in Figure 1.1(b), a single
molecule with anchors like anthracene [54], can be weakly coupled to graphene
electrodes via m-m stacking interactions. Other anchor groups were used to connect the
molecule to the graphene electrodes such as fullerene (Ceo) [55, 56] and polycyclic
aromatic hydrocarbons (PAHs). Figure 1.1(c) presents the case of graphene in-plane
junctions with robust amide bonds where graphene point contacts functionalized by -
COOH can react with molecules ended with (—NH,), to form stable single-molecule

junctions [44, 45].

1.4 Quantum interference

A great deal of interest has been drawn to quantum interference (QI), which plays a
crucial role in charge transport in single-molecule junctions. QI can be explained by
electron propagation via molecular orbitals whose paths differ in energy. In recent
years, both theoretical and experimental investigations of constructive and destructive
quantum interference effects in a single molecule at room temperature have been
conducted [54, 57-64]. It is found that as molecular orbitals can be manipulated by
chemical design, quantum interference may be used to control the conductance of
molecular devices [65]. In other words, conductance may be enhanced through
constructive quantum interference (CQI) or suppressed through destructive quantum
interference (DQI) due to the quantum interference effects. Quantum interference is
found to be strongly correlated to the connectivity between the electrodes and the
molecular core. As a simple example, quantum interference significantly reduces the
electron transfer through a meta-connected benzene ring in comparison to a para-
connected benzene ring [66, 67]. Furthermore, QI effects were found to be dependent

on conjugation [68, 69] and heteroatom substitution [70]. The ability to adjust the
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properties of the molecules offers the possibility of developing new molecular devices
at room temperature. A particular application is the use of quantum interference to

control molecular switches with extremely large on-off ratios [71, 72].

1.5 Conclusion

A brief overview of the field of molecular electronics is provided in this chapter,
including a brief historical background and a discussion of the development of the field
along with improvements to experimental and theoretical techniques. I also discussed
the key factors that influence charge transport at molecular junctions. Next, I discussed
single-molecule junctions formed using graphene electrodes, their advantages, and

examples. Lastly, I reviewed quantum interference effects in molecular devices.

1.6 Outline of thesis

The purpose of this thesis is to investigate cross-plane electron transport in graphene-

single molecule-graphene junctions. It consists of six chapters, as follows:

Chapter 1 discuss molecular electronics and single-molecule junctions with graphene
electrodes. Then, density functional theory is discussed in chapter 2 including the
many-body Schrodinger equation, the Hohenberg and Kohn theorems, and the Kohn
and Sham method. Next, several fundamental concepts related to quantum transport are
presented in chapter 3, including the Landauer or scattering approach, the scattering
matrix, and the transmission function. Following that, to provide unique insights into
cross-plane charge transport through multi-layered structures, three well-defined
molecular bilayer-graphene structures, comprised of two graphene nanoflakes stacked

vertically via n-m stacking interactions, with varying sizes, were investigated in chapter
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4. Chapter S presents a variety of substituents including electron-withdrawing and
electron-donating substituents, m-conjugation, and planarity, are studied experimentally
and theoretically to determine their influence on charge transport in graphene-single

molecule-graphene junction.
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Chapter 2.

2 Density Functional Theory

In this chapter, I will provide a brief overview of density functional theory (DFT),
focusing on the main problem which is solving the Schrodinger equation of the many-
body system in section (2.2). Next, I will present two key theorems which form the
foundation of the DFT proposed by Hohenberg and Kohn in section. After that, section
(2.4) discusses the Kohn-Sham equations, a set of simple and powerful equations that
make DFT the most widely used method. Finally, I compare two of the widely used
approximations, local density approximation (LDA) and generalized gradient
approximation (GGA) and then describe the van der Waals density functional (vdW-

DF) method that was applied in our calculations in chapters 4 and 5.

2.1 Introduction

A collection of atoms forms molecules, solids, etc. Atoms are composed of electrons
and nuclei. For large molecules and solids, solving the Schrodinger equation is

impossible due to electron-electron and electron-nuclei interactions.

The density functional theory (DFT) is an alternative method to solve the Schrodinger
equation using electron density instead of many-body wave functions. Electron density
is preferred over the wave function because it is a function of three spatial variables, in
contrast to the wave function, which is a function of 3N variables (where N is the
number of electrons, and it is 4N in the case of spin) [1]. The entire field is based on
two fundamental mathematical theorems proved by Hohenberg-Kohn [2] as well as a

set of equations derived by Kohn-Sham [3]. Nowadays, density functional theory
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(DFT), is a valuable research tool for electronic structure calculations in material

science, where efficient approximations are used to simulate large-scale systems.

2.2 Many-body system

In quantum mechanics, the system of electrons and nuclei can be described by the time-

independent Schrodinger equation,
HYy=EyY 2.1
where E is the energy eigenvalue, and the many-body Hamiltonian operator [4] is,

Nnuc 2.2

z z Z,Z]e
11|r RI 2 1¢]|R,—R]|

Where # is Planck’s constant, m; and M; represent the mass of the electron and nucleus
respectively. Z,is the atomic number of the I**atom, e is the charge of the electron, 7;

and R, represent the positions of i**electron and I*"*nucleus.

In equation 2.2, the first two terms represent the kinetic energies of the electron and
nucleus, followed by electron-electron interactions, electron-nucleus interactions, and
nucleus-nucleus interactions respectively. Therefore, equation (2.2) can also be written

as follows:
A= 7\Te(r) + TN(R) + Voo (r) + Ven(r,R) + Vyn(R) 23

Finding a solution to equation (2.1), for large molecules or solids is a challenge as the

Hamiltonian will have a dreadful appearance. To reduce the complexity of the many-
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body Schrodinger equation, the Born-Oppenheimer or adiabatic approximation is used

[5].

Born-Oppenheimer approximation assumes that compared to electrons nuclei are much
more massive and consequently electrons move faster than nuclei. As a result, the nuclei
can be assumed to be frozen at some positions (R) and therefore, the kinetic energy of
nuclei can be ignored, and their potential energy added as a constant. Consequently, the
full wave function can be separated into electronic and nuclear wave functions, and the

Schrodinger equation of the electronic part can be written as follows:

ﬁe(r'R)¢e(r'R) = Eelpe(r'R) 24

in which the electronic Hamiltonian can be written as

Ne 2 2.5

where V. is the potential acting on the electrons due to the nuclei. As a result of the
Born-Oppenheimer approximation, the electronic Hamiltonian of the system is less
complicated, however, it is still a challenge to deal with electron-electron interactions.
The following section shows that using DFT is more practical than the many-body wave

functions.

2.3 Hohenberg-Kohn theorems

The field of density functional theory (DFT) depends on two fundamental theorems
which were proved by P. Hohenberg and W. Kohn in their famous paper [2], in which
the ground-state density n(r), plays a central role. Following are the two HK theorems

[4, 6]:
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Theorem 1: For any system of an interacting electron moving in an external potential,
the external potential V,,.(r) is uniquely determined, by the ground-state density n(r).
This means, There is a one-to-one correspondence between the electron density and the

external potential. Therefore, it is not possible to assume the existence of two different

external potentials Ve(xlt) (r) and Ve(xzt) (r), differing by more than a constant, and leading

to the same ground state density n(r).

Theorem 2: The variational principle: In external potential V,,.(r), the true ground

state is the one that minimizes the total energy through the universal functional Eyg[n].

A Hamiltonian for a system of electrons and fixed nuclei moving under the influence of

an external potential V,,;(r) can be expressed as:

22#, e Z Toxe (1)

The total energy functional in terms of density has the form [4],

—hz 2.6

Bueln) = Fy ] + [ Ve @I 27

In which Fyi[n] = T[n] + E;,,¢[n], represents a universal functional or HK functional.
As the kinetic energy 7T and the electron-electron interaction energy only depend on the

charge density, they are universal. however, Fyg [n] is unknown.
2.4 Kohn-Sham equations

Due to the Kohn-Sham approach that was first proposed in 1965, density functional
theory is today a popular method for simulating electronic structures [3, 4]. Inspired by

the Hartree approach, which is an independent particle system, Kohn and Sham
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assumed that a real system with interacting electrons can be replaced by an auxiliary
system with non-interacting electrons that leads to the same density. Here, I will derive

the self-consistent Kohn and Sham equations which represent single-particle equations.

In the beginning, we add and subtract the kinetic energy functional of an independent
particle system of density, n and the equivalent of the electron-electron energy term

within the Hartree approximation.

2.8
Boln] = Fyln) + [ VereOIndr +7, 0] = Ty [n)
1 .1 ,
_fM drdr __fM drdr
2 |r — 7 2 lr —71
Thus, the total energy functional could be written in the form,
1 (n(r)n(r } 2.9
E,[n] = T[n(r)] + f Vore (rn(r)dr + Ef%f‘lj drdr

Ey

+ Exc[n(r)]

the final term Ey.[n(r)] is the so-called exchange-correlation energy functional. Using
the HK variational theorem, one can write equation (2.9) for the interacting system as

follows:

2.10

’

1 f n(r)n()
————— drdr

By ] = (] + [ Vexe On)dr +5 [ 7

+ Exc[n()] 2 E
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The Euler-Lagrange equations are used to minimize the previous equation in terms of
density, the result is the single-particle Kohn-Sham equations for noninteracting

electrons, which give the exact electron density of the real system.

2.11
V? ,n(r)  SE.[n]
5+ Vo) + [ dr T 2L 0,) = 505 (1)
Vers(r)
equivalent to
V2 2.12
Ve ()] 0,0 = 9,0)

In which j represents spatial coordinates and spin quantum number and the Ve (7) is

the sum of three terms, the external potential acting on the real system, the Hartree
potential, and the exchange-correlation potential which is called Kohn-Sham potential

or effective potential and has the form,
Verr(r) = Vexe(r) + Vg (r) + Ve (r) 2.13

where V() is local exchange-correlation potential, and the electron density is given

by,

N 2.14
n() = ) lo;@)
j=1

Finally, the ground-state energy could be written as,
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E = z & + Ey.[n(r)] — f Vyc(n(r)dr
J

drdr

fnﬁhﬁﬁ :

Ir =7

2.15

To solve equation (2.11), one must have the Hartree potential and the exchange-

correlation potential, which means that the density is not just an output, but also an

input. To solve this, the iterative method called the Self-Consistent Field approach

(SCF) was first introduced by Douglas Hartree who used it to solve Hartree

equations. By using iterative methods, the Kohn-Sham equations can be solved self-

consistently as follows (Figure 2.1):

Initial density guess
nin(r)

|

Calculate effective potential

n(r)

Vs
|T !l +F(T)Exc[n(r)]

Vasr (r) = Voxe (1) + f

N (1) = Nyt (1)

=

Solve KS equation

[—%AZ + Vegs(r) — ej] i) =0

|

Calculate the new electron density

Toue () = T |0, ()

Self-consistent? YES

__  , Energy, eigenvalues,...

Figure 2.1. Schematic diagram of the self-consistent loop for solving Kohn-Sham

equations.
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First, an initial electron density, n;,(r), is assumed (iteration 0). Then, the effective
potential V¢¢(r) is constructed using equation (2.13). After that, equation (2.12) will
be solved to find ¢;(r). Finally, the new output density n,,.(r) is obtained, which
should be the same as the initial one or smaller than a certain small value called
tolerance. If it is not the new electron density will be used and iterated until it is. By the
end of the process, the converged eigenvalues, energies, and eigenfunctions will be

determined, as well as the final density.

2.5 Exchange and correlation functionals

It is not possible to determine the exchange-correlation energy E,.[n(r)] or exchange-
correlation potential Vy (7). To make density functional theory DFT useful in practice,
an approximation must be used. In quantum chemistry, functional development is an
active research area. Consequently, several approximate functionals have been
developed and are used in DFT calculations. Here I will compare two of the most used
approximations, local density approximation (LDA) and generalized gradient
approximation (GGA). Following that, I describe the van der Waals density functional

(vdW-DF) method, which was applied to our calculations in chapters 4 and 5.

The local density approximation (LDA) [3, 7] is the simplest and oldest approximation
in DFT, dating back to Kohn & Sham in 1965. Based on the LDA, the value of
E,.[n(r)] is approximated by the exchange-correlation energy of an electron in a
homogeneous electron gas with the same density. The LDA exchange-correlation

functional has the form [6]:

ELPA[p] = fexc(n(r))n(r) dr 2.16
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Where ey (n) is the exchange-correlation energy density of the homogeneous electron
gas evaluated at the local n(r). Although LDA is considered a good approximation for
systems where the density varies slowly, it is simply not accurate enough in a large
variety of physical problems. For more accurate results, it is necessary to consider more

than just the local density.

This is known as a generalized gradient approximation (GGA). In the GGAs, not only
information about local electron density is included, but also information about its local
gradient. Many of the GGA functionals have been developed and used. Two well-
known examples are the Perdew-Wang functional (PW91) [8] and the Perdew-Burke-
Ernzerhof functional (PBE) [9]. In general, the fact that GGA provides more physical

information does not necessarily mean it is more accurate than LDA.

Typically, the local-density approximation (LDA) is appropriate for largely
homogeneous systems, such as simple metals and semiconductors. While, in
inhomogeneous systems, such as transition metals, compound metals, surfaces, and
some chemical systems, semi-local-density approximations, such as generalized
gradient approximations (GGA), are useful. However, previous approximations are
unable to describe systems with nonlocal, long-ranged interactions, such as van der

Waals (vdW) forces.

Recently, van der Waals density functional (VDW-DF) [10], has been developed and
applied for several layered materials. In this functional, the exchange-correlation energy

functional is written as follows:

Ey&"~PF[n] = Exc[n] + EZ'[n] 2.17
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in which, EQ.[n] is a semi-local functional and E™[n] is a nonlocal functional. The part
EQ.[n] is given by the summation of local correlation [11] and gradient-correction

exchange GGA using (revPBE) [12] and equation (2.17) becomes,

EYaW=DF[n] = EC6A[n] + EFPA[n] + EMn] 2.18

2.6 The Pseudopotential Approximation

Pseudopotential approximation is a successful and widely used theory in relativistic
electronic structure calculations and was first proposed by Hans G. A. Hellmann in 1934
[13]. Pseudopotential approximation is used to solve the many-body Schrodinger
equation by reducing the number of electrons involved in the calculation while
maintaining the accuracy of the results. Using pseudopotentials, it is common to focus
on the behaviour of valence electrons (those in the outermost electron shells) because
these electrons are responsible for most of the chemical and physical characteristics of
a material. While the core electrons (those in the inner electron shells) are closely bound
to the atomic nucleus and have a limited spatial extent. Therefore, they play little role

in many electronic properties.

Pseudopotentials replace the core electrons and their associated potentials with an
approximation [14-16]. The use of pseudopotentials allows researchers to calculate the
electronic structure of much larger and more complex systems than is possible with all-
electron calculations. Thus, pseudopotentials are a vital tool in helping to understand
the electronic properties of materials, predict their behaviour, and design new materials
for a wide range of applications, such as in the fields of materials science, chemistry,

and condensed matter physics.
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2.7 Conclusion

As a summary, this chapter presents a brief introduction to density functional theory
(DFT), which includes the main problem of solving Schrodinger's equation for the
many-body problem as well as the Hohenberg and Kohn theorems. Following this, the
self-consistent Kohn and Sham equations, which represent single-particle equations are
derived. Also, several approximate functionals that have been developed and used in

DFT calculations is discussed.
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Chapter 3.

3 Transport Theory

The purpose of this chapter is to introduce some of the fundamental concepts in
quantum transport. First, the Landauer approach will be used to demonstrate that the
electrical conductance of a given system is related to its transmission properties at Fermi
energy in section (3.2). Then, the current flows between sites via bounds will be
discussed in section (3.3). Next, the concept of a scattering matrix in one dimension
will be discussed in section (3.4). Following that, the general transmission formula for
the scattering region connected to two electrodes in terms of the green function will be
derived in section (3.5) and the Breit-Wigner formula in section (3.6). Finally, Green’s

function for different systems will be presented in section (3.7).

3.1 Introduction

In a molecular device, the molecule is brought into contact with at least two external
electrodes. Electrodes are connected to reservoirs that supply electrons to the system.

As a voltage is applied, current flows from left to right through the molecule.

Since the 1990s, many theoretical theories have been developed to explain the current
passing through nanodevices [1]. One of the most powerful approaches to describe
coherent transport was the Landauer (or scattering) approach [2, 3]. Rolf Landauer
proposed in 1957 that if inelastic interactions (such as electron-electron or electron-
phonon interactions) can be ignored, then the transport problem can always be regarded
as a scattering problem. While this assumption is reasonable for short molecules, the

probability of inelastic scattering increases significantly with increasing molecule
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length. The nonequilibrium Green's function is commonly used to describe the electron

transport behaviour through molecules in the case of inelastic scattering [4].

3.2 The Landauer formula

Herein, we consider a system consisting of a scattering region in the centre connected
to the left (L) and right (R) semi-infinite leads (or electrodes). The leads are connected
to electron reservoirs, which feed the system with electrons of energy E and have
electrochemical potentials pr, r of the left and right reservoirs respectively. Due to the
slight difference in chemical potential between the reservoirs (ur-pr > 0), electrons can

move from the left to the right side through the scattering region.

r t

__r ' _t
Left lead (L) Sg;‘;:g Right lead (R)
—_—

Figure 3.1. Schematic diagram of Landauer's approach. This model illustrates
electron transport through a molecule (scattering region), which is attached to left
(L) and right (R) semi-infinite leads, which are connected to the left and right
reservoirs at temperature Tr, r and electrochemical potential py, r. In this figure I
represents the incident wave, r is the amplitude of the reflected wave due to an

incoming wave from the left and t is the amplitude of the transmitted wave.

According to the Landauer formula, the current flowing from left to right lead via a

scattering region can be described as follows [5]:
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1= () [ ar 1@ 1) - o) H

where e = —|e| is the electron charge, 4 is Plank’s constant, T(E) is the transmission
coefficient for electrons of energy E passing from left lead to right lead via the molecule.
Assuming electrons are injected from the left (right) reservoir with Fermi distributions

f1r (E) corresponding to the electrochemical potentials y; g,

E—-ppr -1 3.2
fuw (B) = [e(—RZT ) 4 1]

where kg is Boltzmann constant and 7 is the temperature. Equation 3.1 shows that only
the difference between f; (E) and fz(E) can cause current flow between two leads,

whereas in the case of f, (E) = fz (E) leads to I=0.

If a voltage difference V] or bias, between the left and right reservoirs, has been created,

then

eV eV 3.3
ML:EF-}_? and #R:EF_7

As a result, at zero temperature (7 = 0 K) and a finite voltage, the current could be

written as

2o\ [EFtev/2 34
I = (—) f dE T(E)

h 7 Jpeevy2
To obtain the electrical conductance G = I /V, the T (E) can be averaged over an energy
window of width eV centred on the Fermi energy. In the limit of zero voltage, finite
temperature limit, equation (3.1) can be further approximated. Using Taylor expansion

at u;= Er, the left Fermi distribution f; (E) is written as,
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flu) = f(Ep) + @ (u, — Ef)

p = Ep

similarly, to expand the right Fermi distribution f5(E) at ug= EF,

df 3.6
fur) = f(Ep) + i (ur — EF)
H, —
p = Ep
Leading to,
df 3.7
flu) — fug) = @ (4 — pg)
p = Ep
d d
= d—f eV = —é eV
# p = Ep u = Ep
substituting equation (3.7) into equation (3.1), one can obtain
(%)L re|-G |
p = Ep

therefore, the electrical conductance at the zero voltage, finite temperature limit:

e df (E) 3.9

where Gyis the quantum of conductance and has the value,

2e? 3.10

Finally, at zero voltage and zero temperature, the electrical conductance can be written

as,

G == G()T(EF) 3.11
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Obviously, the transmission coefficient 7(E) plays a central role in the Landauer
approach. Moreover, T(E) is a property of the whole system, which includes the leads,

the molecules, and the contacts between them.

3.3 Bond currents

This section aims to provide a formula for current flowing between two sites via a bond.

Figure illustrates a one-dimensional infinite chain, where & represents on-site energy

and —); represents the nearest coupling.

—Vj-3 ~Vj-2 “Yj1 —Yj “Vi+t1 TVj+2
on Jwsla \ \ \ \ \ \) _____
® N e B Y Y W e ;>
————— Ej2 €1 &j Ejt1 Eji2 _————

Figure 3.2. A one-dimensional infinite chain where & represents on-site energy

and - represents the nearest coupling.

The time-independent Schrodinger equation for the system shown above can be

expressed by the following formula:
g-1Pj—1 —Vj—2Pj—2 —Vj-19; = Edj_1 3.12
EG; —Vi—1Pj—1 — VjPj+1 = EP;
Er1Pjs1 — Vi —Vis1Pj42 = EQjsr
Moreover, the time-dependent Schrodinger equation is,

d 3.13
lhaﬁbj(t) =&¢;j(t) + Hjj_1¢j—1(t) + Hj j11$j41(0)
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The probability that an electron may be found on site j at a particular time ¢ is determined

by the following equation:

2 *
Pi(8) = |¢,(D]" = b, (O} () 3.14
to describe the change in the probability P;(t) that an electron will be found at the site

Jj at time ¢,

d d d |
ih —-P,(t) = ih [qu(t)aﬁb}‘(t) + ¢f(t)a¢f(t)] o

Note that, the complex conjugate of equation (3.13), can be written as follows:

4 .
ih—j(t) = = [g6;(©) + Hjj_16j_1 () + Hj 111611 (8)] e

As a result of equations (3.13) and (3.16) in equation (3.15), the following result is

obtained

d 3.17
i Pi(t) = Jj-1-j) — J(j»j+1)

where J(;_1, jy is the bond current from the site (j — 1)to the site (j), and J;_, j+1)is the

bond current from the site (j) to the site (j + 1), which are written as follows:

Jgerop = 5 by O6 2O = Hadj O]
and
Jgmioty = 5 [H 103 O () = H 11 (06512 (0] 0
As aresult of H; ;1= —Y; equation (3.19) becomes,
3.20

Jgsn = 7 [V 011 (0 +¥j; (D41 ()]

considering that —i(z — z*) = 2y = 2 Im(z),
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2 . 3.21
Jgivn) = 7 Imly;05 (O (8]
If ¢; (t) is an eigenstate of Hamiltonian H, and has the form,
¢;(t) = et/ 3.22

As a result, P;(t) = |gbj (1:)|2 = |1pj|2, which is independent of time so, % Pi(t) =0,

Therefore, the bond current has the feature,
Ji-1-p ==+ 3.23

This means, all bond currents are equal and currents entering and leaving any given site

are equal.

As an example, consider a wave function ¥; = Ae™ using equation (3.21)

2 . 2yilA|? sink 3.24
Jmgony = = Im[ylA12ei] = T8 — a2
h h
where v, = 2% sin k, is the group velocity.
3.4 Scattering matrix
In Out Out In
AeikLi  Be~ikLi Cetkri  pe~ikri
VoL VL VUR VR
—7YL ~YL Y —Yr —Yr
op mm—— ) ) - Scattering Lﬁ )\ )\ —_——
*® @ & \sy Region u \SRJ \e_R/ 59_ Hoo
-2 -1 0 N+1 N+2 N+3

Figure 3.3. System of two different semi-infinite leads connected to a scattering
region. The system consists of a scattering arbitrary region containing N sites (j =
1,2, ..., N) connected to one-dimensional leads from left and right sides by matrix

element (—a, —f). The left lead has the sites (j = —1, -2, ..., —o0) while the right
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lead includes the sites j = N+ 1,N + 2, ..., 0). In which, £ p stands for on-site

energy and —y grepresents the nearest coupling.

As a consequence of equation (3.11), the problem of finding the conductance becomes
the problem of calculating the transmission coefficient. Now, it is useful to introduce
the Scattering matrix or S-matrix that relates the transmission and reflection coefficients

of the wave at the right of the scattering region with the wave at the left.

Assume a system shown in Figure 3.3 which consists of two semi-infinite leads
connected to a scattering region. In which the &, r stands for on-site energy and —y, r
stands for the nearest coupling for the left (L) and right (R) leads. For a given E, the
wave vector k; p and the group velocity v, z of the plane waves on left and right leads

are,

EL,R - E 3.25

g = cos™!
LR CoS l ZYL,R

l and UL,R = ZVL,R Sln kL,R

As shown in Figure 3.3, plane waves of amplitudes A (from the left lead) and D (from
the right lead) enter the scattering region. While the plane waves of amplitudes B (to

the left lead) and C (to the right lead) leave the scattering region.

In the case of the left lead, the most general solution of the time-independent

Schrodinger equation and the corresponding current is as follows:

AetkLi  Be~tkLj 3.26
T Vv e

I, = |A]* - |B|?

Similarly, for the right lead, one can write,
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Cetkri  De~ikrJ 3.27
= +
N N

Ig = IC|> — |D|?

b;

The scattering matrix is defined as a 2 X 2 matrix that relates the incoming and outgoing

amplitudes as follows,

<B)_<511 512)<A) 3.28
C)  \Sz1 S$32/\D

Alternatively, it can be written as follows:

|out) = S|in) 3.29
where,
5 Sy S . 4 3.30
lout) = (%), s:(si S;z)and lin) = (4)

The conversation of current implies that the current in the left lead [; is equal to the

current in the right lead I,

|A|? — |B|* = |C|* — |DI|? 331
Besides, the incoming current from both leads I;,,is equal to the outgoing current from

both leads I,,;,

|B|?> +|C|*> = |A|*> + |D|? 3.32
Using this equation, we can prove a very significant property of the scattering matrix,

namely Unitarity [6],
B> +1c2 = B ¢)(;) = pIsts(})

= p)(5) =141 +1DP?
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which simply implies that S is a unitary matrix,

st=¢5"1 or Sts =1 3.34

To illustrate the physical meaning of matrix S elements, we shall consider two cases:

Case(1):A=1and D =0.

Thus, the plane wave of the unit current enters only from the left lead. Therefore,

equations (3.26) and (3.27) can be rewritten as follows:

" etkLi N retkLi 3.35
NN

teikRj

As a result, the scattering matrix becomes,

(r) _ (511 512) <1) 3.36
t Sa1 S22/\0
where r = §;; represents the reflection amplitude associated with an incoming plane

wave from the left lead and t = §,; is the corresponding transmission amplitude from

the left lead to the right lead.
Case(2):A=0and D = 1.

In this case, the plane wave of the unit current enters only from the right lead, and the

wave functions for the left and right leads are,

" t'e~tkLi 3.37
j =
VUL
rletkri  p=ikrj

NN

;=
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In which t' = S,, is the transmission amplitude associated with an incoming plane
12 p gp

wave from the right lead and r’ = S, is the corresponding reflection amplitude.

Consequently, the scattering matrix becomes,

t"\ (511 512) <0) 3.38
r') S S/ \1
Based on equations (3.36) and 3.38), the scattering matrix in terms of transmission and

reflection amplitudes is

_ (511 512)_ r t 3.39
S_<521 S22 _(t T')

Because of the unitarity of the scattering matrix equation (3.34), which allows one to

obtain,

6 D-G 2G5
In addition,
(5 9=s= D0 )
which leads to,
rr* =r"r' and t't=t"t' 3.42
rr*+t't=1

Assuming that, R(E) =rr*and T(E) = t*t, are the reflection and transmission
amplitudes due to a plane wave coming from the right lead. In addition, the reflection
and transmission due to a plane wave coming from the left lead is
R'(E) =7""r"and T'(E) = t’"t’. Thus, we can conclude two crucial equations about

reflection and transmission coefficients,
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R(E) =R'(E) and T(E)=T'(E) 343
and

R(E)+T(E) = 1

3.5 Transmission Function

This section aims to drive the most general equation to calculate the transmission

probability for a scattering region connected with 1 D electrodes from both sides [7, 8].

¥ = L [eiij + re—iij] ¢ = L [teikRj]

1 1
1 1
i fi i

AV VUL : J : VvR
i i
: :

N —YL N YL \:—a 4 g —p! —Yr —Vr

op mm—— _ € cattering )_l )_ )_8 ———
*© fy @ \Lji \\.) Region : Er Er \19_ +oo
1 1
-2 -1 oi N+1 N+2 N+3

1
1 1

Figure 3.4. An arbitrary scattering region connected to one-dimensional leads. a
system, which consists of a scattering arbitrary region containing N sites (j =
1,2, ..., N) connected to one-dimensional leads from left and right sides by matrix
element (—a, —f). The left lead has the sites (j = —1, -2, ..., —o0) while the right
lead includes the sites j = N+ 1,N + 2, ..., 0). In which, £ p stands for on-site

energy and —y grepresents the nearest coupling.

Figure shows a system, which consists of a scattering arbitrary region containing N
sites (j = 1,2, ..., N) connected to one-dimensional leads from left and right sides by
matrix element (—a, —f). The left lead has the sites (j = —1,—2, ..., —00) while the

right lead includes the sites (j = N + 1, N + 2, ..., ). In which, &; r stands for on-site
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energy and —y, grepresents the nearest coupling. Regarding the three distinguished

regions shown above, for each part the wave function can be defined in the following

form:

m for the left lead

1 o o 3.44
‘L/) = — elkL] +'re_lkL]
J \/U_L [ ]
m for the right lead
Ur
m for the scattering region
fi 3.46
Therefore, the Schrodinger equation for these different regions has the form,
m for the left lead, when (j = —1, -2, ..., —).
eLl/)j - yLl/)j—l - VL¢j+1 = El/’j 3.47
when (j = 0),
etpo —vL¥-1 — afy = Eyy 3.48
m for scattering region, when (j = 1),
N 3.49
ZHllfl —ayy =Ef;
=1
when (j = 2,...,N — 1),
N 3.50

D Hufi = Ef

=1

when (j = N),
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N 3.51
z Hyi fi = Bdn+1 = Efy
1=1
m for the right lead, when (j = N + 2, N + 3, ..., +00),
6R¢j - VR¢j—1 - VR¢j+1 = E¢j 3.52
when (j = N + 1),
€ErPn+1 — Bfv — VrPNn+2 = Ednia 3.53
Substituting equation (3.44) into (3.47) leads
E =€, — 2y, cosk, 3.54
Similarly, substituting equation (3.45) into (3.52) leads
E = eg — 2yg cos kg 3.55

Our task here is to obtain a relation between the wave function inside a scattering region
fj with the wave function outside the scattering region (1/) i@ j). Replacing (j = 0) in

equation (3.47) and then comparing with equation 3.48, one can find

YY1 = afy 3.56

similarly, substituting (j = N + 1) in equation (3.52) and then comparing with equation

(3.53), one can find,

Yr®N = Bfn 3.57

combining both equations (3.49) and (3.51) leads

(E = MIf) = Is) 3.58

where,
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fi —ay 3.59
: 0
Ify=| 1% |[.Is)= :
: 0
fN _ﬂ¢N+1

and / is the Hamiltonian of the scattering region can be written as:

Hyy Hyp; . .. Hpy 3.60
Hy;  Hy, Hyy

h = :
Hy, Hy, Hyy

multiplying equation (3.58) by (E — h)~1,leads

If) = gls) 3.61
where g = (E — h)™1, is N X N matrix called the Green’s function of the scattering

region and the previous equation has the form,

fi 911 Y912 - - Gin —ai), 3.62
: 921 G922 - - Gon 0

£l=]: : :

: : : : 0

fn 9In1 9nz - - 9NN/ \—PPni1

which can be reduced to,

(fl) _ (911 91N) < —ayy ) 3.63
fn In1 9NN/ \—Bdniq
equivalently,
<f1) _ g( —ayy ) 3.64
fn —Bdn+1
in which g is a submatrix of g, and this equation can be written as,
A1-1 fl) :< —aig ) 3.65
917 ()= (Coars
in which
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[§]t = (911 glN)_l _ 1 ( 9nn _911\1)

In1 9NN d\=9gn1  9u

And d = g119vn — 91ngIN1

from equation (3.44) and (3.56), one can write

1 .
l/)l == \/T [Zl Sln kL] + l/)oe_lkl‘
L

similarly, from equation (3.45) and (3.57),

Py = Pyire KR

Therefore, using equations (3.56) and (3.57), one can write

aelkL

(rave) =G5 ) () oz erom

where X;and X are the self-energies of the left and right lead, given by

_azeikL _ﬁzeikR
ZL == and ZR -
147 VR

Substituting equation (3.69) into (3.65),

f ae'kL .
(4] - %) <f:,) =\ [2isink, ]
0

Hence,

fi ae [2isink,]

(fN) =6l Vo "

0

where,

G=(g"" -2

Since G = (Gll Giw ), one can write this equation in full,
Gyi Gyn

3.66

3.67

3.68

3.69

3.70

3.71

3.72

3.73
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G:[l(gmv —glN)_<2L 0)]‘1 3.74

d\=9n1 Y91 0 2y
equivalently,
G = d <911 —dg 91N ) 3.75
D In1 gy — A2y,
where,
D = (g11 — dXr)(gnn — dZ1) — (gingn1) 3.76
or
c=1 (gn —dix G ) 3.77
A In1 gny — dZ
where,
A=1-9g11% — gunZr + Z.2r(9119nn — 918 IN1) 3.78

Finally, from equation (3.45) the expression for the transmission amplitude can be

written as,

. . : 3.79
. ign1 apets 2sink; |2sinkg o kRN
A 147 YR

since the transmission probability is T = |t|?, the final transmission formula in terms

of the green function of the isolated scattered region has the form

) M Tr 3.80
a’sink;| gn11? |B? sinkg
T(E)=|t|2=4[ l
L A4 | Yr

a?sink;, B*sinkg

in which I} = [ ] are the properties of the left lead, I = [ ] are the

YL YR
IN1

2
A is determined by both the molecule and the

properties of the right lead and M = |

electrodes.
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3.6 Breit-Wigner formula

This section will drive the Breit-Wigner formula and some aspects of the transmission
coefficient curve. Considering isolated system contains N sites as shown in Figure 3.5,

the time-independent Schrodinger equation can be written as

Hllpn> = Enll/)n> 3.81

1 Scattering
\\-) Region \IY)
Figure 3.5. The isolated scattering region consists of N sites.

where the eigenstate [1),,) satisfies important properties such as

(Wn | ¥m) = nm 3.82

N
> )il = 1
n=1

In this case, the Green's function could be defined as

C N 3.83
9= (E~H =y (= H) )l = —'(";i“g)'
n=1 = n

n

Now, consider the case where E = A, in which 4 is the nondegenerate eigenvalue of the

Hamiltonian, equation (3.83) becomes,
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gin Y12 - - Gin 3.84

921 Y22 - - Gan
PR

In1 9nz - - 9NN

In which |y,) is the corresponding eigenstate, has the form

Pl 3.85
) = | ¥
Ui

Using the above equations, one can determine the elements of Green's function

B N | N 386
911 = (E— 1) » 9NN “E-ND » 91N T E-D’
_ i
In1 (E—/l)

From equation (3.78) where,

A=1-g112 — gunZr + Z.2r(9119nn — 91nIN1)

One can find by using equations (3.86) that the term £, Xz (g119v8 — 9ingn1) = O
25 _ 2 s
and g,1%; — gynZg = %

This leads to,

Y25, — YRZs 3.87
E—A

Substituting equations (3.87) and (3.88) in equation (3.80), yields

B Y3 P2 1 8
T(E) =4I Ty [(E —2)? P23, — P23, ?
(15 =5

63



4T, Ty 3.89

T(E) = (E—2A—o0,—0g)* + (T, +Iz)?

Finally, the transmission coefficient can be written as

4T, TR 3.90
(E — €)% + (T +TR)?

T(E) =

which is called the Breit-Wigner formula or the Lorentzian function [9]. In which T (E)
is the transmission coefficient of electrons, [, and I’y are the coupling of the molecular
orbital of the scattering region to the electrode and electrons pass through molecules
with a certain amount of energy known as E. I} is the properties of the left lead and it is

given by

2 qi 2 2 2
a“sink —a“cosk
r, = [ L1P1] and o, = [ L¢1]’
YL YL

[’z are the properties of the right lead and have the form

2 2 _p2 2
Iy = [/5’ Slnlel’N] and op = [ B COSlel)N]’
YR YR

In this case, the term &, = (1 — 0, — 0gg) is represented by the eigenvalue of the
molecular orbitals 4 which shift slightly by (o, — og), as a result of the coupling
between the orbitals of the scattering region and the electrodes. Based on equation

(3.90), some features will be explained below [7].

1. Incase E = g, equation (3.90) becomes:

4T, Ty

Thax(E) = (T,41,)?

If T, = Ty, then , Ty,4,(E) = 1. This means when a symmetric molecule is

coupled symmetrically to identical electrodes (I, = Iy), then as shown in
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3.

Figure 3.6, the transmission coefficient will have its maximum value
Tnax(E) = 1.

In the case of the asymmetric junctions which means, I, # [, for example, if

[, > T%, then equation (3.90) becomes Ty, 4, (E) = 41“& < 1.
L

Finally, the Breit-Wigner formula applies when the energy of the electron is
close to an eigenvalue of the isolated molecule, and when the spacing between
energy levels (8), is larger than the width of the resonance I' = I, + I} as

shown in Figure 3.6.

1.2 T T :
Tmax(E) =1
N ________<”_> _______
0.8' A (6) Rk y
M
~ 0.6 |
- r
0.4+ .
0.2+ & j .
0 1 1 I
-2 -1 0 1 2
E (eV)

Figure 3.6. A transmission coefficient of a symmetric junction (I, = IR).
In which a symmetric molecule (3 chains of atoms) is attached to identical
electrodes; then the transmission peaks reach T,,,,,(E) = 1. Also, the width

of the resonances I' = I} + I', and the level spacing of the isolated molecule

(6).
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3.7 Green’s function

The following section starts by giving a general definition of Green’s function and then
highlights the relation between Green’s functions and wave functions [7]. Consider a

one-dimensional system, described by a time-independent Schrodinger equation,

H ) = E |) 391
The Green’s function for this system can be defined as
(EIl —H)G =1 3.92
in which,
G(E)=(EI—H)! 3.93
To understand the relationship between Green's functions and wave functions, it is

helpful to introduce the following notation, where p**is a column of G.

G =" 3.94
: p
G, j-2
j—2,p p
Gi-1p J-1
_ P
Gip | = j
G; p
j+1p j+1
Gj+2,p p

j+2

in terms of the j, p elements equation (3.92) can be written as,

v 3.95
> Hy Gy (B) = E Gy (B) - 8,
=1

or equivalently by using the notation in (3.94),
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N 3.96
ijﬂP? =EY -8
=1
where §jp,is a Kronecker delta, which is given by,
5. = {1 for j=p 3.97
|0 for j#EDP
3.7.1 Green's function of a doubly infinite chain
Be—ikj Aeikj
4 -y -y -y -y 4
0o ==m=={E0) €0 ) &0) £o) £o) £o) \89 _____ by oo

Figure 3.7. A doubly infinite chain of atoms labelled j, where €; represents on-site

energy and —y represents the nearest coupling.

First, consider a doubly infinite chain shown in Figure 3.7 in which g represents on-site

energy and —y represents the nearest coupling. From equation (3.95), the Green's

function for the infinite chain system is

EOGjp - ij—l,p - YGj+1,p = EG]P - 8”, 3.89

suggesting the solution for this equation is

G. =

Aelki j=p 3.90
Jp

Be™™ j<p
now, consider the case where j = p, which implies that
A= Ce tkp and B = Ce'*? 3.100

Equation (3.99), becomes
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Gy =P ¥ = Celkli7l 3.101

As a result, equation (3.89) can be written as follows:

EOGpp - YGp—l,p - YGp+1'p == EGpp - Spp 3.102
Equivalent to
(e —E)C —yCe* —yCe* = -1 3.103
which leads
1 1 3.104

CzZiysink:ihv(E)

Finally, Green’s function for a doubly infinite chain is

e ik(E)j-pl 3.105

G =V = Ty

This equation corresponds to the so-called retarded Green’s function.
More generally,

RUGIEY 3.106

G; + Ae™) + Be~thJ

o= = i hv(E)
3.8 Conclusion

In summary, this chapter describes the theoretical framework of charge transport
through molecules. Several theoretical concepts related to transport theory were
presented. For example, the Landauer (or scattering) approach has been discussed to
explain coherent transport via molecules. I have also derived the most general equation
to calculate the transmission probability for a scattering region connected to a 1D
electrode. Several important features of the transmission coefficient curve were
explained using the Berit-Wigner formula. Finally, a general definition of Green's
function is provided, as well as a discussion of the relationship between Green's

functions and wave functions.
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Chapter 4.

4 Charge transport through single-molecule bilayer-

graphene junctions with atomic thickness
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This work is a collaborative study involving my theoretical work at Lancaster
University and experiments carried out in Prof. Wenjing Hong’s group at Xiamen
University. The results presented in this chapter were published in Zhao, S., Z. Y. Deng,
S. Albalawi, Q. Wu, L. Chen, H. Zhang, X. J. Zhao, H. Hou, S. Hou, G. Dong, Y. Yang,
J. Shi, C.J. Lambert, Y. Z. Tan and W. Hong (2022). "Charge transport through single-
molecule bilayer-graphene junctions with atomic thickness." Chem Sci 13(20): 5854-

5859.

The van der Waals interactions (vdW) between m-conjugated molecules offer new
opportunities for constructing heterojunction-based devices and investigating charge
transport in heterojunctions with atomic thickness. In this chapter, I have investigated
the cross-plane charge transport through three molecular bilayer graphenes (MBLGs)
and molecular single-layer graphene (MSLG), sandwiched between two graphene
electrodes via van der Waals interactions (vdW). The Density functional theory (DFT)
results show that the cross-plane charge transport through single-molecule junctions is
determined by the size and layer number of molecular graphene in these junctions. Also,
the DFT calculations reveal that the charge transport through molecular graphene in
these molecular junctions is sensitive to the angles between the graphene flake and
peripheral mesityl groups, and those rotated groups can be used to tune the electrical
conductance. This study provides new insight into cross-plane charge transport in
atomically thin junctions and highlights the role of through-space interactions in vdW

heterojunctions at the molecular scale.
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4.1 Introduction

Two-dimensional (2D) materials such as graphene and related heterojunctions have
aroused great interest due to their unique electrical properties and potential applications
as quantum devices [1-3]. Multilayer heterojunctions formed from 2D van der Waals
(vdW) materials are promising platforms for investigating strongly correlated
phenomena, such as superconductivity [4, 5], insulativity [6, 7], and Moiré excitons [8-
10], which are absent in monolayer materials. Interlayer tunnelling [11] and Coulomb
interactions [12] offer an additional degree of freedom for modulating the electrical

properties of multilayers [13].

Single-molecule electrical characterization techniques can be used to investigate charge
transport through molecular junctions by trapping molecules with different lengths
inside a nanogap [14-21]. However, when the nanogap is located between metallic
electrodes, it is essential to modify the molecule by attaching anchor groups at each
end, which bind to the electrodes. Such anchor groups can significantly affect transport
through the parent molecular core. In contrast, by utilizing non-covalent interactions to
bridge between two graphene electrodes and molecules without adding anchor groups
[22, 23]. This technique takes advantage of the m-w orbital overlap between graphene
electrodes and planar molecules, which can form a cross-plane transport channel for

electrons passing between the graphene electrodes.

Herein, I investigate the cross-plane charge transport through molecular bilayer
graphene (MBLG) using the density functional theory (DFT). Based on DFT
calculations, I found that the resultant electrical conductance increased with increasing
MBLG atomic number. Additionally, the molecular junctions based on single-layer

molecular graphene are more conductive than double-layer molecular graphene
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junctions. It is also found that the variation of conductance is due to the size dependence
of the molecule's bandgap combined with the rotation angles of the peripheral mesityl

groups.

4.2 Studied molecules

MBLG-C96 MBLG-C114

MSLG-C96

Figure 4.1. The molecular structures of molecular bilayer graphene (MBLGs) and
molecular single-layer graphene (MSLG). Top row: Molecular bilayer graphene
(MBLGsS). a) MBLG-C96, b) MBLG-C108, ¢) MBLG-C114. The black and the red
colours indicate the top single-layer and bottom single-layer of MBLG. The red
arrows point to the peripheral mesityl groups (six mesityl groups in each layer).

The Bottom row: Molecular single-layer graphene (MSLG). d) MSLG-C96. The
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red arrow points to the peripheral mesityl groups (nine mesityl groups in the single

layer).

Figure 4.1 (a-c) shows molecular structures of three well-defined molecular bilayer-
graphene (MBLGs) denoted as MBLG-C96, MBLG-C108, and MBLG-C114
[(CosH24R6)2, (Ci0s8H24R6)2, and (Ci14H24R6)2, R= (CH3)3C6H3 mesityl group], were
synthesized [24, 25]. Compared with MBLG-C114, MBLG-C108 contains a cavity
defect at its centre, and the stable bilayer structure is obtained by two vertically stacked
graphene nanoflakes via n-n stacking interaction. Their peripheral mesityl groups were

introduced to tune the aggregation behaviour [24, 25].

Furthermore, to investigate the influence of the layer number of molecular graphene on
charge transport through molecular graphene junctions, MSLG-C96 (CosH24Ro,
R=mesityl group) shown in Figure 4.1 (d) was synthesized [26], in which mesityl
groups are grafted to the periphery of the graphene nanoflake to hinder the interlayer
stacking. Compared with MBLG-C96, which has six peripheral mesityl groups in a

single layer, MSLG-C96 has nine peripheral mesityl groups.

4.3 The geometry optimization

In this study, I used the methods described in Chapter 2 to obtain the optimised
geometry of the studied molecules (see Figure 4.1 a-d) using the standard Kohn-Sham
self-consistent density functional code SIESTA [27]. SIESTA uses norm-conserving
pseudo-potentials to describe the core electrons and linear combinations of atomic

orbitals to represent valence states. The van der Waals density functional (vdW-DF)
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[28] with exchange modified by Berland and Hyldgaard [29], and a double {-polarized
atomic-orbital basis set for carbon and hydrogen has been used. A plane wave cut-off
of 200 Rydberg was used to define the real-space grid. In the case of MBLG molecules,
the optimal geometries can be obtained by relaxing the molecules until all forces on the
atoms are less than 0.04 eV /A°. While for MSLG-C96, the force tolerance was 0.03

eV /A". Figure 4.2 shows the studied molecules after the relaxation process.

Molecular bilayer graphene (MBLG)

a) MBLG-C96 b) MBLG-C108

¢) MBLG-C114
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Molecular single-layer graphene (MSLG)

d) MSLG-C96

Side view of (d)

Figure 4.2. Top and side views of fully relaxed isolated molecular bilayer graphene
(MBLGsSs) and molecular single-layer graphene (MSLG). (a) Top row: top view of

MBLG-C96, bottom row: side view of MBLG-C96. (b) Top row: top view of
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MBLG-C108, bottom row: side view of MBLG-C96. (¢c) Top row: top view of
MBLG-C114, bottom row: side view of MBLG-C114, (d) Top row: top view of
MSLG-C96, bottom row: side view of MSLG-C96. The red circles indicate the

peripheral mesityl groups (top and side views). (Key: C = grey and H = white).

4.4 Frontier orbitals

In this section, I will plot the wave functions of the studied molecules and calculate the
HOMO-LUMO gap by using the methods introduced in Chapter 2 to gain a deeper

understanding of the electronic properties of these structures (see Figure 4.1).

Figures 4.3 to 4.6 show a plot of the frontier orbitals for MSLG-C96, MBLG-C96,
MBLG-C108 and MBLG-C114. The highest occupied molecular orbitals HOMO,
lowest unoccupied molecular orbitals LUMO, HOMO-1, and LUMO+1 along with
their respective energies are shown. Moreover, the HOMO-LUMO gaps for MSLG-
C96, MBLG-C96, MBLG-C108, and MBLG-C114 are found to be 1.68, 1.62, 1.88, and

1.45 respectively (see Table 4.1).

According to Table 4.1, MBLG-C96 shows a smaller HOMO-LUMO gap compared
with MSLG-C96. Additionally, among the MBLG molecules, MBLG-C114 has the
smallest HOMO-LUMO gap associated with the largest molecular area. However,
MBLG-C108 has a larger HOMO-LUMO gap than MBLG-C96 even though the

former is larger than the latter.
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MSLG-C96

Er=-3.75 eV

LUMO

LUMO+1

-2.79 eV

-2.78 eV

HOMO-1

HOMO

-4.47 eV

-4.47 eV

Figure 4.3. The wave functions of MSLG-C96. LUMO+1, LUMO, HOMO, and

HOMO-1 along with their respective energies.
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MBLG-C96

Er=-3.48 ¢V
LUMO+1 LUMO

-2.71 eV -2.71 eV

HOMO HOMO-1

-4.33 eV -4.33 eV

Figure 4.4. The wave functions of MBLG-C96. LUMO+1, LUMO, HOMO, and

HOMO-1 along with their respective energies.
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MBLG-C108

Er=-3.43 ¢V

LUMO+1 LUMO

-2.65 eV

HOMO HOMO-1

-4.53 eV -4.53 eV

Figure 4.5. The wave functions of MBLG-C108. LUMO+1, LUMO, HOMO, and

HOMO-1 along with their respective energies.
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MBLG-C114

Er=-3.55 eV

LUMO+1 LUMO

HOMO HOMO-1

Figure 4.6. The wave function of MBLG-C114. LUMO+1, LUMO, HOMO, and

HOMO-1 along with their respective energies.
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The studied molecules HOMO-LUMO
gap
MSLG-C96 1.68
MBLG-C96 1.62
MBLG-C108 1.88
MBLG-C114 1.45

Table 4.1. HOMO-LUMO gap for MSLG-C96, MBLG-C96, MBLG-C108 and

MBLG-C114.

4.5 The angle of the mesityl groups

In this chapter, I investigate the effect of the angle of the mesityl groups on charge
transport in molecular graphene junctions. To achieve that, I studied the transport
properties in which the angles between the graphene flake and mesityl groups are

rotated to several angles as described below.

4.5.1 The angle of the mesityl groups of molecular bilayer graphene

(MBLGs)

As mentioned in section (4.2), the molecular structure of MBLGs has 6 side mesityl
groups in each single layer. To understand how these side groups affect the transport

properties of MBLG molecules, I studied three cases as described below.
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Case (a): the angle between the graphene flake and the mesityl groups is

around 90°.

I first consider the crystal configuration case, where the angle between graphene flake

and mesityl groups is approximately 90° for those MBLGs as shown in Figure 4.7.

a)

Figure 4.7. (a) The molecular structure of MBLG-C96 (left), and a close-up view

of the angle between the graphene flake and the peripheral mesityl groups are

close to 90° for those MBLGs (right).

Case (b): the angle between the graphene flake and the mesityl groups is 30°.

Then, I manually rotated the angle between the mesityl groups and the graphene flake
of MBLG-C96, MBLG-C108, and MBLG-C114 to 30° as can be seen in Figure 4.8 (a-

¢). Red circles indicate the angles of the mesityl group that rotate to 30°.
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Figure 4.8. The structures of molecular bilayer graphene in which the side mesityl
groups were rotated to 30°. (a) MBLG-C96 with side mesityl groups rotated to 30°.
(b) MBLG-C108 with side mesityl groups rotated to 30°. (¢c) MBLG-C114 with side
mesityl groups rotated to 30°. (The red circles are used to distinguish the side

mesityl groups).

Case (c): the angle between the graphene flake and the mesityl groups is 10°.

Following that, the angle between mesityl groups and graphene flakes of MBLGs was
manually rotated to 10° as shown in Figure 4.9 (a-c). Red circles indicate the angles of

the mesityl group that rotate to 10°.

b)
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Figure 4.9. The structure of molecular bilayer graphene in which the side mesityl
groups were rotated to 10° (red circles are used to distinguish the side mesityl
groups). (a) MBLG-C96 with side mesityl groups rotated to 10°. (b) MBLG-C108
with side mesityl groups rotated to 10°. (¢c) MBLG-C114 with side mesityl groups

rotated to 10°.

4.5.2 The angle of the mesityl groups of molecular single-layer

graphene (MSLG)

As mentioned in section (4.2), the molecular structure of MSLG has 9 side mesityl
groups. The following cases are examined to determine how these side mesityl groups

affect the transport properties of MSLG-C96.

Case (d): the angle between the graphene flake and the mesityl groups is

rotated to 40°, 35°, 30° and 20°.

To demonstrate the effect of side mesityl groups on charge transport in molecular
graphene junctions, the side groups were rotated to 40°, 35°, 30° and 20° as shown in

Figure 4.10 (a-d).
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Jn

Figure 4.10. The molecular structure of MSLG-C96, in which the angle between

the graphene flake and peripheral mesityl groups of MSLG-C96 is rotated to (a)

(red circles are used to distinguish the side mesityl

(d) 20°

(c) 30°

(b) 35°

40°

groups).
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4.6 Determine the distance by using the total energy

To better understand how the MBLG and MSLG molecules are sandwiched and interact
with graphene sheets in the experiment, I used SIESTA to calculate the total energy as
a function of the distance between the graphene sheet and the molecules being studied

for each of the cases mentioned above in section (4.5).

4.6.1 Determine the distance of MBLGs for case (a)

In this section, I calculate the total energy as a function of the distance of MBLG-C114,
MBLG-C108 and MBLG-C96, in which the angles between the graphene flake and the

mesityl groups are around 90° for those MBLGs (see Figure 4.11 ).

Figure 4.11 illustrates the total energy (after subtracting a large negative number for
simplicity) versus the distance between the lower flake of MBLG molecules and the
bottom graphene sheet (see the purple arrow in (a)). According to Figure 4.11 (b), the
minimum total energies for MBLG-C96, MBLG-C108 and MBLG-C114 are found at
6.3 A with total energy -154795.8 eV (blue curve), 6.4 A with total energy -158688 eV

(orange curve), and 6.2 A with total energy -160355.3 eV (purple curve), respectively.

4.6.2 Determine the distance of MBLGs for case (b)

The total energy E (after subtracting a large negative number for simplicity) versus the
distances between the bottom graphene sheet and lower graphene flake of MBLGs with
the side groups rotated to 30° relative to the graphene flake is calculated as shown in
Figure 4.12 (see the purple arrow in a). As can be seen in Figure 4.12 (b), the optimum
distance, (which corresponds to the minimum of the total energy curve), for MBLG-
C96 is 4.7 A with total energy -154740.3 eV (blue curve), and for both MBLG-C108

and MBLG-C114 is 4.9 A with total energy -160337.4 eV (purple curve).
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4.6.3 Determine the distance of MBLGs for case (¢)

In this section, I calculate the optimum distance, (which corresponds to the minimum
of the total energy curve), between the lower flake of MBLG molecules, with their side
groups rotated to 10°, and the bottom graphene sheet (see the purple arrow in Figure
4.13 a). Figure 4.13 (b) illustrates the total energy (after subtracting a large negative
number for simplicity) versus the distance between the lower flake of MBLG
molecules, with their side groups rotated to 10°, and the bottom graphene sheet. It is
found that the minimum total energies for MBLG-C96 are found at 4.4 A with total
energy -154775 eV (blue curve), and for both MBLG-C108 and MBLG-C114 are found

at 4.3 A with total energy -160336.3 eV (purple curve).

4.6.4 Determine the distance of MSLG for case (d)

In this section, I determined the optimum distance, (which corresponds to the minimum

of the total energy curve), between the bottom graphene electrode and the MSLG.

As can be seen in Figure 4.14 (a), MSLG-96 with side groups rotated to different angles
lies above the graphene sheet. Then, the total energy against the distance between the
graphene flake of MSLG-C96 and the bottom graphene sheet has been plotted (see the
purple arrow in a). Figure 4.14 (b) shows that the minimum total energies for MBLG-
C96 at 20° (blue curve), 30°(orange curve), 35°(purple curve), and 40° (green curve)
were found at distances of 3.9 A, 4.3 A, 4.5 A, and 4.7 A with total energies -134838.5

eV, -134844.1 eV, -134846.2 eV and -134846.6 eV respectively.

88



b)
6 L] L] L] L] L] L]
—e—MBLG-C96
Bl —e—MBLG-C108 |
—e— MBLG-C114
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Figure 4.11. Total energy versus distance of MBLG molecules in which the
peripheral mesityl groups are close to 90°. (a) The MBLG-C114 molecule is
positioned above the graphene electrode. (b) Evolutions of total energy (after
subtracting a large negative number for simplicity) versus distance between the
graphene flake of MBLG and the bottom graphene sheet for MBLG-C96, MBLG-

C108, and MBLG-C114.
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——MBLG-C96
—e—MBLG-C108 & MBLG-C114

) : : : : : :

4.4 4.6 4.8 5 5.2 5.4
Distance (A)

Figure 4.12. Total energy versus distance of MBLG molecules in which the
peripheral mesityl groups are rotated to 30°. (a) The MBLG-C114 molecule where
the side mesityl groups rotated to 30° is positioned above the graphene electrode.
(b) Evolutions of total energy versus distance between graphene flake of MBLG
and one graphene sheet for MBLG-C96, MBLG-C108, and MBLG-C114 where

the side groups rotated to 30°.
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10 —e—MBLG-C108 & MBLG-C114 |
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4 4.5 5 5.5
Distance (A)

Figure 4.13. Total energy versus distance of MBLG molecules in which the
peripheral mesityl groups are rotated to 10°. (a) The MBLG-C114 molecule where
the side groups rotated to 10° is positioned above the graphene electrode. (b)
Evolutions of total energy versus distance between graphene flake of MBLG and
one graphene sheet for MBLG-C96, MBLG-C108, and MBLG-C114 where the

side groups rotated to 10°.
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Figure 4.14. Total energy versus distance of MSLG-C96 in which the peripheral
mesityl groups are rotated to 40°, 35°, 30°, and 20°. (a) The MSLG-C96 molecule
where the side groups rotated to 20°, 30°, 35°, and 40° is positioned above the
graphene electrode. (b) Total energy (after subtracting a large negative number
for simplicity) versus distance between the graphene flake of MSLG-C96 and the
bottom graphene sheet, in which the side groups of MSLG are rotated to different

angles 20°, 30°, 35°, and 40°, relative to the flake.
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Tables 4.2, 4.3, 4.4 and 4.5 summarize the results discussed above in this section.

MBLG molecules

(in which the peripheral mesityl groups are close to 90°)

The distance(A°)

The total energy(eV)

MBLG-C114

6.2

-160355.3

MBLG-C108

6.4

-158688

MBLG-C96

Table 4.2.

6.3

peripheral mesityl groups are close to 90°.

(in which the
MBLG-C114

MBLG molecules

-154795.8

Total energy versus distance of MBLG molecules in which the

peripheral mesityl groups are rotated to 30°)

-160337.4

MBLG-C108

-160337.4

MBLG-C96

Table 4.3.

peripheral mesityl groups are rotated to 30°.

-154740.3

Total energy versus distance of MBLG molecules in which the
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MBLG molecules

(in which the peripheral mesityl groups are rotated to 10°)

MBLG-C114 . -160336.3

MBLG-C108 . -160336.3

MBLG-C96 . -154775

Table 4.4. Total energy versus distance of MBLG molecules in which the

peripheral mesityl groups are rotated to 10°.

MSLG-C96
The distance(A4°) The total energy(eV)

-134846.6

-134846.2

-134844.1

-134838.5

Table 4.5. Total energy versus distance of MSLG-C96 in which the peripheral

mesityl groups are rotated to 40°, 35°, 30°, and 20°.
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4.7 Configurations between MBLGs (MSLG) molecules and

graphene sheets

The DFT calculations I performed consider nine different configurations of MBLGs
(MSLG) molecules and graphene sheets, as shown in Figure 4.15 (a-d) and Figure 4.16
(a-e). The colours are used to distinguish the molecule (in this case MBLG-C114) from
the graphene sheets (grey colour). Below I will describe the steps involved in obtaining

each geometry.

There are four configurations between the MBLG-C114 and the graphene sheets shown
in Figure 4.15. (a) shows the Top-Hollow position (blue colour), where the C atom of
the graphene sheet overlaps the centre of MBLG-C114, (b) the Hollow-Hollow position
(orange colour) in which the centre of MBLG-C114 was shifted from the position in
(Figure 4.15 a) to up by 1.42 A, (c) the centre of MBLG-C114 was shifted from the

position in (Figure 4.15 a) to the right by 1.23 A (purple colour).

Next, I select the geometry shown in (Figure 4.15 b) and rotate the molecule inside to
several different angles. Based on the geometry shown in Figure 4.15 (b), the molecule

inside is rotated by 10° to obtain Figure 4.15 d (green colour).

Figure 4.16 shows another different configuration between the MBLGs (MSLGQG)
molecules and the graphene sheets. Using the junction shown in Figure 4.15 (b), the
molecule inside is rotated by 20°, 30°, 40°, 50° and 60° to obtain the geometry in Figure
4.16 a (yellow colour), b (light blue colour), ¢ (dark grey colour), d (pink colour) and e

(light green colour), respectively.
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Figure 4.15. Different configurations between MBLGs (MSLG) molecules and the
graphene sheets from a top view. The colours are used to distinguish the molecule

(in this case MBLG-C114) from the graphene sheets (grey colour).
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Figure 4.16. Different configurations between MBLGs (MSLG) molecules and the
graphene sheets from a top view. The colours are used to distinguish the molecule

(in this case MBLG-C114) from the graphene sheets (grey colour).
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4.8 Transmission function calculations

The purpose of this section is to calculate the transmission function of MBLG-C96,
MBLG-C108, MBLG-C114, and MSLG-C96 for each of the cases discussed in section
(4.5). For each structure, the transmission coefficients T'(E) were calculated using the
Gollum quantum transport code [30], which uses the DFT mean-field Hamiltonian and

overlap matrices from SIESTA.

To begin, I will describe the graphene sheet and the leads I used to perform my DFT
calculations. Figure 4.17 shows the graphene sheets and the green colour is used to
distinguish the four leads (or electrodes) which form the electrodes in the calculations.
Each graphene sheet is extended to + infinity in the z-direction, while in the y-direction,
periodic boundary conditions are used. In Figure 4.17 (b), the finite graphene sheet is
shown with a width of 45.52 A and a length of 36.92 A. Also, the lead on the right

contains 72 atoms.

The electrons are injected from leads 1 and 2 and collected by leads 3 and 4 (see the
purple arrows in Figure 4.17 a). In other words, the transmission function curves plotted
in this section represent a summation of the transmission function from lead 1 to lead 3
and lead 4 ( T13+T1.4), together with the transmission function collected from lead 2 to
lead 3 and lead 4 (T23+T24). The MBLGs and MSLG-C96 are placed between the two

graphene sheets and their electrical properties are calculated as described below.
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b)
The lead

36.92 A

<
<

Figure 4.17. (a) Sandwiched structures of the molecular junction based on MBLG-
C114, the green colour is used to distinguish lead 1, 2, 3 and 4 which form the
electrodes in the calculations. The electron is injected from lead 1 and 2 and the
transmission coefficient T is collected by lead 3 and 4 (the transmission function
curves represent the summation of T = T3+T14+T23+T24). (b) The finite graphene

sheet (left), The lead (right).
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4.8.1 Transmission function calculations of MBLGs for case (a)

Using the distances given in Table 4.2, I constructed molecular graphene junctions
based on MBLG-C114, MBLG-C108, and MBLG-(C96, in which the angles between
the graphene flake and the mesityl groups are around 90° (case a). Then, the

transmission coefficients of MBLG molecules are calculated as shown in Figure 4.18.

Figure 4.18 (b) shows the transmission spectra of MBLG-C96 (blue curve), MBLG-
C108 (orange curve), and MBLG-C114 (purple curve). The results show that MBLG-
C114 has the highest transmission coefficient, originating from the smallest
HOMO-LUMO gap and the largest molecular area (see Table 4.1). MBLG-C108
possesses a higher transmission compared to MBLG-C96, due to a stronger coupling
with electrodes (indicated by wider HOMO and LUMO transmission resonances) even
though the former has a larger HOMO-LUMO gap than the latter as shown in Table
4.1. However, the results show low conductance (10'°~10° Gy) between the two
graphene sheets compared to the experimental values (10°~10* Go) ( see Figure 4.35
for the experimental data). Consequently, it is estimated that the angles between the

side mesityl groups and the graphene flake of MBLGs would be smaller than 90°.

4.8.2 Transmission function calculations of MBLGs for case (b)

In this section, the transmission functions of molecular graphene junctions formed from
MBLG-C114, MBLG-C108, and MBLG-C96 with their side mesityl groups rotated to
30° (case b) are calculated using the distances shown in Table 4.3, for the nine
configurations shown in Figures (4.15 and 4.16). The transmission spectra of MBLG-
C96, MBLG-C108 and MBLG-C114 f with their side mesityl groups rotated to 30°, for

configurations described in Figure 4.15, can be seen in Figures 4.19, 4.21 and 4.23.
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Also, Figures 4.20, 4.22 and 4.24 present the transmission spectra of MBLG-C96,
MBLG-C108 and MBLG-C114 with their side mesityl groups rotated to 30° for
configurations described in Figure 4.16. Results demonstrate that all junctions of 30°
exhibit transmission functions between 10”7 Go and 10°% Gy at Fermi energy Er, which

are higher than those in the previous section (4.8.1) (see Figure 4.18).

4.8.3 Transmission function calculations of MBLGs for case (c)

For each of the nine configurations shown in Figures (4.15 and 4.16), the distances
shown in Table 4.4 for the molecular graphene junctions containing MBLG-C114,
MBLG-C108, and MBLG-C96 with their side mesityl groups rotated to 10° (case c) are

used to calculate the transmission functions.

The transmission spectra of MBLG-C96, MBLG-C108 and MBLG-C114 with their
side mesityl groups rotated to 10° are shown in Figures 4.25, 4.27, and 4.29 for
configurations described in Figure 4.15. Further, the transmission spectra of MBLG-
C96, MBLG-C108 and MBLG-C114 with their side mesityl groups rotated to 10° are
shown in Figures 4.26, 4.28, and 4.30 for configurations described in Figure 4.16. These
results indicate that the transmission probability at Fermi energy Er varies between10-
® Goand 10" Go, which is higher than the result mentioned above in sections (4.8.1) and

(4.8.2).

4.8.4 Transmission function calculations of MSLG for case (d)

In this section, cross-plane junctions of MSLG-C96 with the side groups rotated to 40°,
35°, 30°, and 20° were constructed using the distances shown in Table 4.5. The

transmission functions were then calculated, as shown in Figure 4.31. As shown in
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Figure 4.31 (b), MSLG-C96 exhibits a greater transmission spectrum at Fermi energy

EFr as the angle of the side mesityl groups decreases from 40° to 20°.

It is also found that a side group angle of 40° relative to the plane of MSLG-C96 gives
the closest agreement with the experimental conductance (see the horizontal black
dotted line in Figure 4.31 (b) which represents the experimental value of the

conductance of molecular junctions for MSLG-C96).

Furthermore, a variety of configurations described in Figure 4.15 and Figure 4.16
between the graphene sheets and the MSLG-C96 with side groups rotated to 40° are
studied. Figures 4.32 and 4.33 show the nine-transmission spectrum of MSLG-C96 with
side groups rotated to 40°corresponds to nine different configurations described in

Figures 4.15 and 4.16.

The results show that the transmission spectrum of MSLG-C96 at Fermi energyE when
the side groups are rotated to 40° varies between 10 Goand 10* Go. As shown in the
section (4.8), charge transport through molecular junctions of MBLGs and MSLG-C96
is sensitive to the angle between the graphene flake and peripheral mesityl groups and
the rotation angles of the mesityl groups could tune the charge transport between the

two graphene sheets.
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Figure 4.18. Transport properties of MBLG molecules in which the peripheral
mesityl groups are close to 90°. (a) Sandwiched structure of the molecular junction
of MBLG-C114. (b) Transmission spectra of MBLG-C96, MBLG-C108, and
MBLG-C114 (The black dotted line represents Fermi energyEr, estimated by
density functional theory (DFT) and the transmission function curves represent

the summation of T13+T14+T23+T24.
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Figure 4.19. Transmission spectra of the different configurations (described in

Figure 4.15) of MBLG-C96 as rotating the side groups to 30° relative to the

graphene flake (The black dotted line represents Fermi energyE, estimated by

density functional theory (DFT).

104



0 T r 0 T :
1 MBLG-C96 (20°) 1 MBLG-C96 (30°)
-1} 1 -1} |
1 1
-2 I -2r I
—~ | ~ |
w3} Y3t
E3 ! = :
! o
34 | S I
1 v 1
-5 I -5 1
1 el 1
-6 : 6 ;
-7 | L " -7 1 L L
-0.5 0 0.5 1 1.5 -0.5 0 0.5 1 1.5
DFT
E-E7' (eV) E-E2'' (eV)
©) d)
0 T T — 0 T .
| MBLG-C96 (40°) | MBLG-C96 (50°)
1 -1t 1
1 1
-2T 1 -2F 1
~ | ~ I
= | W3t I
= _4 | [t :
=)} m_4 L
° 1 K=) 1
1 1
_6 T _5 I
I 6} 1
1 I
-8 1 L L -7 1 L .
-0.5 0 0.5 1 1.5 -0.5 0 0.5 1 1.5
E-ET (eV) E-EPT (eV)
e) 0 T .
1 MBLG-C96 (60°)
|
2t !
1
o) |
F_a ,
(=2
k) I
1
-6 1
1
1
-8 1 . .
-0.5 0 0.5 1 1.5

E- EFDFT (eV)

Figure 4.20. Transmission spectra of the different configurations (described in
Figure 4.16) of MBLG-C96 as rotating the side groups to 30° relative to the
graphene flake (The black dotted line represents Fermi energyE, estimated by

density functional theory (DFT).
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Figure 4.21. Transmission spectra of the different configurations (described in

Figure 4.15) of MBLG-C108 as rotating the side groups to 30° relative to the

graphene flake (The black dotted line represents Fermi energyE, estimated by

density functional theory (DFT).
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Figure 4.22. Transmission spectra of the different configurations (described in
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density functional theory (DFT).
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Figure 4.23.

Transmission spectra of the different configurations (described in

Figure 4.15) of MBLG-C114 as rotating the side groups to 30° relative to the

graphene flake (The black dotted line represents Fermi energyE, estimated by

density functional theory (DFT).
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Figure 4.24. Transmission spectra of the different configurations (described in
Figure 4.16) of MBLG-C114 as rotating the side groups to 30° relative to the
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density functional theory (DFT).
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Figure 4.26. Transmission spectra of the different configurations (described in
Figure 4.16) of MBLG-C96 as rotating the side groups to 10° relative to the
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density functional theory (DFT).
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Figure 4.27. Transmission spectra of the different configurations (described in
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density functional theory (DFT).
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Figure 4.28. Transmission spectra of the different configurations (described in

Figure 4.16) of MBLG-C108 as rotating the side groups to 10° relative to the
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Figure 4.29. Transmission spectra of the different configurations (described in
Figure 4.15) of MBLG-C114 as rotating the side groups to 10° relative to the
graphene flake (The black dotted line represents Fermi energyE, estimated by

density functional theory (DFT).
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Figure 4.30. Transmission spectra of the different configurations (described in
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Figure 4.31. (a) Sandwiched structure of the molecular junction of MSLG-C96.
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of molecular junctions for MSLG-C96 as shown in Figure 4.35 (b) ).
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Figure 4.32. Transmission spectra of several configurations (described in Figure
4.15) of MSLG of C96 with side groups rotated to 40° (The black dotted line

represents Fermi energyE, estimated by density functional theory (DFT).
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Figure 4.33. Transmission spectra of several configurations (described in Figure
4.16) of MSLG of C96 with side groups rotated to 40° (The black dotted line

represents Fermi energyE, estimated by density functional theory (DFT).
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4.9 The average of the transmission functions of MBLG and

MSLG molecules
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Figure 4.34. The average of the transmission spectra of the different geometries
of, (a)MBLG-C96 as rotating the side groups to 30° relative to the graphene flake
(solid curves). (b) MBLG-C96 as rotating the side groups to 10° relative to the
graphene flake (dotted curves). (c) MBLG-C108 as rotating the side groups to 30°
relative to the graphene flake (solid curves). (d) MBLG-C108 as rotating the side
groups to 10° relative to the graphene flake (dotted curves). (¢) MBLG-C114 as
rotating the side groups to 30° relative to the graphene flake (solid curves). (f)
MBLG-C114 as rotating the side groups to 10° relative to the graphene flake
(dotted curves). And (g) MSLG-C96 as rotating the side groups to 40° relative to
the graphene flake (solid curves) and the average of all 18 transmission curves

(black solid curve).

In this section, the average transmission functions of MBLG-C96, MBLG-C108, and
MBLG-C114 with side groups rotated to 30° and 10°, and MSLG-C96 with side groups
rotated to 40° are calculated. In Figure 4.34, I grouped the transmission spectra of
several configurations of MBLG-C96 with side groups rotated to 30° (a) and 10° (b),
the solid-coloured curves are collected from Figures (4.19 and 4.20) and the dotted
coloured curves collected from Figures (4.25 and 4.26). The black solid curves present

the average of all 18 transmission curves of MBLG-C96.

Similarly, for MBLG-C108 and MBLG-C114, the solid-coloured curves are collected
from Figures (4.21 and 4.22, 4.23 and 4.24 ) and the dotted-coloured curves from
Figures (4.27 and 4.28, 4.29 and 4.30) and the black solid curves, presents the average
of all 18 transmission curves of MBLG-C108 and MBLG-C114. Figure 4.34 shows that

the higher transmission functions of 10° geometries make the majority of contributions
g g JOTItY
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to the average ones. Also, Figure 4.34 (g) shows transmission curves of several
configurations of MSLG-C96 with side groups rotated to 40° relative to the graphene
flake (collected from Figures 4.32 and 33) and the black solid curve presents the average

of all nine transmission curves of MSLG.

4.10 Comparison of DFT results with experimental results

To discuss DFT results and compare them with experimental results, Figure 4.35
presents (a) the averages of MBLG-C114, MBLG-C108, MBLG-C96, and MSLG-C96

separately, and (b-c) show the experimental results (The Figures are taken from [26])

In Figure 4.35 (a), the DFT results indicate that MBLG-C114, which has the largest
molecular area, has the highest transmission function, compared to the smaller
molecules MBLG-C108 and MBLG-C96. It is shown in Figure 4.28 b, that the DFT
results are in agreement with experimental data, in which the molecular junction of
MBLG-C114 exhibits the highest measured conductance, and MBLG-C96 exhibits the

lowest.

Also, DFT results presented in Figure 4.35 (a) demonstrate that MSLG-C96 (green
colour) has a greater transmission spectrum than MBLG molecules, which is also

consistent with experimental results (Figure 4.28 c).
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Figure 4.35. Comparison of DFT results with experimental results (a) The average
transmission function of MBLG-C96 (blue curve), MBLG-C108 (orange curve),
MBLG-C114 (purple curve), and MSLG-C96 (green curve) as a function of the
Fermi energyEp, estimated by density functional theory (DFT). (b) 1D
conductance histograms of MBLG-C96, MBLG-C108, and MBLG-C114. (c¢)
Comparison of 1D conductance histograms of the single-molecule junctions for

MBLG-C96 and MSLG-C96 with Gaussian fitting.
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4.11 Theoretical simulations for MSLG-C96 with side

groups that rotated to 30° and without it.

It is also interesting to note that the mesityl groups can also mediate electron transport.
Figure 4.26 presents theoretical simulations of MSLG-C96 with its side groups rotated
to 30°(blue curve), as well as MSLG-C96 with its side groups manually cut (orange
curve). It is shown that by artificially removing the mesityl groups, whilst maintaining

the spacing between the graphene electrodes, the electrical conductance is reduced.

a) b)

Lead 4

Lead 3 M , Lead 4

Lead 2 Lead 1 Lead 2

I
===MSLG-C96,(30°)
— MSLG-C96I (after cutting the side groups)

-0.5 0 0.5 1 1.5
E-Ef_.’” (eV)

Figure 4.36. Theoretical simulations for MSLG-C96 with side groups that rotated
to 30° and without it. (a) The sandwiched structure for MSLG-C96 with side
groups rotated to 30°. (b) The sandwiched structure for MSLG-C96 after
manually cutting the side groups. (¢) DFT-based transmission functions for

MSLG-C96 with side groups (blue curve) and MSLG-C96 after cutting the side
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groups (orange curve) (The black dotted line represents Fermi energyErp,

estimated by density functional theory (DFT).

4.12 Conclusion

In this work, I investigated charge transport through molecular bilayer graphene
(MBLG) junctions with graphene electrodes using ab initio density functional theory
(DFT). The DFT results show that the electrical conductance of molecular junctions
based on MBLG-C114 is larger than those of the smaller molecules MBLG-C96 and
MBLG-C108, suggesting that the size of MBLG could be used to tune charge transport
through vdW heterojunctions. Also, it was found that the molecular junctions based on

MSLG-C96 are more conductive than MBLG-C96.

Furthermore, DFT calculations demonstrate that the angle between the core of
molecular graphene and peripheral mesityl groups has a significant effect on the charge
transport through single-molecule graphene junctions, and the flattening of the mesityl

groups leads to higher electrical conductance.
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Chapter 5.

5 Regulation of cross-plane transport by changing

substituents and conjugation
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In this project, my DFT calculations at Lancaster University formed part of a

collaboration with experimentalists at Xiamen University in China.

In this work, the effect of substituents and conjugation of molecules on charge transport
through single-molecule junctions (SMJs) are investigated utilizing density functional
theory (DFT). I find that the conductance of pyrene increases after being substituted by
both electron-withdrawing and electron-donating groups, unlike the in-plane transport
in the single-molecule junctions. On the other hand, I also find that hydrogenation
disrupts conjugation reduces conductance. This work provides an important reference
value for the precise regulation of electron transport in graphene-based molecular

junctions by changing the degree of conjugation and substituents of molecules.

This work will be published soon in the name of Aromaticity changes the single-

molecule conductance of the graphene-based cross-plane junctions.
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5.1 Introduction

In the past decades, the electrical properties of many molecular electronic devices have
been investigated, such as molecular wires [1-3], molecular switches [4-6], molecular

rectifiers [7, 8], and molecular transistors [9, 10].

On the electrical properties of molecular electronic devices, electrode materials and
anchoring groups of molecules have vital influences [11]. Currently, the main electrode
materials are metallic and carbon-based materials, like carbon nanotubes or graphene.
Compared with metallic electrodes, the graphene electrode has a highly dispersive
density of states around the Fermi energy [12], remarkable mechanical strength, and
robust chemical stability. Besides, graphene electrodes can be coupled with molecules
through covalent bonds [5, 13] or n-n stacking interactions [14-18] to be fabricated as

graphene-based molecular junctions.

Based on the features of graphene, several fabrication approaches for single-molecule
junctions have been developed such as electroburning [19, 20], dash-line lithography
[21, 22], and break junction [18]. In comparison, the break junction technique can be
utilized for reproducible conductance measurement by forming thousands of single-
molecule junctions within a short time and the size of the nano-scale gaps could be
tuned to adapt different lengths of molecules during the pulling process to form

molecular junctions.

Recently, a novel cross-plane break junction (XPBJ) technique together with DFT has
been utilized to construct graphene M-vdWHs with polycyclic aromatic hydrocarbons
effectively [17]. It is proved that the charge transport of this model was significantly

different from that of conventional in-plane transport.
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In this study, two sets of molecules were examined using Density Functional Theory
(DFT) to analyse the impact of electron-withdrawing and electron-donating groups on
the backbone molecules by introducing different types of substituents in the cross-plane
charge transport junctions. Additionally, the influence of conjugation on electron

transport in cross-plane molecular junctions was investigated.

5.2 Studied molecules

A study of the electrical properties of two groups of molecules is presented in this
Chapter to study the effect of substituents and conjugation of molecules on charge
transport in cross-plane molecular junctions. Using group (1), I study the effects of
introducing electron-withdrawing substituents (-Br) and electron-donating substituents
(-NHz) on electron transport, since the introduction of the substituents changes the
energy distribution within the molecule. In Group (1), three molecules have been
selected, 1,6-diaminopyrene (DAPyr), 1,6-dibromopyrene (DBPyr), with substituents

at the 1 and 6 sites of Pyrene respectively as shown in Figure 5.1.

a) b) c)

30 T &R

Br NH,

Pyrene DBPyr DAPyr

Figure 5.1. The chemical structures of the group (1) molecules: (a) Pyrene, (b)

DBPyr and (c) DAPyr.
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a) b) ©)
4HPyr 6HPyr 16HPyr

Figure 5.2. The chemical structures of the group (2): (a) 4HPyr, (b) 6HPyr and (¢)

16HPyr.

In addition, group (2) includes the following molecular systems: hexahydropyrene
(6HPyr), Tetrahydropyrene (4HPyr) and hexadecahydropyrene (16HPyr) as shown in

Figure 5.2.

The number of aromatic rings decreases sequentially in the molecular structure, the
aromatic rings are replaced by semi-saturated six-membered rings, and the planarity of
the four molecules decreases sequentially. For the three-dimensional spatial structure
of the four molecules, the molecule Pyrene is completely planar, while 16HPyr consists
of fully saturated cyclohexane, which is the least planar. For 6HPyr the two aromatic
rings are located in the middle of the molecule and can make the molecule as a whole
closer to planarity, while for 4HPyr the two aromatic rings are located at the ends of the
molecule and the planarity of the molecule as a whole is poor compared to 6HPyr. The

order of the conjugation of the four molecules is pyrene, 6HPyr, 4HPyr and 16HPyr.
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5.3 The geometry optimization

The geometrical optimization of the studied molecules (see Figure 5.1 and 5.2) is
achieved using the density functional theory (DFT) code SIESTA [23]. The Van der
Waals density functional (vdW-DF) [24], was used with a double-polarised atomic
orbital basis set for carbon, bromine, nitrogen and hydrogen. The Mesh cut-off energy
is set to 200 Rydberg. A relaxation process was applied to the molecules until the forces
between the atoms reached 0.02 eV/ A. Figures 5.3 and 5.4 show the fully relaxed

1solated molecules.

a) b)

DAPyr
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Figure 5.3. Top view of fully relaxed isolated molecules. (a) Pyrene (b) DBPyr (¢)
DAPyr. (Key: Carbon C = grey, Bromine Br = red, Nitrogen N = blue and

Hydrogen H = white ).

a) b)

16HPyr

Figure 5.4. Top view of fully relaxed isolated molecules. (a) 4HPyr (b) 6HPyr (¢)

16HPyr-a (d) 16HPyr-b. (Key: C = grey and H = white).
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5.4 Frontier orbitals

As part of the DFT calculations, I used the methods described in Chapter 2, to first
evaluate the wave functions of the molecules (see Figures 5.1 and 5.2) and calculate the
HOMO-LUMO gaps in order to gain a detailed understanding of their transport

characteristics.

A plot of the frontier orbitals of the group (1): Pyrene, DBPyr, and DAPyr molecules is
shown in figures 5.5 to 5.7. The highest occupied molecular orbitals (HOMO), lowest
unoccupied molecular orbitals (LUMO), HOMO-1, and LUMO+1 along with their
respective energies are shown. In Figures 5.8 to 5.10, the frontier orbitals for the group
(2): 4HPyr, 6HPyr, and 16HPyr are also plotted; the highest occupied molecular orbitals
HOMO, the lowest unoccupied molecular orbitals LUMO, HOMO-1, and LUMO+1

are also displayed.

According to Table 5.1, Pyrene, DBPyr, and DAPyr have HOMO-LUMO gaps of 2.6,
2.3, and 2.2, respectively. The HOMO-LUMO gaps for 4HPyr, 6HPyr, and 16HPyr are

3.3,3.1, and 5.1, respectively, as shown in Table 5.1.
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Pyrene

9

Er=-3.67 ¢V

LUMO+1 LUMO

Figure 5.5. Wave functions of Pyrene. Top panel: fully optimised geometry of
Pyrene. Lower panel: HOMO, LUMO, HOMO-1, LUMO+1 of pyrene along with

their energies.
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DBPyr

<

Er=-3.68 eV

LUMO+1 LUMO

Figure 5.6. Wave functions of DBPyr. Top panel: fully optimised geometry of
DBPyr. Lower panel: HOMO, LUMO, HOMO-1, LUMO+1 of DBPyr along with

their energies.
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DAPyr

* ]

Er=-2.72 eV

LUMO+1 LUMO

Figure 5.7. Wave functions of DAPyr. Top panel: fully optimised geometry of
DAPyr. Lower panel: HOMO, LUMO, HOMO-1, LUMO+1 of DAPyr along with

their energies.
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4HPyr

Er=-3.54 ¢V
LUMO+1 LUMO

Figure 5.8. Wave functions of 4HPyr. Top panel: fully optimised geometry of
4HPyr. Lower panel: HOMO, LUMO, HOMO-1, LUMO+1 of 4HPyr along with

their energies.
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6HPyr

9

Er=-3.73 ¢V
LUMO+1 LUMO

-4.78 eV -5.86 ¢V

Figure 5.9. Wave functions of 6HPyr. Top panel: fully optimised geometry of
6HPyr. Lower panel: HOMO, LUMO, HOMO-1, LUMO+1 of 6HPyr along with

their energies.
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16HPyr

Er=-5.19¢V
LUMO+1 LUMO

Figure 5.10. Wave functions of 16HPyr. Top panel: fully optimised geometry of
16HPyr. Lower panel: HOMO, LUMO, HOMO-1, LUMO+1 of 16HPyr along with

their energies.
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The studied molecules

The HOMO-LUMO

gap
Pyrene
y 2.6
Group (1) DBPyr
2.3
DAPyr
Y 2.1
4HPyr
33
Group (2) 6HPyr
3.1
16HPyr
y 5.19

Table 5.1. HOMO-LUMO gap of studied molecules: group (1) molecules: Pyrene,

DBPyr, and DAPyr. And group (2) molecules: 4HPyr, 6HPyr, and 16HPyr.

5.5 Configurations between the studied molecules and

graphene sheets

The calculations presented in this study take into account two different stacking

configurations between the studied molecules and graphene sheets: AB stacking and

AA stacking. Figure 5.11 illustrates AB and AA stacking for the group (1): Pyrene,

DBPyr, and DAPyr and Figure 5.12 shows AB and AA stacking for the group (2):

4HPyr, 6HPyr, and 16HPyr.
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AB stacking b) AA stacking

a)

Figure 5.11. Configurations between group (1) molecules and graphene sheet. a)

Pyrene form AB stacking with graphene sheet, b) Pyrene form AA stacking with

stacking with graphene sheet, d) DBPyr form

graphene sheet, c) DBPyr form AB

AA stacking with graphene sheet, ¢) DAPyr form AB stacking with graphene sheet,

f) DAPyr form AA stacking with graphene sheet. (The green colour is to distinguish

the molecule from the graphene sheet).
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AB stacking b) AA stacking

a)

Configurations between group (2) molecules and graphene sheet. a)

Figure 5.12.

4HPyr form AB stacking with graphene sheet, b) 4HPyr form AA stacking with

d) 6HPyr form

9

stacking with graphene sheet

, ¢) 6HPyr form AB

graphene sheet

AA stacking with graphene sheet, ¢) 16HPyr form AB stacking with graphene

sheet, f) 16HPyr form AA stacking with graphene sheet. (The green colour is to

distinguish the molecule from the graphene sheet).
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5.6 Determine the distance by optimising

The purpose of this section is to determine the distance between the graphene sheet and
the molecules under study. To achieve that, the molecules of group (1) and group (2)
were placed above the graphene sheet and then the half-junction was relaxed using
SIESTA [23]. The Van der Waals density functional [24] (vdW-DF) was used with a
double-polarized atomic orbital basis for carbon, bromine, nitrogen, and hydrogen. The
Mesh cut-off energy is set to 200 Rydberg. The molecules relax over the fixed graphene
sheet until the force between atoms becomes 0.02 eV/ A. Below, I describe the
measured optimum distance between the molecules in groups (1) and (2) and the

graphene sheet.

5.6.1 Determine the distance for the group (1)

Here, the optimised half-junctions for Pyrene, DBPyr, and DAPyr are obtained, and the
optimum distance between the bottom graphene sheet and the group (1) molecules is

measured.

As shown in Figure 5.13, the optimum distance in the case of AB stacking is found to
be 3.17 A with a total energy of -29802.7 eV for Pyrene, 3.20 A with a total energy of
-30491eV for DBPyr and 3.15A with a total energy of -30374.7 eV, for DAPyr.
Additionally, the optimum distances are measured for AA stacking and found to be 3.27
A with a total energy of -29802.5 eV, 3.31 A a with total energy of -30490.8 eV and

3.27 A with a total energy of -30374.5 eV for Pyrene, DBPyr, and DAPyr respectively.

Table 5.2 and Table 5.3 summarize the optimum distances and their corresponding total

energies mentioned above.
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a) AB stacking b) AA stacking

! zd=3.17A r' I d=3274

©) d)
:d;&ZOA |d;3.31A
€) 1))

e c ¥
;d=3.15A d=3274A

Figure 5.13. The optimised half-junctions of the group (1) in the case of AB and
AA stacking. a) half-junction based on Pyrene in the case of AB stacking, b) half-
junction based on Pyrene in case of AA stacking, ¢) half-junction based on DBPyr
in case of AB stacking, d) half-junction based on DBPyr in case of AA stacking, e)
half-junction based on DAPyr in case of AB stacking, f) half-junction based on

DAPyr in case of AA stacking.

Group (1) molecules

AB configuration
The distance(A4°) The total energy(eV)

3.17 -29802.7
3.20 -30491
3.15 -30374.7

Table 5.2. The optimum distances with their corresponding total energy for group

(1) molecules for AB configuration.
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Group (1) molecules

AA configuration
The distance(A4°) The total energy(eV)

3.27 -29802.5
3.31 -30490.8
3.27 -30374.5

Table 5.3. The optimum distances with their corresponding total energy for group

(1) molecules for AA configuration.

5.6.2 Determine the distance for the group (2)

The optimised half-junctions based on 4HPyr, 6HPyr, and 16HPyr are obtained for both
AB and AA stacking, and then the optimum distance between the bottom graphene sheet

and the molecules is determined.

As described in section (5.2), group (2) molecules have different degrees of conjugation
as a result of planarity. Therefore, to calculate the optimum distances, I measured the
distance between each carbon atom of the molecules and the graphene sheet and then
calculated the average of all distances. Figure 5.14 shows the average optimum
distances for 4HPyr, 6HPyr and 16HPyr are 3.29 A, 3.46 A and 3.79 A with total energy
-29867.4 eV, -29900.2 eV and -30062.8 eV respectively for AB stacking configuration.
While, in the case of AA stacking configuration the average optimum distances for
4HPyr, 6HPyr and 16HPyr are measured to be 3.43 A, 3.51 A and 4.02 A with total
energies -29867.3 eV, -29900 eV and -30062.8 eV respectively. Clearly, compared to

4HPyr and 6HPyr, non-planar 16HPyr is the most weakly coupled to the graphene
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electrodes. The optimum distances mentioned above with their total energies are

summarized in Table 5.4 and Table 5.5.

Group (2) molecules

AB configuration

The distance(A4°)

The total energy(eV)

3.29

-29867.4

3.46

-29900.2

3.79

-30062.8

Table 5.4. The optimum distances with their corresponding total energy for group

(2) molecules for AB configuration.

Group (2) molecules

AA configuration
The distance(A4°)

The total energy(eV)

3.43

-29867.3

3.51

-29900

4.02

(2) molecules for AA configuration.

-30062.8

Table 5.5. The optimum distances with their corresponding total energy for group

149



a) AB stacking b) AA stacking

~ ;d=3.29A : :d='3.43A

c) d

L id=’3.46A k §d=3-51A

e) f)

Figure 5.14. The optimised half-junction of the group (2) for AB and AA stacking.
a) half-junction based on 4HPyr in case of AB stacking, b) half-junction based on
4HPyr in case of AA stacking, c¢) half-junction based on 6HPyr in case of AB
stacking with, d) half-junction based on 6HPyr in case of AA stacking, e) half-
junction based on 16HPyr in case of AB stacking, f) half-junction based on 16 HPyr

in case of AA stacking.

5.7 The optimized cross-plane molecular junctions

After obtaining the optimum geometry for each half-junction, as discussed in the
previous section, I used the optimum distance to construct the cross-plane junction in

which the studied molecule lies between two graphene sheets.

In the following step, I used the SIESTA code again to optimise the cross-plane

junctions formed by the studied molecules. The Van der Waals density function (vdW-
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DF) with double-polarized atomic orbital bases set for carbon, bromine, nitrogen, and
hydrogen was used and the Mesh cut-off energy was set to 200. The studied molecules
are relaxed between two fixed graphene sheets until the tolerance force reaches 0.02
eV/ A. Figure 5.15 shows the top and side views of the optimized cross-plane junctions
for Pyrene, DBPyr, and DAPyr in the group (1). Also, Figure 5.16 illustrates both the
top and side views of the optimized cross-plane junction for the group (2): 4HPyr,
6HPyr, and 16HPyr. The green colour is used to distinguish molecules in the junction
from grey graphene sheets. It is clear from the top view of the junction that the
molecules studied, and the graphene sheets are arranged in AB and AA configurations.

Also, due to the non-planarity of 16HPyr, the AB and AA stacking is not perfect.

AB stacking AA stacking

a) Top view of pyrene b) Top view of pyrene

Side view of a) Side view of b)
B ] R
SPGB S
¢) Top view of DBPyr d) Top view of DBPyr
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Figure 5.15. Top row: (a) Top view of the cross-plane junction of pyrene, Bottom row (a)

Side view of the sandwiched cross-plane junction of pyrene for AB configuration. Top

row: (b) Top view of the cross-plane junction of pyrene, Bottom row (b) Side view of the

sandwiched cross-plane junction of pyrene for AA configuration. (c) Top view of the cross-

plane junction of DBPyr, Bottom row (c) Side view of the sandwiched cross-plane junction

of DBPyr for AB configuration. (d) Top view of the cross-plane junction of DBPyr, Bottom

row (d) Side view of the sandwiched cross-plane junction of DBPyr for AA configuration.

(e) Top view of the cross-plane junction of DAPyr, Bottom row (e) Side view of the

sandwiched cross-plane junction of DAPyr for AB configuration. (f) Top view of the cross-

plane junction of DAPyr, Bottom row (f) Side view of the sandwiched cross-plane junction

of DAPyr for AA configuration.
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AA stacking
b) Top view of 4HPyr
Side view of b)

AB stacking
a) Top view of 4HPyr
Side view of a)

d) Top view of 6HPyr

¢) Top view of 6HPyr
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Figure 5.16. Top row: (a) Top view of the cross-plane junction of 4HPyr, Bottom row (a)
Side view of the sandwiched cross-plane junction of pyrene for AB configuration. Top
row: (b) Top view of the cross-plane junction of 4HPyr, Bottom row (b) Side view of the
sandwiched cross-plane junction of pyrene for AA configuration. (c) Top view of the cross-
plane junction of 6HPyr, Bottom row (c) Side view of the sandwiched cross-plane junction
of 6HPyr for AB configuration. (d) Top view of the cross-plane junction of 6HPyr, Bottom
row (d) Side view of the sandwiched cross-plane junction of 6HPyr for AA configuration.
(e) Top view of the cross-plane junction of 16HPyr, Bottom row (e) Side view of the
sandwiched cross-plane junction of 16HPyr for AB configuration. (f) Top view of the
cross-plane junction of 16HPyr, Bottom row (f) Side view of the sandwiched cross-plane

junction of 16HPyr for AA configuration.
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5.8 Transmission function calculations

To further reveal the electrical properties of cross-plane molecular junctions, the
transmission coefficients 7(E) are calculated using the density functional code SIESTA

[23] and the quantum transport code GOLLUM [25].

My first step will be to describe the graphene sheet and the leads that are used in my
DFT calculations. An example of a cross-plane molecular junction is shown in Figure
5.17 (a), where the molecule is sandwiched between two graphene sheets. Each
graphene sheet is extended to +oo in the z-direction and periodic boundary conditions
are used in the y-direction to avoid edge effects. A total of four leads are involved in
the calculations (see Figure 5.17 a; I used green to discriminate the leads). Figure 5.17
(b) provides additional information about the graphene sheet and the leads. The
graphene sheet has a length of 25.84 A and a width of 15.62 A. As can be seen on the
right, the lead contains 32 atoms. Following this, cross-plane currents are injected from
lead 1 and collected from leads 3 and 4. Therefore, the transmission function curves
plotted in this section represent the summation of the transmission functions from lead
1 to lead 3 and lead 4 (see the purple arrows in Figure 5.17 a). The transmission function
of group (1) and (2) molecules is calculated by sandwiching them between the two

graphene sheets as described below.
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b
) 25.84 A The lead

15.62 A

Figure 4.17. (a) Sandwiched structures of the molecular junction formed from
Pyrene. The green colour represents lead 1, 2, 3 and 4, which are used as
electrodes. The electron is injected from lead 1 and the transmission coefficient T
is collected by lead 3 and 4 (the transmission function curves represent the

summation of T = T13+T14). (b) The finite graphene sheet (left), The lead (right).
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5.8.1 Transmission function calculations for group (1)

This section presents the transmission functions for group (1) molecules: Pyrene,
DBPyr and DAPyr to study the effect of introducing electron-withdrawn substituents (-
Br) and electron-donating substituents (-NHz) on electron transport in cross-plane

molecular junctions.

Figure 5.18 shows transmission spectra for both AB and AA configurations for Pyrene
(a-b), DBPyr (c-d) and DAPyr (e-f). To compare DFT results and demonstrate the effect
of substituent groups, including electron-withdrawn groups (-Br) as well as electron-
donating groups (-NHz), I have collected transmission function curves of Pyrene,
DBPyr, and DAPyr for the AB configuration in Figure 5.19 (a), while the transmission
function curves of Pyrene, DBPyr, and DAPyr for the AA configuration are shown in
Figure 5.19 (b). The results indicate that in both AB and AA configurations, the
transmission functions of the molecular junctions containing DAPyr and DBPyr are
higher than those in Pyrene at Fermi energy Er (dotted vertical black line, predicted by
DFT), which can be related to a decrease in the HOMO -LUMO gap for the

corresponding molecules (see Table 5.1).

It can be concluded that the introduction of substituent groups, both electron-withdrawn
and electron-donating groups, enhances the electron transport in cross-plane molecular
junctions to different degrees. It is possible that the introduction of substituents around
the aromatic ring of pyrene provides more transport channels for electron transport. This
shows a different pattern from conventional metal electrode in-plane transport where
the electron-donating substituents increase the molecular junction conductance, and the

electron-withdrawing substituents decrease the molecular junction conductance [26].
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Figure 5.18. DFT-based transmission functions of Pyrene, DBPyr and DAPyr for both

AB and AA configurations. (a) Transmission functions for Pyrene in case of AB

configuration, (b) Transmission functions for Pyrene in case of AA configuration, (c)

Transmission functions for DBPyr in case of AB configuration, (d) Transmission functions

for DBPyr in case of AA configuration, (e¢) Transmission functions for DAPyr in case of

AB configuration, and (f) Transmission functions for DAPyr in case of AA configuration.
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a) AB stacking b) AA stacking

0 T T 0 T T
=== Pyrene-AB === Pyrene-AA
===DBPyr-AB 05 === DBPyr-AA
===DAPyr-AB ’ === DAPyr-AA

_3 L
-2.5
.| 1 " 1 L 1 =3 L L | 1 L
-1.5 -1 -0.5 0 0.5 1 1.5 -1.5 -1 -0.5 0 0.5 1 1.5
E-EF"” (eV) E—EEFT (eV)

Figure 5.19. Theoretical simulations for group (1) molecules for AB and AA stacking. (a)
Transmission spectra for Pyrene (blue), DBPyr (orange), and DAPyr (green) in AB
stacking case, (b) Transmission spectra for Pyrene (blue), DBPyr (orange), and DAPyr

(green) in AA stacking case.

5.8.2 Transmission function calculations for group (2)

To study the effects of conjugation and planarity in cross-plane molecular graphene
junctions, I calculate the transmission function of 4HPyr, 6HPyr, and 16HPyr. Figure
5.20 shows the transmission spectra of molecular junctions based on 4HPyr, 6HPyr and

16HPyr for both AB and AA stacking.

The molecular junction constructed by 6HPyr exhibits higher transmission than the
molecular junction of 4HPyr and 16HPyr at Fermi energy Er (indicated by a black
dotted line) for AB stacking as shown in Figure 5.21 (a). Moreover, For AA stacking
Figure 5.21 (b) shows that 6HPyr has the highest transmission spectra compared to
4HPyr and 16HPyr. According to these results, the conductance of the cross-plane

graphene junctions decreases with decreasing conjugation of the m system. As the
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degree of conjugation of the three molecules gradually decreases, the conductance of
their constructed molecular junctions decreases accordingly, which is consistent with
the conclusion that disruption of the conjugated structure affects the electrical transport

of graphene/fullerene single molecule/graphene junctions [27].
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Figure 5.20. DFT-based transmission functions of 4HPyr, 6HPyr and 16HPyr for AB and
AA configurations. (a) Transmission functions for 4HPyr in case of AB configuration, (b)
Transmission functions for 4HPyr in case of AA configuration, (¢) Transmission functions
for 6HPyr in case of AB configuration, (d) Transmission functions for 6HPyr in case of AA
configuration, (e) Transmission functions for 16HPyr in case of AB configuration, and (f)

Transmission functions for 16HPyr in case of AA configuration.

a) AB stacking b) AA stacking
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Figure 5.21. Theoretical simulations for group (2) molecules for AB and AA stacking.
(a) Transmission spectra for 4HPyr (blue), 4HPyr (orange), and 16HPyr (green) in AB

stacking, (b) Transmission spectra for 4HPyr (blue), 4HPyr (orange), and 16HPyr (green)

in AA stacking.

5.9 Comparison of DFT results with experimental results

The purpose of this section is to compare the DFT results (discussed in the previous

section) with experimental data obtained by collaborators at Xiamen University as

shown in Figure 5.22.
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Figure 5.22. a) 1D conductance histograms for Pyr (grey), DAPyr (light blue) and
DBPyr (pink) Molecule-vdWHs. b) The 1D conductance histograms for 6HPyr

(blue), 4HPyr (green), and 16HPyr (orange) Molecule-vdWHs.

In Figure 5.22 (a), 1D conductance histograms are shown for DAPyr, DBPyr, and
pyrene. According to the results, DAPyr and DBPyr have greater electrical conductance
than pyrene. This is in agreement with the DFT results for both AB and AA stackings
(see section 5.8.1). Additionally, Figure 5.22 (b) shows the electrical conductance of
the molecular junctions based on 6HPyr, 4HPyr, and 16HPyr. In this case, the electrical
conductance of the molecular junction decreases with the weakening of the molecular

conjugation, which is consistent with the DFT calculations presented in section (5.8.2).

5.10 Conclusion

To summarize, I have investigated the impact of substituents on the cross-plane charge
transport in graphene-molecule-graphene junctions using density functional theory

DFT. I found that both electron-withdrawing and electron-donating substituents can
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enhance electron transport of interlayer transport, which is different from the regular in-
plane transport of conventional metal electrodes. DFT calculations show that this
increase appears to be correlated with a decrease in the HOMO - LUMO gap of the

corresponding molecules.

In addition, non-fully planar organic molecules with different degrees of conjugation
and planarity have been chosen to construct single molecular junctions. The results
show that the conductance of molecular junctions gradually decreases as the degree of
molecular conjugation decreases, which is consistent with the electron transport
variation pattern of in-plane transport of molecular junctions in conventional metal

electrodes.
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Chapter 6.

6 Conclusions and future work
6.1 Conclusion

In this thesis, density functional theory DFT was utilized to explore charge transport in
graphene-single molecule-graphene junctions. DFT results confirm that charge
transport in graphene junctions is in a cross-plane direction and significantly different
from that of conventional in-plane transport. There are six chapters in this thesis, and

the following is a summary of each chapter.

Chapter 1. provides an overview of molecular electronics and how it has developed
over the past several decades. The advantages and examples of single-molecule

junctions with graphene electrodes are also discussed.

Chapter 2. discusses density functional theory (DFT) which is employed to study
electronic structure and properties of molecules in this thesis. The key principles and

components of density functional theory are discussed.

Chapter 3. describes the theory of charge transport through molecules. Several
concepts were discussed, including the Landauer formula, scattering matrix, bond
currents and Green's function. Several important formulas were also derived, including

the transmission coefficient and the Berit-Wigner equation.

Chapter 4. examines the electrical properties of three molecular bilayer graphene
molecules (MBLG-C114, MBLG-C108 and MBLG-C96) and molecular single-layer

(MSLG-C96), sandwiched between two graphene sheets. This study studies the

168



influence of the size and layer number of molecular graphene on charge transport in
cross-plane graphene molecular junctions. DFT results indicate that the electrical
conductance of the molecular junction based on the largest molecular area, MBLG-
C114, is higher than that of the smallest molecular area, MBLG-C108 and MBLG-C96.
Additionally, single-layer molecular graphene MSLG-C96 has a greater electrical
conductivity than molecular bilayer graphene MBLG-C96. According to these results,
charge transport in molecular graphene junctions is affected by the size and number of

layers present in the junction.

This chapter also examines the angle between the graphene flake and peripheral mesityl
groups. In molecular bilayer graphene, charge transport is studied at an angle close to
90° between the graphene flake and peripheral mesityl groups (crystal configuration),
and then the mesityl groups are rotated manually to 30° and 10°. For molecular single-
layer graphene, I have also investigated the angle between the graphene flake and the
peripheral mesityl groups by rotating them manually at 40°, 35°, 30°, and 20°.
According to DFT results, charge transport through molecular graphene in these
molecular junctions is influenced by the angle between the graphene flake and
peripheral mesityl groups, and these rotated groups can be utilized to tune electrical

conductance.

Chapter 5. examines how substituents and conjugation affect charge transport in cross-
plane molecular junctions based on two groups of molecules. First, to study the effect
of substituent groups on electron transport in cross-plane molecular junctions, the two
hydrogen atoms in Pyrene are replaced by electron-withdrawn (-Br) and electron-
donating (-NH») substituents to form DBPyr and DAPyr, respectively. The results

indicate that DBPyr and DAPyr exhibit greater transmission functions at Fermi energy
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Er than Pyrene, which can be due to a decrease in the HOMO-LUMO gap for the
corresponding molecules. In contrast, in metal electrode junctions where electron
transport is in-plane mode, electron-donating substituents lead to an increase in
molecular junction conductance, while electron-withdrawing substituents lead to a

decrease [1].

Second, to study the impact of conjugation on electron transport in cross-plane
molecular junctions, three molecules were selected with different degrees of
conjugation and, as a result, planarity 6HPyr, 4HPyr, and 16HPyr. These molecules are
conjugated in the following order: 6HPyr, 4HPyr, and 16HPyr. It is evident from the
DFT results that the transmission functions of molecular junctions based on 6HPyr are
higher than those of molecular junctions based on 4HPyr and 16HPyr. Therefore, it can
be concluded that as the degree of conjugation of the three molecules gradually
decreases, the conductance of their constructed molecular junctions decreases
correspondingly. This is consistent with the previous study’s conclusion that disruption
of the conjugated structure affects the electrical transport of graphene/fullerene single

molecule/graphene junctions [2].

6.2 Future work

For the immediate future, I shall undertake a collaborative project aimed at investigating
charge transport through non-planar organic molecules that were successfully
sandwiched between two graphene electrodes using a cross-plane break junction
technique (XPBJ). Figure 6.1 (a, b and c) shows the molecular structures of
Oligophenylene ethynylenes (OPEs), with different anchoring group positions.
Moreover, Figure 6.2 shows the molecular structures of benzodifurans (BDFs) with

different anchoring groups. The OPEs and BDFs can be coupled to graphene electrodes
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via van der Waals interactions. In this study, I aim to examine the influence of molecular
anchoring group position, molecular backbone, and anchoring groups on cross-plane
graphene-based junctions and compare the results to conventional Au-molecule-Au

junctions.

Figure 6.1. The molecular structures of Oligophenylene ethynylenes (OPEs). (a)

OPE-1, (b) OPE-2, and (c) OPE-3.
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a) BDF-1 b)

N(CgH13), O

Figure 6.2. The molecular structures of benzodifurans (BDFs), (a) BDF-1 and (2)

BDF-2.

In the future, I would also like to explore and design molecular switches, rectifiers or
memristors based on cross-plane junctions which have been demonstrated in the in-
plane junctions. There are, of course, many avenues of research which could be
fruitfully explored. For example, it would be interesting to study phonon transport
through molecular junctions by generalising early theories of phonon transport in
molecular-scale wires [3]. It would also be of interest to examine the effect of using
different metallic electrodes or substrates, such as platinum, palladium [4, 5] and
graphene [8], which would allow the role of the electrode work function to be explored.
Most recently [9], molecular junctions using superconducting electrodes have been
reported experimentally, which means that theories of nanoscale superconducting
proximity effects [10,11] can now be utilised to explore the interplay between

superconductivity and molecular-scale quantum interference.
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