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Abstract

Understanding charge transport of single molecules sandwiched between
electrodes is of fundamental importance for molecular electronics. The
structural properties of oligo (phenylene-ethynylene)(OPE) with five
different anchor groups (thiol (SH), pyridine (PY), methyl sulfide (SMe),
tetramethylsilane (TMS) and dibenzothiophene (DBT)).The optimized
molecular junction geometries conform well to a description of the SH,
SMe and BDT contacted compounds forming an angle of 52° contact
between anchor groups and the undercoordinated gold atoms of the gold
electrodes. In addition, it shows that PY and TMS contact groups create an
angle of 160°.Undoubtedly, these structural aspects will affect the junction
formation probability and all other properties (electronic, electric,
thermoelectric and spectral) of these molecules. On the other hand,The
transmission coefficient value of all molecules was high. This can
understand in terms of the quantum interference is a constructive
interference and there is no a destructive interference signature, and that
(OPE-1) introduces a high value of transmission coefficient (5.8x10%),
while the lowest value of the transmission (3.12x10°) is presented by
molecule (OPE-4). The molecule OPE-4 with TMS anchor gropus
produces the highest fem (2.4), while the molecule (OPE-2) with PY contact

groups shows the lowest fem (1.8). In addition, it could be observed that the



maximum wavelength (Amax) for all molecules lies in the UV region, and
there is also a fluctuation from 349.7 nm for OPE-2 to 383.6 nm for OPE-
5.Also, the thiol-terminated molecular junctions (OPE-1) have a positive
Seebeck coefficient that show the HOMO. In contrast, SMe, DBT, PY and
TMS-terminated molecular junctions have a negative Seebeck coefficient
and conduct through the LUMO. The molecule with SH anchor groups
(OPE-1) gives the hieghest electronic properties and lowest thermoelectric
properties. In contrast, the molecule with TMS anchor groups (OPE-4)
produces the hieghest thermoelectric properties and the lowest electronic

characteristics.
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Chapter One Introduction

1.1. Introduction

Molecular electronics has attracted great attention from a wide variety
of researchers, due to promising applications in nanoscale electronic devices
such as transistors [1], switches [2], rectifiers, interconnects [3], organic
photovoltaic and chemical sensors. Using molecules as electronic elements
has many advantages due to their small sizes, their ability to be self-assemble
onto surfaces and the low cost of producing large numbers of identical
molecules. However, realizing and controlling the connection between the
molecule and electrodes has remained challenging due to small molecular
size [4].

The use of individual molecule as functional electronic devices was first
proposed in the 1970s [5]. In order to design and realize molecular devices
it is essential to have a good understanding of the properties of an individual
molecule. Within the framework of molecular electronics, the most
important property of a molecule is its conductance and the major question
in this field is how electrons move through molecules. To address this
question, extensive experimental and theoretical studies have been carried
out. Various measurement techniques have been developed [6].

The field is currently attracting attention from a broad cross-section of the
scientific community in response to both fascinations with the fundamental

scientific challenges associated with the measurement of the electrical
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properties of molecules, and manipulation of electronic phenomena via
molecular processes, and growing concerns over the technological
challenges and ultimate limits facing solid state semiconductor technology.
The use of organic materials for electronic applications in which the bulk
electronic or optoelectronic response arises from ensembles of several
millions of molecules, and for which properties are measured or observed on
the macroscopic level, is at a mature stage of development and application.
The most obvious examples of molecular materials readily available in the
electronics mass market are the use of liquid crystals and organic light
emitting diodes (OLEDs) in flat video displays [7]. This sector of the
electronics industry continues its steady development driven by the promises
of transparent, flexible, non-toxic, printable electronics, with improved
consumer. In molecular electronic junctions, the electrical signal comes in
and out of the molecules via contact-coupled electrodes. The electrodes can
be classified as metal or nonmetal electrodes. The development of molecular
electronics initially started from the use of metal electrodes. Hence, the
development of molecular devices based on metal electrodes will

summarized [8].
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1.2. Single Molecule Junctions

The initial idea of using individual molecules as active electronic
elements provided the impetus to develop a variety of experimental
platforms to probe their electronic transport properties. Among these
platforms, single-molecule junctions based on metal-molecule—metal
architecture have received considerable attention and contributed
significantly to the fundamental understanding of the physical phenomena
required to develop molecular-scale electronic devices. The scanning probe
microscopy, SPM, technique is regarded as a milestone in the history of
molecular electronics because it has made a great contribution to the
development of molecular electronics and continues to promote the
advancement of molecular electronics in the future. In addition to SPM
technique, Scanning Tunnelling Microscopy Break Junctions (STM-BJ) [9-
11] and Mechanically Controllable Break Junctions MCBJ [12, 13] have
been used widely.

Generally, materials used as electrodes in molecular junctions should have
superior properties in four aspects. The first premise is good electrical
conductivity, which can maintain its high value with dimension scale-down.
The second is the stability of the material composition and configuration,
which is of great importance for resisting external perturbation/oxidation and

ensuring the success of forming molecular junctions. The third is the
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abundant availability using either bottom-up or top-down approaches [14].
The fourth is the ease of material processing, which should be compatible
with industrial micro/nanofabrication techniques. On the basis of these
considerations, the past two decades have witnessed a large variety of
materials being used in molecular electronics, ranging from conventional
noble metals to novel carbon allotropies, which continuously and creatively
update the paradigms for device architecture and operation. In addition to the
materials mentioned above, there were also other attempts to expand the
research regimes of molecular electronics, including silicon and polymer-
based nanoelectrode systems as silicon-based electrodes [13], and
Complementary-Metal-Oxide-Semiconductor(CMOS)compatibleelectrode,

such as Pt and Pd [14].

1.3. Integrating Molecular Functionalities into Devices

Undoubtedly, the substantial experimental and theoretical progress detailed
above lays the foundation for both the measurement capabilities and a
fundamental understanding of the various physical phenomena of molecular
junctions. Despite these considerable achievements, there are still no
commercially available molecular electronic devices [14]. To satisfy the
requirements for actual applications, the development of practical molecular

devices with specific functions is a prerequisite. In fact, recent experimental
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rectification as well as how quantum interference effects play a critical role
in the electronic properties of molecular junctions [15]. The focus of these
experiments illustrates the engineering of functionalities that are beyond
conventional electronic transport properties using a rational chemical design
in single-molecule junctions. The developing trends of integrating molecular
functionalities into electrical circuits based on single molecules is including
a wiring toward nanocircuits; rectification toward diodes; modulation toward
transistors; switching toward memory devices; and transduction toward
sensors [16]. For different functions resulted from individual molecules, both
molecular cores and molecular tails are equally important due to the fact that
the proposed functions could be affected not only by molecular electrical
characteristics but also by the electrode—molecule bonding. In summary,
with the rapid development of molecular-scale electronics, using molecular
devices as the future of next-generation electrical circuit units with lower
power consumption, higher speed, and higher level of integration has

received significant attention [17].
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1.4. Organic Molecules

Organic molecules are chemical compounds with complicated
structures. Composed of many atoms, apart from electronic properties they
also exhibit special physicochemical features [18]. When organic molecules
created molecular solid-state devices with crystal or amorphous structures,
the properties of these devices follow from organic molecule interactions.
Therefore, in molecular solid-state structures, the energy levels of individual
molecules form continuous bands of energy. Due to the weak interactions
between the molecules, molecular solid-state structures exhibit the properties
of the individual molecules to a greater degree than the properties
characteristic for solid-state materials [19]. A special feature of the
molecular solid state is the fact that singlet and triplet states are excited due
to light interaction being able to move across the material. These mobile
quasi-particles are called excitons. Furthermore, excitons can be generated
not only by light but also from the recombination process of charge carriers
with opposite signs, electrons and holes injected into the system [20]. This
has important implications and enables the application of organic materials
to light-emitting devices able to produce any colour. Owing to the excitation

of the organic material by electromagnetic waves with energy, carriers are
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generated. Taking into account these features of organic materials, it could
be conclude that they have significant potential in many fields of science and
technology. Therefore an understanding of their properties is salient, and our

current knowledge remains insufficient [21].

1.5. Electrical Pumping of Organic Laser Active Medium

Organic solid-state lasers (OSSL) have received a lot of attention in
recent years due to their ease of manufacture and ability to cover a broad
range of lasing wavelengths from near infrared to ultraviolet. Optically
pumped OSSL have progressed to the point that they can reach impressively
low thresholds for laser and/or amplified spontaneous emission (ASE), as
well as operation that is almost constant. However, the ultimate aim in the
field of OSSL is to achieve electrically pumped lasing, which will allow for
the development of low-cost, portable, and flexible solid OSSL devices [6,7].

Because of the following considerations, electrically pumped OSSL
lasing is far more difficult than optically pumped OSSL lasing. First, a
ccording to spin statistics, three-quarters of excitons generated during
current injection are triplets, which have a lengthy decay period [22].
Second, polarons, excitons, and other species that are not engaged in optical
pumping will cause repeated annihilation and absorption losses when
electrical pumping is used. The recent advances have reported promising

signs of current injection OSSL, which has opened up the possibility of
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developing small and low-cost electrically powered organic laser systems
[23]. Regardless of these organic laser gain medium, electrical pumping was
used to investigate light amplification. As a result, it's crucial to conduct
theoretical analysis and forecast potentially good electrical pumping options,
which must have a large stimulated emission cross section, low annihilation
or absorption losses, and a short lifetime, ideally with high mobility [7]. In
this context, the purpose of this communication is to offer an universal
computational approach for systematically screening out electrically pumped
lasing molecules over a broad spectrum of organic solid-state luminous
materials using efficient electronic structure computations based on density
functional theory (DFT) and time-dependent DFT (TD-DFT) [23,24].
Organic dyes absorb light in the ultraviolet (UV) to near-infrared (NIR)
spectral range. Multiple conjugated double bonds are present in all of these
compounds, limiting their spectral characteristics and chemical reactivities.
The large range of chemical configurations that may operate as laser dyes is
one of the major reasons for dye lasers' surge in popularity. Laser dyes emit
light over the whole visible spectrum, as well as the NUV and NIR spectral
regions. more than 500 distinct dyes with varying absorption and emission
bands may be discovered. Laser dyes are typically classified according to

their chemical structures [24].
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1.6. Literature Review

Changsheng Wang et al, in 2009 [25], have used STM-molecular break
junction methods in Au|molecule]Au configurations, the electrical
conductivity of the oligoyne molecular wires Py-(CtC)n-Py (n) 1, 2 and 4;
Py) 4-pyridyl) was investigated at the single molecule level. Multiple series
of peaks can be seen in the conductance histograms, which can be attributed
to different contact geometries between the pyridyl head groups and the gold
electrodes. Higher conduction groups are linked to pyridyl group adsorption
at more strongly coordinated places such as step edges or adjacent gold
adatoms, according to both experimental and theoretical data. Pavel Moreno-
Garcia et al, in 2013 [26], have reported that the electrical conductivity of a
series of oligoyne molecular wires in single-molecule junctions with gold
contacts was investigated using a combination of experimental and
theoretical methods. The synthesis and characteristics of diaryloligoynes
with n = 1, 2, and 4 triple bonds, as well as the anchor
dihydrobenzo[b]thiophene, are the subjects of their experiments (BT). The
aurophilic anchor groups cyano (CN), amino (NH2), thiol (SH), and 4-
pyridyl were also investigated for comparison (PY). To explore single-

molecule conductance characteristics, researchers used scanning tunneling
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microscopy break junction (STM-BJ) and mechanically controlled break
junction (MCBJ) methods.

Oday A. Al-Owaedi et al in 2016 [27], have introduced a theoretical and
experimental studies of trans-Ru complexes. They interpreted the electronic
properties of such molecules in terms of the transport mechanisms (LUMO-
dominated conductance). These results have significant implications for the
future design of organometallic complexes for studies in molecular
junctions. In comparison to the typical anchoring groups that have been
studied thus far, the BT moiety outperforms them. BT-terminated oligoynes
have a 100% chance of forming a junction and have the greatest conductance
values of all the oligoynes examined, as well as greater conductance values
than other conjugated molecular wires of comparable length. For oligoynes
with n = 14 triple bonds, DFT calculations are provided. Each family of
molecules has its own set of conductance traces and conductance
distributions.

Oday A. Al-Owaedi et al in 2017 [28], have highlighted research on the
critical role of metal complexes in preventing orthogonal contacts, which
helped to explain why some organometallic compounds had very high
conductance values.

Mohsin K. Al-Khaykanee et al in 2018 [29], have work that comprised a
study of the charge transport of 4,4-bipyridine molecules with a variety of

sterically-induced twist angles between the two pyridyl rings, which was

10
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done using density functional theory DFT and Green's function formalism.
Different molecular orientations within the junctions were shown to be the
cause of high and low conductance peaks, according to one experiment. The
conductances of both geometries were proportional to twisted angle
demonstrating that the electrical current travels through the C-C bond joining
the pi systems of the two rings.

Guang-Ping Zhang et al in 2019 [30], have studied theoretically by using
the perturbation theory the impact of bridging for DHP/CPD
photoswitchable molecule sandwiched between two Au(111) electrodes.
Due to their differing alignments of HOMO with Er, their numerical findings
show a clear switching effect for DHP/CPD, with the fully conjugated DHP
being more conductive (ON state), than the less conjugated CPD (OFF state).
The ON/OFF switching ratio is also discovered to be considerably influenced
by the bridging method. Further investigation demonstrates that the
contributions of local bonds to the transmission channel are substantially tied
to the core molecule's conjugation properties and may be significantly
altered by the bridging method.

Masoud Baghernejad et al in 2020 [31], have mentioned that the influence
of heteroatoms on electron transport via asymmetric and symmetric alkyne-
terminated benzodichalcogenophene compounds has been investigated using
a combination of experimental and theoretical methods. Experiments, DFT-

based theory, and a simple tight binding model were all in excellent

11
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agreement. The decreased conductance of the asymmetric molecule is caused
by the asymmetry created by differing bond lengths in the two 5-membered
rings of the molecule, as demonstrated by the tight-binding modeling of
heteroatom replacement in these non-bipartite cores. In addition, they
discover that the differing overlap integrals of the CO and C-S bonds must
be taken into consideration in the tight binding model.

Yi Jiang et al in 2020 [32], have studied a variety of gain materials including
organic dyes, fluorescent semiconductor emitters, triplet gain media, and
biological materials, covering a wide spectrum from UV to NIR. Some gain
media are already commercial available, including some laser dyes, i.e.
TDAF-1 (79), PFO (203), F8BT (225) and bis-styrylbenzene), introducing
branched flexible chains, constructing triplet gain media and triplet
harvesters, may be beneficial to the development of robust organic gain
media for OSLDs. They hope that in the future, intense efforts will be paid
to explore various successful ways to realize electrically pumped organic
lasers and promote their practical application, inspired

by the recent advancements.

Baraa A. Al-Mammory et al in 2021 [33], have studied Oligoynes, which are
prototype molecular wires due to their conjugated system and the coherent
tunneling transport, which aids this type of wires to transfer charges over
long distances. The electric and thermoelectric characteristics for a series of

Oligoyne molecular wires ((n) 3, 5, 7 and 9) are studied to explore the

12
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fundamental transport mechanisms for electrons crossing single molecules.
They have probed both the electrical conductance and Seebeck coefficient
for Au|molecule|]Au configurations using the density functional theory
(DFT). The results not only confirmed the expected exponential decrease of
conductance with the number n of triple bonds, according to the formula G»
= Ae P, but also demonstrated that the linear increase in the Seebeck
coefficient S, with increasing number of triple bonds.

Rasool M. Al-Utayjawee et al in 2021 [34], have studied the applications of
single-molecule porphyrin based strucuters by using molecules as
elementary blocks of electronic components involving metallic atoms.
Theoretically, one type of molecular-scale porphyrin device is used in this
article, consisting of organometallic single molecules with different metals
(Zn, Mg, Cu and Fe), sandwiched between gold electrodes bound by thiol
anchor groups. The transmission and Seebeck coefficients for
Au|molecule|Au configurations were computed by using density functional
theory (DFT). The findings show that there is a robust Fano resonance in the
transport behaviour around the Fermi energy, only for the porphyrin-based
device with Fe metal. This result is attributed to the destructive quantum
interference between continuous and discrete states. This work not only
indicates that there is a relationship between the electrical conductance and
thermo power but also it introduces a promising strategy to affect and control

these characteristics via creation of Fano phenomenon.
13
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M. Naher, et al., in 2021 [35], have studied a series of 12 conjugated
molecular wires, 6 of them contain either a ruthenium or platinum center
centrally placed within the backbone. The measurements and calculations
have demonstrated a small positive Seebeck coefficient, and the transmission
coefficient through these molecules takes place by tunneling through the tail
of the HOMO resonance near the middle of the HOMO-LUMO gap in each

case.

1.7. Thesis Outline

The outline of this thesis can be summarized as follows; this chapter
is followed by chapter 2 which presents a brief overview of density
functional theory (DFT), which is one of the main theoretical techniques that
has used in this thesis to study and understood the electronic properties of
single-molecule junctions. Furthermore, it describes the single particle
transport theory, which involves a Green’s function scattering formalism and
all related topics such as the Landauer formula. Chapter 3 represents the
results and discussions of the electronic, thermoelectric, optical and spectral
properties of variety of molecles. Chapter 4 illustrates the conclusions of this

study.

14



Chapter One Introduction

1.8. The Aims of the Study

The goals of this work can be summarized as following:

1. Study of electronic, electric, thermoelectric and some of optical
properties of a series of all molecules in this work.

2. Obtaining the fundamental understanding of the effect of many
factors and their impact on the characteristics of these simple
prototypical systems such as the molecular length and the kind of
anchor groups.

3. Conducting analysis of work results and providing forecasts for the

use of these nanostructures in the field of optoelectronics applications
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Chapter Two Density Functional Theory

2.1. Introduction

In an attempt to explore and understood the electronic properties of
molecules, many theories have emerged; one of the most important of these
theories and most common is the density functional theory (DFT).
Nowadays, DFT can be presented as a powerful tool for computations of the
quantum state of atoms, molecules and solids, and of ab-initio molecular
dynamics. In 1927, immediately after the foundation of quantum mechanics,
an initial and approximate version of density functional theory was
conceived by Thomas and Fermi [36]. Later, using the basics of quantum
mechanics, Hohenberg, Kohn, and Sham, developed density functional
theory of the quantum ground state to be superior to both Thomas-Fermi and
Hartree-Fock theories, which opened a wide door to the applications for
realistic physical systems [37, 38]. From that time on, density functional
theory (DFT) has grown vastly, and it has become one of the main tools in
theoretical physics and molecular chemistry.

This chapter presents a brief summary of DFT and SIESTA (Spanish
Initiative for Electronic Simulations with Thousands of Atoms) code [39],
which has been used to study the electronic, electric, spectral and
thermoelectric properties of the molecules that are the subject of research in

this thesis [40].
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Chapter Two Density Functional Theory

2.2. The Many-Body Problem

This is an approach which aims to solve any system consisting of a
large number of interacting particles. In a microscopic system consisting of
charged nuclei surrounded by electron clouds these interactions such as
electron-nuclei, electron-electron, nuclei-nuclei and electron correlations are
described via Schrodinger equation [40].
The full Hamiltonian operator of a general system describing these

interactions is

Te Tn Uen
N M N M
i hZZVZ hZZVZ 12 Lz
== i n— P ———
2m, s 2m, ] 4rme, Lt L |7”i — Rnl
Uge Unn
N N
L)) FIeL Z Tl
= S P — re
4me, 2 i=1 =) |Ti 1 47T£0 2n 1nzn' Ry —
(2.1)

Here i and j denote the N-electrons while n and n' run over the M-
nuclei in the system, m, and m,, are the mass of electron and nucleus

respectively, e and Z,, are the electron and nuclear charge respectively. The

position of the electrons and nuclei are denoted as 7; and ﬁn respectively,
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Chapter Two Density Functional Theory

Approximately, the mass of nucleons is a few orders of magnitude
higher than that of electron, and in terms of their velocities, the nuclei could
be considered as a classical particle which creates an external potential, and
the electrons as quantum particles are subjected to this potential. This concept
iIs known as the Born-Oppenheimer approximation [40], together with an
assumption that the nucleon wavefunction is independent of the electron

position, equation (2.1) can then be written as follows:
H=T, +Ue_e + Ve_nuc (2.2)
The first part of equation (2.2) presents the kinetic energy of all

electrons, which is described by;

h2
2me

V2 (2.3)

l

Te=2n

The electron-electron interaction is represented in the second part of
equation (2.2), which is given by;

U =Y i# (2.4)
e—e — Lil,j,i#] 4meg |7i—7j| .

Ue—e describes the sum of all potentials acting on a given electron at position
r;by all other electrons at position 7; .

The third part of equation (2.2) describes the interactions between

electrons and nuclei, which is expressed by;

Ve—nuc = ZiZn Vnue(i — Ry) (2.5)
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Chapter Two Density Functional Theory

Vo_nue 1S the interaction between electrons and nuclei; it depends on the
positions of electrons r; and nuclei R,, .
The employment of a Born-Oppenheimer approximation [40], allows

the electron and nucleon degrees of freedom to be decoupled.

2.3. The Hohenberg-Kohen Theorems

Essentially, density functional theory (DFT) evolved significantly
depending on two ingeniously simple theorems put forward and proved by
Hohenberg and Kohn in 1964 [37]. These theorems are two powerful
statements:

Theorem I: For any system of interacting particles in an external potential
Vext, the density is uniquely determined. In other words, the external
potential is a unique functional of the density. To prove this theorem, assume
that there are two external potentials V.x:() and Ve.(® differing by more
than a constant, and giving rise to the same ground state density, p, (r). It is
clear that these potentials belong to different Hamiltonians, which are
denoted H! and H?2 they give rise to distinct ground-state wavefunctions i)
and Y@, Since Y@ is not a ground state of H®, so:

ED = (pMHDp®) < (@ |HD @) (26)

and, similarly:

E® = (p@[HO|p®@) < (p®O|HD|pm) 2.7
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Chapter Two Density Functional Theory

Assuming that the ground states are non-degenerate [41,42], one could
rewrite equation (2.6) as follows:

(lp(Z)lH(l)llp(Z)) = (ql(Z)lH(Z)lql(Z)) + (lp(Z)lH(l) — H(2)|lp(2))

= EO+[ W) = v )po(r) dr (2.8)

ext ext

and assuming that |¥ (M) has the same density p, (r) as [¥®):

WOHD YD) = EO+[ (7,2 (1) = Vo ()po(r) dr (29)

Combining of equations (2.8) and (2.9) leads to,

EO+E@< EO4E@ (2.10)
This equation proves the two different external potentials cannot produce the
same ground-state density.
Theorem 11: A universal functional F[p] for the energy E[p] could be
defined in terms of the density. The exact ground state is the global minimum
value of this functional. In other words, the ground state energy of the system
is given by the functional F[p]. If the input density and ground-state density
are the same, the functional F[p] would deliver the lowest energy. Hence,
the functional could be minimised by varying the density to obtain the
ground-state energy for the external potential [41].

The second theorem could be proven by considering the expression for the

total energy, E, of the system with density p.

E[p] = Tlp] + Enlp] + [ Vex(®)p(r)dr (2.11)

20



Chapter Two Density Functional Theory

The kinetic energy term, T, and internal interaction energy of the electrons,
E'int, depend only on the charge density, and so are universal[42].
The first theorem reported that the ground-state density (po ) for a system
with external potential (Vex) and wavefunction (o), determines the
Hamiltonian of that system, so for any density, p, and wavefunction, ¥, other
than the ground state, it could be found:

Eo= (YolH|¥o) < (V|H|Y)< E (2.12)
Hence, the ground-state density, pO, minimizes the functional (equation
2.11). If the functional T[p]+E ] is known, then by minimizing equation
2.11, the ground-state of the system could be obtained, and then all ground-
state characteristics could be calculated, which are the subject of the

interest[42].

2.4. The Kohn-Sham Method

The Kohn-Sham method has been used in solid state physics for about
fifty years. By now, largely due to the development of increasingly accurate
density functionals, the method has also gained a large popularity among
physicist and chemists, especially as it allows in many cases, accurate
treatments of molecular systems unattainable by the more traditional

quantum mechanical methods [43,44].
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Chapter Two Density Functional Theory

It has been reported in the previous section that obtaining the ground-state
density leads to calculating the ground-state energy. However, the precise
form of the functional shown in equation (2.11) is not known. Generally, the
kinetic term and internal energies of the interacting particles cannot be
expressed as functionals of the density.

Kohn and Sham in 1965 [38], came up with the idea, that it possible to
replace the original Hamiltonian of the system by an effective Hamiltonian
of non-interacting particles in an effective external potential, which gives
rise to the same ground state density as the original system [45,46].

The form of energy functional of the Kohn-Sham ansatz is:

Exs[ p] = Trs[ p] + [ Vet (r) p(r)dr + Ey[ p] + Exc[p]  (2.13)
Here, Tks is the kinetic energy of the non-interacting system. The kinetic
energy, T, in equation (2.11) has been used for the interacting system. This
discrimination is due to the exchange correlation, E.., functional, which is
described in equation (2.15). Ey is the Hartree functional, which describes
the electron-electron interaction using the Hartree-Fock method [47,51], and

it is given by:

e AT e g (2.14)

lr—7r"|
This is an approximated version of the internal interaction of the
electrons, En:, as defined previously. Again, the difference referred to the

exchange correlation, E.. Therefore, the differences between the exact and
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Chapter Two Density Functional Theory

approximate solutions for the Kinetic energy, and electron-electron
interaction terms were represented via Exc, which is expressed by:
Exc[p] = (Emelpl —Eq[pD + (Tlp] — Tks[pD (2.15)
Consequently, the Kohn-Sham method could be a powerful approach
to obtain an accurate ground-state density if the exchange correlation, Ex., is

known precisely [51].

2.5. The Exchange Correlation Functionals

The biggest challenge of Kohn-Sham DFT is the finding of accurate
approximations to the exchange correlation energy, Exc. The best
understanding of exact functional could be obtained by the best
approximation could be designed it [52]. Many efforts have been spent to
find the best approximation for the exchange-correlation functional, and
numerous forms have been proposed. This section presents a brief summary
of two of the most popular approximation forms. The first one is the local
density approximation (LDA) [53]. Secondly, the generalized gradient
approximation (GGA) [54]. The comparison in terms of the accuracy
between LDA and GGA, reported that the GGA is more accurate
approximation, because it is designed based on density and the density

gradients, while LDA is the simplest, because it is based on the local density.

23



Chapter Two Density Functional Theory

2.5.1. Local Density Approximation

The simplest approximation is to assume that the density can be treated as a
uniform electron gas. Based on this approximation, which was initially
proposed by Kohn and Sham [38], the exchange-correlation energy for a
density p is given by:

ERRALp] = [ p(r)(eto™(p(1)) + elm(p(r)))dr  (2.16)
Here, the terms e*™and e?°™are the exchange and correlation energy
densities for the homogeneous electron gas. The analytical exchange energy,

elom can be found in the literature [55]:

epom= — = 3/3m2p (2.17)

Ceperley and Alder [56] calculated numerically the correlation energy o™
using the quantum Monte-Carlo method, then Perdew and Zunger [57] fitted
the numerical data to analytical expressions, and found:

E?om

(— 0.048 + 0.031n(ry) — 0.0116 7, + 0.002 In(ry) rs <1 )

= i 0.1423 o1 f
- T-
(1 + 1.9529 /r; + 03334 7 ®
(2.18)

3 = . . .
Here, rs= (E) 1/3 s the radius of a sphere in a homogeneous electron gas

of density, p that contains one electron.
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The LDA is often surprisingly accurate and for systems such as
graphene and carbon nanotubes or where the electron density slowly varies,
generally gives very good results. Despite the remarkable success [58,59], of
the LDA, care should be taken in its application. For example, LDA predicts
a wrong ground state for the titanium atom and it gave a very poor
description for hydrogen bonding [60,61], as well as it gives an incorrect

value of the band gap in semiconductors and insulators [62,63].
2.5.2. Generalized Gradient Approximation

The pitfalls of the local density approximation (LDA) and a fact that
real systems are inhomogeneous, means that there is a need to find an
alternative approximation, which is the generalized gradient approximation
(GGA). Basically, there is no analytical form for the exchange energy in
GGA, and therefore it has been calculated along with the correlation term,
numerically. Nowadays, there are various parameterizations which are used
in this approximation; one of the most popular and most reliable is the PBE
functional form, which was proposed in 1996 by Perdew, Burke and
Ernzherhof [64]:

E§E4 = E§SA[ r] + EE5A[ 7] (2.19)
The exchange part is given by:
EZ4 = [ ex (p(r))Vx (p(1), Vp(r))p(r)dr (2.20)

Where,
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Vi (p,Vp) =1+ k- —

S
1+T

(2.21)

The values of k and . parameters are 0.804 and 0.21951, respectively and

= lepl) is the dimensionless density gradient and kr is the Fermi
F

wavelength and V.(p,Vp) represents the enhancement factor[61].

The correlation energy form is given by:

EE[p]l = [p(Me. (p(1) + F(p(r),Vp(r)]dr (2.22)
F(p,7p) = %o 1+ 82 (5550 ))
B 1
A=
Y (exp — c(p) ~1)

B = 0.066725, y = (1;1;2))/, ag = % and the dimensionless gradient is

—_Vpl

2KTEp’

,where K =V 12/m /\/_ is known as the Thomas-Fermi screening

wavelength and rs is defined as the local Seitz radius. The PBE-GGA
functional has been extremely influential, both for performing actual
calculations and as the basis for functionals involving higher derivatives and
exact exchange [65]. It has been used in all studies of this thesis, and it gives

a good agreement with experiment [66 — 68].
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2.6. SIESTA

SIESTA is an acronym derived from the Spanish Initiative for
Electronic Simulations with Thousands of Atoms [39] is both a method and
computer program implementation, to perform electronic structure
calculations and ab initio molecular dynamics simulations of molecules and
solids. One of the main characteristics of SIESTA, that it uses the standard
Kohn-Sham self-consistent density functional method in the local density
(LDA) and, or generalized gradient (GGA) approximations. In addition, it
utilizes norm-conserving pseudopotentials in their fully nonlocal form, and
a linear combination of atomic orbital basis set to achieve efficient

calculations [39].

Construct pseudo-potential for each
element

l

[ Pick basis set cutoff energy ]

v
[ Construct initial density J

ninitial (,_.)

A 4

Calculate the effective potential
V¢,,( )

v

Solve Kohn-Sham equation by
diagonalization of the Hamiltonian

(& J
4
[ Calculate the electron density J
v
( Is the solution self-consistent? ]
Yes No

A 4

Calculate total energy Density mixing to

and force, and then exit generate n"% ()

Figure 2.1. A Schematic illustration of the self-consistent DFT
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Chapter Two Density Functional Theory

In this thesis, the SIESTA code has been used to perform all DFT
calculations. It is used to obtain the optimized geometries of the molecules
which are the subject of this research, and a Hamiltonian describing their

properties.

2.6.1. SIESTA Basis Sets

A basis set is a mathematical description of the orbital within a system
used to perform the theoretical calculations. One elegant and popular choice
of basis sets in periodic system calculations is the plane-wave basis set.
However, one of the main reasons for applying the SIESTA code for my
calculations is that it used localised basis sets (which are not implicitly
periodic) and therefore can be used to construct a tight-binding Hamiltonian,
this is not easy to achieve using a plane wave based code.

The type of basis set is one of the most important aspects for
calculations using SIESTA. For example, to perform efficient calculations,
the Hamiltonian should be sparse, and therefor SIESTA utilizes a linear
combination of atomic orbital basis sets (LCAQs), which are constrained to
be zero outside of a certain radius (cut-off radius), and are constructed from
the orbitals of the atoms. This generates the desired sparse form for the
Hamiltonian, and it reduces the overlap between basis functions, and
therefore a minimal size basis set creates characteristics similar to that of the

system under investigation[69].
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The simplest basis set for an atom is called a single-{ basis, which
corresponds to a single basis function, ¥um(r) per electron orbital (i.e. 1 for
an s-orbital, 3 for a p-orbital, etc...). In this case each basis function consists
of a product of one radial wavefunction, @2,;, and one spherical harmonic,
Yim:

Waim(1)=05, (1) Yim( @, 9) (2.23)

The small number of the expected basis function is one, and therefore a
single-{ basis uses single atomic orbitals as a basis function. Therefore, the
radial part in equation (2.34) is found by using the Sankey method [69],
because the component of the real orbital is described by an infinitely long
tail, which is not suitable for a localized basis function.

This method uses a modified version of the Schrédinger equation,
which is solved for an atom placed inside a spherical box, and the radial
wavefunction equals zero at the cut-off radius, r. . This restriction yields an

energy shift oF within the Schrddinger equation such that eigenfunction has

a node at the cut-off radius, . :

[_d_z LGEON V,i‘f"(?‘)] OL,(r) = (Ey+ 6E) L, (1) (2.24)

dr? 212

The energy shift J0F satisfies the previous constraint and the
corresponding pseudopotential is V2™ (r).To obtain high accuracy basis sets
(multiple-{), additional radial wavefunctions could be included for each

electron orbital. The split-valence method has been used to calculate the
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additional radial wavefunctions, @, for i > 1. This involves defining a split-

valence cut off for each additional wavefunction 7. Thus, it is split into two
piecewise functions: a polynomial below the cut-off and the former

wavefunction above it;

i { 'I"%(anl - ban'Z B r> ,,,.Si } (225)

nt t rh<r< 1

The additional parameters are found at the point r where the
wavefunction and its derivative are assumed continuous.

The polarization of a real orbital due to the electrical field of the
neighbour atoms, is taken into account to calculate the basis set function.
This kind is called double-{ polarized, which is used to achieve all
calculations in this thesis. Table (2.1) shows the number of basis of orbitals
for a selected number of atoms for single-{ polarized, double-{"and double-{
polarized [69].

Table 2.2: Examples of the radial basis functions per atom as used within
the SIESTA for different degrees of precisions[69]

Atom | SZ | SZP | DZ | DZP
H 1 4 2 5

C 4 9 8 13

S 4 9 8 13
N R 9 8 13

O 4 9 8 13
Au 6 9 12 | 15

30



Chapter Two Density Functional Theory

2.7. Time-Dependent Density Functional Theory (TD-DFT)

The time-dependent density functional theory (TD-DFT) extends the
ground-state density functional theory by allowing for the examination of a
system's excited-state features in the presence of time-dependent potentials,
such as electric or magnetic fields. TD-DFT may be used to investigate the
influence of fields on molecules by calculating representative excitation
energies, oscillator strength, wavelength, molecular orbital character, and
electronic transitions of the molecules [70]. The theoretical of TD-DFT
based on the Runge-Gross theorem (R-G theorem) in 1984. The R-G theorem
explained the association between the time-dependent external potential
V..:(7) and p(7#,t) of the system. R-G theorem designated that when two
external potentials V,,.(7) and V7, (#) have an alteration of more than a
time-dependent function, their own electron densities p(#,t) and p'(7,t)
are also dissimilar [71].

Runge and Gross discussed how excited states are obtained using
TD-DFT. The starting point of studying time-dependent systems is the time-

dependent Schrodinger equation. The TD-DFT is straight related to the
Schrodinger equation [ih % Y(#,t)=HY (F,t)] where the

Hamiltonian is known to be [72]:

H = T + Velec.elec + Vext. (F) (226)
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Here, H consists of the kinetic energy operator T electron-electron repulsion
Vetec.elec (Coulomb operator) and the external potential Vex. (7%). Where Vex:

(7) is given in the following operators:
T/EXL(F) :ZIiV=1 Vext. (?l) ) (2-27)

The densities of the system rise from a fixed first state W (t,) =
W (0). The first state, ¥ ( 0) is arbitrary, it must not be the ground-state or
some other eigen state of the first potential Vext. (7) = 7, (#). The R-G
theorem indicates that there exists an one-to-one correspondence between
the time-dependent external potential Vext. (), and the time-dependent
electron density p(7,t), for systems developing from a fixed first many-
body state. Translation to it, the density determines the external potential,
and next helps in obtaining the time-dependent many-body wave functions
[73,74]. As this wave-function controls all observables of the system as an
important, the saying point is that all observables are functionals of p(#, t).
The statement of the theorem is the “densities p(7,t) and p' (7, t) evolving
from the same initial state W(0) under the effect of two potentials Vex. (#*)
and V7,,.(7) are always different provided that the potentials differ by
additional than a chastely time-dependent function [70,72]:

Ve, ,1) = Ve (7,t) + C(1) (2.28)
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Where the C(t) allows increase to wave functions that are different only
by a phase factor e ~¢(®) therefore, the same electronic density is stable. R-
G theorem states that the density is a functional of the external potential and
of the first wave function on the space of potentials differing by more than

the addition of C(t).

2.8. Gaussian Program 09 (G09)

Gaussian is a general-purpose computational chemistry software program
that was first released as Gaussian 70 in 1970 by John Pople and his research
group at Carnegie Mellon University. It has been constantly updated since
then. The term comes from Pople's use of Gaussian orbitals to speed up
molecule electronic structure computations rather than Slater-type orbitals
[73,72]. A decision is taken to increase performance on the restricted
processing capabilities of the time's computer hardware for Hartree—Fock
computations. Gaussian 16 is the most recent version of the software [75].
Initially accessible through the Quantum Chemistry Program Exchange, it
was later licensed out of Carnegie Mellon University and has been developed
and licensed by Gaussian since 1987.

Gaussian can predict molecular energies and structures, transition state
energies and structures, vibrational frequencies, IR and Raman spectra,
thermochemical properties, bond and reaction energies, reaction pathways,

molecular orbitals, atomic charges, vibrational circular dichroism intensities,
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electron affinities and ionization potentials, polarizabilities and

hyperpolarizabilities, and electrostatic potentials and electron densities [76].

2.9. The Landauer Formula

The Landauer formula [77, 78] was first suggested by Rolf Landauer in 1957 [79]
for two terminals. To illustrate the formula, consider a scattering region
connected to two electrodes (leads) as sketched in Figure 2.1. The leads are
assumed to be ballistic conductors, i.e. conductors with no scattering and thus the
transmission probability equals one [80]. Each lead, in turn, is coupled to a
reservoir where all inelastic processes take place.Suppose that the chemical
potentials of the reservoirs on the left and right hand sides are , respectively, and

let the temperature be equal to zero (T = 0)

ﬂ.', IF‘tr
Scattering Region eV

\ Ideal Lead /

Figure 2.3: Schematic view of a 1-D scattering region connected to two
reservoirs with different chemical potentials u and ur via ideal leads

Consider the case of a 1-dimensional system. When the scattering region is an

ideal 1-dimensional lead, so that the two reservoirs are connected by a perfect 1-
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d lead with no scattering, the current through this system, which flows due to the

chemical potential difference between the reservoirs is,

)
I'=(=e)v 52 (u — ) (229)
Here v is the group velocity, e is the electronic charge and g—g is the density of

states per unit length of the electrons which is given by Z—Z = % It is worth

mentioning that the Landauer formula describes the linear response conductance,

hence it only holds for small bias voltages, 6V — 0 Thus,

I==2 (u—u) (2.30)

In the presence of the scatter, these electrons have a transmission probability T

to traverse the scattering region, therefore, the current flow is [80]:

-2
I===T (— ) (2.31)

Since the chemical potentials difference between the reservoirs is given by
,—eV = (u; — u,-), the conductance between the two terminals is obtained as:

I 2e2
G:—:

v T T= GO T (2.32)

2e2 . L . )
Where G = - This relation is called Landauer formula for a one-dimensional

system [77, 78]. For a perfect conductor where T = 1 , the Landauer
formula becomes:

G =Gy ~ 12.9(kQ) 1 (2.33)
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Where G, , is the conductance quantum. At a finite temperature the Landauer

formula (2.46) is transformed into the more general formula for the current [79]:

1=2[TEFE - ) - f(E - up)ldE (2.34)

ﬂ
Where f is the Fermi-Dirac distribution f(E — p) = 1/(1 + e*sT) related to the
chemical potential p, T is temperature and kg is Boltzmann‘s constant. In the
case of the linear response regime (i.e. at low bias eV ), the Fermi-Dirac functions

in eq. (2.49) can be Taylor expanded around the Fermi energy [80] resulting in:

_2e*V poo - Of(E)
I == o 1 a(E)] T (E) dE (2.35)

Last equation shows that when the voltage is small, the current is linearly
proportional to the voltage, and then we can write:
I =GV (2.36)

Where G is the conductance of the two terminals device. Thus:

o0 d
G=Gyf” [- af( Sf))] T (E) dE (2.37)

As mentioned above, the current in equation (3.51) is linearly proportional to the
voltage and because of this linearity, this system of transport is called linear

response regime.

2.10. Green’s Functions

Green‘s function (GF) is a useful tool for studying the properties of nano-

scale structures because it can be used to express all of the observable properties
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of the system of interest [81]. In this section | will first discuss how to construct
the Green's function for some separate lattices. Then we will briefly discuss how
to connect the Green's functions of these separable lattices together to construct

the Green's function of the whole system using Dyson equation.

2.11. GOLLUM Program

Charge, spin, and electronic contributions to the thermal transport properties of
multi-terminal junctions are calculated using the GOLLUM program. GOLLUM
has a simpler structure, is faster, and consumes less memory since it is based on
equilibrium transport theory.
The software has been developed for ease of use, and it represents a significant
step forward in the implementation of ab-initio multi-scale simulations of
traditional and more advanced transports functions. GOLLUM's simplified
interface allows it to read model tight bound Hamiltonian's. Furthermore,
GOLLUM is designed to readily interact with any DFT code that employs a
localized basis set. It now reads data from all of the most recent public versions
of the code SIESTA [82].

GOLLUM can model these materials' connections using parameterized tight-
binding Hamiltonians [83,84] or DFT .

DFT fails to account for the significant electronic correlation effects found in
many Nano-scale electrical connections. As a result, GOLLUM provides a

number of methods for dealing with high correlations[85,86].

37



Chapter Two Density Functional Theory
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Figure 2.4:"lllustrates a mesoscopic scatterer connected to contacts by ballistic
leads. The uL and uR represent the chemical potential in the contacts. When an
incident wave packet hits the scatterer from the left then it will be transmitted
with probability 7= ¢+ and reflected with probability Z= 77+ where, £ 2+, »
and 7= represent the transmission and the reflection amplitudes from the left to
the right and vice versa. Charge conservation requires T + R = 1.
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Chapter Three Results and Discussion

3.1. Introduction

The idea of building electronic devices using single molecules as active
components was first proposed by Aviram and Ratner in 1974. Indeed,
molecules are of great interest for application in electronic devices because
of their small size, recognition properties, unique ability to self-assemble
(specific/highly selective interactions) and versatility of their chemical
modification and/or customization. Thus, the ability to measure and control
charge transport across the metal-molecule—metal junction is of
considerable fundamental interest and represents a key step towards the
development of single-molecule electronic devices.

A critical issue in all these experimental and theoretical studies is the
formation of a reliable electrical contact between the target molecules and
the macroscopic electrodes surface. Therefore, it is very important to
understand the effect of the anchoring group on the electron transport
through the molecular junction.

In this context, this study will discuss some of the important results on the
anchoring group effect on the electronic, electric, thermoelectric and spectral

properties of single molecular junction.
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Chapter Three Results and Discussion

3.2. Structural Properties

9

Figure 3.1. The relaxed geometries of all molecules.

The oligo(phenyleneethynylene) (OPE) molecules are shown in Figure 3.1,
with five different anchor groups. The first molecule (OPE-1) posses thiol
(SH) contact groups, while the second molecule (OPE-2) have pyridine (PY)
anchor groups. The third, fourth and fivth molecules (OPE-3, OPE-4 and
OPE-5) have methyl sulfide (SMe), tetramethylsilane (TMS) and

dibenzothiophene (DBT) respectively.
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Chapter Three Results and Discussion

The choice of anchoring group can determine the nature of charge transport
in the system to be either p-type (HOMO-dominated) or n-type (LUMO-
dominated) by the rearrangement of front molecular orbitals (FMOs). In this
way, anchoring groups can be discriminated by their electrode-coupling
induced charge transfer properties.

Table 3.1. The structural aspect of all molecules. L is the molecule length,
D (Au...Au), is the molecular length. X is the bond length. Z (D — 0.25), is
the theoretical electrodes separation. C—N is the carbon-nitrogen single bond.
C-S is the carbon-sulfur single bond. C-Si is the carbon-silicon single bond.

£ is the angle between carbon atom, anchor atom (N or S or Si) and gold
atom for contact group.

Molecule L D X Z CN CS CSi / Anchor
(nm) (hm) (nm) (nm) (nm) (nm) (nm) (°) groups

OPE-1 2.031 2474 0.245 2224 - 0182 - 52° SH
OPE-2 1663 2.111 1861 2905 0.135 - - 1(30 PY
OPE-3 2.031 2474 0.245 2224 - 0182 - 52°  SMe
OPE-4 2052 2576 0.285 2326 - - 0.192 1?0 TMS
OPE-5 2.023 2474 0245 2224 - 0182 - 52°  DBT

From figures 3.1, 3.2 and Table 3.1, it can be observed that there are
noticeable differences in the structural aspects of these molecules, as the
lengths of the molecules are varied from 1.663 nm for molecule OPE-2 to
2.052 nm for molecule (OPE-4), as well as the lengths of the bonds between
the bonding atoms of the anchor groups. In addition to the theoretical

molecular length is also varied. Furthermore, there are various angles
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Chapter Three Results and Discussion

between carbon atom, anchor atom (N or S or Si) and gold atom for contact
groups. Undoubtedly, these structural aspects will affect the junction
formation probability and all other properties (electronic, electric,

thermoelectric and spectral) of these molecules.

Figure 3.2. The relaxed geometries of all molecular junctions.
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Figure 3.2 shows that the molecular junction was created by attaching the
molecule to 35-atom pyramidal gold electrodes with base layers consisting
of 6x6 atoms and a layer spacing of 0.235 nm. Then the constructed structure
was geometrically relaxed, while the base layers of the pyramids were held
fixed. These base layers were then repeated to yield infinitely-long current-
carrying gold leads. Finally, it can be observed that this kind of molecules is
rigid, since all molecules kept their backbone without bending or twisting,
and this makes these molecules an excellent candidate for optoelectronics
field, components and applications.

The optimized molecular junction geometries conform well to a description
of the SH, SMe and BDT contacted compounds forming an angle of 52°
contact between anchor groups and the undercoordinated gold atoms of the
gold electrodes. Also, it shows that PY and TMS contact groups create an
angle of 160°. As expected, figure 3.2, and table 3.1 show that all contacted
compounds are oriented normal to the idealized pyramidal gold electrode
surface within the molecular junction, and produce an ideal junction

formation probability.
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3.3. Electronic Properties

Designing highly conductive single-molecule junctions is critical for their
potential application to components of small electronic devices. Charge
transport through a single-molecule junction can be explained using the

tunneling barrier model.
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Figure 3.3. Represents the transmission coefficient T(E) as a function of
electrons energy of all molecules.

The transmission coefficient T(E) is a property of the whole system
comprising the leads, the molecule and the contact between the leads and the

molecule. Nevertheless, if the contact to the electrodes is weak, then a graph
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of T(E) versus E will reflect the energy-level structure of the isolated
molecule. In particular if the isolated molecule has energy levels Er, (where
I represents the quantum numbers labelling the energy levels), then T(E)
will possess a series of peaks (ie resonances) located at energies in the
vicinity of the levels Er. In general, the transmission coefficient T(E)
describing the propagation of electrons of energy E from the left to the right
electrode. In this thesis, the transmission coefficient have been calculated by
first obtaining the corresponding Hamiltonian and overlap matrices using
SIESTA and then using the GOLLUM code. Figure 3.3 shows that OPE-1
introduces a high value of transmission coefficient (5.8x10*), while the
lowest value of the transmission (3.12x10%) is presented by molecule (OPE-
4). On the other hand, it can be seen that the transport mechanism for
molecule OPE-1 is a HOMO-dominated transport, while for other molecules
Is an LUMO-dominated mechanism.

In general, the transmission coefficient value of all molecules is high, and
that can understand in terms of the quantum interference is a constructive
interference and there is no a destructive interference signature within the
gap. The order of the transmission is T(E)ore1 > T(E)ore-2 > T(E)ores >
T(E)ore-s > T(E)ore-a.

This trend can be attributed to the uniformity of the binding geometries and

a decrease in binding energy and/or junction stability.
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Figure 3.4. The iso-surfaces (+0.02 (e/bohr®)Y?) of the HOMOs and LUMOs
for all molecules. The insert figure shows the trend of HOMO-LUMO gap
of all molecules.

These results provide a convenient point to commence discussion and a basis
for comparison between the highest occupied and lowest unoccupied
molecular orbitals HOMO and LUMO, respectively. Unsurprisingly, the
lowest and highest energy structures features arrangement the electronic
structure with the frontier orbitals distributed almost evenly across the
molecular backbone, making a linear, p-type conjugated pathway between
the two anchor atoms. On the other hand, the lowest unoccupied molecular
orbitals are localized on the (C=C) bonds and shown more contribution than

that of the highest occupied molecular orbitals, which are concentrated on

the (C=C) bonds. It is worth to mention that the weight of the LUMO on the
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PY, TMS, DBT and SMe anchor groups is noticeable, and higher than that
of the HOMO. These results reflect two points. The first one is the transport
mechanism of the charge carriers could be the LUMO-dominate transport
mechanism for molecules OPE-2, OPE-3, OPE-4 and OPE-5, while the
weight of HOMO is the hieghest on SH anchor groups for molecule OPE-1.
Hence, the transport mechanism through this structure is HOMO-dominated
transport, which consistent with the transmission coefficient results. The
second point is the molecular junction formation probability of all molecules
IS too high, as well as the stability of the junction.

Table 3.2. T(E) is the transmission coefficient; H-L is HOMO-LUMO gap

energy; B.E. is the binding energy; " is the number of transfer electrons from
anchor atoms to electrodes.

Molecule T(E) H-L gap B.E. I
(eV) (eV)
OPE-1 5.87x10* 2.15 0.67 7.13
OPE-2 2.13x104 2.5 0.52 6.78
OPE-3 1.26x10* 2.3 0.45 6.12
OPE-4 4.12x10° 2.6 0.23 2.18
OPE-5 2.05x10* 2.2 0.41 6.03
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Figure 3.5. Represents the binding energy (B.E.), and the number of transfer
electrons (I') from anchor atoms to electrodes of all molecules.

The binding energy (B.E.) is the lowest energy required to make the system
stable at an “equilibrium interaction distance”. To obtain an ideal
arrangement of the molecule—electrodes contact, the binding energy
calculations with a generalized gradient approximation (PBE functional),
double-zeta polarized basis set, 0.01 eV/A force tolerance and a real-space
grid defined with a plan wave cut-off energy of 250 Ry, were performed
using the Counterpoise method to overcome basis set superposition error
correction (BSSEC). On the other hand, it may be worth mentioning, that
when a molecular wavefunction is obtained by quantum mechanical
calculations, one wishes to extract useful chemical-physics information from
it or to interpret it in terms of more intuitive chemical notions. For a

molecular wavefunction in the a linear combination of atomic orbitals
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Molecular orbitals (LCAOMO) approximation, the most frequently used
method to calculate the number of transfer electrons (I") from anchor atoms
to electrodes is Mulliken population analysis.

Figure 3.5 shows that the hieghest binding energy is presented from molecule
OPE-1, and this not only support the high value of transmission coefficient
of this molecule as shown in Figure 3.3, but also it interprets the highest
value of transfer electrons from this molecule to electrodes. Whereas, the
lowest binding energy and I" are introduced by molecule OPE-4.

These results prove the fact that there is a close relationship between the
binding energy and the electronic transition, as the type of anchor group will
determine the value of the binding energy, which in turn will determine the
probability of the molecular junction formation, which in turn will determine
the value of the transmission coefficient. In light of these results, it can be
concluded that choosing the anchor group will greatly help researchers in
improving the various properties of electronic devices based on single
molecules, as well as in determining the appropriate application of those

molecules.

49



Chapter Three

3.4. Spectral Properties

Results and Discussion

In spectroscopy, oscillator strength is a dimensionless quantity that expresses

the probability of absorption or emission of electromagnetic radiation in

transitions between energy levels of an atom or molecule. For example, if an

emissive state has a small oscillator strength, nonradiative decay will outpace

radiative decay. Conversely, "bright” transitions will have large oscillator

strengths.
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Chapter Three Results and Discussion

The oscillator strength can be thought of as the ratio between the quantum
mechanical transition rate and the classical absorption/emission rate of a
single electron oscillator with the same frequency as the transition.

Figure 3.6 presents the absorption and emission results for all the molecules
under study in this thesis. Initially, it can be noticed that the emission
intensity of the molecule (OPE-4), which characterized by TMS anchor
groups is higher than those with other contact groups. Since its value was
3165 a.u. While, the emission intensity values for molecules with SH, PY,
SMe and DBT are 2868 a.u., 2568 a.u., 2823 a.u., 2610 a.u. respectively. The
second important result is exhibited in figures 3.6, 3.5 and tables 3.2, 3.3
which is the emission oscillator strength (fem), and it relationship with the
electrons transfer and transport connect groups. The molecule OPE-4 with
TMS anchor gropus produces the highest fem (2.4), while the molecule (OPE-
2) with PY contact groups shows the lowest fem (1.8). In addition, it could be
observed that the maximum wavelength (Amax) for all molecules lies in the
UV region, and there is also a fluctuation from 349.7 nm for OPE-2 to 383.6
nm for OPE-5. Based on these results, we can conclude that changing the
anchor groups not only affects the intensity of the absorption, but also leads

to a displacement in wavelengths.

The order of emission and absorption intensities and the emission oscillator

strength is OPE-4 > OPE-3 > OPE-1 > OPE-5 > OPE-2. These results can
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formulate for us a promising theoretical strategy for choosing the structures
and materials that can serve as an active laser medium. Since, the emission
cross section (cem) Of a laser transition is consider an important parameter,
because it can impact the accomplishment of laser in terms of the threshold
energy, output energy, maximum gain, etc.. In other words, the high value
of emission cross section (cem) leads to high gain laser, and since it is a direct
proportion between the emission cross section and the emission oscillator
strength. Therefore, our theoretical strategy to enhance the emission via
change the transport connect groups of molecules can be a powerful way to

develop the laser technique.

Table 3.3. The emission and absorption intensities, and the emission
oscillator strength (fem).

Molecule fem Absorption Emission
(a.u.) (a.u.)
OPE-1 2.25 91372.9 2868
OPE-2 1.8 73532.3 2568
OPE-3 2.3 93160.5 2823
OPE-4 2.4 96874.4 3165
OPE-5 2.19 88747.3 2610
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3.5. Electrical Properties

The electrical properties of an open system are influenced by both the
properties of the isolated molecule and the contact between the molecule and
electrodes. Therefore, electrical conductance calculations need to include
both features to understand the scattering process of an electron between the
two electrodes. In this thesis, the electrical conductance have been calculated
by first obtaining the corresponding Hamiltonian and overlap matrices using

SIESTA and then using the GOLLUM code.
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Figure 3.7. Represents the electrical conductance (G/Go) as a function of
Fermi energy for all molecules.
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The electrical conductance as a function of Fermi energy is reported in
Figure 3.7. However, it is interesting the conductance of molecule OPE-4 is
the smallest (two orders of magnitude smaller than that of OPE-1). Such
behavior can be justified as a consequence of quantum interference of the
molecular orbitals, where the variation of interference conditions is due to
the presence of anchor groups which involve the silicon atoms. Although,
the strong chemical bond is realized between the sulfur atoms and gold pads
for molecules OPE-3 and OPE-5 the conductance of these molecules are
peaked in the midel of HOMO-LUMO gap near to the LUMO. This reflects
the localized character of the chemical bond, which means that the sulfur
atoms partially insulate the delocalized pi-electron states which are mainly
involved into the conduction process. The presence of carbon and hydrogen
atoms in the anchor groups of these molecules leads to a weak-coupling case
in which conducting channels are electrically isolated from metallic
electrodes via potential barriers as shown in Figure 3.8 as an example of

electronic transmission channels overlap.

Figure 3.8. Represents an example of electronic transmission channels
overlap.
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Figure 3.9. The current-voltage characteristics of all molecular junctions.

Primarily, figure 3.9 shows molecular junctions with current-voltage (I-V)
characteristics curves which pass through the second quadrant, which means
that they are active components, power sources, which can produce electric
power. In addition, these results show threshold voltage (Vw), which is one
of the most important physical parameters to determine and predicate the
appropriate application, such as a field-effect transistor (FET), diodes and
light emitting diodes. Threshold voltage is defined as the gate voltage at
which the device starts to turn on. The accurate modeling of threshold
voltage is important to predict correct circuit behavior from a circuit
simulator. Figure 3.9 predicates that the Vi of these molecular junction is
between 0.43 V to 0.68 V as shown in Table 3.4, which makes them perfect

candidates for electronic and optoelectronic applications.
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The analyzing the I-V curves of Figure 3.9 within the framework of the
tunneling transport model, it could identify those contacts that are indeed
formed by a single molecule. Under these conditions also symmetric
coupling situations can be achieved that can be explained by physisorption
of the end-groups to the electrodes. This study demonstrated that the change
of the conductance is mainly achieved by tuning the coupling of the
molecular orbital of anchor groups to the metal electrode while the dominant
transport level Eo remains mainly constant. In addition, it could be conclude
that the molecules favoured physisorption, since both the coupling and the
energy of the frontier orbital can be tuned. These findings are important for
the further improvement of photochromic molecules in future molecular
electronic devices. Furthermore, these results found rather broad
distributions of conductance values in states. Finally, The analysis based on
the assumption that the current is carried by a single dominating molecular

orbital, reveals distinct differences between states.

Table 3.4. The electrical conductance (G/Go), and the threshold voltage
(V).

Molecule G/Go Vin (V)
OPE-1 0.59x103 0.43
OPE-2 0.21x10° 0.61
OPE-3 0.13x10°3 0.68
OPE-4 0.31x10° 0.54
OPE-5 0.2x1073 0.56
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Figure 3.10. Represents the electrical conductance (G/Go) as a function of
the applied voltage for all molecules.

According to the results presented in Figure 3.10, important features are
reported in the following notes: (a) The conductance-voltage characteristic
shows very sharp resonant peaks at the position of the resonance level of the
molecule. (b) With increasing of the electronvibration interaction strength,
the conductance-voltage characteristic exhibits a peak at the inelastic
threshold voltage. This change in the conductance due to the additional
broadening associated with energy dissipation to the vibrational excitation.
(c) When the molecular bridge-leads coupling strength increases, the width
of these resonances gets more enhancement substantially, where the plateau
heights depend on the molecular bridge-leads coupling parameters. (d) The
resonant peak of the conductance-voltage characteristic becomes wider and

lower with increasing the junction temperature. (¢) None difference in the
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spectra of the conductance with increasing of the vibrational mode energy.

Finally, it is observed that the molecular bridge-leads coupling strengths and

the junction temperature have a significant role in the determination of

electronic transport characteristics (the electron conduction) through a single

molecule junction in the presence of electron-vibration coupling.

3.6. Thermoelectric Properties
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Figure 3.11. Represents the thermopower (S) as a function of Fermi energy
for all molecules.
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The computed values of the thermopower reflect some of facts. Firstly, it
demonstrated that we can determine the conductance and thermoelectric
current concurrently through single-molecule junctions. The thermoelectric
currents are used to determine a Seebeck coefficient for each junction. We
find that thiol-terminated molecular junctions have a positive Seebeck
coefficient in agreement with calculations that show that the HOMO is the
molecular resonance that is closest to Er. In contrast, SMe, DBT, PY and
TMS-terminated molecular junctions have a negative Seebeck coefficient
and conduct through the LUMO. These results support the initial predication
that the transport mechanism of electrons is HOMO-dominated for OPE-1
and LUMO-dominated for other molecules. Secondly, the midgap
mechanism points out that the position of Fermi energy is also a significant
parameter because a small change in it could leads to different results for the
thermopower.

The Seebeck coefficient was found to vary between 17.5 and —13 pV K as
shown in Table 3.5. Thermoelectric transport through OPE-backbone can be
maintained despite the introduction of anchor points for side-group
chemistry, and shows values in good consensus with the ones reported in
literature for different anchoring groups, as well as The results obtained from
detailed simulations based on density functional theory suggest that the
sulfur atom of the anchoring groups coordinates to the electrode gold atoms

in a very particular fashion.
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Figure 3.12. Represents the electronic figure of merit (ZTe) as a function of
Fermi energy for all molecules.

One of the most important parameters is the electronic figure of merit ZTe.

Therefore, | have calculated this parameter as shown in Figure 3.12.

Thermoelectric materials convert thermal gradients and electric fields for

power conversion and for refrigeration respectively.

With the increase in energy demand, thermoelectric applications are

attracting a considerable interest. Unfortunately, thermoelectrics find

currently only specialapplications due to their limited efficiency, which is
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measured by a dimensionless parameter, the thermoelectric figure of merit:
ZT=S?TG/k , which includes the Seebeck coefficient (S), an average
temperature T, the electrical conductance G, and the thermal conductance
k=ketkon, the latter containing both electronic ke and vibrational kpn
contributions. Maximizing ZT is challenging because optimizing one
physical parameter often adversely affects another.

These results demonstrated again that the sign of Seebeck coefficient S for
OPE-1 compounds is positive, while it is negative for other molecules. these
results provided an excellent idea to design the molecular thermoelectric
devices. Since, the molecule with SH anchor groups (OPE-1) gives the
lowest ZTe (0.01). While, the molecule with TMS anchor groups (OPE-4)

produces the hieghest ZT. (0.045), as shown in Table 3.5.

Table 3.5. The thermopower (S), and the electronic figure of merit (ZTe).

Molecule S (uVK?) ZT.
OPE-1 17 0.012
OPE-2 -19 0.014
OPE-3 -13 0.006
OPE-4 -34 0.045
OPE-5 -17 0.011
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Figure 3.13. Represents the electrical conductance as a function of the
temperature for all molecules.

These reults shown in Figure 3.13 have predicted that the tunneling
conductance of single molecule junctions depends on temperature and can
change slightly with changing the temperature from 50 K to 500 K. These
calculations cannot be explained by changes in the Fermi distribution due to
temperature smearing. However, it could be the structure of the metal-
molecule interface changes with temperature slightly and propose that this
factor can affect the tunneling transport through single molecule-metal
junctions. At low temperatures, the electrodes remain highly corrugated and
sharp, while at high temperatures the gold relaxes into a smoother geometry.
This affects the alignment of the molecular orbitals relative to the metal

Fermi level explaining the conductance shift with temperature observed here.
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Figure 3.14. Represents the thermopower (S) as a function of the
temperature for all molecules.

The calculations presented in Figure 3.14 show that the thermopower also
slightly depends on the magnitude of the applied temperature, since the value
of thermopower increased abit with increasing the temperature. Therefore,
the main message here is that fluctuations, both thermal and from other
sources (e.g., HOMO or LUMO position due to junction reconstruction),
must be taken into account in calculations of thermopower and figure of
merit of molecular junctions. On the other hand, there is no effect of the
temperature on the sign of the thermopower. These results demonstrated that
the structures of these molecules are robust and there is no sharp change in
their electronic and thermoelectric properties under temperature fluctuations.

Therefore, these molecules are best candiates for electronic applications.
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Figure 3.15. Represents the figure of merit (ZT) as a function of the
temperature for all molecules.

Thermoelectric phenomena in unbiased metal-molecule junctions and other
similar systems occur due to the difference in electrons distributions on the
electrodes kept at different temperatures. The obtained results in Figure 3.15
shown that ZT reveals a strong dependence on the type of the anchor groups.
Also, it may be affected by the fluctuations of the temperature which appear

softly as an increasing in the value of the figure of merit.
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Chapter Four Conclusions and Future Works

4.1. Conclusions

In conclusion, this study using density functional theory methods have
summarized systematic investigations on the effect of the anchoring group
on electronic, spectral and thermoelectric properties of single-molecule
junctions of several families of oligo(phenyleneethynylene) (OPE), with five
different anchor groups (SH, PY, SMe, TMS and DBT).

The optimized molecular junction geometries conform well to a description
of the SH, SMe and DBT contacted compounds forming an angle of 52°
contact between anchor groups and the undercoordinated gold atoms of the
gold electrodes. Also, it shows that PY and TMS contact groups create an
angle of 160°, and produce an ideal junction formation probability.

The transmission coefficient value of all molecules is high. This can
understand in terms of the quantum interference is a constructive interference
and there is no a destructive interference signature. The order of the
transmission is T(E)ore-1 > T(E)ore-2 > T(E)ore-s > T(E)ore-3 > T(E)ope-4.
The molecule OPE-4 with TMS anchor gropus produces the highest fem (2.4),
while the molecule (OPE-2) with PY contact groups shows the lowest fem
(1.8). In addition, it could be observed that the maximum wavelength (Amax)
for all molecules lies in the UV region, and there is also a fluctuation from

349.7 nm for OPe-2 to 383.6 nm for OPE-5. Based on these results, we can
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conclude that changing the anchor groups not only affects the transmission,
but also the emission oscillator strength.

The thiol-terminated molecular junctions (OPE-1) have a positive Seebeck
coefficient in agreement with transport and iso-surfaces calculations that
show the HOMO is the molecular resonance that is closest to Er. In contrast,
SMe, DBT, PY and TMS-terminated molecular junctions have a negative
Seebeck coefficient and conduct through the LUMO.

The molecule with SH anchor groups (OPE-1) gives the hieghest electronic
properties and lowest thermoelectric properties. In contrast, the molecule
with TMS anchor groups (OPE-4) produces the hieghest thermoelectric
properties and the lowest electronic characteristics.

Based on the results that have been presented in this thesis, we can conclude
that the strategy of changing the transport connecting groups from SH to PY
or SMe or TMS or DBT not only affects the electronic and spectral aspects
but also leads to a singnificant change in the thermoelectric properties of the
single molecule junctions. Finally, this thesis introduces a successful and
powerful strategy to develope the organic light-emitting diodes (OLEDS) in
a single molecule technology, which can greatly simplify the display
fabrication process and lead to new applications in electrically pumped

organic lasers, and smart displays.
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4.2. Future Works

Understanding transport characteristics of single metal-molecule—metal
junctions is of fundamental importance to the development of functional
nanoscale, organic-based devices. Therefore, | suggest some of ideas for the
future work as follows:
1- Study the optical and spectral properties of several families of
oligo(phenyleneethynylene) (OPE), with different side groups.
2- Investigation the electronic and thermoelectric properties of OPE
molecules with different electrodes (carbon nanotubes and graphene).
3- Study the optoelectronics properties of OPE molecules with different

anchor groups under magnetic field effects..
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