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Abstract

Molecular electronics, in which a single molecule is employed for building a
functional electronic device, has become a promising technology since it provides
an ultimate reduction in device dimensions. Several research groups are able to
realize single-molecule devices and observe interesting transport characteristics.
Such achievements increase the demand for understanding the quantum physics
that dominates the transport at such nanoscale devices. Theoretical studies
are based on methods of computational chemistry as well as non-equilibrium

transport calculations.

We have performed theoretical research on various molecular devices in order
to explain the observed behavior in their transport. We are able to link the
different outputs from atomistic analysis and correlate them to the final device
performance. This allows us further to have a control on the transport behavior,
whence designing new molecular devices with interesting features (e.g. high
rectification ratio, negative differential resistance and standalone logic gates).
We focus not only on two terminal molecular devices which are intensively
investigated in literature, but also on three terminal devices since molecular
transistors are key components for functional electronic systems. Moreover,
in order to provide a technique that allows fast assessment to the response of
single-molecule devices, we propose a novel circuit modeling methodology. The
method is found applicable to different molecular devices from literature, and it
is successfully utilized in reproducing measurement and atomistic simulation

results of the testbed devices.
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1 Introduction

Thanks to electronic devices, applications that provide welfare to humanity
are made possible. The current dominating technology in the fabrication of
electronic devices is the silicon semiconductor technology. In 1965, Moore’s law
predicted that the density of transistors (number per square centimeter) doubles
every 18 months [1]. This implies a reduction in the transistor size at the same
rate. Up till now, this was achieved by refining the photolithographic technology

which is one of the key enabler for the semiconductor industry.

There are two major obstacles facing the current device fabrication process. First,
the photolithographic technology is approaching its limit soon with transistor
size of few nanometers. Second, doping semiconductors, which is required
to control the conductivity to pure silicon by adding impurities, faces limita-
tion of solid solubility. In other words, with the reduction of the device size,
only few doping atoms would exist in device areas leading to random behavior
whence unreliable performance [2]. Furthermore, there are limitations on de-
vice operation like the speed saturation, current leakage, parasitic capacitance,
etc [3].

Due to increasing demand for advances in miniaturization, power consumption
and speed of electronic devices, new technologies are emerging in order to
replace/ support the current semiconductor technology. Molecular electronics!
is one of the promising technologies that can offer extremely high integration
densities since single molecules, intrinsically in nanometer dimension, could
be employed as active electronic devices. Molecular devices are capable of

providing features like rectification, negative differential resistance (NDR) and

IThe term molecular electronics used in this entire thesis is referred to a branch of applied

physics in which single molecules are employed to build electronic devices.
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Figure 1.1: A typical schematic of a crossbar array.

conductance switching [4-6], which open the way for a variety of electronic

applications.

The attractive properties of molecular devices have triggered the attention of
researchers like Mark Ratner, Ari Aviram, James Tour, Mark Reed and many
others. Moreover, research on single molecular electronics was conducted at
international information-technology play-makers like HP [7,8], IBM [9,10] and
Sony [11,12].

Application like memories with huge size and programmable logic gates can
be realized in a simple implementation namely, crossbar arrays [7,13-15]. In
a nutshell, a crossbar array consists of sets of horizontal and vertical parallel
metal wires (Figure 1.1). In most cases, the layer between the crossing wires
is composed of nonlinear resistors, whose electric characteristics determine
the performance of the crossbar and its electronic functionality. Thanks to the
behavior provided by molecular devices, they are expected to be good candidates
for active cells in crossbar arrays [16-19]. It is worth mentioning that the highest

dense memory circuit up till now was achieved with a molecular crossbar array
(10" bit / cm?) [13].

Beside the importance of realizing different molecular devices, theoretical stud-
ies are necessary for understanding the physics behind the observed perfor-

mance. Theoretical analyses of molecular devices can help in the design and



development of molecular species that provide improved performance and
unique functionalities. For analyzing molecules and evaluating the transport
behavior within devices, methods of computational chemistry like ab-initio
first-principles methods or semi-empirical methods are coupled to transport

calculation methods like non-equilibrium Greens function formalism.

We hereby theoretically develop and study several devices with interesting trans-
port characteristics. We design a molecular current rectifier with rectification
ratio more than three orders of magnitude while preserving high on-current [20].
In addition, we propose a molecular device that exhibits a distinguishable NDR
behavior in which the behavior is preserved over a wide bias range with a
negative slope around -1 M(Q) and a peak to valley ratio greater than 10 [21].
Furthermore, we study other various two/three terminal molecular devices and
try to provide an argument for the transport characteristics of such devices by
building relationships among the different atomistic analyses [22,23]. One of
the main targets of this thesis is to provide a complete picture of the quantum
transport through molecular devices and the factors that control this transport

behavior.

Historically, modeling tools play a vital role in the rapid development of tech-
nologies since it saves time and money required for a prototype production. We
hereby try to provide a circuit modeling for molecules by substituting atoms or
molecular segments by circuit elements. This circuit modeling could provide a
fast qualitative evaluation for the behavior of many molecular devices [24]. We
validate the method on some molecular devices versus real measurement and

first-principles calculations of the same devices.

This dissertation is organized in six chapters, in addition to, this introduction.
The first two chapters formulate state of the art and background for the thesis .
Chapter 2 provides the necessary information about the transport mechanism
in such nanoscale devices as well as the theory of methodologies employed in
this thesis . Chapter 3 discusses different molecular devices in literature and the
device realization techniques. The background part of the dissertation is self-
contained so that a reader with little basic knowledge can follow and understand.
Moreover, the background should pave the way for the understanding of the

main contributions and findings discussed in the later parts of the dissertation.
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Chapter 4 focuses on different molecular rectifiers that we studied. We illustrate
important factors that can control the rectification behavior of molecular devices
using a dipyrimidinyl-diphenyl molecule as an example. We also propose a
novel molecular rectifier employing simple oligo-phenylene vinylene (OPV)
molecule that shows a strong rectification behavior. In addition, we examine
the influence of doping on transport behavior of the well-known donor-sigma-
acceptor molecular devices. The last section finally discusses a molecular device

with an interesting NDR behavior.

Chapter 5 focuses on three terminal molecular devices. We first study two
different derivatives of OPV molecular transistors with electrostatic gates. One
of them already realized, thus simulation results are compared to measurement
data. Secondly, we provide a study on three-leg molecular devices which are
used for building molecular logic gates and molecular transistors. Chapter 6
illustrates a newly proposed circuit modeling technique that can be generally
applied to different molecular devices. Finally, chapter 7 concludes the thesis

and states an outlook for possible extensions to our work.



2 Atomistic Simulation
Methodologies

Supriyo Datta once wrote in his book "Quantum transport: Atom to Transistor"
that

Regardless of what form future electronic devices take, we will have
to learn how to model and describe the electronic properties of the

device structures that are engineered on an atomic scale.

In this chapter, we shall illustrate the basis for understanding the methodologies
employed for studying/designing molecular and nanoscale devices. We shall
tirst discuss a simplified calculation process that explains the charge transport
through nanoscale devices. After that, we shall briefly refer to actual method-
ologies applied in the calculation. We shall finally discuss the main atomistic
analyses which we usually conduct in our studies on molecular devices. We
shall refer to the derivation of these atomistic analyses and their interpretation.
In some cases we will refer to the clues these analyses provide for understanding

device behavior.

2.1 Simplified Explanation for Charge Transport in
Molecular Devices

Molecular orbital (MO) theory suggested that a molecule can be treated as a
collection of nuclei in which electrons are described by wave-functions called
molecular orbitals [25]. For an isolated molecule, MOs are discrete. According to
Pauli exclusion principle orbitals with lower energy are filled first with electrons
(Figure 2.1a). When a molecule is brought between two metallic electrodes and

coupled to them, the Fermi-level of the whole system must align. Consequently,
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Figure 2.1: (a) MO filling configuration based on Pauli Exclusion Principle for a
molecule in free space. (b) MO filling configuration after contacting
with the electrodes, yj r are the chemical potential of the left and
right electrodes. (c) illustration for the broadening induced in the
MO.

MOs below the Fermi-level will be filled with electrons, but MO above will
be empty (Figure 2.1b). When electrodes are connected to the molecule, they
cause a broadening in the MO energy level (Figure 2.1c). This is because the
electrodes have energy bands. This broadening effect is due to the presence of
electrons in the electrodes having the same energy of MO, whence electrons can
be exchanged between the molecule and electrodes [26]. The broadening in the

energy level is described by Heisenberg’s uncertainty principle for energy
Aty =1, (2.1.1)

where v is the broadening in the energy-level and At is the time in which
electron escape from one electrode to another electrode through the MO [27].
Thus, electron will stay forever (At = o) in the MO for a sharp energy level

(v = 0), yet the broadening y = 11/ At for finite escape time.

Assume a certain bias is applied on the two electrodes such that a MO (regardless
whether it is filled or not) becomes between the chemical potentials (Fermi-levels)
of the two electrodes, see Figure 2.2. Each electrode has a different agenda; the
left electrode would like this MO to be filled because it is below its chemical
potential. On the other hand, the right electrode would like it to be empty
because it is above its chemical potential. Hence, such non-equilibrium condition

results in charges flow through the molecule.
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Figure 2.2: The configuration of the chemical potential of electrodes and MOs

under bias.

How do the current equation for such system look like? First, we know that
each orbital can be filled with 2 electrons. The number of electrons that the left
and the right electrodes want the MO to be filled with are

Np = 2f(Emo — pr) (212
Nr = 2f(Emo — pRr) (2.1.3)
where f(E — Ef) = —14 is the Fermi-function. The current is defined as the

1+4eKT
rate of flow of charge. The current from the left electrode is

NL_N:eﬂ
At h

where N is the actual number of electrons in the MO and 7 is the broadening

ILZB

(N, — N), (2.1.4)

due to coupling with the left electrode. The same equation applies to the current
from the right electrode

I = e%(NR ~N) (2.1.5)

According to Kirchoff current law, the current form the left electrode is equal to
negative the current from the right electrode Iy, = —Ig, thus we can deduce the
actual number of electrons

N — YLNL + YrRNR

(2.1.6)
YL+ IR

Substituting in equation 2.1.5, one can find out that the magnitude of current

_2e yLIR

=
hyr+r

|f(ur, Emo) — f(pr, Emo)| (2.17)

We have assumed that the whole MO contributes in conduction. However,

the broadening makes the energy level form a density of states D(E), where



2 Atomistic Simulation Methodologies

[%°_D(E) = 1. This changes equation 2.1.7 such that only the states located
between the chemical potentials of the two electrodes will contribute in the

current. Thus, the equation becomes

_2e yLyR (MR N
1= [ TDEIAE ) - fE-mldE @18

There are some important points that we did not cover in the previous discussion.
First of all, we assumed that the energy level of each MO contributing in the
conduction is fixed before and after bias. This is not correct for such a small
device. The initial number of electrons occupying this MO differs from the
actual number which is derived from equation 2.1.6. Any induced charge to
the molecule will result in interactions with the molecular nuclei, in addition to,
interactions with the charges in the molecule. Accordingly, the position of MOs
will shift. This new state of the MO needs to be incorporated in the calculation of
the new actual number of charges in the MO. The process needs to be repeated
till the difference in charge in two successive iterations is less than a predefined
accuracy value. This reclusive process is known as self-consistence field (SCF)

solution.

It is worth noticing that the impact of induced charges is reduced with the
increase in molecules’ size (approaching macroscopic system). This behavior is
notable in large simulated molecules in which the position of MOs barely shifts

under the various applied biases.

Another very important aspect that should be highlighted is the potential drop
along the device. Figure 2.3 illustrates the energy diagram of a simple device
under the same bias but with different drop along the device. A completely
different current will flow through the device due to the different positions of
the potential drop. This emphasizes that the potential drop profile plays a vital
role in transport performance of devices. It is worth mentioning that different
calculation methods might determine different energies for MOs. This would

lead to a significant variation in the transport results of the whole device.

2.2 Brief Background on Employed Methodologies

The calculation of the charge transport through atomic-scale devices is imple-

mented typically using nonequilibrium Green’s function (NEGF) formalism.
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Figure 2.3: (a) The configuration of the chemical potential of electrodes and MOs
at equilibrium. (b,c,d) are different possible configuration for the

chemical potential of electrodes and MOs under the same bias.

NEGF needs to be coupled to either ab-initio first-principles approaches or
semiempirical approaches. These approaches allow the evaluation of the elec-
tronic structure of the device. In this section, we shall provide a brief introduction

to these approaches.

2.2.1 Molecule’s Schrédinger equation

According to quantum mechanics, any system can be described by a wave-
function Y. In addition, if an operator function acts on a system, an observable
property can be noticed. A chemical system (e.g. a molecule) can be described
as a wave-function employing Schrodinger equation. Schrodinger equation
assumes that energy (E) of the system is the observable property and introduces
an operator () called Hamiltonian which is responsible for characterizing the
total energy of the system. Thus, Schrodinger equation that describes a molecular

system can be written as
AY = EY (2.2.1)
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In the absence of any electric or magnetic effects, there are five components that
define the energy of the system: inter-electron interaction, inter-nuclei repulsion,
kinetic energies of both electrons and nuclei, and the nuclei-electron interaction.
Since nuclei movement can be neglected compared to electron movement, the
kinetic energy of nuclei can be discarded in calculation. Moreover, inter-nuclei
repulsion is constant for fixed nuclei coordinates, and wave-functions are in-
variant to constant terms. Hence, Schrédinger equation can be solved without
including these terms. Such approximation is known as Born-Oppenheimer
approximation, which is a very important tool in quantum chemistry since it
gives the opportunity for computing wave-functions for larger molecules [28].

The Hamiltonian can, therefore, be written as

A=-Y v2-25+zzezz’< (2.22)
—-Y 5V i , 2.

i<iii Tk Tik

where the indexes i and j run over electrons, k runs over nuclei, m, is electron
mass, V? is Laplacian operator, Z is the atomic number, rij is the distance

between electrons i and j, and r;j is the distance between electron i and nucleus

k.

2.2.2 Variational Principle and Derivation of Secular Equation

Referring back to equation 2.2.1, it is worth noticing that there exists various (or
infinite) wave-functions that can be substituted in the equation and each would
result in different corresponding energy eigenvalue. A real system tends to have
the lowest possible ground state energy. Thus, we assume ¥, to be the optimum
wave-function that describes the system having the lowest possible energy (E,).
Any guessed wave-function ¥ s would result in eigenvalue Eg greater than or

equal E,. Hence we can reformulate equation 2.2.1 to be

HY: > E,¥¢ (2.2.3)

On multiplying both sides with ¥ and integrating over space, one can deduce

/TGFFFGdT > /TGEOTGdV

f‘YGI:ITGdT

E 224
[¥e¥cdr ? (224)

10
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This is what is known as the variational principle. It is a very important princi-
ple since one can estimate the quality of any guessed wave-function based on
the calculated value from the left hand side of the last equation (the lower the

closer to optimum).

Another important point in the calculation is that one may assume that ¥, is
a linear combination of an infinite number of wave-functions. This leads to a
very important rule of thumb in computational chemistry, known as the linear
combination of atomic orbitals (LCAO) approximation for molecular orbitals [29].
This rule indicates that a linear combination of atomic orbitals (®;) can give a

good guess for molecular wave-function.

N
Yo =) P (2.2.5)
i=1

where c; are the coefficient of each corresponding atomic orbital ®;. One con-
cludes that increasing the number (N) of atomic orbitals results in better estima-
tion. By substituting equation 2.2.5 into equation 2.2.4, one can deduce

N . N
f Z Ciq)iH 2 C](I)]di’
i=1 j=1

Ec =

i=1
N N
2 CZ'C]'fCI)iH(I)]'dT
i=1,j=1
N
' 2 Ciijq)iq)jdi’
i=1,j=1

N N
f C,‘CI)Z' Z qu)]‘dr
j=1

_ = _ (2.2.6)

where w and ) are abstract notation for the resonance integral and overlap
integral, respectively. The overlap integral emphasizes that it is proportional
to the overlap between two atomic orbitals in space. The resonance integral
cannot be interpreted generally, however, w;; can be physically understood as

the ionization potential of the orbital [30].

Minimizing E¢ in variational equation 2.2.6 would help us to achieve the opti-

mum wave-function that describes the molecular system [30]. Thus, we may

11
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use rules of calculus which state that a necessary condition for a function’s
minimum is that the derivative of function is equal to zero for all free variables
c;. Performing such partial differentiation on equation 2.2.6 for all N variables

would lead us to N equations that need to be satisfied, explicitly.
N
Y ci(wji — Egxji) =0 V] (2.2.7)
i=1

Using linear algebra, we can obtain a non-trivial solution for these N-equations
by equating a determinant composed of the coefficients of each variable to zero
(e.g. for ¢y, the coefficient is (wj,, — XjmEc))- This determinant is known as the

Secular determinant.

In order to solve such problem, we need to calculate first the N? values of Wjj
and x;; explicitly, then solve out the determinate to get N valid solution for
E¢. Finally, for each E¢ solve out the atomic orbitals’ coefficient (c;) to get the
corresponding molecular orbital. The most complicated part in this process is the
computation of the w;; = f ®;H®;dr values because the Hamiltonian operator

in equation 2.2.2 needs to be applied on each atomic orbital wave function.

2.2.3 Density Functional Theory

One of the most famous first-principles ab-initio approaches is the Hartree-Fock
method. It assumes independent electrons to overcome the complexity discussed
in the previous subsection [31]. This assumption allows one to write the Hamil-
tonian operator on the wave-functions in an easier formula. The method then
introduces a new term that handles the electron-electron interaction. Finally, a
recursive self-consistence field is applied such that solving the secular determi-
nate allows the evaluation of the orbital energy while the orbital coefficients are

used to build up the density matrix and the secular determinate.

The typically used ab-initio method in many studies is density functional theory
(DFT). DFT suggests using the electron density as the observable of the system
since this allows easier calculation process with the help of some simplifica-
tions [32-35]. The electron density is used to compute the external potential
which allows the evaluation of the Hamiltonian, whence the wave-functions [30].
After that, the most difficult part comes which is solving the Schrédinger equa-
tion to evaluate the energy in the presence of the electron-electron interaction

term in the Hamiltonian.

12



2.2 Brief Background on Employed Methodologies

DFT starts the calculation assuming an imaginary non-interacting system of elec-
trons with the same electron density of the real device. After that, Kohn-Sham
self-consistent field is applied such that electron density is used to determine
the secular matrix. At the same time, the electron density itself needs to be
computed from the derived orbitals which are determined from solving the

secular equations [30,36].

Standard DFT calculations, as discussed above, do not properly treat the ex-
change interaction. Thus exchange-correlation functionals (e.g. local density
approximation and density gradient corrections) are used to mitigate this limita-
tion [37]. Moreover, the DFT used in this thesis provides solutions for ground
state systems. Time-dependent DFT is an extended method that allow the treat-
ment of a system in an exited state or a system exhibiting a time-dependent
characteristics [38,39].

DFT with Tight binding approximation (DFTB) is considered as a semi first-
principles methodology [40]. The main idea of DFTB is that it ignores the core
electron of the molecule (tightly bounded electrons) in calculation. Accordingly,
the secular determinant size is reduced. The calculation of the integrals is then
performed explicitly like in case of DFT. The reduction of the size of secular
determinant leads to a drastic reduction in computation costs [41,42]. Despite
the approximation, DFTB method showed successful and reliable results on
many molecules. This makes the method a good candidate calculation approach
used by many research groups and outstanding publications [43-46]. DFTB is
used, in combination with NEGF formalism from DFTB+NEGF code [42,47-49],

for studying some of the molecules presented in this thesis.

2.2.4 Standard and Extended Huickel Theories

Due to the fact that the ab-initio solution for systems with large molecules
requires extremely high computational resources, semiempirical computation
methods that perform reasonable approximations have received wide acceptance
in investigations of such systems. The common approximation adopted by the
different semiempirical methods is employing parametric models in calculation
such that parameters are selected to allow best fitting to available experimen-
tal data [50-53]. There are several factors that helped in the development of

semiempirical methods mainly the availability of experimental data, in addition

13
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to the strong need of such methods in facilitating the geometric optimization! of

large molecules [30,53].

Standard Hiickel theory suggests the usage of approximate and empirical param-
eters. These parameters can solve easily and successfully the secular determinant
for planner aromatic and unsaturated hydrocarbons. The theory assumes that
the basis set is formed only from the 2p; orbital of each carbon atom which is
responsible for the pi-bond. Thus, the overlap integrals (x;;) between different
atomic orbital is zero, and the overlap integrals for equal atomic orbital (x;;) is
one (Kronecker delta function). The method uses constant empirical values for

the resonance integrals (w;;) such that

« wheni=j,
mnen nan

wjj = § B when atom "i" is bonded to atom "j". (2.2.8)

0 otherwise

where & and f are constant values equal to negative the ionization energy of
methyl radical and negative energy related to pi-bond stability, respectively.
Thus, the secular determinant can be easily solved to calculate the energies of

the molecule.

Extended Hiickel theory (EHT) developed by Roald Hofmann 1963 is considered
one of the most famous semiempirical methods [54-57]. EHT assumes that only
valence electrons need to be considered while ignoring core electrons. Hence,
the size of secular determinate is reduced to the number of valence orbitals. The
electronic structure of the system is expressed in a basis set of LCAOs. Each
valence orbital is described by a so-called Slater-type orbital (STO) which is

driven by the following equation

(2g)n+1/2

SO = Pl €)==y

rlemeYI" (6, @), (2.2.9)
where spherical coordinates r, 6 and ¢ are used. n,1 and m are principal, angular
momentum and magnetic quantum numbers, respectively. Y/"(6, ¢) is the real-
valued spherical harmonics. ¢ is called the orbital exponent which is evaluated

according to set of predefined rules [58].

lGeometric optimization is to find the geometry of a specific molecular structure that guaranties

the lowest ground state energy.

14



2.2 Brief Background on Employed Methodologies

Similar to standard Hiickel theory, the diagonal elements of the Hamiltonian
matrix are equal to the ionization potential of the corresponding orbital. On
the other hand, off-diagonal elements of the Hamiltonian matrix are given by
Wolfsberg and Helmholz approximation which relates an off-diagonal element
(Hjj) to the average ionization potential of orbitals i and j

wj; + wjj
wij = K xij———

where K is the Wolfsberg-Helmholtz constant. It is worth noting that, unlike

(2.2.10)

standard Hiickel theory in which the overlap matrix elements are equal to
kronecker delta, the overlap integrals between STOs are computed explicitly as

a function of interatomic distance [59].

After evaluating the diagonal and non-diagonal elements of the matrix, energies
and wave-functions of valence orbitals are computed by solving a standard
eigenvalue-problem. It is worth noticing that, although electron-electron interac-
tion is not calculated in EHT, it is not ignored. This is because electron-electron
interaction is incorporated in a sort of average way, while driving the Hamilto-

nian matrix from the experimental data [30].

EHT, recently developed by Quantumwise Atomistic toolkit (ATK) [60], is the
mostly employed calculation methodology in this thesis. The provided EHT has
additional extensions that account for self-consistent Hartree potentials. This al-
lows the involvement of external bias and its consequent charge reconfiguration
within the device [61,62]. Hence, it provides a comprehensive picture for the
electrostatic interactions in the device. The EHT method within the ATK tool is

used by different research groups and shows successful results [44,63-65].

EHT performs approximations that imply lower prediction accuracy. However,
it was shown that EHT provides more accurate results than DFT-based methods
for systems in which experimental data are available [61]. This is the case
for all molecular devices studied in this thesis. This comes besides the main
advantage of semiempirical methods in general, which is the high reduction in

computational costs.

2.2.5 Non Equilibrium Green’s Functions

The previously discussed ab-initio and semiempirical approaches allow the

calculation of the electronic structure of a system and provide the Hamiltonian

15
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Left Scattering region Right
electrode _ electrode

Figure 2.4: Typical structure of a molecular device. The molecule is bounded
to gold electrodes through thiol-gold bond. A (111) gold with 3x3
surface is employed. The scattering region here includes the molecule
and the first 3 layers of the gold contact. The electrodes regions are

illustrated with wire boxes.

matrix which is required for all system’s analyses. Nevertheless, induced charges
in the device under bias conditions, should be considered while calculating the
Hamiltonian. NEGF is typically coupled to these approaches to account for such
non-equilibrium conditions [42,47,61]. Besides, NEGF provides the calculation

of current and charge density of the device under bias.

Molecular/nano devices with leads are considered as an infinite system; thus
a device is divided into scattering and electrode regions (Figure 2.4). The elec-
trode regions are assumed to be semi-infinite by imposing periodic boundary
conditions to allow retrieving the bulk behavior of the electrode material. The
scattering region includes the main part of the device (molecule) and usually
a part of the contact to allow consistent charge density with the electrode and
guarantee the electrodes’ bulk property [42]. In what follows, we shall assume
devices with two terminal electrodes, for simplicity, but the methodology applies

to general multi-terminal devices.

The subdivision of the system is translated into a subdivided Hamiltonian and

wave-function of the Schrodinger equation:

I:h T 0 ‘Pl Tl
o Hs ©f ¥s | =E| ¥ |, (2.2.11)
0 T I:IZ ‘Fz TZ

where 1311, IfIz and H s are the Hamiltonian of the left electrode, right electrode

and scattering region, respectively. 71 and 1, represent the interaction between
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the electrodes and the scattering region [66]. Since it is considered dealing
with an infinite system, two solutions corresponding to outgoing (retarded) and
incoming (advanced) waves can be driven. The superscripts (R and A) will
denote the case for retarded and advanced solutions, respectively. The Green’s

function of the system (G(E)) is defined as

(E—H)G(E) =1 (2.2.12)

Similar to the Hamiltonian matrix, G(E) is also subdivided into sub-matrices

due to the different electrodes and scattering regions:

G Gis G2
GE)=| Ga Gs Gg (2.2.13)
Gy Gy G

Assuming a constant perturbation 7 is induced to the Schrédinger equation

HY = EY + 7 (2.2.14)

The Green’s function can be considered as the function that provides the system

response to such perturbation, where
(E-H)Y=-n=Y=-G(E)y (2.2.15)

Evaluating the Green’s function is usually simple, in addition it allows the
evaluation of many device behavior as shall be elaborated in section 2.3. Given
the wave-function of the system, the wave-function of isolated electrodes (e.g.

the first electrode) can be driven from the first row of equation 2.2.11:
0¥, +1Y = EY;
(E-H)¥1 = 7Y
‘Fl = g1T11{’5 (2216)
where g7 is the Green’s function of the first isolated electrode ((E — Hj)g1 = I).
This Green’s functions of isolated electrodes can be driven in a simple mathemat-
ical way exploiting the periodicity property of the electrode material [67]. The

isolated Green’s functions are used in the calculation of the so called self-energy
(Y), where

Y =1&im (2.2.17)
Y, =Tn (2.2.18)
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These self-energies measure the impact of contacts on the device [67]. They
are incorporated in the evaluation of different analytical behavior of the device.
With a simple substitutions and calculations in equations 2.2.11 to 2.2.13, one

can evaluate the sub-matrix Green’s function of the scattering region:

Gs(E)y=(E-Hs=Y —-Y )" (2.2.19)

Furthermore, Green’s function G(E) is used to compute density of state (D(E)) of

the device by first evaluating the so-called spectral function (A(E)) where

A(E) = i(G(E) — G'(E)), (2.2.20)
D(E) = Tr(A(E))/2m (2.2.21)

Finally and most importantly, Green’s function allows the calculation of the
density matrix [p] of the device
1 [e9)
p= o | [F(Em)GLIGl+ f(Em)GI2GAE (22.22)
This density matrix needs to be supplied back to the ab-initio or the semiem-
pirical calculation methods. This is in order to recalculate the Hamiltonian
matrix self-consistently while considering the induced charges due to the non-

equilibrium condition.

2.3 Atomistic Analyses Derivation and Interpretation

2.3.1 Charge Density Distribution

Atoms of a molecule accumulate charges due to bonding with other atoms
of different electronegativity or attracting some charges from the semi-infinite
contact electrodes. The charge density of the molecular is driven from the density
matrix. The intended charge density distribution in the analysis is calculated
as the difference between the actual self-consistent total charge density of the
molecular device and the density one would obtain by adding up the densities

of neutral atoms [42,60].

In order to identify the change in charge density under different biasing condi-
tion (e.g. excess charge due to applying a gate bias compared to equilibrium),
one simply needs to subtract the charge densities of the two biasing conditions.
It is worth mentioning that, the NEGF formalism is involved in the evaluation

of the density matrix under bias conditions.
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Figure 2.5: The distributions of charge density and electrostatic potential of a

sample molecular device at equilibrium.

2.3.2 Electrostatic Potential Distribution

The Hartree potential of the device is simply driven by solving the three-
dimensional Poisson equations on the charge density distribution. A negligible
charge exchange at equilibrium (e.g. graphene sheet) is interpreted as a planer
potential profile without any barriers, vice versa for a strong charge exchange
within the device (e.g. boron-nitrogen sheet). Both charge density and elec-
trostatic potential are outputted from the atomistic simulation tools as discrete

points in three dimensions mesh.

Figure 2.5 illustrates the distribution of charge density and electrostatic potential
of a sample molecular device at equilibrium. Oxygen atom have higher elec-
tronegativity than carbon, thus shared electrons with neighbor carbon atoms are
attracted to oxygen. This results in the observed negative charge accumulation
over oxygen. Solving Poisson equations shows a potential profile with potential

energy barrier near oxygen.
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2 Atomistic Simulation Methodologies

The potential drop profile along the device under specific bias is the difference
between the electrostatic potential of the device under bias and the equilibrium
electrostatic potential. The potential drop profile along the molecule usually
plays a key role in understanding the device functionality, as explained in

section 2.1.

2.3.3 Molecular Orbital Distribution

After solving the Schrodinger equation, the eigenvalues of the system are the
energy values of molecular orbitals, while the eigen functions represent the
molecular orbitals. In a nutshell, molecular orbitals are the functions that de-
scribe the wave-behavior of electrons within the molecule. The probability of
tinding electrons within different regions of the molecule at a certain energy

level (eigenvalue) is what we call here as the molecular orbital distribution.

Usually the interesting molecular orbitals for transport analysis are the fron-
tier ones whose energy values are near the Fermi-energy of the device namely,
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO). If the distribution of the conducting molecular orbital is delocal-
ized along the molecule (see the example of a molecular wire in Figure 2.6right),
these MOs afford channels for electron transport along the molecule. Hence, this
molecule will allow high conductance, which is favorable for molecular wires. If
the molecular orbitals, responsible for conduction, are localized on particular
regions of the device (see the example of a molecular rectifier in Figure 2.6left),
this molecule will generally have low conductance. Such localization of molecu-
lar orbital is favorable sometimes depending on the device functionality (e.g. in

molecular rectifiers).

Let us join this information with the previous discussion regarding the conduc-
tion through single level system. For a device to conduct perfectly: a molecular
orbital should exist between the chemical potentials of the contact electrodes,
and the distribution of this molecular orbital should be delocalized along the

molecule.

2.3.4 Density of States

Density of States (DOS) stands for the number of states available at each energy

level that can be occupied with electrons. DOS of isolated molecules are dis-
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Figure 2.6: The HOMO/LUMO distribution of a molecular rectifier (left) and a

molecular wire (right).

cretized, but DOS of semi-infinite electrodes are continuous (forms a kind of
bands). For a molecular device, discrete states are broadened by the influence of
the electrodes. The position of peaks in the DOS over the molecular device cor-
responds to molecular orbital energy levels which are the eigenvalues solution
of the Schrddinger equations. High DOS at a given energy level mean that there
are many states available for occupation while zero DOS indicates that no states

exist at that energy level.

In many cases in molecular devices, some states are localized only on a specific
region within the device which is usually due to inhomogeneity that can be
generated by doping for instance. In these cases, it is recommended to analyze
the so called local density of states (LDOS) over the different regions of the
device to gain a better understanding. LDOS is related to the localization of

molecular orbital distribution discussed above.

2.3.5 Transmission Function

Transmission function is calculated self-consistently using the NEGF model
taking into consideration the non-equilibrium and open boundary conditions

within the device. It is evaluated by the following equation
T(E,V,) = Tr[[1(E)GR (E)T2(E)G*(E)], (23.1)

where "Tr" is the trace of the matrix, I'1 and I'; are the coupling coefficient

(broadening) at the first and second electrodes, respectively. GR(E) and G4 (E)
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Figure 2.7: An illustration for density of state and transmission function of a
sample di-thiol benzene molecular device. Both curves have similar

behavior in terms of peak positions.

are the retarded and advanced Green'’s functions of the device, respectively. The

coupling coefficient (e.g. I'1) is evaluated using the equation:

r=i(Yy — Y, (2.3.2)

where Zf(A) are the retarded and advanced self-energies of the first electrode.
Transmission function represents the probability for an electron at specific energy
to flow through the device from one electrode to another. The Green’s functions
parameters, as well as, the transmission probability strongly depend on the DOS
within the device. This is because an electron with a particular energy can flow

through the device if there exists an energy state delocalized along the device.

Figure 2.7 illustrates the density of state and transmission function of a sample
dithiol benzene molecular device. It can be noticed that most of the peaks are at
the same energy positions in both curves, except for some peaks in the density
of states that do not exist in the transmission function. Those exceptional peaks
correspond to states which are localized on some parts of the molecule only. This

can be verified by other analysis (molecular orbital distribution or LDOS).

Another parameter that affects the transmission probability is the length of the
molecule. Even if the HOMO/LUMO is far from the Fermi-level, electrons
can tunnel through the HOMO-LUMO gap of a short molecule. This kind
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of tunneling, in the absence of energy states, is reduced with the increase of

molecule’s length.

2.3.6 Conduction Current

The current is computed from the transmission probability function using the

well-known Landauer formula [68]

1= 3 [P TEIAE - ) ~ F(E~ p)laE, (233)

where T(E, V}) is the transmission probability through the device for an electron
at energy E and an applied bias equals Vj; f is the Fermi function. The chemical
potential of the first and second electrodes are iy = Er — V;,/2 and pp = Er +
Vi, /2, respectively. Er is the Fermi energy of the device. Therefore, the current
can be interpreted as the area under the transmission curve within the bias
window [uq,p2]. For multi-terminal devices, the current between each two
terminals is calculated using the same equation. However, the transmission

function is changed to include the impact of the bias of the other terminals.

Although standard NEGF provides a good description of coherent tunneling, it
does not involve dissipation (e.g. electron/phonon interactions) [69]. There are
currently many attempts to include dissipation effects in the transport calculation

in order to render the analysis closer to real devices [70].
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3 Basics of Molecular Electronics

3.1 The Rise of Molecular Electronics

Molecular electronics is considered one of the promising technologies which are
based on bottom-up approach, in which microscopic components are assembled
together to build complex macroscopic systems. This is opposite to the current
semiconductor technology which is based on top-down approach aiming at

reducing the dimension of components that build the systems.

In fact, molecular electronics contains several advantages that qualify it to be a
promising technology. Molecular electronics provides an ultimate increase in
integration density since single molecules intrinsically in nanometer dimension
could be employed as active electronic devices. Most importantly, molecular
devices are capable of providing features like rectification [4,71-73], negative
differential resistance [64,74-76], conductance switching [9,77,78], magnetoresis-
tance [79-81], coulomb blockade [82,83] and Kondo effect! [83,84], which open
the way for a variety of novel electronic applications. In addition, molecular
devices are expected to provide a high operating speed which will be further

emphasized in Appendix A.

Despite the promising advantages offered by molecular electronics, it is hard to
claim that it can replace the current semiconductor technology since the perfor-
mance of the main electronic components like transistors and rectifiers are still
far below that offered by semiconductor devices. Nevertheless, it seems reason-
able that molecular devices can support the current semiconductor technology
in some applications that can exploit its size, speed and distinguishable device

functionalities.

'Kondo effect is an unusual scattering mechanism in which the conductivity of a device is

varied with temperature change due to the presence of spin impurities.
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3.2 Molecular Devices Realization

Understanding the quantum transport behavior of molecular devices is of a
great importance, however reader with limited background on single-molecule
devices should also have an idea regarding the realization and measurement
of such tiny devices. The preparation of molecules is done through chemical
synthesis and this is out of the scope of the thesis. In terms of electronic devices,
everything other than the active region (the molecule) is desired to be ideal
in the sense that any observed behavior is only dependent on the molecule.
This condition is rather difficult when it comes to atomic scale devices. In this
subsection we discuss how molecules are linked to contacts, some realization
techniques of atomic contacts, and the required measurement cautions for such

molecular devices.

Molecules are connected to electrodes via linkers which are known as anchor
groups. The anchor groups should provide a reliable and mechanically stable
connection between molecules and electrodes. The anchor is not supposed to
generate any potential barriers so that any observed behavior can be directly
attributed to the molecule itself. The commonly used anchor groups are the
thiols because typically metallic electrodes (specifically gold) are used and thiol
form a strong covalent bond with gold and other metals [85,86]. Other anchor
groups like amines, nitro, carboxylic-acid and cyano are also used in literature,

yet they show weaker electronic coupling to metals than thiols [87-92].

The common method of preparation is by dropping the solution containing
molecules over the surface containing the metallic electrodes with the atomic-
gap. The molecules are chemisorbed by electrodes via anchor groups [89,92].
After that, the device is dried leaving the molecule only contacted to the elec-
trodes. Another popular assembling technique is the self-assembled mono-
layer (SAM) in which the substrate is immersed into the solution containing
the molecules [93-95]. The anchor groups of the molecules are spontaneously
chemisorbed on the substrate in a self organized domain. This technique is

typically used for rod-like molecules [95].

In fact, there are many techniques that were developed to provide atomic-scale
contacts, a review of these techniques can be found in [2]. The main goal

of all these techniques is to create a nanometer-wide insulating gap between
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Figure 3.1: A simple schematic for a scanning tunneling microscope measure-
ment setup of a self-assembled monolayers molecules grown on a

gold substrate.

conductive terminals. These conductive terminals should act as the contact
electrodes of the device so that ideally current cannot flow in the absence of the

molecule (active device element).

Scanning tunneling microscope (STM) is among the commonly used techniques
for contacting molecules and measuring the currents flowing through them [94,
96]. Figure 3.1 illustrates a schematic the STM. In this technique, a thin metallic
tip electrode is kept at a distance from the other metallic electrode. STM measures
the tunneling current which is reduced exponentially by increasing the distance,
till the atomic gap is created. Atomic force microscope (AFM) is also used in a
very similar way, but the gap is detected from measurement of forces between the
tip and the surface [97,98]. SAM method is employed for assembling molecules

on the surface.

Another widely used technique for realization of atomic-scale contacts is mechan-
ically controllable break-junction (MCB]J). MCB]J is implemented by suspending
a metallic wire that bridges a nanogap on a flexible substrate (Figure 3.2). The
substrate is positioned within a three-point configuration composed of two
counter supports and a pushing rod which is controlled by a motor or a piezo-
driver [99-101]. Pushing the rod causes an increase in the bending curvature

of the substrate, which elongate the wire until it is broken. The breaking of the
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Figure 3.2: A simple schematic for the working setup of a mechanically control-

lable break-junction.

wire is detected at the instance when no current flow through the wire under
bias. Similar to MCB]J, electromigration technique aims at breaking a metallic
wire, but by applying an electrical process. The basic idea of electromigration is
that thin metallic wire has a threshold current density. Beyond this threshold,
ions of the metallic wire start to move, and this causes the wire to break. In
fact, the process is not so simple as might be seen because many parameters
has to be carefully considered for managing the final size and structure of the
induced gap [83,84]. Unlike MCB]J, any insulating substrate can be used, and the
produced gab has an ultimate stability [2]. One disadvantage of electromigration

method is that once the gap is produced there is no way to tune it [84].

Other electrochemical techniques can be found in literature [102-104]. Nan-
otransfer printing is currently rising as a promising technique for creating
nanogaps since it would afford a reliable and fast fabrication process [105]. In
Chapter 5, we shall discuss another method based on growing a hetero-structure
nanowire which was employed by a collaborate group to build a molecular

device with a back-gate.

There are some points that should be carefully considered when discussing
molecular device measurement and characterization [2,69]. It is important to
decide on the measurement circuitry: which is to be supplied and which is to

be measured, current or voltage? Commonly, voltage supply is preferred if
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Figure 3.3: Various important molecules commonly used as a building block for

the molecular devices.

the molecule has low conductance. However, it is worth noting that an abrupt
high applied bias may destroy the sample thus it is recommended to use a
ramp bias to define the boundaries of biases in the first measurement cycle.
One should also notice that some junctions have a limited lifetime. In addi-
tion, self-heating/electromigration generated in molecular junctions needs to
be carefully monitored to prevent device mal-functionality or at least incorrect
measurement [2]. Finally, it is recommended to conduct repeated measurement
on different samples in order to identify the average behavior of the molecu-
lar device. This can be referred to the non-symmetric coupling between the

molecules and the electrodes.

3.3 Reviewing Important Molecular Devices

Figure 3.3 sheds light on some of the main molecules which are frequently used
as a building block in various molecular devices. The first is the phenylene ring
which is a benzene ring connected from both sides to other molecules. Due
the presence of exchanging single/double bonds where electrons can move
easily, phenylene has a high conductivity. Similarly, chains of carbon with
exchanging single and double/triple bond allow high charge conductance. Com-
binations of such molecules like in case of Oligo-Phenylene Ethylene (OPE)
and Oligo-Phenylene Vinylene (OPV) are considered among the most famous
species employed in molecular wires, since their delocalized pi-bonds facilitate
the charge’s transport along them [106-110]. Moreover, OPEs and OPVs are
mechanically very stable and rigid which are favorable properties for contacting

molecular devices [111].
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On the other hand, alkane chains consisting of carbon with only saturated sigma
bonds are known to possess good insulating properties [111-113]. This is because
sigma bonds force electrons to be localized. Alkane chains enjoy excellence self-
assembly property which let it a good candidate for many research studies [114,
115]. Unfortunately, alkanes are not rigid, thus only short chains are used in

molecular devices.

3.3.1 Molecular Rectifier

Rectifiers represent the simplest and most fundamental components used for
logic circuits and memory cells. Aviram and Ratner proposed the first single
molecular device working as a molecular rectifier in 1974 [4]. Since then, other
promising molecular devices exhibiting rectification have been proposed. In
1997, Metzger et al. were able to realize a molecular rectifier, based on simi-
lar mechanism from the proposed Aviram-Ratener rectifier. They employed
Hexadecylquinolinium Tricyanoquinodimethanide molecules and achieved a
rectification ratio? up to 13 [71,116].

Rectification is usually due to two main factors: inherited asymmetry within
the molecule and/or asymmetric linkage between the molecules’ terminals
and the electrodes. There are several ways available in literature to realize the
asymmetric linkage between the molecule and the electrode, for instance, by
using asymmetric linker groups [8,117,118] or by letting the molecule with
no covalent bond to one electrode [72,119]. In addition, it was reported that
using two different electrode materials provide current rectification due to
the formation of asymmetric molecule/electrode barriers [73,120]. On the
other hand, inherited asymmetry within molecules can arise from a structural
asymmetry [121,122] or it can be forced by adding dopants at specific parts
of molecules [123,124]. There are many devices in literature where two or
more of the asymmetry factors are merged aiming at enhancing the rectification

performance [125,126].

Employing a prototype molecule from the family molecular rectifier that pos-

sesses asymmetric linkers, Kornilovitch et al. at Hewlett-Packard Laboratories

2The rectification ratio is defined as the ratio of positive bias current to negative bias current
RR=I(V)/I(-V).
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Figure 3.4: (a) A molecular rectifier with asymmetric tunneling barriers at the

two terminals. (b) A prototype D-sigma-A molecular rectifier.

are able to achieve a rectification ratio up to 500 [8] (Figure 3.4a). This family of
molecular rectifiers with asymmetric linkers to electrodes is characterized by
creation of asymmetric tunneling barriers at the two terminals. This in turns
leads to asymmetric variation in the electrodes chemical potential under positive
and negative bias. Consequently, current flows under forward bias earlier than
under reverse bias. Unfortunately, using long chains of tunneling barriers in

their proposed device led to a strong reduction in the on-current [8].

The donor-sigma-acceptor (D-0-A) molecules are the most popular molecules in
the family of molecules exhibiting inherited asymmetry. Figure 3.4b illustrate
a simple prototype D-o-A molecule. The name D-c-A of the molecules comes
from the fact that they are composed of two electroactive regions, donor (D) and
acceptor (A). The two regions are linked by a ¢ covalent bond which has some

sort of insulation since it forms a potential barrier.

Examples for substitutes used as electron acceptors are NO,, CN, CHO. The
commonly used substitutes for electron donors are NH, OH, CHj3. The acceptor
region is electrostatically negatively charged while the donor region is electro-
statically positively charged; thus an electric dipole moment is created in the
direction of transport. This forces the charge transport to be favorable when the
bias is in the same direction of the dipole than the other bias direction. Hence,

current rectification occurs.

The alignment of molecular orbitals with the chemical potential of the electrodes
under high bias causes the molecule to heat, and this may change the device
response. Hence, the measurement may become irreproducible. In fact, this
problem was observed in Metzger’s experiment in which the current is reduced

after each measurement of the IV curves [123].

31



3 Basics of Molecular Electronics

3.3.2 Molecular Tunnel Diode

Tunnel diode (or Esaki diode) is a device characterized by negative differential
resistance (NDR) behavior such that there is a bias interval in which the current
decreases with increasing voltage [127]. This NDR behavior has many applica-
tions in low power memories as well as high speed circuits and systems like
oscillators and microwave amplifiers [128,129]. Many researches were conducted
on molecular devices that were found to exhibit NDR behavior [64,74-76].

John Le et al. examined bilayer molecular junction composed of two SAMs with
a structure Hg-alkanethiol / /arenethiol-Au [76]. They reported the observation
of a reproducible NDR behavior and a peak-to-valley ratio up to 4.5. They
suggested that the NDR behavior could be related to a reduction in the effective
number of contacted molecules. This might return to a loss of contact with
electrodes or a loss of contact in-between the SAM layers [76]. Yonggiang Xue et
al. investigated SAM 4-p-terpheylthiol molecules and observed a NDR in the
measured IV curves [64]. They utilized extended Hiickel theory to theoretically
study the molecule. They claimed that the potential drop profile along the
molecular devices, especially near the contact electrodes, is responsible for the
observed NDR behavior.

Moreover, many recent theoretical studies on molecular devices that exhibit NDR
behavior were conducted [130-133]. According to the equations used for current
calculation in subsection 2.3.6, the NDR behavior corresponds to a reduction
in the area under the transmission spectrum curve within the bias window. In
most cases, the origin of this reduction is a broadening of the molecular energy

level due to the influence of the applied bias on coupled electrodes (Figure 3.5).

3.3.3 Molecular Switch

Molecules that exhibit conductance switching have gained a lot of research
interest in the recent years since they can be used as memory elements. There
are some debates regarding physics behind the conductance switching in some
molecules. The conductance switching occurs usually for one or a combination

of the following reasons:

e Changing the angle between the molecule and the contact electrodes
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Figure 3.5: The TS of a device under two different bias V}, > V, 1. Although the
bias window increases, the current which is proportional to the area

under the TS curve within the bias window is reduced leading to the
NDR behavior.

e The molecule exhibit new stable charging state due to an oxidation or

reduction process

e The molecule exhibit a new stable isomeric state (change in the organiza-

tion of the atoms in the molecule)

Peter Liljeroth et al. employed naphthalocyanine molecule that has advantages
of being planer, symmetric and self-assembled [77]. The switching occurs under
high bias (1.8V to 2.0V) by the action of induced tunneling electrons to the
molecule. The origin of bistability was claimed to be due to a change in the posi-
tions of two hydrogen atoms within the molecule (hydrogen tautomerization).
This hydrogen tautomerization causes a significant change in the molecule’s

conductivity.

Another prototype molecular switch that gained the interest of many research
groups is the bipyridyl-dinitro oligophenylene-ethynelene dithiol (BPDN-DT)
molecule (Figure 3.6a). Lortscher et al. at IBM were able to realize this molecular
device and demonstrate the conductance switching behavior [9]. They verified
that the switching is not spontaneously stochastic by building a similar molecular
device without the nitro-groups namely bipyridyl oligophenylene-ethynelene
dithiol (BP-DT) molecule (Figure 3.6b). Unlike BPDN-DT molecule, BP-DT
molecule does not show any switching behavior. The BPDN-DT shows bi-stable
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(a) | BPDN-DT NO,
(b) BP-DT N

Figure 3.6: Molecular structures A) Bipyridyl-dinitro oligophenylene-
ethynylene dithiol and (b) bipyridyl oligophenylene-ethynylene
dithiol.
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Figure 3.7: The IV curve of the BPDN-DT molecule illustrating the conductance
switching behavior, adopted from [9].

IV curves in the bias window 0.6 V to 0.9V (Figure 3.7). Both molecules show
non-linear current curves where they start conducting at a threshold bias around
0.6 V. However, BP-DT shows conductance value of 4-6 times that of the BPDN-
DT after threshold.

Various arguments were proposed for explaining the reason of switching be-

havior of BPDN-DT molecule. Tour et al. conducted the measurement of the
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BPDN molecule in air and within electrolyte to allow electrochemical potential
controlling of the molecule [78]. They found out a strong correlation between
the electrochemical potential of BPDN molecules on one hand, and the value of
bias that causes switching and current peaks, on the other hand. This suggests
that a redox process is responsible for the switching. In addition, Nitzan et al.
analysis based on Marcus theorem came to the same conclusion, namely that the

redox process is the source of the switching behavior [134].

On the other hand, Evers et al. illustrated that the energy required to insert/re-
move an electron is much higher than the observed switching bias in the experi-
ment [135]. Moreover, they showed through first-principles simulation that a
reorientation in the angle between the molecule and the gold electrode could
be the reason for the switching. This reorientation originates from the impact
of the electric field on a dipole created by the nitro-groups [135]. Based on few
atomistic analysis from our side, we believe that relating the switching to redox
process is the most appropriate for this particular molecule. Noting that, there
is no complete loss/gain of single electrons in the redox process; instead only

variation in a fraction of charges causes the switching (see Appendix B).

3.3.4 Three Terminal Molecular Devices (Molecular Transistors)

Up to now, molecules are used almost exclusively in two terminal devices.
Nevertheless, gated molecular devices were realized, and the gate influence was
experimentally investigated by many research groups [83,136-139]. Hyunwook
Song et al. reported the ability to achieve direct molecular orbital modulation
using a gate bias, which allows a direct control on the transport current through

the molecular device [138].

Jiwoong Park et al. were able to realize a molecular transistor employing single
cobalt ion linked to gold electrode via an organic barrier [83]. Coupling strength
between the cobalt ion and the electrodes is controlled by varying the length
of the barrier. The device behaves as a single-electron transistor in case of a
weak coupling, yet a Kondo-assisted tunneling is detected in case of a strong

coupling.

Moreover, some outstanding theoretical work was recently conducted to inves-
tigate feasible molecular device application that can employ such molecule.

N. Lang and P. Solomon at IBM studied the gate effect on a three-leg
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Figure 3.8: (a)Structure of a three-leg molecular transistor and (b) its output

characteristic curves, adopted from [140].

molecule [140,141]. They applied an electrostatic gate to one leg having sil-
ver atoms attached to it, in order to allow a good coupling with the gate, see
Figure 3.8a. The device shows very interesting transmission spectra modulation
with the gate bias. Figure 3.8b illustrates the output current characteristic of the

device under different gate biases.

M. Hliwa et al. proposed different three-leg molecules which can be employed
for building standalone logic gates [142-144]. Figure 3.9a illustrates a three-leg
molecular device which acts as a standalone logic OR [142]. In this implementa-
tion, they interpret the input logic as high voltage (0.4 V) for logic ‘1" and low
voltage (0V) for logic ‘0’. On the other hand, they interpret the output logic as
high current for logic ‘1" and low current for logic ‘0’. Figure 3.9b shows an ap-
proximate contour view of the result which demonstrates a correct functionality

of the molecule.

3.4 Challenges Facing Single-Molecule Devices
Technology

This section illustrates the main challenges facing single-molecule devices tech-
nology. It is worth mentioning that, the previously described advantages of
molecular electronic devices are sufficient to motivate several research groups

to currently work on resolving these challenges. The fast development in the-

36



3.4 Challenges Facing Single-Molecule Devices Technology

e
S~

Outpu;c& giading

(a) (b)

Vinput2 (VOltage)
o
DN

0.0 0.2 0.4
Vinputl (VOltage)

Figure 3.9: (a) Structure of a three-leg molecular device working as a standalone
logic OR. (b) An approximate contour view of the output current

reading under various biases at the inputs.

oretical methods for modeling and simulation of transport through molecular
devices like Non-equilibrium Greens’ functions [145-147] and density functional
theory [40,47] approaches and semi-empirical methods [42,148] shows a great
success in reducing the gap between theory and experimental results. These
approaches provide perfect involvement of coherent tunneling; however, they
usually do not involve electron/phonon interactions and electron coupling to
the solvent where the molecule exist [69]. Such involvements could further
enhance the accuracy of theoretical methods in mimicking the experimental

results.

Despite the outstanding attempts to model molecular transport [8,149,150], there
is still some lack in understanding the fundamentals of quantum transport prop-
erties within molecules. Consequently, the ability to design/improve molecules
for a specific device functionality is still a difficult task. This constitutes one of

the major challenges before the fast development of molecular devices.

Moreover, there are challenges encountered in realization such as molecules’
synthesis, fabrication of the nano-contacts and device robustness. Last but not
least, the ultimately difficult realization challenge is integrating sets of single-
molecule devices together in one system and letting molecules electronically

coupled in a guided way.
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4 Two Terminal Molecular Devices

4.1 Introduction

Thanks to major advances in chemical and fabrication processes, various elec-
tronic devices based on single molecules have been developed. On the theoretical
level, many attempts have been made to provide a clear view of the charge trans-
port mechanism through molecules. Nevertheless, the overall picture is not
yet complete. For instance, despite the success of the first single molecular
diode prototype by Aviram and Ratner [4], the factors that control the transport

behavior still need more investigation.

In this chapter we focus on two terminal molecular devices, mainly molecular
rectifiers. These devices deserve all attention because they represent the simplest
and most fundamental components used in logic circuits and memory cells.
After Aviram and Ratner diode proposal, other promising molecular devices
exhibiting rectification have been developed [72,122,151-153]. In 1997, Metzger
et al. were able to realize a molecular rectifier employing Hexadecylquinolinium
Tricyanoquinodimethanide molecules [123]. They achieved a rectification ratio!
up to 13. Recently, Diez-Pérez et al. employed a simple diblock dipyrimidinyl-
diphenyl molecule as a molecular rectifier with rectification ratio around 2.5 [154].
Kushmerick et al. managed to achieve a rectification ratio that reaches up to 4 by
using a simple OPE molecules with asymmetric linkers between the terminals
of the molecule and the contact electrodes [72]. Interestingly, Kornilovitch et
al. at HP-Labs were able to achieve a rectification ratio up to 500 for molecules

with asymmetric linkers that create asymmetric tunneling barriers at the two

The rectification ratio is defined as the ratio of positive bias current to negative bias current
RR=I(V)/I(-V).
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terminals [8]. Using long chains of tunneling barriers in their proposed device

led to a strong reduction in the on-current [8].

This chapter is organized as follows: we first illustrate the general methodol-
ogy used for studying the different molecular devices in this chapter. After
that, we discuss an important design concept that can be used to control the
rectification direction and strength of a molecular device. We then verify this
concept via controlling the rectification behavior of a dipyrimidinyl-diphenyl
molecule. Moreover, we propose a novel molecular rectifier employing simple
OPV molecules and demonstrate that we can achieve a rectification ratio of
more than three orders of magnitude. Subsequently, we provide a study for the

influence of doping on the rectification performance of molecular devices.

The last section illustrates a study on a two-terminal molecular device that shows
an interesting NDR behavior. All the studies on the molecular devices are based
on atomistic analyses, which help in understanding the devices behavior and

build relations among the different properties of molecules.

4.2 Methodology

Molecules are built and geometrically relaxed, using either Broyden-Fletcher-
Goldfarb-Shanno (BFGS) method [60] or Conjugate gradient algorithm [155],
until all residual forces in each atom are less than 0.05eV/A. Afterwards, each
molecule is attached to a semi-infinite (3x3) (111) gold electrodes through thiol-
gold bonds (Figure 4.1). The sulfur atoms are located 1.71A from the gold surface
which corresponds to S-Au bond length 2.38A. This is similar to values validated
in [156]. We have verified that the small variations in angles or distances between
the molecule and the electrodes, as well as, the size of the electrodes do not
change the qualitative behavior of the device, except for some small variations

occur.

In order to describe the charge transport under an applied bias, the NEGF
formalism is coupled to either extended Hiickel theory by Atomistix ToolKit [60,
61] or to Density Functional Theory and its tight-binding approximation from
DFTB+NEGF code [47,147,157].

Results from the EHT or DFTB are fed into the NEGF model to calculate the

drain current self-consistently while considering the non-equilibrium and open
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Figure 4.1: Typical structure of a molecular device. The molecule is bounded
to gold electrodes through thiol-gold bond. A (111) gold with 3x3
surface is employed. The electrodes regions are illustrated with wire

boxes.

boundary conditions. According to [34,158], these are typical for the quantum
transport in devices. The self-consistence solution also considers the electrode
screening effect and molecule-electrode coupling. The current is calculated using

the Landauer formula [68]

1= [T Vi E - ) - FE- e, d2D)

where T(E, V) is the transmission function of the device at energy E and
an applied drain-source bias Vg, f is the Fermi function and yy/ugr are the
chemical potential of the left/right electrodes, respectively. Thus, the current
is determined by calculating the area under the transmission curve within the
bias window (y — pr). For all devices, the employed boundary conditions in
the Multi-grid Poisson solver are Dirichlet along the transport direction and

Neumann in the directions perpendicular to the transport.

4.3 Important Design Concept

An important design concept is schematically presented in Figure 4.2. It shows
a molecular device whose conduction is dominated by transmission through
its Lowest Unoccupied Molecular Orbital (LUMO). The molecule has a highly
resistive region near the right electrode where the whole applied potential drop

occurs.

In general, current can flow through a molecular device if a molecular orbital lies
in between the chemical potential of the left and right electrodes [27]. As a result,

the molecule in Figure 4.2 shall conduct current only when the negative potential
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Figure 4.2: A simplified energy diagram of an asymmetric device that conducts
through LUMO and has a high resistive barrier at the right electrode
(a) at equilibrium, (b) under bias V;; where the potential drop occurs
only at the negative electrode, and (c) under bias —V;;; where the
potential drop occurs only at the positive electrode. (d) A compar-
ison between the IV-curves of this asymmetric device and another
symmetric one. The asymmetric device resembles a rectifier with an
on-threshold bias equal to the difference between the LUMO energy

level and the device Fermi-level at equilibrium.

is applied on the right electrode relative to the left electrode. In other words, the
magnitude of current is only dependent on the amount of the applied potential
that drops at the negative electrode. If this molecular device is symmetric (either
no barrier or a barrier at both electrodes), the same potential drop would occur
at the negative electrode for both positive and negative biases. Thus, an anti-
symmetric IV-curve will be obtained (dashed curve in Figure 4.2d). Note that,
the on-threshold bias would be higher for the symmetric device since not the

whole potential drop occurs at the negative electrode.

As a consequence, we can conclude that any asymmetric molecular device
that conducts through a single molecular orbital (LUMO or HOMO) shows

rectification. We claim that the strength of the rectification depends on the difference in
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resistance of the terminal portions of the molecule near the contacts®. In case that the
molecule has a LUMO (HOMO) dominating conduction, the side of the molecule with
higher resistivity, that absorbs most of the potential drop, acts as the cathode (anode).

4.4 Results and Discussion

4.4.1 Dipyrimidinyl-Diphenyl Molecular Rectifiers

Recently, a lot of attention has been devoted to a diblock dipyrimidinyl-diphenyl
molecule, because of its simple molecular structure and rectification response [10,
122,159-161]. In this subsection, we show that the rectification of a molecular
device can be controlled by enforcing the potential drop profile along molecules.
The insertion of a resistive molecular path near the metallic electrode(s) can

drastically alter the rectification performance.

As a testbed for the analysis, we employ the diblock dipyrimidinyl-diphenyl
molecule shown in Figure 4.3a. Since alkanes are known for their high insulating
property [8,115], they can be used to modify the resistivity of the molecule
region in touch with the electrodes, . We use a dimethyl group attached to the
last phenyl group of the molecule on the right side (Figure 4.3b) and attached
to the last pyrimidinyl group on the left side (Figure 4.3c), respectively. This
ensures higher resistivity, and consequently higher potential drop, at the side
where it is added. Therefore, the insertion of the resistive element allows us to
control the transport behavior of the molecular device. As we will demonstrate

below, we can improve the molecule rectification and even invert it.

Figure 4.4 shows the transmission spectra (TS) of the dipyrimidinyl-diphenyl
(Moll) molecule at different positive and negative drain biases. The current is
directly proportional to the integral of the transmission curve between the limits
set by the applied potentials (diagonal dashed lines indicating the position of
the two chemical potentials of left and right electrodes). As can be noted, the
current is dominated by LUMO transmission. The contribution of LUMO within
the bias window is larger for the positive bias than for the negative one. This

leads to the rectification response in the IV-curve, see Figure 4.5.

2For multi-ring molecules, the terminal portion can be considered as the last ring near the

contacts.
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Figure 4.3: The structure of diblock dipyrimidinyl-diphenyl based molecules
under investigation. Moll is the molecule studied in [10,122,159,160].
Mol2 and Mol3 are modified version of the molecule after adding a
dimethyl group at the cathode and anode terminal of the molecule,

respectively.
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Figure 4.4: Semi-log plot of the TS at various positive/negative biases applied
on the left electrode of a device with Moll. The device Er is set to be
zero. The transmission window over which the current is calculated

is in red color and surrounded by the dashed lines.

Figure 4.6a shows the potential profile along Moll. At forward bias (1 V), one
can notices that the potential drops smoothly over the whole molecule. At
reverse bias (-1 V), the potential drop over the dipyrmidinyl is smaller than the

diphenyl one. Correspondingly, the resistance near the dipyrmidinyl side is
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Figure 4.5: The simulated IV-curves of the three molecular devices. All IV-curves
show clear asymmetries. The inset is the IV-curve of Mol2 alone since

it has a rather lower current values compared to Moll and Mol3.

almost half of the resistance near the diphenyl side. The difference in resistivity
can be justified from the length of the corresponding bonds; the C-N bond in
the dipyrmidinyl side is around 1.35 A, which is shorter than the C-C bond in
the diphenyl3 (around 1.4 A). Since both bonds are aromatic, the shorter bond

implies a relative higher mobility.

The small current at reverse bias is related to the fact that the dipyrmidinyl,
with small resistivity, is connected to the negative electrode. In general, the
LUMO-supported current through the molecule is directly proportional to the

potential drop near the negative electrode.

In order to verify the discussed design concept, we enhance the rectification
of Moll by adding a dimethyl group at the cathode terminal to increase the
resistance near the negative contact (Figure 4.3b). Figure 4.6b shows the potential
profile along Mol2 at positive/negative bias and the approximate resistance of
each segment of the molecule. Now, the resistance of the dimethyl group,
connected at the cathode, dominates. Consequently, the potential drop increases

near the cathode. At positive bias, the cathode is connected to the negative

3The mentioned bond lengths are based on our geometry relaxed structures, and they are in

the expected range from experimental measurement in [162,163].
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Figure 4.6: The potential drop profile along the three molecules; (left) at voltage
bias -1V and (right) at forward bias 1V. The bias is applied on the
left electrode. The approximate resistances per unit length for the

middle and terminal segments of the molecules are illustrated.

electrode, which leads to an enhancement of the conduction through LUMO. At
negative bias, the cathode is connected to the positive electrode, which leads to
a current quenching. Despite the reduction in the forward current due to the
presence of the barrier, we observe a better rectification as compared to Moll
(Figure 4.5).

One can change the rectification direction if the dimethyl group is added at the
anode of Moll. This makes the potential drop always high at the anode region,
see Figure 4.6c. At negative bias, the anode is connected to the negative electrode,
which facilitates the current flow. At positive bias, the anode is connected to
the positive electrode and consequently the current is low. As a result, inverse

rectification occurs (Figure 4.5).

Adding a dimethyl group indeed controls the potential drop along the molecule
as expected and validates our claim. Figure 4.7 and 4.8 show the TS of Mol2 and
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Figure 4.7: Semi-log plot of the TS at various positive /negative biases applied
on the left electrode of a device with Mol2.

Mol3 at various positive /negative drain biases. The TS of Mol2 and Mol3 are
different from that of Mol1l, however the current is carried via LUMO states in
the three molecules. In the case of Mol2 (Figure 4.7), the short LUMO peak is

responsible for the low current observed.

It is worth noticing that the TS for Mol1 and Mol2 shifts with the applied bias in
the same direction of the chemical potential of the left electrode (1), connected
to the anode since higher potential drop occurs near the cathode. On the contrary,
the TS for Mol3 shifts in the same direction of the chemical potential of the right
electrode (uR).

Figure 4.9 illustrates the HOMO/LUMO distribution for the three molecules at
zero drain bias. The distribution of the molecular orbitals along the molecule
can be calculated using the molecular projected self-consistent Hamiltonian
(MPSH) [164]. In the three molecules, the HOMO tends to be highly local-
ized at one of the molecules terminals. The LUMO of the three molecules is
rather delocalized along the molecules. This emphasizes LUMO dominating

conductivity.

Figure 4.10 shows the rectification ratio of the three molecular devices. The
average rectification ratio of Moll is around 2.8, which agrees with measurement
and simulation data in [10,122,159,160]. Mol2 shows a ten-fold enhancement in
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Figure 4.8: Semi-log plot of the TS at various positive /negative biases applied
on the left electrode of a device with Mol3.
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Figure 4.9: The distribution of the HOMO/LUMO molecular orbitals along the

three molecules at equilibrium.

the rectification, with rectification ratio exceeding 30 at some biases. Mol3 with

inverted rectification direction displays a rectification ratio around 7.

48



4.4 Results and Discussion

NN
o

w
o

w
o

Rectification Ratio
= - N N
ul o onl O w1

0 i h i i
0.5 0.6 0.7 0.8 0.9 1.0
Voltage bias (V)

Figure 4.10: The rectification ratio (RR) of the three molecular devices. For Mol3,
the RR is inverted since the molecule rectify in an opposite direction

to the other two molecules.

These results indicate that adding a dimethyl group to one terminal of the
molecule has a stronger effect on the rectification behavior than the inherited
asymmetry of the molecule. Moreover, we verify that using the design concept

in section 4.3 we can control the transport characteristics in molecular devices.

4.4.2 Oligo-Phenylene Vinylene Molecular Rectifier

Oligo-Phenylene Vinylene (OPV) is among the most famous conjugated
molecules due to its delocalized pi-bonds which facilitate the charge’s transport
across them. Sendergaard et al. realized an OPV molecular wire with oxygen
linkers that shows a non-linear response to an external bias with a threshold
conductance onset around 1.4V [139,165]. The testbed molecule in this subsec-
tion is a derivative of this OPV molecule, see Figure 4.11. The employed OPV
molecules have an oxygen linker on one terminal and a simple thiolate linker on

the other terminal.

In this subsection, we present several atomistic simulation of the molecular
device, which elucidate its quantum transport behavior. The main feature here
is the rectification, which can reach extremely high values up to three orders

of magnitude in the interval from 0.3V to 1.3 V. We shall elaborate why the
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Figure 4.11: The structure of a synthesizable OPV molecule that we target for
this study. A simple thiol linker is on the left terminal and an oxygen
linker is on the right terminal. The side functionalization groups
in the middle of the OPV are usually synthesized for stability and
solubility of the molecule and they do not affect the rectification

behavior of the molecule based on simulation.

rectification is so strong and why it degrades outside the interval. Besides
the interesting response of the device, the analysis clarifies how the atomistic

transport characteristic of a device determines its rectification performance.
Studying the device at equilibrium

The electronic properties of a molecular device at equilibrium can be resolved
using the MPSH. For the OPV molecule considered here, we find that the HOMO
and LUMO are at —1.3eV and 0.21 eV relative the Fermi-level, respectively. A
simple dithiol OPV molecular device, consisting of an OPV with two identical
thiol terminals, acts like a molecular wire with a current in the range of few
microamperes flow at an applied bias of 1V [22]. Its transmission spectrum
shows a broadening of the LUMO near the E; which allows current conduction

even at low bias, see Figure 4.12a.

By adding an oxygen linker to one terminal of the molecule (in this case the
right one), the LUMO broadening disappears. In addition, the peak values
of the transmission at the HOMO/LUMO energies are clearly reduced, see
Figure 4.12b. This indicates that the oxygen linker induces significant changes to
the charge transport behavior of the device, by partially decoupling the molecule
from the gold electrode.
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Figure 4.12: The TS of dithiolated OPV molecules (a) without oxygen linkers.
(b) with an oxygen linker on one terminal. The Fermi energy is
set to be zero. The TS emphasize the role of the oxygen linker in
filtering the TS of the OPV and separating the HOMO/LUMO to be
at —1.3eV and 0.21 eV, respectively. Besides, the transmission peaks
at HOMO/LUMO energies are reduced.

Figure 4.13a shows the distribution of the charge density difference through
the molecule at equilibrium (zero bias). Oxygen is characterized by its high
electronegativity. Thus, the shared electrons in the polar bonds between the
oxygen and the surrounding carbon atoms are attracted toward the oxygen.
As a result, negative charge accumulation occurs around the oxygen atom.
Figure 4.13b shows the electrostatic potential profile of the device at equilibrium.
The charge accumulation creates a potential variation (barriers) at the oxygen
linker. Moreover, the oxygen linker includes a dimethyl group which is known
for its insulating property [8,115]. Consequently, it can be expected that when
a particular bias is applied to this molecular device, the potential drop would

mostly occur at the terminal connected to the oxygen linker.
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Figure 4.13: (a) The charge density difference distribution through the device at
equilibrium (zero bias). (b) A 3d visualization of a contour plot for

the absolute electrostatic potential distribution of the device.

Let us now apply the same concept described in section 4.3, yet we have both
HOMO and LUMO available at different distance from the Fermi-energy. In Fig-
ure 4.14, it is assumed that the potential drop induces abrupt difference between
the OPV’s MOs and the chemical potential of the right electrode connected to
the oxygen linker. Depending on the bias direction, the device starts conducting
when the chemical potential of the electrode connected to the oxygen linker
meets either the HOMO or the LUMO. This asymmetric conductance-voltage
dependency for positive/negative biases would imply a rectification behavior in
the interval from the LUMO starting point at forward bias (0.21 V) to the HOMO
starting point at reverse bias (1.3 V), as exemplified in Figure 4.14d. In what
follows, we verify this simplified picture via atomistic simulation results of the

device.
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of the device.

Probing the potential drop along the device under bias

Figure 4.15 presents the potential drop profile along the molecule at positive/neg-
ative bias of -1 Volt. We investigate the potential drop at these biases to clarify
the asymmetry of the drop along the molecule. As we shall show later, the
current flows through the device at forward bias of 1V, while it is drastically

reduced at reverse bias —1V.

At reverse bias (Figure 4.15a), the applied potential drops mostly near the oxygen
linker. Since no potential drop occurs near the negative electrode, no conduction
through LUMO transmission is expected in this case. The potential drop leads

to a lowering of the chemical potential of the positive electrode relative to the
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Figure 4.15: The potential drop profile along the asymmetric OPV molecule (a)
at reverse bias —1V. (b) at forward bias 1 V.

MOs. Since the HOMO is about 1.3 eV away from the equilibrium Fermi-energy,
the lowering of the chemical potential of the positive electrode is not sufficient
to start conduction. Hence, no significant current flows at this negative bias. The
only current contribution comes from tunneling from one electrode to the other
across the HOMO-LUMO gap. Note that, the potential drop is not abrupt, as
assumed in the simplified energy diagram, but it gradually picks up near the

oxygen terminal.

At forward bias (Figure 4.15b), the potential drop is smoothly distributed along
the whole molecule, with a faster drop near the oxygen linker. Since the LUMO
is only 0.21 eV away from the equilibrium Fermi-energy, a small potential value
needs to raise the chemical potential of the negative electrode. Thus, the steep
drop near the oxygen linker represents the required threshold to start conduction

while the remaining potential drop is smoothly distributed along the molecule.

Transmission spectra of the device under bias

Figure 4.16 shows the TS of the device at various positive/negative biases.
At negative reverse bias, no molecular orbital is included in the integration

window, denoted by the diagonal straight lines, up to voltage bias ~—1.0V.
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Figure 4.16: The TS of the asymmetric OPV molecule (a) at various reverse biases.

(b) at various forward biases. The Fermi-level is set to be zero and

the transmission window over which the current is calculated is in

red color and surrounded by the dashed lines.

This suggests that almost no current is expected for such bias range. When

the reverse bias reaches —1.3V, the HOMO level starts entering the integration

window. Consequently, a HOMO dominating transmission allows current to

start flowing.
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At positive forward bias, the LUMO level enters the integration window before
0.5V. Thus, a LUMO dominating transmission leads to current flow at relatively

low positive bias ~0.3 V.

It is worth to notice that, the TS of the molecule shift under bias in the same
direction of the chemical potential of the left electrode (¢ ), which is connected
to the molecule via the simple thiol linker (see Figure 4.16). This is because most
of the potential drop occurs near the right electrode, connected to the oxygen
linker. Since the potential drop at forward bias is uniformly distributed along
the whole molecule, the TS show a weaker shift with respect to the reverse bias

case.
Analysis of the HOMO/LUMO orbitals

Figure 4.17 illustrates the HOMO/LUMO charge distribution through the OPV
molecule at different drain biases. As illustrated in the previous analysis, only
HOMO contributes to the reverse bias current, and only LUMO contributes to
the forward bias current. The HOMO charge distribution at reverse bias (V5 =

-1V) concentrates on the left portion of the molecule (Figure 4.17c). Figure 4.15a
shows that there is almost no potential drop (electric field) at that portion, which
explains the weak current at reverse bias. On the contrary, the LUMO charges at
forward bias (V;; =1V), also occupying mostly the left portion (Figure 4.17f),
are now subject to a high electric field (Figure 4.15b). This in turns leads to an

appreciable current.
Influence of molecular length on the device behavior

We illustrate here the influence of the molecular length on the transport char-
acteristic of the device. Figure 4.18 shows the IV curves for an OPV molecular
device with 3,7 and 9 phenylene rings, respectively. The curves show that in-
creasing the molecular length has a clear impact on the reverse bias current,
which is reduced by orders of magnitude with increasing molecular length.
This is consistent with the origin of such current, namely tunneling across the
HOMO-LUMO gap [165]. On the other hand, the molecular length has a weak
influence on the forward current because the LUMO channel does not depend on
the length. Accordingly, the rectification ratio increases by orders of magnitude

with increasing the molecular length (Figure 4.19).
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Figure 4.17: The distribution of the HOMO/LUMO molecular orbitals along the

device at different drain-source biases.
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Figure 4.18: The IV curves of the asymmetric OPV molecular devices with 3,7

and 9 phenylene rings.

Another important observation is that the value of the reverse bias, at which the
HOMO conductance starts, shifts slightly to lower values with increasing the
molecule’s length. This behavior is related to the potential drop profile along the
molecule. At reverse bias, longer molecules allow relatively higher percentage
of the potential drop near the positive electrode. Thus, electrical conduction, due
to the alignment of the chemical potential of the positive electrode with HOMO,

is achieved at relatively lower bias value for longer molecules.
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Figure 4.19: The rectification ratio of the asymmetric OPV molecular devices
with 3,7 and 9 phenylene rings. The rectification ratio is calculated
as [(V)/I(—V).

The study presented in this subsection suggests a novel molecular rectifier
that provides a rectification ratio >1000. We simulate molecules with up to 9
phenylene rings (<8 nm length) and show that the rectification ratio is enhanced
with increasing the molecular length. For a longer molecule with 17-19 rings, we
expect to have a rectification of more than 10* which would be a breakthrough

record in the field of molecular electronics.

4.4.3 Influence of Doping Variation on Molecular Rectifiers

Aviram and Ratner proposed the first single molecular rectifier which was called
afterwards Aviram Ratner diode [4]. The molecule is generally called Donor-
Sigma- Acceptor (D-0-A) diode since it is composed of two electroactive regions,
donor (D) and acceptor (A). These two regions are linked by a ¢ covalent bond
which has some sort of insulation since it forms a potential barrier. Several theo-
retical studies have investigated different parameters affecting the rectification

performance of the D-o-A molecules [118,166].

Figure 4.20 illustrates the structure of the testbed D-0-A based molecules with
various doping. Mol4 was a typical molecule studied as an example of the
D-0-A molecule in [118]. The remaining molecules are the same but with an

increased /decreased number of acceptors(NO,)/ donors(NHy). In this subsec-
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Figure 4.20: The structure of D-0-A based molecules under investigation.

tion, we shed light on the correlation between the change of doping, and the

rectification and other device properties.

Figure 4.21 shows the IV characteristics of the six molecules; Moll and Mol3 are
plotted in the inset because their current values are small compared to the other
molecules. As can be noticed, the addition of the donor group (NHy) slightly
reduces the negative bias current, see Mol3 compared to Moll. On the other
hand, the addition of the acceptor group (NO,) acts on enhancing the positive
bias current, see Mol2 compared to Moll. This may be attributed to two factors:
tirstly, the conduction in these molecules is dominated by transmission through
the LUMO as shall be elaborated shortly. the second factor is that, an acceptor
(NOy) withdraws some charges from the molecule; thus the LUMO transmission

is enhanced and vice versa for a donor.

Figure 4.22 shows the distribution of the HOMO and the LUMO along the six
molecules without contact electrodes. For all molecules except Moll that has
neither donors nor acceptors, the HOMO is localized on the donor region while
the LUMO is localized on the acceptor region. This asymmetry in the distribution
of the HOMO and LUMO plays an important role in the rectification behavior.
High current is favorable when the positive electrode is near the HOMO, and
the negative electrode is near the LUMO. This is because the positive electrode
tends to withdraw electrons from the molecule while the negative electrode acts

as electrons injector.
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Figure 4.21: The simulated IV-curves of the six molecular devices. Moll and
Mol3 are plotted in the inset since their current have relatively
low values. All molecules other than Moll and Mol3 show clear

asymmetric curves.

Figure 4.23a shows the TS of the six molecular devices at equilibrium. The TS
are rather similar far from the E f- However, the main variations occur around
the Ef especially for Moll and Mol3 which have lower values of LUMO peaks.

This explains the low current values of Moll and Mol3.

In Figure 4.23b, the TS of Mol1l within the integration window at positive and
negative biases are almost equal, which leads to the symmetric current curve.
On the other hand, Figure 4.23c and 4.23d show that LUMO contribution at
positive biases is greater than at negative biases. This results in the asymmetric

current curves of Mol4 and Molé.

Referring to the illustrated design concept in section 4.3, the amount of current
flowing through a device depends on the potential drop near the negative
electrode (right electrode at positive bias and left electrode at negative bias).
Figure 4.24 shows that, for Moll, the potential drop near the negative electrode
is equal for both positive and negative biases, whence equal current flows. For
Mol4 and Mol6, the potential drop near the negative electrode is higher in case

of positive bias, whence higher current flows at positive biases.
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Figure 4.22: An iso-surface plot for the distribution of the HOMO/LUMO molec-
ular orbitals along the six molecules without the gold contact. A

cutoff value of 0.02 is used in the plotting.

It is important to notice in Figure 4.23c,d that the LUMO peaks of Mol4 and
Mol6 under bias are relatively shifting in the direction of y;. This is because
the potential drop near the right electrode is a bit higher than that near the left
electrode. Moreover, for Moll, the TS are not significantly shifting under bias
since the potential drop near the electrodes are approximately equal at positive

and negative biases.

The dipole moment indicated in Table 4.1 is calculated along the direction of
transport. One can notice that, for Moll, Mol2, Mol3 and Mol4, the dipole
increases on adding a dopant, and the effect of NO; is higher than the effect
of NH;. For Mol5 and Mol6, interestingly, the addition of the dopant acts on
reducing the dipole moment. An explanation for that could be that the same

dopant is inserted in the opposite side of a ring, so the net dipole in the transport
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Figure 4.23: (a)Semi-log plot of the TS of the six devices at equilibrium. Semi-log
plot of the TS at various positive/negative biases applied on the
left electrode of a device with (b) Mol1l (c) Mol4 and (d) Mol6. The
transmission window over which the current is calculated is in red

color and surrounded by the dashed lines.

direction is reduced. Consequently, the cancellation of the NO, in Mol5 leads to

lower dipole moment compared to the cancellation of the NH, in Mol6.

Figure 4.25 shows the rectification ratio of the six molecular devices. The rectifi-
cation ratios generally have higher values at higher biases, except for Mol5. The
average rectification ratios for all devices in the interval [0.6V,1.0V] are also listed
in Table 4.1. The table shows a direct proportional relation between the dipole
moment and the rectification ratio of the molecular devices for Mol1l, Mol2, Mol3
and Mol4. This dependence is reasonable since the field created by the dipole

in the direction of transport would resist the charge flow in one direction and
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Figure 4.24: The potential drop profile along molecules Moll, Mol4 and Mol6;
(red) at voltage bias -1V and (black) at voltage bias 1V. The bias
is applied on the left electrode. The dashed lines to clarify the

difference in potential drop near the gold electrodes.

Property Moll | Mol2 | Mol3 | Mol4 | Mol5 | Mol6
Dipole Moment
0.004 | 2.037 | 0.977 | 2.325 | 0.481 | 1.942
(Debye)
Average
1.071 | 4.093 | 1.540 | 4.528 | 3.243 | 6.287
Rectification

Table 4.1: The value of the calculated dipole moment of each molecule in the

direction of transport and the average rectification ratio from 0.6 V till

1.0V for all molecular devices.

enhance it in the other direction. The change in the relation for Mol5 and Mol6

could be related the cancellation occurs in the dipole as we just mentioned.
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Figure 4.25: The rectification ratio of the six molecular devices.

In the investigation for the effect of doping on the behavior of the D-o-A diodes,
we did not consider the influence of the position where the dopants are inserted.
This could have also an impact on the rectification performance since it would
affect the dipole moment of the molecules. Moreover, we do not cover the

influence of different acceptor/donor dopants other than NO, /NH.

A key outcome from this study is that doping does indeed affect the rectification
response of a device yet not always with a direct proportionality correlation. In
addition, we noticed that an acceptor enhances the conductivity of a device with

a LUMO dominated transmission while a donor reduces this conductivity.

4.4.4 Molecular Devices with Negative Differential Resistance

Various research groups showed that devices built up with carbon chains have in-
teresting properties like NDR behavior [117,167], spin polarization filtering [81],
and can also be used for enhancing rectification performance of molecular
diodes [117,153]. Recently, Yuzvinsky et al. developed a method for realizing
a carbon chain through a controllable altering of the diameter of an individual
carbon nanotube [168]. Moreover, Chuvilin et al. performed a transformation

from graphene nanoribbons to single carbon chains [169].
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Figure 4.26: The general structure of a symmetric molecular device with n-chain
of carbon atoms. The molecule is connected to semi-infinite (111)
gold electrodes through thiol-gold bond. The gold electrodes consist

of 3x3 atoms/layer.

In this subsection, we provide an atomistically based analysis of devices which
show odd/even oscillation in their transport behavior as a function of the num-
ber of carbons within the chain. A wide bias range of NDR behavior is observed
in case of "odd" carbon chain (CC). Figure 4.26 illustrates the general structure
of the testbed molecular devices in this study. We specifically investigate a
molecule with 7 CC on both sides as an example for molecules with "odd" chains
(Mol1) and a molecule with 6 CC as an example for molecules with "even" chains
(Mol2). The investigation for the employed prototype molecules is motivated
by the results in [117,153], in addition to the realized CCs in [168,169].

Figure 4.27 illustrates the IV-curves of Moll and Mol2 devices. Moll shows NDR
over a wide bias range with a negative slope around -1 M(Q) and a peak to valley
ratio greater than 10. On the other hand, Mol2 shows no NDR behavior, yet
only a nonlinear increase of small current values with the bias is observed. It
is worth noting that the current for Mol1 starts at a relatively high value, more
than 3 orders of magnitude, compared to the starting current of Mol2. The same
qualitative behavior is observed for all molecules with odd/even CCs in the

range 0-7.

Figure 4.28 shows the TS of devices with different number of carbon atoms within
the CC ranging from 0-7. The figure illustrates a clear odd/even oscillation in
the behavior of the devices. Devices with an "odd" number of carbon atoms are
characterized by the existence of several molecular orbitals (MOs) around the

Fermi level (Ef) compared to devices with an "even” number of carbon atoms.
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Figure 4.27: The simulated IV-curves of Moll and Mol2. The curves are plotted
in different scales since there are orders of magnitude difference in

current values.
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Figure 4.28: The equilibrium (zero bias) TS of symmetric devices with different

number of carbon atoms per chain ranging from 0-7.

We suggest that the odd/even oscillation in the TS behavior (Figure 4.28), as
well as the NDR behavior of devices with "odd" CCs (Figure 4.27), have the same
origin. For an "even" number of carbon atoms, we have an alternation of triple

and single bonds as shown in Figure 4.29. Thus, each carbon fulfills the Octet
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Figure 4.29: A possible bond structure for 6CC (even chain) and 7CC (odd chain).
In case of "odd" CC, we assume for simplicity only one atom broke
the Octet rule, but in reality the lack of electrons is distributed

among all atoms in the chain.

rule i.e. having 8 shared electrons in the outermost level. On the other hand, in
case of "odd" number of carbon atoms, there is a lack of 2 electrons in order for
the Octet rule to be fulfilled for all atoms.

Note that, SP hybridization for carbon atoms in the chains is adopted for the
presented devices. Even for other possible bonding configurations, there is still
a lack of 2 electrons within the "odd" CCs and we get similar characteristics on
simulating these other devices. Moreover, when we allow hydrogen filling for
the "odd" CC, two atoms are added, and the behavior completely changes to be

similar to the devices with "even" CC.

Therefore for molecules with "odd" CCs, unoccupied MOs would move down-
wards with respect to Ef in order to allow a charge exchange between the
molecule and the electrode at equilibrium. This in turns would allow the Octet
rule fulfillment for the "odd" CCs. It is worth noting that the amount of the
peaks in the TS of "odd" CC decays with increasing the number of atoms in the
chain. This is because the lack of the 2 electrons is distributed among all atoms

in the chain, so the effect reduces with the increase of atoms.

The induced MOs are symmetric with respect to the molecule, and they are
localized at each carbon chain because the dimethyl insulating group effectively
isolates the two halves of the molecule. At equilibrium, the MOs are at the same
energy levels giving the opportunity for high transmission values around the

Fermi level, whence high conductivity.

Upon applying a bias, the localized MOs at each side follow the chemical po-
tential of the contacted gold electrode to guaranty the supply of the missing
electrons, for Octet rule fulfillment. The projected density of states (PDOS) on
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Figure 4.30: The PDOS on the entire molecule, left chain, right chain and central
region of Moll under different biases. The Fermi-level is set to be

zero.

different segments of Moll under different biases (Figure 4.30) confirms this
argument. At equilibrium, both CCs contribute in the HOMO and the LUMO
near E¢. On applying the bias, the PDOS peak of the left CC connected to the
positive electrode starts shifting below E, acting as HOMO state. Conversely,
the PDOS peak of the right CC connected to the negative electrode starts shifting
above Ey¢, acting as LUMO state. These overall shifts lead to the split of the
PDOS of the entire molecule and the diphenyl dimethyl segment as well. Since
the MOs follow the respective electrode’s chemical potential, the PDOS peaks

are always near the border of the bias windows.

In general, two factors can provide high conduction in a single-molecule device.
The first is the presence of an energy state (or MO) between the chemical potential
of the contact electrodes. The second is a delocalization of this MO over the
entire molecule. Consequently, the reduction of the overlapping PDOS between

all segments of the molecule causes a reduction in the resonance tunneling
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Figure 4.31: The TS of Moll (7CC) under various applied biases. The Fermi-
level is set to be zero and the transmission window over which the
current is calculated is in red color and surrounded by the dashed

lines.

through the molecule. Figure 4.31 illustrates the TS of Moll under different
biases. We can notice that the transmission peak around Ey splits, and its height
continuously diminishes with increasing the bias. Correspondingly, the output

current decreases, leading to the NDR behavior.

The IV-curves, TS and PDOS of the device were calculated using the
DFTB+NEGF code, but the gold surfaces were not included in the scattering
region. We redid the simulation with the gold surfaces and we got very similar
results, but the code did not converge at some high biasing values. It is worth
mentioning that, these devices were also simulated using the EHT+NEGF and
DFT+NEGF from Quatumwise Atomistix, and the NDR response was observed

in both calculations.

Another way to visualize and explain this special transport behavior of Moll in
comparison to Mol2, is by illustrating the distribution of frontier MOs of both
molecules under different biases, and their energy relative to the Ef, see Fig-
ure 4.32 and Figure 4.33. At equilibrium, LUMO and HOMO energies for Mol2
are far from Ef (Figure 4.33). Thus, the delocalization of the HOMO/LUMO
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Figure 4.32: An iso-surface plot for the distribution of the frontier MOs of Mol1l
under different biases. The first four frontier MOs are illustrated.
The energy position of each MO relative to Ey is denoted. A cutoff
value of 0.02 is used in the plotting.
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Figure 4.33: An iso-surface plot for the distribution of the frontier MOs of Mol2
under different biases. Only HOMO and LUMO are illustrated. The
energy position of each MO relative to E; is denoted. A cutoff value

of 0.02 is used in the plotting.

cannot provide conductivity at small bias in this case. As the bias increases, the
HOMO/LUMO moves towards E¢, whence the conductivity is enhanced.
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Consistent with the previous analysis, the frontier MOs of Moll are already
aligned with E¢ at equilibrium (Figure 4.32). In addition, they are delocalized
along the molecule *. Thus, high conductance is expected even at low bias.
As the bias increases, the frontier MOs stay mostly within the bias window,
however, they start to be localized at opposite sides of the molecule. This, in

turn, leads to the observed reduction in the conductivity.

As explained previously, MOs at each side of Moll follow the chemical potential
of the contacted gold electrode, upon applying the bias. Thus, the MOs localized
near the left (positive) electrode (MO1 and MO2) are HOMO levels, while the
MOs localized near the right (negative) electrode (MO3 and MO4) are LUMO
levels. For Mol2, since the HOMO/LUMO are away from Ey, a positive applied
bias on the left electrode depletes the left portion of the HOMO levels, while the
right (negative) electrode depletes the right portion of the LUMO levels. This
explains the opposite HOMO/LUMO localization symmetry of Moll and Mol2

under bias.

Various studies relates molecular NDR behavior to an intrinsic increase in the
resistivity of some segments of molecules due to charging or conformational
changes [22,64,170]. Figure 4.34 shows the potential drop profile along Mol1 and
Mol2 under biases 0.5V and 1 V. The potential drop profile at both biases is the
same. This indicates that the relative resistivity of each segment of the molecule
with respect to other segments is kept constant; therefore, no space-charge or

conformational effect is taking place in this case.

For Mol2, the potential drop is along the whole molecule with a steeper drop
around the dimethyl group since only sigma bonds exist on this region. On the
other hand, for Moll, the potential drop is confined in the middle region around
the dimethyl group. This is related to the continuous presence of high DOS
within the bias window along the "odd" CC segments, which guarantees a high

conductivity for them.

Question remains regarding the feasibility of actual realization of such molecule

with "odd" chains of carbon atoms. Further work should address the experi-

“Note that, MO1 and MO2 (MO3 and MO4) are almost at the same energy value, so they are
integrating each other at 0V and 0.1V. They correspond to the broadening in the HOMO
(LUMO), respectively.
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Figure 4.34: The potential drop profiles along Moll and Mol2 under biases 0.5V
and 1V.

mental side for synthesis of the molecule and realization of the device since this

could provide a breakthrough achievement in the field molecular electronic.

4.5 Conclusion

Molecular rectifiers are required in the realization of crossbar arrays application
since they allow the selectivity of each cell [18,171]. We studied three different
species of molecular rectifiers and illustrated important factors that affect the
rectification in these molecules. We showed the feasibility to control the rectifica-
tion direction and magnitude of molecular devices merely through varying their
linker groups. In addition, we proposed an asymmetric OPV molecular rectifier
that shows a rectification ratio of more than three orders of magnitude while
preserving high on current. Although the synthesis of asymmetric molecules is
teasible and realized by some groups [8,92], it requires a non-trivial huge amount
of effort. We hope that the asymmetric OPV molecular rectifier is realized soon

and its performance is verified experimentally.

Furthermore, we studied a two terminal molecular device with a wide range
of NDR and a peak to valley ratio greater than 10. The NDR behavior has

many applications in low power memories as well as high speed circuits and
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systems [128,129]. The tesbed device has chains with an "odd" numbers of
carbon atoms in both sides, which make the realization of such device still
questionable. We believe that the systematic analysis of the device and the
clearly built relationships between the different transport characteristics can be

exploited in the explanation of other devices exhibiting NDR.
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5 Three Terminal Molecular Devices

5.1 Introduction

Molecular electronics is an interdisciplinary between two major fields of research
namely physical chemistry and electrical engineering. Molecules synthesis
constitutes the first step in building a molecular device; the complexity of this
step usually depends on the complexity of the molecular structure itself. After
that, comes another challenging step which is the preparation of contacts for
the molecule to be attached. There are currently several different techniques
for that purpose [100,139, 172]. Finally, molecular characterization and analysis
need to be performed in order to allow further design of molecular electronic
devices [69,173].

The semiconducting behavior of conjugated molecules has triggered the atten-
tion of many research groups [22,108-110]. Oligo-Phenylene Ethylene (OPE) and
Oligo-Phenylene Vinylene (OPV) are among the most famous species due to their
delocalized pi-bonds which facilitate the charge’s transport across them. More-
over, they are mechanically very stable and rigid which are favorable properties
for contacting molecular devices [174]. Tsio et al. prepared a Quinone-modified
OPV which can be electrochemically controlled [175]. This was implemented
through applying an oxidation/reduction process to the molecule to switch
between two conduction states with ratio up to 40. Sondergaard et al. realized
an OPV molecular wire with oxygen linkers that displays a non-linear response
to an external bias with a threshold conductance onset around 1.4V [139, 165].
We used derivatives of this OPV molecule in the analysis carried out in this

chapter (Figure 5.1).

This chapter is organized as follows: we first illustrate the methodology applied
in the study of the testbed three terminal molecular devices. After that, we

discuss the device characteristics of a gated molecular OPV wire that shows
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For a simple thiol linker group
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Figure 5.1: The general structure of a synthesizable OPV molecule. The side
functionalization groups in the middle of the OPV are usually syn-
thesized for stability and solubility of the molecule and they do not

affect the rectification behavior of the molecule based on simulation.

a negative differential resistance (NDR), in addition to the gate conductance
dependency. Moreover, we show the atomistic simulation results for another
gated OPV molecular device with oxygen linkers. The provided simulation
analysis of this device matches the experimental measurement and it helps in
understanding the device response. Finally, we provide a study on three-leg OPE
molecules and we investigate their feasibility as building molecular transistors

and standalone logic gates.

5.2 Methodology

Similar to the two terminal devices, we apply the same procedure of geometric
optimization of molecules and the placement of the molecules in contact with the
gold electrodes via the thiol-gold bond. NEGF formalism in combination with
Extended Hiickel Theory from Quantumwise ATK is employed in the simulation
used in the study of the gated OPV devices [60,61]. The employed boundary
conditions in the Multi-grid Poisson solver are Dirichlet along the transport

direction and Neumann in the directions perpendicular to the transport.

In the last subsection, the atomistic analysis in the study of the three-leg OPE
molecular devices is based on NEGF coupled to DFT and its tight-binding
approximation from DFTB+NEGF code [47,147,157]. Since the transport in this

case is along the three electrodes, the boundary conditions in the real-space
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Figure 5.2: The structure of the gated OPV molecular device. The molecule is
attached to two (3x3) (111) gold electrodes. Metallic gate is 1 nm
away from the molecule and a free space dielectric is assumed in
between.

Multi-grid Poisson solver are Dirichlet in the directions of a plane containing

the three electrodes and Neumann in the direction perpendicular to the plane.

5.3 Results and Discussion

5.3.1 Gated Molecular Device with Negative Differential
Resistance

In this subsection, we analyze the transport behavior of an OPV molecular device
with a back-gate, where an NDR behavior and an obvious gate dependency are
noted. The main objective of the section is to give possible explanations for these
transport characteristics by shedding light on various atomistic simulations of

the device.

Figure 5.2 shows the simulation setup of the employed OPV molecular device
with gate electrode. Figure 5.3 shows the output characteristic curves of the

gated OPV molecular device in linear! and logarithmic scale.
Device Analysis at Equilibrium

Figure 5.4 shows the distribution of charge density difference through the
molecule at equilibrium (zero gate and drain bias). Positive and negative

charges accumulate near the two thiol-gold terminals of the device forming

The linear curves are plotted using MATLAB after curve smoothing.
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Figure 5.3: The simulated I-V curves of the OPV device at various gate bias in
linear scale. The inset is the I-V curves in Logarithmic scale. The

highlighted is the region where the NDR is noted.
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Figure 5.4: Distribution of charge density difference through the molecule at

equilibrium.

electric dipoles in these regions. Since the gold contacts have a lot of weakly
bounded electrons, the shared electrons between the OPV molecule and the
thiol-gold terminals are attracted to the OPV. As a result, a fraction of positive
charges accumulates near the thiol region and negative charges would spread
through the OPV’s atoms, especially those near the terminals. The created elec-
tric dipoles play a vital role in the transport behavior of the device. This is
because the dipoles would have anti-symmetric polarities relative to an electric

tield generated by the drain-source bias.
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Figure 5.5: The simulated TS at zero gate bias with different drain biases. The
transmission window over which the current is calculated is in red
color and surrounded by the dash lines. The fermi level is set to be

at zero.

Device analysis under drain bias sweep

Figure 5.5 shows the transmission spectra (TS) of the device at various drain-
source biases. It is clear that the current is dominated by resonance tunneling
through the LUMO. Interestingly, the LUMO broadened area within the inte-
gration window is reduced at drain bias 1.0V relative to that at 0.8 V. This is
translated to a reduction in the current value which leads to an NDR behavior.
The NDR behavior is mainly observed in the range of drain-source bias 0.9V to
1.1V.

We refer back to the concept discussed in section 4.3 to explain the observed
NDR behavior in this device. For a device whose conduction is dominated by
LUMO tunneling, the conduction is enhanced with the increase of the potential
drop near the negative electrode. Figure 5.6 shows three potential drop profiles
over the molecule at zero gate bias. The profiles correspond to the drain biases:
0.9V, 1.1V and 1.3 V. These correspond to bias values before, within and after
the NDR region, respectively. Although the molecule has a symmetric structure,
the potential drop through it does not show this symmetry. The resistance

of each terminal is polarity-dependent, and the terminal of molecule near the
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Figure 5.6: Potential drop through the OPV molecular device at Vo= 0V, and
Vis= 0.9, 1.1 and 1.3 V. The inset is a zoom-in for the potential drop

near the negative electrode.

positive electrode shows higher resistivity? . We suggest that the dipoles created
near thiol-gold regions could be the origin of this potential drop due to their
anti-symmetric action, similar to back-to-back PN junctions, toward the applied
field.

As can be noticed in Figure 5.6 the potential drop near the negative electrode
at drain bias 1.1V is less than that at 1.3V, and interestingly it is also less than
that at drain bias 0.9 V. The NDR behavior of the device can be attributed to
the reduction in potential drop near the negative electrode besides broadening
and shifting of the LUMO away from the Fermi-level. Moreover, the slopes
of the potential drop at drain biases 1.1V and 1.3V are similar, however it is
less steeper near the positive electrode at drain bias 0.9 V. This could point out
an important non-linear dependency between the applied drain bias and the
dipole near the positive electrode, where a change is introduced to the dipole
resulting in increasing resistivity within the NDR interval. Consequently, the
resistivity of the dipole near the positive electrode increases in the NDR interval
up to drain bias 1.1 V. This results in lower potential drop near the negative
electrode; thus the LUMO dominated current is reduced. After the NDR region,
the resistivity remains constant. Thus, increasing the bias would increase the
potential drop near the negative electrode, hence the LUMO dominated current

increases again.

2 An identical behavior is observed when the positive bias is applied on the left electrode.
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The peak to valley ratio of the NDR is reduced as we go from positive to negative
gate bias. This originates from the fact that negative gate bias pushes the LUMO
away from the Fermi-level as we will elaborate in the next subsection. Thus,
the contribution of LUMO in the transmission is reduced, and the magnitude of
current in the NDR interval shows less notable reduction. It is worth mentioning
that after drain bias 1.3 V the simulation usually shows significant current vari-
ations. The thiol-gold bond already shows a variation in its resistive property
within the NDR region. Thus, the variation in the magnitude of current at higher
drain biases might be attributed to the need for dynamic molecular geometry
change, which is not accounted in the simulation. Zhitenev et al. stated that
experimental measurement of a gated molecular devices shows stable and re-
producible characteristics for drain bias up to 1V, after that numerous switching
in the current values is also observed [137]. They related this switching to an

electromigration that may occur inside the metallic electrodes [137,176].
Device analysis under gate bias sweep

Similar to macroscopic devices, a positive gate bias leads to a negative charge
accumulation in the central region of the molecule (Figure 5.7a). These negative
charges come from the gold contacts since no observed positive charges arised

within the molecule to compensate the excess negative charges.

Since electrons are dominating the transmission, increasing the gate bias results
in increasing the molecule’s conductance, hence the current increases. Moreover,
the TS change directly with the gate bias variation (Figure 5.8). The LUMO is
pushed towards the Fermi-level with increasing the gate voltage. This provides
another mean to illustrate the exponential increase in the current with increasing
the gate bias. Similarly, one can deduce that a negative gate bias would result in
a positive charge accumulation in the central region of the molecule (Figure 5.7b),

which in turns reduces the electron mobility through the molecule.

On simulating the conductance as a function of the gate bias and at fixed drain
bias 0.4V, a clear impact of the gate bias on the conductance behavior is found
(Figure 5.9). A direct proportional relation is observed in the gate bias range
-3.5V, to 4 V. Remarkably, the gate-conductance relation is inverted below gate
bias -3.5V; the conductance starts increasing again although the gate bias de-

creases.
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Figure 5.7: The charge density difference, at zero drain bias while gate bias is
(a) Vgs = 2V and (b) Vs = —2V. This is relative to the charge density

difference of the device at equilibrium.

The origin of this inversion in the gate-conductance relation is related to the
position of HOMO and LUMO. A negative gate bias results in shifting the
HOMO towards the Fermi-level and the LUMO away from the Fermi-level. At
gate bias -3.5V, the Fermi-level is almost in the midway between the HOMO
and the LUMO. Further increase in the negative gate bias allows higher HOMO
transmission, hence the conductance value increases (Figure 5.8). This inversion
behavior in the gate-conductance relation is interesting for applications in which
logic gates are built with single molecular devices. A detailed illustration for

such applications can be found in [177,178].

5.3.2 Dithiolated Oligo-Phenylenevinylene Gated Device

This subsection focuses on simulation and characterization of an OPV molec-
ular FET. The validity of the results is supported by its agreement with the
experimental measurements conducted on the same molecule. The employed
OPV molecule has oxygen linkers, which are found to enforce an interesting
nonlinear current characteristics. We will first give background information for
the fabrication process and measurement results. After that, we will specify the
device setup that we use for modeling the real device, and present the atomistic

simulation results of the device.
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Figure 5.8: The simulated TS at zero drain bias with different gate biases. The
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Figure 5.9: The conductance of the molecule as a function of the gate bias at
fixed drain bias 0.4 V.
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Experimental procedure and measurement data

The choice of oligomers of poly-phenylene vinylene molecules returns to their
easy synthesization process and their moderate stability [165]. Stepwise Horner-
Wadsworth-Emmons reaction for a bifunctional OPV-monomer is used in the
synthesization of OPVs with 3-19 phenyl units (up to 12 nm length) with various
linkers. Detailed explanations, about the synthesization of the OPV and the
addition of the different linkers to it, can be found in [165].

For realizing the molecular FET device, an InAs nanowire of 50 nm diameter is
grown with a 5nm segment of InP [139]. This InP segment acts as an insulat-
ing barrier that disconnect the InAs conducting segments (Figure 5.10a). The
nanowire is then mechanically transferred onto a substrate of p-doped silicon
with §5i02 layer over it to act as the back gate of the molecular device. Further

development are applied to the nanowire for treatment and smoothing [139].

The wire is functionalized by adding few droplet of the OPV solution on the
insulating InP segment. After that, the tetrahydrofurane solvent is evaporated,
hence the OPVs are left unbound to the wire in the form of thioacetates [165].
Further process is then performed to bind the OPV to the conducting segments.
Ag and Ti are used as ohmic contact for the drain/source InAs segments and
the P-doped Si gate. Figure 5.10b shows the SEM image of the device, whereas

Figure 5.10c shows the schematic circuitry setup of the device.

The characteristic curves of the molecular device for different gate and drain
biases are shown in Figure 5.11. The curves show threshold values for the drain
biases at which the current starts increasing rapidly. Moreover, increasing the
gate bias reduces the threshold value, and a complete switch-on of the device
is achieved at gate bias 3 V. Applying a negative drain bias results in increasing the
effective gate bias; this explains the high current at the negative drain bias (asymmetric

curves). It is worth mentioning that based on the molecule geometry and size; it is

3Prof. Frederik Krebs group in Technical University of Denmark (Denmark) was responsible for
the synthesis of the molecule. Prof. Lars Samuelson group in Lund University (Sweden) was
responsible for the development of the nanowire. Prof. Marc Tornow group in Technische
Universitat Braunschweig (Germany) was responsible for the electrical characterization and

measurement.

84



5.3 Results and Discussion

Figure 5.10: (a) Scanning electron microscopy (SEM) image of InAs/InP het-
erostructure nanowires, adopted from [139]. (b) SEM image of an
individual 2.8 long wire contacted by three metal leads as ohmic

contacts.(c) Schematic circuitry setup of the device.

expected that around 300 OPVs are aligned over the InP region [139]. This means

that the current flows through a single OPV in the range of few nano-Amperes.
Simulation setup

The device setup in the simulation differs from the experimental one. Gold (111)
electrodes with 3x3 atoms/layer are employed. The thiolate terminals of an
OPV molecule with 7 phenyl rings are replaced by thiol-gold bonds. The position
of the metallic gate is chosen by trial-error until we reach the best matching
to the experimental results. The gate is around 1 nm away from the molecule
(Figure 5.12). Although the final simulation setup is different from the real
one, the general characteristics of the simulated device match the experimental
results. The main concern of this subsection is to explain the quantum transport

characteristics of the device.

The simulation at high gate and drain bias of this device shows a lot of fluc-
tuation and low convergence rate. Thus, we present the results in the interval
where the values are stable to some extent. We provide an explanation to the
realized device characteristics employing the available atomistic simulation re-

sults. Centaurus modeling tool was used to model the electrical properties of
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Figure 5.11: The measured I-V curves of the nanowire before and after surface

functionalization with OPV molecules, adopted from [139].
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Figure 5.12: The gated OPV molecular device setup. The drain/source electrode
regions are illustrated by the wire boxes. The metallic gate is placed

at around 1 nm away from the molecule.
the complex gated structure of the InAs/InP nanowire on the silicon substrate

without the molecules*. The effective gate biases, that alter the molecules energy

levels, are found to be in consistence with the the atomistic simulation.

4This task was implemented by Bogdan Popescu and Dan Popescu at Technische Universitat
Miinchen.
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Figure 5.13: The simulated I-V curves of the OPV device at various positive gate

biases.

As an illustration of the simulation results, Figure 5.13 shows the output charac-
teristic curves of the gated OPV molecular device. As can be noticed, the output

curves based on the simulation matches the experimental results qualitatively.

Device analysis at equilibrium

Figure 5.14 shows the charge density distribution and the electrostatic potential
profile of the device at zero gate and drain bias. Oxygen is characterized by its
high electronegativity. Thus, the shared electrons in the polar bonds between
the oxygen and its neighboring carbon atoms are attracted to the oxygen. As a
result, negative charges accumulate over the oxygen atom (Figure 5.14a). This
corresponds to a potential well by solving Poisson equations (Figure 5.14b). The
potential barriers and wells in the middle region of the molecule are due to the
side functionalization groups. They do not have a big impact on the charge
transport along the device. We simulate the molecule with/without the side

functionalization groups and the results are similar for this device.

The main feature of these oxygen linkers is the potential well created by the
oxygen atom. To illustrate the influence of the oxygen linkers on the behavior

of the molecular device, Figure 5.15 shows the TS of three OPV devices with
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Figure 5.14: (a) The charge density distribution through the device at zero gate
and drain bias. (b) A 3d visualization of a contour plot for the

absolute potential profile of the device.

different linkers, at equilibrium. As can be noticed, the three devices have
HOMO and LUMO peaks at position around -1.5eV and 0.2 eV, respectively.
This could be attributed to an inherent feature of the OPV itself. Interestingly,
the addition of the oxygen linker leads to a reduction in the transmission peak
values, and the broadening is also quenched. This indicates that the terminal
with oxygen linker decouples the molecule from corresponding electrode. A
resolution of 0.001 eV is used in the calculation of the TS of the OPV with oxygen

linkers, to be able to capture the transmission peaks.
Device analysis under drain bias sweep

It is worth noticing that the applied voltage is on the right electrode unless
otherwise stated. The current flow occurs if at least one of the next two conditions
is fulfilled. If the applied voltage acts on relatively increasing the chemical
potential y; of the negative electrode such that it exceeds the LUMO of the

molecule, a current through LUMO transmission will flow. If the applied voltage
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Figure 5.15: The TS of dithiolated OPV molecules (a) without oxygen linker
groups. (b) with an oxygen linker group on one terminal. (c) with
oxygen linkers group on both terminals. The Fermi energy is set to

be zero.

acts on relatively lowering the ur of the positive electrode such that it goes
beneath the HOMO of the molecule, a current through HOMO transmission will
flow. One may expect that conduction could occur through LUMO transmission
at relatively small bias ~0.21V. This expectation is valid only if a potential drop

of 0.21V takes place near the negative electrode. Nevertheless, it is found that
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Figure 5.16: The electrostatic potential drop through the molecule at V, = 0V
and V; = 1V and 2V.

almost the whole potential drop occurs near the positive electrode before the
threshold value (Figure 5.16).

We need to refer to the asymmetric OPV molecular rectifier in which the po-
tential drop is mainly at the oxygen linker regardless to the bias polarity (sub-
section 4.4.2). The forward current starts at low bias through LUMO when the
negative electrode is the one connected to the oxygen linker. Conversely, the
reverse current starts at higher bias through HOMO when the positive electrode

is the one connected to the oxygen linker.

The testbed OPV molecule with oxygen linker on both sides can be modeled as
two back-to-back diodes of the asymmetric OPV. When a drain-source bias is ap-
plied along the devices, the same current flows through both diodes according to
Kirchhoff current law. Consequently, the drop of applied bias below threshold is
mostly at the reversely biased diode, near the positive electrode. After threshold,
the bias is distributed along the whole device but still the greatest drop near the
positive electrode (Figure 5.16). At a bias lower than the transistor threshold, the
charges can bypass the forward biased diode, but they accumulate at the reverse

biased one (Figure 5.17).

At zero gate bias, the threshold is achieved through HOMO transmission at
drain bias around 1.5 V. The LUMO is found to contribute also in transmission
after certain drain bias. Figure 5.18 shows the TS for different drain voltage
values at zero gate bias. The HOMO transmission dominates the transmission
window after the threshold. The shifting of the TS under drain bias follows the
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Figure 5.17: The charge density difference through the molecule at V; = 0V and
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Figure 5.18: The TS at zero gate bias with different drain biases. The transmission
window over which the current is calculated is in red color and

surrounded by the dashed lines.

chemical potential of the left electrode (1) because most of the potential drop is

near the right electrode.

The inset of Figure 5.19 shows the drain voltage sweep -including negative
values- at zero gate bias to show the symmetric operation of the device. The
negative drain voltage is simulated by reversing the polarity of the drain-source
electrodes. As can be noticed, the threshold voltage is the same at both sides,

and the characteristics after the threshold are quiet similar.
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Figure 5.19: The simulated I-V curves of the OPV device at various negative
gate biases. The inset is the drain voltage sweep including negative

values at zero gate biasing.

Device analysis under gate bias sweep

A positive gate bias imposes a forward bias for the two back-to-back diodes,
hence negative charge accumulation occurs in the inner part of the molecule
(Figure 5.20a). Conversely, a negative gate imposes a reverse bias for the two
back-to-back diodes, hence almost no charge accumulation occurs in the inner
part of the molecule and only some charge accumulate near the oxygen linkers
(Figure 5.20Db).

Figure 5.21 shows the TS of the device under various gate biases and at zero
drain-source bias. The energy levels are pushed down under a positive gate bias,
however the accumulation of negative charges within the molecule results in
raising in the energy levels. These competing effects lead to the weak shift in the
TS under positive gate biases. For negative gate biases, there is almost no charge
accumulation, hence only the effect of rising the energy levels with the negative
gate bias occurs. Interestingly, the onset conduction switching at negative gate
bias is slightly changing (Figure 5.19), although the HOMO is shifting toward
the Fermi-level. This is because the potential drop becomes no more confined

near the positive electrode.
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Figure 5.20: The charge density difference through the molecule at zero drain
bias and gate bias: (a)Vy = 2V, (b)V, = —2V.

Figure 5.22 illustrates the HOMO and LUMO distribution through the OPV
molecule at various gate and drain biases. At equilibrium, the HOMO and
LUMO are delocalized along the molecule. In consistence with the TS, the
HOMO and LUMO position are at -1.45eV and 0.21 eV, respectively. Under
drain bias 2V, the HOMO and LUMO are localized at left and right segments of
the molecule, respectively. This is because a positive applied bias on the right
electrode depletes the right portion of the HOMO levels, and the left (negative)
electrode depletes the left portion of the LUMO levels.

The distributions of both HOMO and LUMO, under gate bias 3V, are similar to
those at equilibrium. However, their energy positions shift down; the LUMO is
almost align with the Fermi-level. Thus, small applied drain bias would allow

current to flow by tunneling through the LUMO.

5.3.3 Three-Leg Molecular Devices

In this subsection, we theoretically study three-leg oligo-phenylene ethynylene

(OPE) molecular devices exploiting the interesting behavior of the previously
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Figure 5.21: The TS at zero drain bias with various gate biases.
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Figure 5.22: An iso-surface plot for the distribution of the HOMO and LUMO
of the OPV molecular device under different biases. The energy
position of each MO relative to Ey is denoted. A cutoff value of 0.02
is used in the plotting.

studied OPV molecular rectifier. We proposed two different device applica-

tions namely; a molecular transistor and a standalone NAND logic gate. Our

choice for OPE specifically is because three-leg OPE molecular structures are
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Ho };Gate Electrode

Figure 5.23: The typical structure of three-leg molecular device. The shown
molecule is the three-leg molecular transistor (Moll). Each leg of
the molecule is bounded to gold electrodes through thiol-gold bond.
A (111) gold with 3x3 atoms/layer is employed.

already synthesized®, but the final devices setup and characterization are still in

progress.
Molecular transistor

We hereby illustrate a study on derivatives of the three-leg molecules that work
as molecular transistors. Figure 5.23 shows the proposed molecular transistor
structure. We use a leg with an oxygen linker as the gate for the three-leg

transistor while using thiol linkers in the other two legs.

On simulating the device, the output current characteristic of the device with
two phenyl rings per leg is as illustrated in Figure 5.24. There is a drain current
modulation with the gate bias. Since the oxygen linker partially decouples the

gate electrode from the molecule, the effect of the gate is almost only electro-

SThis was informed to us in private communication with prof. Marc Tornow at Technische
Universitat Miinchen. The molecules are synthesized by group of prof. Marcel Mayor at

Universitit Basel.

95



5 Three Terminal Molecular Devices

14 T T T T ]
12 Gate bias
. Of— —g—-05V
= —e— 0.0V
Aiof [ ] —o— 05V
= Mol1
=gl Mol [T, 1.0V
=
3 6 | #
k= 2 v
Eal
2 L
0
0.0 0.2 0.4 0.6 0.8 1.0

Drain bias(V)

Figure 5.24: The output characteristic curves of Mol1l Device where all legs are

meta connected to each other as in the inset.

static. Thus, the gate performance in this three-leg molecular device is similar
to the back-gate in the molecular devices discussed in the previous subsections.
However, the gate electrode here is in the same plane with the source and drain,

which provides a chance for new applications and architectures.

Unfortunately, the values of drain current are relatively low in the order of
few pico-Amperes. The main factors that influence the magnitude of current
are the length of the molecule and the type of connection of the molecular
legs with respect to each other at the central ring. Figure 5.25a shows the IV-
curves for simple two terminal dithiol-OPE devices with 3,5 and 7 phenyl rings
(all rings are Para connected). Increasing the length of the molecule leads to
logarithmic reduction in the magnitude of current. A similar length-conductivity

dependency was also observed by other studies in the literature [179,180].

The legs of the molecule can be connected in Ortho, Meta or Para configuration
with respect to each other. Figure 5.25b demonstrates the impact of the three
different configuration on the magnitude of current, for a simple two terminal
dithiol-OPE device. It can be noticed that the Para configuration allows the
highest current which is about three orders of magnitude higher than that from
the Meta configuration. This is consistent with the results reported in [181]. We

suggest that the source and drain legs of the molecule should be Para connected
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Figure 5.25: The IV curves of two terminal dithiol-OPE devices (a) with different
number of phenyl rings and all are para connected. (b) with different
connections between the two-legs at the central phenyl ring. The

inset in (b) illustrates the different connections with respect to node
A in a phenyl ring.

while preserving the gate leg to be in the Ortho and Meta configuration with
respect to the source and drain, respectively.

Figure 5.26 shows a new molecular structure of the device (Mol2), and the

corresponding output current characteristics. It is obvious that the magnitude
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Figure 5.26: The output characteristic curves of Mol2 where the source-drain

legs are para connected as in the inset.

of current is enhanced by more than two orders of magnitude with respect to
the previous case. Furthermore, the gate bias influence on the drain current
modulation is still observable. We also investigate the influence of changing
the length of the gate leg (Mol3) and the length of the drain/source legs (Mol4).
The output current curves for Mol3 and Mol4 are illustrated in Figure 5.27. For
Mol3, changing of the gate length does not affect the magnitude of current, and
the correlation between the gate bias and the current does not differ from Mol2.
This is due to the fact that the influence of the gate electrode is found mainly
on the leg attached to it and a very weak effect on the central phenyl ring. For
Mol4, longer drain and source legs leads to a reduction in the values of current

by more than one order of magnitude.

For the case of Mol2, Figure 5.28 shows the influence of the gate bias on the drain-
source TS at zero drain-source bias. It is obvious that the current is dominated
by resonance tunneling through the LUMO which is closer to Fermi-level. The
increase in gate bias leads to shifting of the LUMO towards the Fermi-level, in
addition, the magnitude of some LUMO peaks increases. Although the gated-leg
has direct bond with the gold electrode, the shifting of the TS due to the gate is
not very strong. This can be attributed to the decoupling caused by the oxygen

linker.
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Figure 5.27: The output characteristic curves of a device with (a) Mol3 in which
the source and drain legs are 3 rings instead of 2 for Mol2. (b) Mol4
in which the source and drain legs are 3 rings instead of 2 for Mol2.

Figure 5.29a shows the electrostatic potential profile of the device under gate
bias 1V and zero drain-source bias. The effect of the gate bias vanishes before the
central phenyl ring, and this leads to the weak modulation of the source-drain
TS. Figure 5.29b shows the potential drop profile of the device at drain source

bias 1V and zero gate bias. Unlike for the gate bias, the drain bias has a stronger
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Figure 5.30: (a)The symbol of NAND logic gate and the corresponding logic
truth table. (b) Implementation of standalone NAND logic gate
using diodes and the interpretation of the input/output signals. (c)
The proposed structure of the three-leg molecular NAND Logic gate

device.

influence on the potential profile at the source-leg. This is mainly due to the

absence of the oxygen linker, in comparison to the gate leg.
Standalone NAND logic gate

In this subsection, we elaborate the feasibility of a standalone NAND logic gate
using a single three-leg molecular device. Figure 5.30a shows the symbol and
the logic truth table of a conventional NAND logic gate. A standalone NAND
logic gate can be implemented using diodes as shown in Figure 5.30b. In this
implementation, we interpret the input logic as follows: a high voltage (1.3 V)
for a logic “1” and a low voltage ( 0V) for a logic ‘0’. On the other hand, we
interpret the output logic as follows: a high current for a logic ‘1” and a low

current for a logic ‘0"

Figure 5.30c illustrates the employed structure of the three-leg molecular device
equivalent to the NAND logic gate with diode implementation. Figure 5.31

shows the reading of the current flowing through the output leg of the molecule

101



5 Three Terminal Molecular Devices

-12.5
-13
z 7 135
2 14 114
t : :
5 | | {-145
S ‘ :
o0 -15_ ‘
3 ° 15
-16. 15.5
0.0 : : 0.0
02 04 | 2 02 16
i ¥ 0.65 g9 0.65 .
"PUtl bigs(y)y %9 111313 11 O nput2_bias \)

Figure 5.31: The output current reading from the standalone molecular NAND
logic gate for different combinations of input biases. The reading

terminal "C’ is connected to 1.3V voltage bias.

at different biases combinations applied to the input legs of the molecule. The
results show correct functionality of the molecule. Moreover, for input bias
variation up to 0.2'V, one can still distinguish the output logic where Ij;op, / l150 >
200. It is worth noting that the current flow from one input to the other is about

four orders of magnitude lower than the output current (Ij;gp)-

A standalone OR may be realized with the same molecular structure just by
changing the input convention to be -1.3V for logic ‘1’, and 0V for logic ‘0’
while connecting the output reading-leg to bias voltage of 0V. A standalone OR
(or NAND) logic gate can also be achieved with a three-leg molecule without
oxygen linkers. Employing the logarithmic reduction of current with length of
the molecule, we can let the two input legs of the molecule relatively long while
having a short output leg connected to ground. The current due to an applied
bias to any of the input legs will have only a single path which is through the
output leg of the molecule. Thus, high current is read from the output leg if any
of the input biases is high, and low current is read only if both input biases are

low.
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5.4 Conclusion

Molecular transistors are key components for functional electronic systems. In
this chapter we studied different molecular transistor using conjugated OPV and
OPE molecules. An electrostatically gated OPV device with oxygen linker was
realized in [139,165]. Our simulation on the same device reproduces qualitatively
the measurement current curves, and illustrates the factors behind the nonlinear
current behavior and gate-conductance dependency. Moreover, we studied
another gated OPV device without oxygen linkers that shows a NDR at particular
drain bias interval in addition to an interesting gate-conductance dependency.
The remarkable characteristics of the two gated OPV devices promote them
as good candidate components for building large-scale molecular circuits and

systems.

Not only did we investigate the use of an electrostatic gate electrode, but also a
direct coupled gate which is feasible in three leg molecular devices. We utilized
the rectification performance of the asymmetric OPV rectifier to build three-leg
molecular devices with various functionalities. We showed that we could build
up a functional molecular transistor as well as stand-alone logic gates. Three-leg
OPE molecules are already synthesized, but the specification of anchor linker
groups in each leg still needs investigation. Also the realization of atomic size

electrodes that can hold the three leg molecules is still in process.
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6 Towards Circuit Modeling of
Molecular Devices

6.1 Introduction

Modeling and simulation tools play a crucial role in the rapid development
of semiconductor technologies as they reduce the required prototype cycles
and costs. Molecular electronic is one of the promising technologies currently
gaining a lot of interest in the research community. Theoretical studies in the
field of molecular electronics have been concerned with the understanding and
explanation of the physics behind the quantum phenomena observed at this

very small scale.

Despite of the existence of outstanding publications for modeling molecular
devices [8,149,150, 182], none of them targets the circuit modeling of molecules.
One of the far goals of device modeling is to provide the essential inputs for
circuit models. The main advantage of developing concrete circuit models
for molecules is that it facilitates the prediction of the behavior of logic and
memory systems with sets of molecules rather than single-molecule systems.
Previous successful attempts were made to provide a circuit analogy for the first-
principle calculations which are applied on the study of molecular devices [183].
Nevertheless, such model only provides analytic expressions for the circuit
equations and do not attempt any circuit simulation. A circuit model for bistable

molecular crossbars was provided in [18].

In this chapter, we take a direct step toward providing a circuit model for
molecular devices. The proposed model in this study as well as other physical
modeling in literature [8,150,182] help in fast assessment for the characteristics
of the molecular device. However, unlike other models, our model allows us

to predict the behavior of a system with different molecular devices connected
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together in a form of circuit. The chapter is organized as follows: we first explain
the theory behind the proposed model. After that, we show how the proposed
modeling is applied and shed some light on the employed atomistic simulation
that we used to further verify our models. Finally, we show the results of our
circuit model on four molecular devices and validate these results vs. available

experimental and/or atomistic simulation results.

6.2 Proposed Model

Shared electrons in a covalent bond are known to be attracted to atoms with
the highest electronegativity. As an example, the charge distribution in H,O
molecule displays a negative charge accumulation on O and a positive charge
accumulation on H since O has a higher electronegativity than H. Moreover, as
known from electromagnetic, a positive electrostatic potential acts on attracting

negative charges.

Assuming that an atom gained a positive electrostatic potential, the neighboring
atom will not be affected unless the potential is high enough to change the elec-
tron sharing distribution between the two atoms. In other words, such potential
(V,) should exceed a given threshold value (V};,). This threshold depends on
the polarity of the bond; an atom with strong electronegativity (high ionization
potential) would have a high V};,. Moreover, V};, depends on the type of bond
between the atoms. Electrons in a pi-bond are loosely attracted to both atoms,
which implies a low V};, compared to sigma-bond electrons. Generally, the de-
gree of variation in the electron sharing distribution between neighboring atoms

depends on the magnitude of (V, — V).

When a given atom gains positive charges due to losing electrons, this trans-
lates via solving the Poisson equations to an increase in its potential. Under
equilibrium condition (no current is flowing), such potential is exactly V; — Vy,.
In case of a chain of atoms this process repeats till the potential difference be-
tween neighboring atoms is less or equal to V};,. If this chain is contacted with
electrodes, and the applied bias is greater than the sum of all thresholds, then
current flows. Note that, the previous discussion holds not only for single atoms

but also for molecules.
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Figure 6.1: A simple scheme to illustrate the choice of NFET in modeling the

atoms or molecules.

When an electrostatic potential bias is applied to a metallic electrode (e.g. a gate)
which is separated by an insulating dielectric from an atom/molecule, only part
of this electrostatic potential would affect the atom /molecule (weak coupling).
This is also the case if a molecule is only weakly bounded to its neighbors, for
instance via a linker such as an Alkyl chain, which acts like an insulator [8,115].
The coupling is then reduced, and the potential of one molecule slightly affects

the next molecule.

It is suggested that atoms/molecules behaving as described above can be mod-
eled as an n-type field effect transistor (NFET). A positive gate bias of the
molecular NFET represents the tendency to attract electrons. Such gate potential
is directly affected by the potential of its neighboring atoms and the coupling
between them. To account for both neighboring atoms in a chain, two parallel
NFET are used.

Figure 6.1 illustrates the reason behind choosing NFET transistor and employing
two transistors. As can be noticed the charge redistribution due to the polar
covalent bond creates regions similar to the macroscopic NPN junction. Since
the control mechanism at the atomic level is electrostatic, a FET transistor is
employed rather than a bipolar one. An atom is directly influenced by its

neighbor atom; thus a gate terminal controlling the modeling transistor is directly
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Figure 6.2: Circuit models for the various molecules which are employed as
building blocks to study the different molecular devices. NO2 and
NH2 are examples of acceptor and donor dopants, respectively. SAc
refers to thioacetate which is known to create a good bonding to the

contact electrodes (e.g. a thiol-gold bonding).

connected to transistor’s side (drain) terminal. To account for two neighboring

atoms in a chain, two transistors (not always identical) are employed.

Figure 6.2 illustrates the circuit model for the various molecules which are
used in this chapter as building blocks to study the different molecular devices.
For a chain of a simple phenyl ring with the ethylene chain connected to it
(Figure 6.2a), charges transfer smoothly due to the presence of delocalized pi-
bond between neighboring carbon atoms. Thus, a transistor with small threshold
value M1, V;, = 0.1 V) can model such molecule. This value is chosen based on

experimental and first-principles studies which indicate that a di-thiol benzene
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molecular junction start conducting at small applied bias (=~ 0.1 V) [184,185]. An
atom like Oxygen, which is characterized by high electronegativity (besides the
presence of only sigma bonds with the neighboring atoms/molecules in a chain)
is modeled with a higher threshold value (M2, V};, = 0.2V), see Figure 6.2b.

When a phenyl ring is doped by an acceptor (high electronegative), the acceptor
acts on attracting electrons which is equivalent to applying a positive gate
bias. This positive offset in the gate bias can be translated to a reduction in the
threshold value (V};, = 0.08 V), see Figure 6.2c. In fact, if this acceptor-doped
phenyl ring is near one contact electrode, the attracted electron will come mostly
from the electrode since it has a plenty of weakly bounded ones. Thus, the
reduction in the threshold is only in the corresponding transistor direction (M3,
Vi, = 0.05V), see Figure 6.2d. Similarly for a phenyl ring doped by a donor (low
electronegative), the same argument suggests an increase in the threshold value,
see Figure 6.2e,f. It is worth nothing that the type of dopants and the number of

dopants molecules also affects the threshold values of the transistors.

Another important molecule component in molecular devices is the insulating
alkane chain (e.g. dimethyl chain connected to a phenyl ring in Figure 6.2g).
Alkane chains are characterized by their insulating behavior since only saturated
sigma bonds exist between the carbon atoms resulting in a very low current at
small applied bias [115]. This translates to a weak coupling between molecules
interconnected by such insulating chain. This is modeled by a voltage divider
since only a part of the bias (coupling coefficient § = 0.46) is transferred to the
interconnected molecule. It is worth mentioning that insulating chains usually
start conducting at high bias especially for short chains (strong electric field);
this is simply handled by increasing the coupling coefficient at high applied bias.

For instance, we can assume 8 = 0.8 when the bias exceeds 1.5V.

In Figure 6.2h, we illustrate how a voltage divider sub-circuit can be substituted
by voltage-dependent voltage source, in order to simplify the circuit. For a direct
connection, we can use a voltage dependent voltage source of exact equal value
of the voltage (V, = V;). The logic behind this shorthand simplification is to
facilitate the addition of any external electrostatic effect like in case of external

gate.
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Circuit simulations in this study are made using LTSpice with level 1 FET-
models! [186]. It is worth noting that the chosen values for threshold voltages are
found to give the best fitting results for the molecule-modeled circuits developed
in this study. We also used an atomistic simulation, in order to have a deeper
understanding of the quantum transport behavior in the molecular devices.
This understanding could help in verifying/disproving our proposed modeling
theory. The atomistic simulation is based on a non-equilibrium Green’s function
(NEGF) formalism coupled to extended Hiickel theory (EHT) by ATK [60, 61].
Detailed information about the methodology used in the atomistic simulation

was presented in the previous chapters.

6.3 Results and Analysis

In this section, we will illustrate the results of applying our modeling method-
ology on four different devices with two-terminal molecules. We target such
simple structure molecular devices, in order that the methodology can be veri-
fied and understood in an easy way. Modeling results are verified by comparing
to atomistic simulation and real measurement of the same devices. The first and
last subsections deal with oligo-phenylenevinylene (OPV) molecule derivatives
which was synthesized in Ref [165]. After that, we will model a molecular
device with no covalent linker to one electrode [72]. Finally, we will model a
sample molecule from the well-known donor-sigma-acceptor (D-c-A) family of

molecular rectifiers [4].

6.3.1 Modeling of an Asymmetric OPV Molecular Rectifier

In this subsection, an asymmetric OPV molecular device is investigated. The
molecule has an oxygen linker on one terminal and a simple thiol linker on the
other terminal. Figure 6.3 shows the OPV molecular device and the correspond-

ing circuit model.

IThe employed model is NMOS with typical parameters value (Kp = 5 x 1077, Vth =
Vin, lambda = 0,gamma = 0.586), where V};, value depends on the corresponding mod-
eled molecule in Figure 6.2. The bulk node for all transistors is connected to the lowest

voltage node in the circuit.
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A A A

Figure 6.3: The proposed model for an asymmetric OPV molecular device with
an oxygen linker on the right terminal. A complete coupling between

thiol and gold is assumed since there is no insulators in-between.

According to the circuit model: at reverse bias, when the positive voltage is
applied to the electrode connected to the oxygen linker, the condition for current
flow is:

v
Vi > fg'o +2 Vi, (6.3.1)

at forward bias, when the positive voltage is applied to the electrode connected

to the simple thiol linker, the condition for current flow is:
Vsa > Vino +2 Vi (6.3.2)

Since B = 0.46 and V};, o > V,, an asymmetric current voltage curve is expected
in which the device switched-on at higher bias voltage during the reverse bias

compared to the forward bias (Figure 6.4).

An atomistic simulation for the asymmetric OPV molecular device is performed
to allow the verification of the circuit model results [20]. Figure 6.4 shows that
the I-V characteristic curve of the device using the atomistic simulation nicely

matches the results of the modeled circuit. A clear rectification behavior can
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Figure 6.4: The SPICE simulated I-V curve of the circuit model of the asymmetric

OPV device (solid line) and the atomistic simulated data points (plus

symbols) of the same device.
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Figure 6.5: The electrostatic potential drop along the asymmetric OPV molecule
for an applied voltage 1V to the right electrode (reverse bias), and
an applied voltage 1V to the left electrode (forward bias). Solid lines
are using the atomistic simulation. Dashed lines are for the circuit

model simulation.

be noted in both curves. Shoulders showing up in atomistic simulations are

sometime an artifact due to convergence to local minima.

Based on the circuit model, one can conclude that the oxygen linker region
plays the main role in the potential drop profile along the device under bias.
The corresponding transistor with high threshold voltage is indeed the most
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difficult to be switched-on. Thus, almost the whole potential drops over the
oxygen-modeled transistor at reverse bias. At forward bias, the potential drop is
divided more equally between each segment of the device. All transistors are
switched-on, and the potential drop over each of them is far greater than the
threshold value.

Figure 6.5 illustrates the potential drop profile along the device at forward /re-
verse biases employing the atomistic simulation (solid lines) and the circuit
model (dashed lines). For the circuit model, the uniform potential drop along
each molecule’s section equals to the potential drop between the source/drain
of the corresponding transistor subcircuit. The potential profiles are in good
agreement with our expectation from the circuit model. At reverse bias, almost
the whole potential drop is around the oxygen linker. At forward bias, the
potential smoothly drops along the molecule with a bit steeper drop near the

oxygen linker.

6.3.2 Modeling of Molecular Device with no Covalent Linker to
One Electrode

We further verify the validity of the proposed circuit modeling method by
comparison with a molecular device reported in the literature. Kushmerick et al.
proposed a molecular rectifier employing an Oligo-Phenylene-ethynylene (OPE)
molecule with a thiol-gold on one terminal and no bond to gold on the other
terminal (Figure 6.6) [72]. This molecular structure with asymmetric terminals

leads to a rectification such that the thiol terminal acts as the anode.

Since atoms in this structure (Carbon and Sulfur) possess nearly equal elec-
tronegativity, transistors with equal Vy;, = 0.1V are used for the circuit modeling
of each part of the device. The unbounded terminal of the device imposes the
special behavior of the device. The unbounded terminal is modeled by weak
coupling coefficient () to the molecule. Thus, similar to the OPV rectifier dis-
cussed in the previous subsection, a rectification occurs since a low current flow
when the positive voltage is applied at the unbounded terminal of the molecule.
The current voltage characteristics from the circuit model simulation matches

the experimental measurement of this OPE device (Figure 6.7).
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Figure 6.6: An asymmetric OPE molecule with a thiol-gold on one terminal
and no bond to gold on the other terminal. The unbonded terminal
would result in a weak coupling (8,) between the electrode and the
molecule. B, = 0.6 found to provide best fitting of the model to the

measurement data.

6.3.3 Modeling of a Donor-sigma-Acceptor Rectifier

D-c-A molecular rectifiers are one of the first proposed molecular rectifiers [4,
151]. In general, a (D-0-A) molecule is composed of two electroactive regions,
acceptor (A) and donor (D). The two regions are linked by a o-type covalent
bond which introduces a potential barrier and acts therefore as an insulator. In
this subsection, we show a possible circuit modeling of such type of rectifiers.
We take as an example the D-o-A molecular device [23,118]. The device is shown

in Figure 6.8 together with the corresponding circuit model.

Figure 6.9 illustrates the circuit simulated I-V curve of the model. The asymmet-
ric behavior in the IV curve is clear; the current is favorable when the positive
electrode is next to the donor region. Based on the assumed model, the donor
is responsible for the reduction in current at reverse bias while the acceptor is

responsible for the enhancement of current at forward bias. These findings are
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Figure 6.7: The SPICE simulated I-V curve of the circuit model of the OPE de-
vice with no covalent linker to one electrode (solid lines) and the

measurement data points (plus symbols) adopted from [72].
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Figure 6.8: The structure of an D-c-A molecule. The insulating o bridge leads to

a weak coupling for the transistor in both directions.

in agreement with the conclusion in Ref [23], which examines the influence of
dopants on the D-c-A molecules’ charge transport.
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Figure 6.9: The SPICE simulated I-V curve of the circuit model of the D-c-A
molecular device (solid line) and the atomistic simulated data points

(plus symbols).

6.3.4 Modeling of a Gated OPV Molecular Device

Figure 6.10 shows a gated OPV molecule, which was synthesized and measured
in Ref [139,165], and the corresponding circuit model. The electrostatic coupling
of the gate to the molecule is introduced in the circuit model via the coupling
parameter . We assume equal weak gate coupling for all transistors, & = 0.08
to allow the best fitting of the modeled curves to the measurement. This value is
reasonable since there exists a 100 nm oxide layer separating the gate from the

molecules (for the methyl linker 3 nm long the coupling is 0.46).

Figure 6.11 shows the output I-V curves from the circuit simulation of the
modeled molecular device. The curves show a perfect agreement with the
device measurement data [139]. For a further verification of the modeled circuit,
an atomistic simulation of the molecular device was performed as discussed
earlier in Chapter 5. The inset of Figure 6.11 illustrates the output I-V curves
from the atomistic simulation. The results show a qualitative agreement with
the measurement; the drain-source switching threshold is reduced with the gate

bias increase.
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Figure 6.10: The proposed circuit model for the OPV molecule with the oxygen

linker groups on both terminals.

The circuit model allows us to reach a quantitative agreement with measure-
ments, also concerning the magnitude of current since we can adjust the width
of the transistor. This corresponds to the experimental fact that an unknown

number of molecules conduct at the same time [139].

One important feature that can be investigated in both circuit model and atom-
istic simulation is the potential drop profile along each section of the molecular
device. Figure 6.12 demonstrates the potential drop profile at zero gate bias
using a drain source bias of 1V and 2V, which correspond to bias values less

and greater than threshold bias value, respectively.

Interestingly, both the circuit simulation and atomistic simulation shows that the
potential drop along the molecule is mostly near the positive (right) electrode,
before and after threshold. This behavior can be explained from the circuit model
with the high threshold voltage and the weak coupling of the transistor linked
to the positive (right) electrode. It is worth noting that the left side transistor,
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Figure 6.11: (a)The SPICE simulated I-V curves of the circuit model for the OPV
device (solid lines) and the measurement data points (small circles)
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Figure 6.12: The electrostatic potential drop through the molecule at zero gate
bias and Vs = 1V, and 2V. Solid lines are using the atomistic simu-

lation. Dashed lines are by simulating the circuit model.

modeling the oxygen linker to the negative electrode, is not weakly coupled for

this bias direction.

The molecule is further investigated for positive/negative gate biases employ-
ing the atomistic simulation tool. Figure 6.13 show the results in which the
positive gate bias results in more charge accumulation than the negative gate

bias. Similar to macroscopic devices, the charges are coming from the semi-
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infinite gold electrodes contacted to the molecule. The proposed model does
not consider negative potential, thus the highest negative value would be the
zero reference for the circuit. Since the coupling between molecule and oxy-
gen differs from the coupling between the electrode and oxygen, the amount
accumulated charges would depend on the direction of charge flow. In other
terms, the oxygen-equivalent transistor would play the key role in the charge
flow to/from the gold electrode. The device is symmetric, so we focus only on
the right oxygen-equivalent transistor, and the left one would act exactly the
same. The insets in Figure 6.13 demonstrate the equivalent biasing state of the
oxygen equivalent transistors at positive and negative gate biases. The condition

for oxygen transistor to be switched on under positive gate bias is
aVe>Vyo (6.3.3)
On the other hand, the condition under negative gate bias is

BaVy> Vo (6.3.4)

Consequently, the positive gate bias would allow higher switching compared
the negative gate bias. Thus, our circuit model implies similar behavior to that

found by the atomistic simulation, under positive /negative gate biases.

6.3.5 Model Validity

Other molecules, built up from the different sub-molecules discussed in Fig-
ure 6.2, can be modeled by the proposed circuit model [8,126,182]. The main
advantage of the model is to allow simulation of several devices connected
together as found in realistic circuits and systems. However, it is worth noticing
that intermolecular coupling as in quantum cellular automata is neglected in the

present approach [187].

Further improvement for the proposed model can be explored. For instance,
direct contact-to-contact tunneling may be modeled by an adequate value resistor
connected between the source/drain voltage suppliers. One challenge that
should also be addressed is that it is known that ionization energy increases
with its rank (i.e. 2" jonization energy > 1% ionization energy) [188]. This

implies that modeling transistors should not have a constant V};, because it
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Figure 6.13: The charge density difference through the molecule at zero drain-
source bias and different gate biases. (a)Vy, = 2V, (b)V, = —2V. The
charge accumulation at V; = 2V is more than that at V; = -2V,
although the absolute potential differences between the molecule
and the electrodes are the same. The bias configuration of the

oxygen-modeled transistor is shown in the insets of each sub-figure.

should notably increase after particular biases. This may explain the negative

differential resistance behavior observed in some molecular devices [22,137].

It is important to note that, the model describes at present only static characteris-
tics and does not account for any molecular dynamics. Also, we currently do
not account for interference effects that occur due to different connection at the

phenyl ring (ortho, meta and para connections).

6.4 Conclusion

We have introduced a technique for modeling molecular devices in terms of
circuit elements. The model is applied to state of the art molecular devices.
The results reproduce qualitatively the experimental and the atomistic simula-

tion performed on the testbed molecular devices. Our formalism provides a
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circuit-based tool which can help the design of complex molecular devices and

circuits.

This work builds an interesting bridge between two strongly developing scien-
tific fields; organic chemistry on one hand and electronics on the other hand. We
hope that the availability of circuit models could speed up the implementation of

complex molecular systems as happened decades ago with silicon technology.
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7 Conclusion and Outlook

In this chapter, we shall give a brief summary of the thesis and draw the main
conclusions from its results. We shall also state an outlook regarding possible
extension to the provided work. Single-molecule device technology is emerging
as a candidate that can compensate the limitation in the current silicon tech-
nology regarding the device size. As known from history, a development of
any technology requires an intensive (almost complete) understanding of the
physics behind its devices operation. Therefore, theoretical studies need to be
applied, alongside with the experimental ones, in order to allow the analyses of

the various transport and electrical properties of the device.

This thesis constitutes a theoretical study on single-molecule devices. We first
studied two terminal devices specifically molecular rectifiers. The study high-
lights important factors that affect the rectification performance of devices.
One of the main outcomes is that tailoring the potential drop profile along
the molecule can control the transport characteristic in molecular devices. We
proved that rectification direction and magnitude of the molecular rectifiers
could be varied solely with the resistivity of linker groups. This conclusion pro-
vides important insights for controlling the transport behavior and optimizing
the rectification in molecular devices. A novel molecular rectifier was suggested
and it was shown to provide a rectification ratio >1000. The device composed of
a simple OPV molecule with a simple thiol linker on one terminal and an oxygen
linker on the other terminal. We simulate molecules with up to 9 phenylene rings
(<8nm length) and show that the rectification ratio is enhanced with increasing
the molecular length. For a longer molecule with 17-19 rings, we expect to have
a rectification of more than 10* which would be a breakthrough record in the

field of molecular electronics.

We also examined several correlations between the doping variation on one

hand and the transmission spectra, potential drop profile along the molecule,
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the dipole moment and the HOMO/LUMO distribution on the other hand. This
facilitates the understanding of the impact of doping on the charge transport
behavior within the D-o-A molecular devices. One key outcome here is that
doping does indeed affect the rectification performance of a device yet not

always with a direct proportionality correlation.

In addition to molecular rectifiers, we also applied a first-principles atomistic
study on devices with a wide range of NDR and a peak to valley ratio greater
than 10. The devices are composed of a diphenyl-dimethyl connected to carbon
chains from each side, which are then linked to gold electrodes through thiol-
gold bond. The devices show an odd/even oscillating behavior: the NDR
appears only for "odd" numbers of carbon atoms in the chain. In this study, we
were able to explain the basic principles behind this NDR behavior via different

atomistic analysis which clearly support and confirm each other.

The studies covered also three terminal molecular devices. We studied an OPV
gated device with oxygen linker on both sides which was realized in [139,165].
We were able to reproduce qualitatively the measurement current curves and
give a thorough justification for the nonlinear current behavior and gate-
conductance dependency. The provided explanation is consistent with the
conclusions regarding the relationships between the different transport proper-

ties.

Further, we investigated an OPV gated molecular device without oxygen linker
groups. The device shows a direct output-current variation with the gate bias.
Interestingly, an inversion in the relation of gate-conductance is observed at gate
bias -3.5 V and this performance could give a potential application for the device
in building different logic gates [177,178]. Additionally, the device shows a
NDR for drain-source bias between 0.9V and 1.1 V.

The interesting rectification performance of the OPV rectifier was employed
to build three-leg molecular devices with various functionalities. The studied
devices are based on OPE molecules since a collaborating group already synthe-
sized three-leg OPE molecules. We showed that we could build up a functional
molecular transistor as well as stand-alone logic gates (e.g. NAND and OR

gates).
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Finally, we have introduced a novel technique for modeling molecular devices
in terms of circuit elements. We applied the model to state of the art molecular
devices. The obtained results are in a good agreement with the experiment
and the atomistic simulation performed on the testbed molecular devices. This
formalism can help the design of complex systems and circuits composed of sev-
eral single-molecule devices. Moreover, the model builds an interesting bridge
between two strongly developing scientific fields, namely organic chemistry and

electronics.

The work accomplished in this dissertation can be extended in different aspects.
Physical realization and experimentally verification of the proposed devices,
specifically the OPV diode and the device with interesting wide range of NDR,
will help in gaining more insights of the devices. For the three-leg molecular
device, although the molecules are synthesized, we hope that we shall soon be
able to realize suitable three contact electrodes which are non-trivial in such

atomic-scale dimensions.

The provided analysis and the established relationships among the different
transport characteristics should be further verified. This can be achieved through
application to other molecular devices or through design of novel devices. Last
but not least, the circuit modeling methodology needs further development to
account for additional phenomena as discussed earlier in chapter 6. We believe
that the availability of circuit models would speed up the implementation of
complex molecular systems similar to what happened decades ago with silicon

technology.
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Appendix A: Estimation for
Molecular Devices Operation
Parameters

First we will fix the value of some parameters that we will use in estimating
the operation parameters of molecular devices. Based on the experimental and
theoretical studies carried out on various molecular devices, the output current
at an applied bias of 1V mostly ranges between [0.1nA,0.1 #A] [10,111,165]. The

estimated average cross-sectional area of the molecules is around 5 AZ[111].
Current Density

The current density, which is the current per unit area, ranges between
2 x 10° A/m? and 2 x 10'? A/m?. For the sake of comparison the current den-
sities of carbon nanotubes and copper are 3.2 x 100 A /m? and 3.2 x 10° A/m?,

respectively [111].
Operating Speed

To the best of our knowledge the speed of single-molecule devices was not
investigated in experimental studies. For devices with a film of molecules, a
transition time around 80 ns was reported [189]. We, hereby, present an attempt
to predict the average speed of single-molecule devices. We assume having a

two terminal device. The frequency is calculated as

1 1
frequency = ~=Rc’ (0.1)
where R and C are the resistance and the capacitance of the whole device. The
resistance of the device is nonlinear, so we will just assume the resistance at
bias 1V, which would be (R=V/I) ranging from 10 GQ) to 10 MQ). It is worth

mentioning that the Resistance at lower bias is one or two orders of magnitude
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higher. The capacitance of the device is composed of the capacitance of the
molecule (C,,,;) and that of the electrodes (Cejectrode). During the calculation
of C,,,;, we assumed that each atom within the molecule contributes with an
average capacitance of single carbon atom capacitance. If we have 100 atom,
we have C,;,; = 100 X Cgysp0,- The capacitance of a carbon atom is calculated as
a spherical capacitor. According to real values, the outer radius is 0.77 A. The
inner radius (atomic nucleus) is calculated for any atom as (7, x Z/3), where

ro = 1.25fm and Z is the atomic number. Thus

Crarbon = 4€p € ~ 1.4 x 10~2°F (0.2)

We used the electric permittivity of benzene which is 2.3. Thus, C,, ~
1.4 x 102 F. Therefore, the capacitance due to the electrodes dominates the

capacitance of the whole device since

A

Celectrodes = €0 € E: (0.3)
where A is the cross-section are of the electrode (much greater than the cross-
section of the molecule) and d is the distance between them (roughly the length
of the molecule). Consequently, we may end up with a Cejectroqes > 10717 F,
whence the frequency ranges from 1 GHz to 1 THz. This is a very promising
operating speed.
Power dissipation and Energy
The power is expected to be dissipated in the contacts or due to phonon. The
calculation of power is simply the multiplication of current by voltage. Accord-

ingly, the power dissipation ranges from 10~ watt to 10~7 watt. For calculating

the energy range:

Energy = power[107,1077] xtime[10712,1077] (0.4)
~ 10 *!joule to 10~ joule (0.5)
~ 5meV to 500eV (0.6)

This is an extremely high amount of energy which opens a question regarding

the lifetime and reproducibility of such devices.
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Appendix B: Switching Conductance
in a Molecular Device

We discuss an explanation for the conductance switching observed in the
bipyridyl-dinitro oligophenylene-ethynelene dithiol (BPDN-DT) molecule. Al-
though the explanation may disclose the secret behind the conductance switch-
ing phenomenon, we still cannot provide enough atomistic simulation to prove
it. Time-dependent DFT method may help in the calculation since it can treat
exited states of the device that occur during switching [38,39]. The proposed
explanation may be checked experimentally through an accurate measurement
of the input and output charges under the switching bias. However, this requires

advanced tools that we currently cannot afford.

We suggest that oxygen atom within a molecule has multi-stable states of charg-
ing and bonding. When charges accumulate over oxygen under bias for specific
period of time, discrete changes occur in the bond distance and angle between
the oxygen and neighboring atoms. The new state would stay stable as long
as the forces that act on withdrawing back the charges are negligible, and this
is usually the case if negative charges came from an electrode with weakly

bounded electrons.

Now, let us hypothesize the operation principle of the BPDN-DT molecule.
Comparing the BPDN-DT molecule with a bipyridyl oligophenylene-ethynelene
dithiol (BP-DT) molecule, we notice that BP-DT is almost planar but BPDN-DT
has an interamolecular angle almost 90° (Figure 1). This non-planar structure of
the molecule leads to strong reduction in the molecular conductivity because
the conjugated bonds are broken. However, the nitro group is used as a dopant
to increase the conductivity of molecules [23,190]. Because of these two contra-
dicting factors, the conductivity of BP-DT is only 4-6 times that of BPDN-DT.
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Figure 1: The geometrically optimized structure of BPDN-DT and BP-DT

molecules.

Figure 2 illustrates resonance structures! of a pyridyl with a nitro group; the one
on the right has a broken conjugation within the pyridyl ring. This may be one
reason for the interamolecular angle of 90°. Upon applying the bias, the potential
drop is mostly in the middle region where the conjugation is broken. This results
in a charge accumulation in this region. When a specific amount of negative
charge accumulates at one side of the molecule for a particular period of time,
the oxygen changes its bonding state. We suggest that the contribution of the
resonance structure with broken conjugation is reduced, hence the conductivity
increases. Figure 3 illustrates the effect of adding hydrogen atoms (as a source
of negative charges) to the nitro groups in the molecule. The hydrogen acts on

reducing the interamolecular angle and improve the molecule conductivity.

Experimental measurements show that the off-switching (Vy,_o77) of the
molecule occurs at higher bias value than the on-switching (Vy;,_,,,) [9]. This
can be attributed to the fact that conductance of the on-state is high; hence the
charge accumulation at the on-state is lower than that at the off-state under the
same bias. Consequently, higher Vy;, ¢ bias is required in order to achieve the

initial charging state of oxygen.

Molecules with resonance contributors must have an electron Source and an electron Sink that

are properly connected.
e The Source: unbounded/unshared electron or 7 electrons
e The Sink: electronegative atom or a bond connecting an open shell

o Electronic conductivity: planar set of atoms or linear conjugated
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Figure 2: Possible resonance structures of a pyridyl molecule with a nitro group.
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Figure 3: The geometrically optimized structure and conductivity of BPDN-DT
molecule without and with reduction of the nitro group with hydrogen

atoms.

The same explanation may be applicable to transition metal oxides which exhibit
the switching conductance, as well. This contradicts the postulates which claim
that the switching is due to movement of oxygen or oxygen vacancies [191]. We
believe that these postulates may not be valid because the movement of oxygen
or oxygen vacancies implies a complete breaking and creation of bonds. This
seems difficult with the few applied voltages to switch the device. Instead, we
claim that just the sharing of electron changes within the bonds of oxygen atom

and leads to the conductance switching.

Let us discuss for instance the TiO,-TiO,_, device. TiO wire behaves like n-
doped semiconductor, while TiO, wire behaves like an insulator. The high
oxidation (low share of electrons in the covalent bonds) of Ti in TiO; is the
reason behind the insulating property. The TiO,-TiO device switches to high
conductance state when a particular threshold bias is applied, and the negative
electrode is connected to the TiO, region. This can be attributed to accumulation

of negative charges in the TiO, region which forces some of the oxygen atoms to
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release part of the shared electrons with Ti atoms, hence part of the TiO, section

is converted merely to TiO,_.

We performed atomistic simulation for the charge density distribution of TiO;
and TiO crystals at equilibrium. In both crystals, negative charges accumulate
over the oxygen atoms. However, a visibly more positive charges accumulate
over Ti in TiO; crystal than TiO crystal. Thus, We expect that when oxygen
atoms in TiO, gain negative charges from the contact electrode under bias, the

charge distribution of TiO, becomes similar to that of TiO.
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