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Abstract

A molecular junction consists of a single molecule or self-assembled monolayer
(SAM) placed between two electrodes. It has varieties of functionalities due to
quantum interference in nanoscale. Although there exist issues, advantages could
still appeal to scientists who wish to investigate transport properties in many

aspects such as electronics, thermoelectronics, spintronics, and optotronics.

Recent studies of single-molecule thermoelectricity have identified families of
high-performance molecules. However, controlled scalability might be used to
boost electrical and thermoelectric performance over the current single-junction
paradigm. In order to translate this discovery into practical thin-film energy-
harvesting devices, there is a need for an understanding of the fundamental issues
arising when such junctions are placed in parallel. As a first step in this direction,
we investigate here the properties of two Cso molecules placed in parallel and
sandwiched between top and bottom graphene electrodes. It is found that
increasing the number of parallel junctions from one to two can cause the electrical
conductance to increase by more than a factor of 2 and furthermore, the Seebeck
coefficient is sensitive to the number of parallel molecules sandwiched between
the electrodes, whereas classically it should be unchanged. This non-classical
behaviour of the electrical conductance and Seebeck coefficient are due to inter-
junction quantum interference, mediated by the electrodes, which leads to an

enhanced response in these vertical molecular devices.



Except the study of thermoelectricity, on the other hand, stable, single-molecule
switches with high on-off ratios are an essential component for future molecular-
scale circuitry. Unfortunately, devices using gold electrodes are neither
complementary metal-oxide-semiconductor (CMOS) compatible nor stable at
room temperature. To overcome these limitations, several groups are developing
electroburnt graphene electrodes for single molecule electronics. Here, in
anticipation of these developments, we examine how the electrical switching
properties of a series of porphyrin molecules with pendant dipoles can be tuned
by systematically increasing the number of spacer units between the porphyrin
core and graphene electrodes. The porphyrin is sandwiched between a graphene
source and drain and gated by a third electrode. The associated rotation of
porphyrin referred to graphene plane leads to the breaking of conjugation and a
decrease in electrical conductances. As the number of spacers is increased, the
conductance ratio can increase from 100 with one spacer to 200 with four spacers,
and further enhanced by decreasing the temperature, reaching approximately
2200 at 100K. This design for a molecular switch using graphene electrodes could

be extended to other aromatic systems.

As mentioned in the design of Cgy-based thermoelectric vertical junction with
graphene layers as electrodes and porphyrin-based switch in graphene nanogap,
graphene provides a two-dimensional platform for contacting individual
molecules, which enables transport spectroscopy of molecular orbital, spin, and
vibrational states. Next, we report single-electron tunnelling through a molecule
that has been anchored to two graphene leads. It is found that quantum

interference within the graphene leads gives rise to an energy-dependent



transmission and fluctuations in the sequential tunnelling. The lead states are
electrostatically tuned by a global back-gate due to the weak screening effect
compared to the metal electrodes, resulting in a distinct pattern of varying
intensity in the measured conductance maps. This pattern could potentially
obscure transport features that are intrinsic to the molecule under investigation.
Finally, using ensemble averaged magneto-conductance measurements, lead and
molecule states are disentangled, enabling spectroscopic investigation of the

single molecule.

As the above describes, there are varieties of research on the charge transport
properties of molecular devices. It is noticed that noise exists in all electronic
devices, and the investigation on noise could help us understand more
fundamental information of the device, i.e. the imperfections and configurational
changes in the system, the correlation of the transmission conduction channels or
even exploit the noise characteristics for biosensing. In electroburnt graphene
nanogaps, our collaborators observe that 1/f noise and random telegraph noise at
room temperature and 77K respectively. Here, | employ a simple one-dimensional
tight binding model to gauge the effect of two-level fluctuations in the electrostatic
environment in the tunnel junctions. Two types of models are investigated. Model
[ describes the case that the environmental traps drive the tunnel barrier locally
and differently. Model II is the case that the collective effect of all the
environmental traps drives the tunnel barrier synchronously. It is concluded that
the 77 K data is best described by a single environmental fluctuator influencing
the transmission through the tunnel barrier. This may either occur via a local

perturbation of the barrier potential, or via an overall modulation of the barrier



height. A 1/f signal emerges as more fluctuators with different lifetime 7 are
added to the environment, corresponding to the thermal activation of multiple

random telegraph noises (RTNs) at room temperature.
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Chapter 1: Introduction

1 Introduction

1.1 Molecular electronics

The research field of molecular electronics aims to investigate the electronic and
thermal transport properties of the molecular circuits which consist of a single
molecule or self-assembled molecular monolayers (SAMs) and nanoscale
electrodes made from metals, such as [1][2] (Au, Ag Cu, Fe, Co, Ni),
semiconductors such as Si[3], or carbon (carbon nanotube[4][5], graphene
monolayer[6][7][8] or graphite). To describe the flow of electricity and heat
through such structures combined knowledge from traditional disciplines like
physics, chemistry, material science, electrical engineering is needed [9].
Molecular electronics has become widely investigated both theoretically and
experimentally, because of the following advantages compared to traditional
complementary metal oxide semiconductor (CMOS) technology. The first
advantage is its nanoscale size which is appropriate to improve circuit-integration

and lead to energy-saving and faster performance. Second, it provides a variety of
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novelty functionalities due to quantum interference, i.e. switching
[10][11][12][13][14][15][16], negative differential resistance[17][18][19],
thermoelectronics[20][21][22][7][23], Coulomb  blockades[24][25][26][6],
Kondo resonances[27], spintronics[28][29], and optoelectronics[30][31][2].
Third, intermolecular interactions could also be utilised in nanoscale self-
assembly technology, potentially resulting in low-cost manufacturing. All the
above show that molecular electronics has the potential to complement

conventional silicon-based electronics.

The origin of molecular electronics dates back 40-50 years. In the 1970s, Kuhn,
Mann[32], polymerpoulos, and Sagiv [33][34] first developed effective techniques
of self-assembly monolayers used as tunnelling barriers to prepare
metal/insulator/metal junctions using organic molecules. Various techniques
have been introduced for single-molecule studies in the following years based on
metal electrode (scanning tunnelling microscopy (STM)[35] (see Fig. 1.1) and
atomic force microscopy (AFM), mechanically controllable break junction[36],
electro-migration breakdown[37], electrochemical depositions[38]), single-
walled carbon nanotube (SWNT) electrode fabricated by electrical
breakdown[39] or lithography-defined oxidative cutting [5]and graphene or
graphite based nanoelectrodes (feedback-controlled electrburning[26][25][6]
(see Fig. 1.2), dash-line lithography[40]). The figures below illustrate two of these

approaches.

1. Mechanically controlled break junction(MCB]J)
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sy P

Pushing screw

Fig. 1.1 Schematic of Mechanically controllable break junction. The panel above with
two red opposite arrows shows the artistic view on the atomically sharp electrodes
(formed after the break of the wire) with single molecule between. The panel below
shows the relative displacement Ax, corresponding to the displacement Az of

pushing screw[41].

2. Feedback-controlled electroburning

Vsd (V)

Fig. 1.2 (a)Schematic of the feedback-controlled electroburning process, before (the
top) and after (the bottom) the formation of nanometre sized gaps in few-layer
graphite flakes. (b) Current-voltage traces of the evolution (green arrow) of the

feedback-controlled electroburning[26].
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In the process shown in Fig. 1.2, slowly increase applied voltage while monitoring
changes in current flowing through the constriction. Upon further increase in
applied voltage, a decrease in current is observed, which corresponds to the
narrowing of the constriction due to Joule heating. At this point a feedback loop
quickly brings back applied voltage to 0 V. The entire cycle is repeated multiple
times with conductance decreasing after each iteration shown in (b). At the end of
each cycle the resistance value is checked, and the electroburning procedure is
terminated upon reaching the threshold value of junction resistance, which means
the formation of tunneling junction. The edges of the electroburnt graphene
nanogap in ambient is estimated to be terminated with -H, -OH, -COOH, etc. The

length of the gap could be 1~2nm.

In parallel with the above experimental developments, simulations based on first
principles emerged as an indispensable theoretical tool allowing researchers to
construct a quantitative picture of transport mechanisms and form predictions to
guide further experimental studies. Combining density functional theory and
Green’s function method, the transport properties of molecular devices based on

scattering theory are investigated theoretically.

The development of these experimental techniques and theoretical methods led to
an explosion in the use of individual molecules or SAMs in molecular electronics.
Although the development of molecular electronics has been significantly boosted
and promoted, there are still some issues to solve and aspects to investigate, i.e.,
robustness, the effect of solvents, the noise in the electric system. So it is of

significance and necessary to do more fundamental research on molecular



Chapter 1: Introduction

electronics before the final commercial applications can be realised at larger

scales.

1.2 Thesis outline

This thesis consists of 6 chapters: An introduction to molecular electronics; an
introduction to transport theory, three results chapters, a conclusion and

suggestions for future work.

In chapter 1, a simple definition for molecular electronics is provided and the
development of molecular electronics is summarized. In chapter 2, the
development of density functional theory (DFT) is briefly discussed and the
transport theory based on scattering theory and equilibrium Green’s function
method is presented. In addition, some fundamental scientific phenomena are
briefly introduced in order to have a good understanding of the work shown in the

following chapters.

Chapter 3 presents the thermoelectric properties of a vertical
graphene/ C¢o /graphene architecture. It is found that quantum interference
between two Cgps placed in parallel enhances the conductance by more than two
times that of the monomer Cg,. Importantly, the Seebeck coefficient increases
which is not expected classically. These results are considered as the starting point

to understand the properties of SAMs sandwiched between two electrodes.
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Chapter 4 shows a design of a single-molecule porphyrin-based switch for
graphene nanogaps. Based on the development of feedback controlled
electroburning, graphene nanogaps are utilised to propose a conjugation-
dependent switch. It is found that the system has an on-off ratio ranging from 100
to 200 when increasing the spacers between the porphyrin and graphene. The
switching ratio is further enhanced by decreasing the temperature, reaching

approximate 2200 at 100K.

Chapter 5 is a collaboration with experimental colleagues. Observed conductance
fluctuations in molecular junctions formed from electro-burnt graphene nanogaps
are modeled. In the simulation, a tight binding chain is first introduced to prove
that the fluctuations are due to the lead states and are not an intrinsic feature of
the molecule. Stripes in Coulomb diamonds happen when the molecular level
matches a density of states peak in a lead and their slope could be tuned by the
coupling between the lead and backgate. Furthermore, the magnetic field is
introduced to distinguish the two kinds of states through ensemble average.
Correspondingly, the ring is introduced into the tight binding model to allow a flux
to be applied. In agreement with experiments, this confirms that fluctuations can

be reduced by application of a magnetic field.

Chapter 6 presents a study of 1/f noise and random telegraph noise, which are
observed in graphene nanogap at room temperature and 77K respectively. I
investigate two types of tight binding models to obtain further insight into the
noise characteristics. I conclude that 77 K experimental data is best described by

a single environmental fluctuator influencing the transmission through the tunnel
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barrier. This may either occur via a local perturbation of the barrier potential, or
via an overall modulation of the barrier height. A 1/f signal emerges as more
fluctuators sampled in a large dwell time range are activated by the thermal energy

at room temperature.

The final chapter, I present the conclusions of my thesis and suggestions for future

work.
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2 Density functional theory and

transport theory

Simulations based on density functional theory (DFT) have emerged as an
indispensable theoretical tool, which allows researchers to construct a
quantitative picture of transport mechanisms and form predictions to guide
further experimental studies. DFT and Green’s function methods provide a
powerful electron transport theory of non-periodic and open molecular devices
based on scattering theory. In this chapter, section 2.1 presents the basic
principles and methodology for DFT. Section 2.2 illustrates the generic features of

this transport theory by examining some simple tight binding models.

2.1 Density functional theory

Electronic structure of small and simple systems (i.e. H,, H, molecules) could be
analysed through the wavefunctions solved by Schrédinger equation. However,
when the system is a large organic molecule or condensed matter system,

Schrodinger’s wave equation becomes too complicated to solve, due to the large
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number of interacting atoms. An alternative method to the analysis of electronic
structure in 3-dimensional system is density functional theory (DFT) which
chooses the system’s charge density n(r) as a basic parameter instead of the
many-body wavefunctions. The following section simply illustrates the main basic
theory of DFT. It starts with the Schrodinger equation of a many-body system in
real three-dimensional space which is too complicated to solve (section 2.1.1) due
to large numbers of variables. Then section 2.1.2, describes the Hohenberg-Kohn
formulation, which demonstrates that the ground-state charge density n(r)
implicitly determines all the properties of the system derivable from the
Hamiltonian. In addition, the Hohenberg-Kohn variational principle of total energy
functional is combined with Hartree’s self-consistent single-particle equations by
Kohn and Sham (section 2.1.3) which has become a powerful and reliable

approach to describing ground state properties of a quantum system.

2.1.1 Many-body system

The Hamiltonian of the many-body system with electrons and nuclei is shown

below,[42]
ﬁ=_"_22 -y Z' .__h_zz 24+ 21
2my ”IT RI P -] 2mp 2T
ZIZ]E
ZI:t]lRI R]l

Where the lowercase subscripts i, j, 7;, 7; denote the quantities of electrons while

the upper cases I,], R;, R; represent the counterparts of nuclei. In terms of the
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right part of the expression, the operators correspond to the kinetic energy, the
interactions between nuclei and electrons, the electron-electron Coulomb
interactions, the Kkinetic energy of nuclei and nucleus-nucleus coulomb
interactions from the first term to the final one. Due to the large nuclear masses,
the nuclear kinetic energy could be omitted, to yield the Born-Oppenheimer or
adiabatic approximation[43]. The Born-Oppenheimer approximation is the
assumption that the motion of atomic nuclei and electrons in a system can be
separated due to the huge difference of the masses[42]. This allows the wave
function of the system to be broken to electronic and nuclear parts. The final term
is the classical interactions of nuclei, which makes no germane contribution to the
description for electronic structures. Then Eq. 2.1 goes to Schrédinger equation

for the many-electron wave function V.

- - i 2.2
{_ z_mlzl Viz - Zi,l Vext(ri) + EZi;:j ﬁ} l]Jn = Enlpn

Where V,,;(1;) includes the effect of nuclei and the external electric/magnetic field

on electrons.

2.1.2 Hohenberg-Kohn theorems

As for the electronic structure of large molecules and condensed matter systems,
Schrodinger equation for these many-electron systems encounter an ‘exponential
wall’ in terms of the very large number of parameters in three-dimensional real

space [44]. Therefore the electron density distribution n(r) is adopted in density

10
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functional theory (DFT). The starting point is the Hohenberg-Kohn formulation
which starts from the following total Hamiltonian. In principle it is an exact theory

of many-electron system[42].

)

PN Ny 1o e? 23
__Zmiz i —z ext(ri)+iz|7‘i—7"|
i i j# ] J

l#]

Where Vg (r) represents the external potential including the part due to nuclei-

electron interaction. The total energy functional is written as follows,

Eyk[n] = Fug[n] + f ArV ey (r)n(r) 2.4

where Fyg[n] = T[n] + E;,:[n] includes all internal energies, kinetic and potential

of the interacting electron system.
Two basic lemmas provided by the HK theorem are presented as follows. [42][44]

Lemma 1 shows the ground-state density n(r) corresponds to the only one
external potential V,,;(r). That is, there is no existence of the second external
potential V45 (1) # Veye1 () + constant which gives rise to the same ground-

state density distribution with that of external potential V,,1 (7).
Lemma 2: Hohenberg-Kohn variational principle

For any external potential V,,.(r), the global minimum of the total energy
functional (Eq. 2.4) is the exact ground-state energy and the corresponding

density n(r) minimizing the functional (Eq. 2.4) is the exact ground-state density.

11
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2.1.3 Kohn-Sham formulation

It is proposed that using independent-particle equations for non-interacting
electrons system to help to solve the original many-body problem by Kohn and
Sham in 1965. As a self-consistent method, the Kohn-Sham approach assumes that
the ground state density of the original interacting-electron system is equal to that
of the chosen auxiliary non-interacting system where the many-body terms are
included into an exchange-correlation functional of the density. The following
shows the origin of Kohn-Sham equations, the ground-state energy and the

corresponding ground-state electron density.

Based on Hohenberg-Kohn functional variational principle, the expression for the
ground-state energy functional of the interacting-electron real physical system is

presented,[44]

Ey[n(r)] = J Ve (n()dr + T[n(r)] 2.5
+ % f drdr’ nff)_"g[)
Now rewriting Eq. 2.5,
2.6

Bn ()] = [ Vexe (n0)dr + Tfn(r)]

1 !
+ Ef drdr’% + Exc[n(r)] Z E

12
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This variational expression is for an auxiliary non-interacting-electron system
which has the same ground-state energy and density n(r) as the interacting-

electron system. The next step is to apply Euler-Lagrange rules,

SEy[n(r)] = f on(r) {Veff(r) + %(g)] - e} dr=20 27

n r’ (SExc[ ( )]
Here Vegr = Voye(r) + [ dr n) | Vie(r) where V. = TT;;

[r=7']

. Now Eq. 2.7 goes

to single-particle equation which gives rise to the same ground-state density n(r)

as Eq.2.7.

2.8

h
<— m VZ + Veff - 8m> l/)fn(r) =0
e

Where Vegs = Vorr () + [ dr’ n() | Vee(r) and Vi, = BExen@] N~ NT 4 N s

| on(r)
the number of electrons, the charge density n(r) is given by the sums of squares

of the eigenstates Y7 (r) for each spin

2.9

) =) n(ro) = NZ Aol

Now equations 2.8, 2.9 is the so-called Kohn-Sham equations.

The ground state energy[44] of the full interacting many-body system is

13
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Exs = Zem - %f drdr’%— f drVyc(r)n(r) 2.10

+ Exc[n(r)]

Here &, Y3, are the eigenvalue and eigenstate of Eq. 2.8. When the last two terms
correlated to the exchange and correlation interaction of electrons in real many-
body system are not taken into consideration, Eq.2.10 degrades to Hartree’s self-
consistent single-particle ground-state energy. Exchange-correlation functionals
(Exc) in DFT approximations have generated good results where the local density
approximation (LDA)[45], generalized gradient approximations (GGA) [46], and
hybrid functionals [47] are included. In order to incorporate long-range van der
Waals interactions and improve the self-interaction, further progress in deriving
more accurate exchange-correlation functionals has led to the development of
several available approximations, such as non-local functionals for van-der-Waals

interactions [48], or range-separated hybrids [49].

The eigenstates 7, (r) and eigenvalues &, of the Kohn-Sham equations don’t have
any physical meaning, except for the correlation between ¥3,(r) and the true,
physical density n(r) shown in Eq. 2.9 and the fact that the ionization energy of
this system is equal to the magnitude of the highest occupied eigenvalue (HOMO)
referring to the vacuum. [44]. However, DFT is widely accepted in physics and
chemistry which provides a relatively accurate approach to the science of quantum
systems including large molecules compared to experiment, although
discrepancies by orders of magnitude could be observed which originate from the

underestimation of HOMO-LUMO gap due to the limitation inherent to DFT and
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approximated exchange-correlation functionals[50][51][52]. Except the
magnitude discrepancy, DFT could still provide quantitatively accurate trend for
the comparison research of series of molecules[53] or the connectivity
research[54]. It utilises the charge density which determines implicitly all the
electronic properties derivable from the Hamiltonian. Based on the electronic
structure DFT provides, transport properties of the functional molecular devices

discussed in the following sections.

2.2 Transport theory

As for molecular devices consisting of a single molecule or monolayer connected
to two electrodes, understanding their electronic properties is fundamental to the
investigation of phenomena such as thermoelectricity[7][23] or functionalities
such as molecular-scale switching[16]. Transport is considered to be phase
coherent provided [ < A where [ is the length of the device and A is the electron
mean free path or scattering length. In this case, the energy of an electron passing
through a device is conserved and the electric current flowing through the
nanoscale device could be described by Landauer formula which is presented in
section 2.2.1. In the current or conductance calculation, the most significant factor
is the transmission function (the derivation is shown in section 2.2.4), which can
be computed using scattering theory (section 2.2.2) and Green’s functions (section
2.2.3). In what follows, the basic principles and methods are introduced, which
allow the transmission function to be calculated. Final section in this chapter

presents the useful Breit-Wigner formula to describe the transmission properties,

15
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especially the on-resonance transmission where the lowest order perturbation
theory becomes invalid. To illustrate generic features in an accessible manner, all
the transmission function formulae are derived based on simple tight binding
model system connected to one dimensional electrodes or to electrodes containing

several conduction channels.

2.2.1 Landauer formula

In a molecular device, the electrodes are connected to reservoirs which feed
electrons of energy E. Landauer formula gives the net current passing from the left

electrode L to the right electrode R.

2e [t 211
=3[ AT ®ILE - fum)

Where e = —|e| is the electronic charge, h is Plank’s constant, T(E) is the

transmission spectrum for the electron passing from one lead to the other via the

TN the Fermi-Dirac distribution function where

e kBT 41

molecule and f;zy(E) =

UL(r) is the chemical potential of the left (right) reservoir and T is the temperature.

If the bias V), is applied on the left and right reservoirs symmetrically, then p;, =

Er + ezﬂ and pg = Er — % Clearly, I = 0 when f;(E) = fz(E) because only

differences in the distributions contribute to the net current.

The following shows two cases in zero temperature or zero bias limits[55].

16
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On one hand, with zero temperature approximation, but finite voltage, the current

could be written by

2e Ep+eVy/2
dET(E) 2.12

h Ep—eVy/2

Consequently, the conductance G = I/V is obtained by averaging T(E)over an

energy window of width eV centred on the Fermi energy.

On the other hand, if T (E)does not vary significantly over an energy range of order
eV, then the Fermi functions can be Taylor expanded at u = Er. Continuously,
substitute yu;, ug in Eq. 2.15 and Eq. 2.16 respectively and neglect the high order

terms if V}, is small enough,

fQuy) = f(Ep) + —| — Er) 2.13
Fun) = F(Ep) + —| - ) 2.14
_f o= df _ - _ (¥4
Next, we have f|, — fz anl . (up — pR) (dE),LL=EF eVp.

The electrical conductance in the zero-voltage, finite temperature limit is,

IR Y e f(E)
G = V= Gy f_m dET(E) <_d—E>u—E 2.15

—&F

2
Where G is the quantum of conductance, G, = 2% Since the quantity —df (E)/dE

is a normalised probability distribution of width approximately k;T, the above
integral represents a thermal average of the transmission function T (E) over an

energy window of width kgT.

17



Chapter 2: Density functional theory and transport theory

Finally, with the combination of the two limits (zero voltage and zero

temperature), one obtains
G = GoT(Er) 2.16

In summary, from the perspective of Landauer formula and the calculation of
conductance, transmission function T (Ef) is of central significant. Therefore in
what follows, I present derivations of transmission properties of a few model

systems.

2.2.2 Bond current and Scattering matrix

This section starts with bond current and then goes to the scattering matrix. From
the discussion of these two parts, I present that the current on every site of the
one-dimensional chain is equal which further gives rise to the intrinsic
characteristic of molecular devices based on scattering theory. That is, the
transmission and reflection coefficients from one lead to the other lead are the

same with the opposite injecting case.

2.2.2.1 The description of bond current

—Vi-1 —V; —Vj+1 ~Vj+2
—00 —@ C 0o +o0

-2 &1 Ej €i+1 Eiy2

Fig. 2.1 Tight binding model for infinite chain. £; represents the on-site energy

while y; stands for the hopping integral.
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The time-independent Schrédinger equations for the system shown in Fig. 2.1 is

as follows,

g aWjo1 —Vi¥; — Vji-aWj—2 = EYj_4 2.17
&V — Vis1W¥j+1 — VjYj—1 = EY;
Er1W¥jr1 — Vir2Wjr2 — Vi1¥j = EYjiq

Similarly, the time-dependent Schrédinger equation is

ihow; 2.18
TJ = &Yj = Vj+1¥j+1 — Vi¥j-1

Multiplying Eq. 2.18 by 1; and multiplying the conjugation of Eq. 2.18 by ¢, leads

to the following results,

! Y; Frai EYiv; —Vira¥i¥j1 — VY1

o\
Lw}. (l af’) = &§YiP; —Vir¥i¥je — Vi

Then the following differential equation is obtained based on the above two

equations,

djp; dly;|’ 220
dt dt
_ Vj+1(¢j¢;+1 - ¢;¢j+1) - Vj(dj}'—llp; B ¢;—1¢j)
ih

As for the infinite chain, we have the following expression.
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dlp;|* dn 2.21

at " ar o T e

Comparing Eq. 2.20and Eq. 2.21, yields the following expressions for the bond

current from site j to site j+1.

2Yj4+1 i 2.22
Lisje = #Im(¢j¢j+l)

If lpj is an eigen state of H, then the bond current has the feature:
Ij—1—>j = Ij—>j+1 2.23
This is proved by noting that if

W) = A()|Pn) 2.24

Where H|¢,) = E,|¢,), then the solution [) for time dependent Schrodinger

. iEnt
equation % = H|y) is [) =ce » |¢,) is obtained. So we have y;(t) =

iEnt

ce” n ¢p; and further Y;ip; = |c|*¢, j¢;, ; which does not depend on time.

According to formula. 2.21, [;_;_; — ;41 = 0.
An example:

If ¢; = Ae'™, the bond current is presented,
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2 2
I= %Im(zp;fzpjﬂ) - %AZ sink = VA? 2.25

Where Vis the group velocity.

2.2.2.2 The derivation of the scattering matrix

If an incident current transmission /;;, in a left lead produces an outgoing current

I; in aright lead, then the transmission coefficient T is defined by

I, 2.26

Torelate T to the scattering matrix, note that the most general solution of the time
independent Schrodinger equation for the left lead along with its corresponding

current is

Y = i etk e~ ikii 2.27
N7 l
I, = |A]*> = |BJ? 2.28
Similarly for the right lead:
¢ D 2.29

l/J] = _elk‘r} + _e_ik‘rj

NN
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=|C|*> —|D|? 2.30
Since bond currents satisfy I; = I, there is the relationship below.
|AI> = |B|? = |C|* — |D|? 2.31
Or the total incoming current I;;, is equal to the total outgoing current I ;.
|A|2 + |D|? = |B|?> + |C|? 2.32
Now imagine there is a matrix S to connect the four parameters as follows,

[B] [511 512] 2.33
521 522

That is Jout) = S|in). And then I could obtain {(out| = (in|S. Finally, combine these
two formulae to get (out|out) = |B|? + |C|? = (in|STS|in). Due to (in|in) = |A|* +
ID|?, So Sis a unitary matrix. Put in another words, St = S~1, Now two cases are

considered in order to achieve further insight into the transmission properties.
Case one: A=1; D=0

The wavefunction for left and right leads:

22



Chapter 2: Density functional theory and transport theory

|(1p e”w+ L 2.34
1=~ T—=¢€
AN
t ikrj
L l/)jr—\/_ve r
T

And then, we have

=[5 52Le)

Finally, there is reflection coefficient R = I,./I;,, = |r|? = |S;1|%, and transmission

coefficient T = I,/I;,, = |t|? = |S,4|%.
Case two: A=0; D=1

The wavefunction for left and right leads:

!

t _ 2.36
ll}- = —e_lkl]
Jl \/71
l/) r! " N e—ik,«j
= ——¢ellr
And then,
[t'] _ [ 512] [O] 2.37
r' So1 S22

Finally, thereis R’ = I/ /Li,r = |r'|? = |S5,|3, T' = Iy /Ly = |t']? = |S12]%
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In summary, the scattering matrix S is represented by transmission and reflection

coefficients as follows.

S — [511 512] — [T t’ 238
S21 S22 t r
Since STS = I, then there is
r t"1r t'1_11 0 2.39
[tl* rl*] [t T'I] - [0 1

Now I obtain the important transport properties in terms of scattering theory.

7|2+ [t]2 =1 2.40

[t1? = 1'% |r]? = |r'|? 2.41

In summary, the transport properties are intrinsic where the transmission and
reflection coefficients from one lead to the other are the same with the opposite

injecting case.

2.2.3 Green’s function

In this section, the Green’s functions of simple models are listed.
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Fig. 2.2 System A with dangling source B. The hopping integral between A and
source B is —a . The connecting site can vary, for instance, site 2 is connected to the

source.

The Green’s function of system A in Fig. 2.2 satisfies,

N 2.42
Z Hijgju + 6y = Egy

j=1

The Schrodinger equation of the system A + B shown in Fig. 2.2 is as follows,
Ejlpj - V¢j—1 - V¢j+1 - a¢5j2 = Ele: 1<j<N 2.43

Now suppose that - a¢ is equal to -1, the equation goes to £y; — yy;_1 — Y41 +
8;, = Ev;. Comparing this equation with Eq. 2.42, they are the same. Therefore,

we can say the wavefunction of the whole system shown in Fig. 2.2 are the Green’s

function of system A in Fig. 2.2.

Next, the Green’s function of an infinite chain is shown below.
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Fig. 2.3 Tight binding model for an infinite chain.

I now compute the Green’s function of an infinite system (Fig. 2.3) with no

boundaries, which satisfies
€9ji —V9j+11 —V9j-1, + 81 =Egj 2.44

Ae; (j =)

Be-; G <1) When j =1, if A=

Imagine we have the solution gj ={

ce kB = ce'¥!, g, = c is both obtained in terms of both sides. And from Eq. 2.44,
we can get €9y — ¥Gi+1,1 — ¥91-1, + 1 = Egy;. Considering E = € — 2y cosk, we

have the following expression,

2ycosk gy —v9i11 —V91-1, = —1 2.45

ik.

Greap =€ 5oy bstitut in Eq. 2.45, it i d that ¢ =
i Then substitute g;41, in Eq. 2.45, it is proved that ¢ =

we can have {
gi-11 = Cce

% where V is group velocity. Now the Green'’s function of infinite chain is written
as follows which corresponds to the wavefunctions of the whole system shown in

Fig. 2.4.
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(e*U-b 2.46
vt Gg="D e ikli=1l
gjl = { e—ik(j—l) . or g]l = W
"y U=D
lsource
~ e—ik(j—l). . B etk(-D e

— ——

Ve — Vg "V
o —@—0— 0@ @ +oo
J

l

Fig. 2.4 Schematic for the wave functions of the whole system.

More generally, it is written as,

etkli-ll i i 2.47
+ Ae'®J + Betki
ihv

gj1 =

2.2.4 Transmission function

A general transmission formula is derived and then a specific expression is further
achieved in combination of Green’s function method and Dyson’s equation (see
Appendix 1). Then the system extends from one-dimensional electrodes to the
one with several electrodes. A generic expression of the transmission coefficients

is obtained.
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2.2.4.1 Junctions with two electrodes.

Firstly, I mainly take advantage of the property that the wavefunction of a system
with source is the Green’s function of the system without source. It is supposed

that the wave function of the system is,

left lead: ;; = eV + re~tku 2.48
right lead: ,; = te'kr/

—ikym

Next, | multiply the two formulae of Eq. 2.48 with A = Z . Then new expressions

l

are

Lt load etkiG-—m) 4 yo—iki(j—m) 2.49
t Y =
eft lead: Y, ihV,
Teilkri=lkm) 2.50

right lead: Y, ; = iV,

l source

Fig. 2.5 Open system with a source and a backbone consisting of two semi-infinite

electrodes and a scattering region.
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The wave functions of the system shown in Fig. 2.5 have the same expressions with

Eq. 2.49 and Eq. 2.50 for the left and right electrodes. Now I mark ¥, ,.; as g; , jm-

( etkilG-m) 4 po-iki(j—m) 2.51
Gujm = AV,
Teilkrj—lim)
L Irjm = T
m = 0 (arbitary value)

r = ithgOO -1

= -V .
t= t\/; = ih V.V gy 106~ FrVHD
1

Now the transmission coefficient of the backbone without source could be

achieved by the following formula.
2
T(E)=tt" = ththlgN+1,0| 2.52

Further derivation for more specific expression is presented below.

Fig. 2.6 (a) Isolated semi-infinite left, right electrodes (yellow regions) and

scattering region with N sites (green region). 0 and N+1 represent the surfaces of
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the electrodes which are also denoted as L and R. (b) Open and non-periodic system
constituted by the isolated moieties in (a). The regions of electrodes are denoted as

D while that of scattering region is denoted as S.

The Green'’s functions of the starting system shown in Fig. 2.6(a) are shown below.

— _[9p 0]_ _ 9L 0], _[gaa 0] 2.53
g [0 gsl’9P 1o gol’95T 10 gu

The difference between systems a and b is

_ 0 hDS . _ —Qqq 0 _ 2.54
O P T e R

— 1 =1
Next we use Dyson equation: G = (g T Hl) to achieve the expressions for

transport properties. Solve the equations to obtain:
Gsp = gshspGpp 2.55

Gpp = 9gp + gphpsGsshspgp 2.56

Ialz (Gss)aa9rL9L + 91 9191 (Gss) ap Ar R l
9120 (Gs)paargr  aF(Gss)pp9rIr + IR

Gss = (95" — hspgphps) ™! 2.57

— § [(gaa - (Sa?%gR) Yab
A4 Iba (gpp — Satgy)

Where § = gaa9vp — 9an9pa and
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8

d™ =2 = (1~ gaai gL — gop @ gr + €[ 47 91.9r8) ™"

{(GDD)LL = a}f(Gss)aa9r9L + 91
(Gpp)rr = a7 (Gss)ppgrIR + Ir

And
(Gpp)rr = 9L (Gss)pa¥rgr
And also
10)
(GSS)ba = Zgba
Finally, according to the Eq. 2.51 and Eq. 2.52,

_ 5
t =ih VlVralglgbaarnge e (N+1)

ththazz|gl|2|gba|2a3|gr|2

T(E) = tt* = |t]? =
(B) = tt” = |t] ar

2.58

2.59

2.60

2.61

2.62

2.63
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2.2.4.2 A junction with N electrodes.

Fig. 2.7 A scattering problem with n electrodes. The green part denotes the
scattering region. The blue circles in scattering region represent the contact sites
with electrodes. &€, is on-site energy of the electrode surface which is slightly
different from the sites inside the electrode due to the influence of the scattering

region. D denotes the region of all the electrodes while S is for the scattering region.

As for the region D of n electrodes, the Green'’s function is marked as

N g1 0 0 O 0 2.64
N 0 0 o] .. |1
gD=Z|1)gj(/I= 0 902 .. o P =]:
J=1 0 0 0 gy 0

There is (n|gp = gn(n|, and gp|m) = |m)gp. Based on Dyson equation and the

expressions in section 2.56, we have

(Gpp)nm = (nlgp|lm) + {n|gphpsGsshspgp|m) 2.65

When m # n, there is (n|gp|m) = 0, and then
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(GDD)nm = gn(Banssle)gm 2.66

Where (n|hps = (By|, hps|m) = |By,)- Using this equation, there is

|(GDD)nm|2 = |gn|2<Bn|GSSIBm><Bm|Gs1-5|Bn>|gm|2 2.67

= Tr{[|Bu)| gn|*(Bnl1Gss[| Bin)| gon | 2 (B |16}

Due to |B,)|gn|%(B,| = Zhr—?), finally we get

Trm = 4Tr(I' () GssI' (M) GJy) 2.68
As for Ggg, according to the Eq. 2.57, we have Ggs = (ggs — 2) 1.

N N 2.69
$ =0 =i = hspgohns = ) hspln)gn(nlhps = Y 2()

n=1 n=1

An example is as follows:

If only one site & exists in the scattering region, then Ggg = (E — &, — 2)~! and

T 4r(m)r(m)
M T (F_go—g)24T2

whereX =0 — il = YN_, ¥(n).

As shown in Fig. 2.7, when electrons are injected from more than one electrode
(open conduction channels) simultaneously, and detected the total transmitted
electrons from other left electrodes (open conduction channels). Then

transmission function is
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2.70
T(E) = ) Ty (E)
J

Which demonstrate the transmission with several conduction channels in two

electrodes.

2.2.5 Breit-Wigner resonance

Fig. 2.8 An isolated system containing N sites.

The Schrodinger equation is H|y,) = E,|Y,). The following shows important
properties: (Y, |Ym) = 8pm and  YN_. |, )X,| =1 in terms of normalised

eigenstates.

Based on the above basic equations, the definition of Green’s function, there is

N al 271
9= E=1)1 =Y E =)l = Y e
n=1 n=1 n

If Ex A which is a nondegenerate eigenvalue of the Hamiltonian, then the Green'’s

function is approximately
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g1 Y12 91N 2.72
N [Pl _ 921 922  YGon
N1 9nz 0 9NN

Where [, is the corresponding eigen state,

(o3 2.73
d{z

bn

Y =

Then we can obtain the elements of Green’s function below

C1glE gl 2.74
911——E_/1’ gNN——E_/l

_ P1on _ Pnd1 2.75
GIn=p I T

So we have g;19yy = g1ingn1- Here, it is assumed that &, = &,y Then g, =

eikl(‘r)

_— According to Eq.2.62, 2.63, there is
4]

d=1-g,af g1 — gratgnn 2.76
‘= ih VlVrazareikleikr( dnP1 ) 2.77
Yi¥r E_/l_zl_zr

Where self-energy %, = g,a?|$,1%, 2, = gra?|pyl?.
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|p11%af cosk; —
— 1 o

2sink; 2sin k, af a?

|pn1?19, 1

AL T,

(E-1—0)?+T?

CE-2-m-5)2+ ([ +T)

_ l¢nI*af cosky T = |p12af sink;
- y 4l — )

and Fl(r) corresponds to the real and imaginary parts of self-energy X;,.

0.8F

0.6F

T(E)

0.4F

0.2F

r

I =

) 2.78

|pn|2afsink, —
—_—. O-l(r)

J

_

o=

oL

R LT

B

-1.5

-1

A+a, + o0,

RS ——

15

l+crl+0'r+l“l+I'r

Fig. 2.9 Three Breit-Wigner peaks in one transmission spectra T(E). The longer red

dashed vertical line shows the on-resonance position E = 4 + g; + o,- while the

shorter one represents the position E = 4 + 0, + 0, + I'; + ', at half maximum

value. In consequence, the corresponding half width of half maximum value is I'; +

I',.. 8E shows the energy level which is much larger than the resonance width I'; +

I, for all three peaks. Obviously, they are Breit-Wigner resonances.

Features:

1. The resonance corresponds to nondegenerate eigenstate
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2. IfI' = I} + I}, is much less than the level spacing §E of the scattering region,
then Breit-Wigner formula can be used.

3. When I} = [}, the on-resonance value is the maximum 1.

4. When [} < I., transmission coefficient on resonance is approximately

equal to 41; /T

2.3 Fundamental properties

In the study of molecular devices, experimentally and theoretically, properties or
functionalities are discovered and understood which indicate their possible future
prospect in integrated circuits. Here, | present the thermoelectric properties, the
phenomenon of Coulomb blockade in single electron transistors, the observation
of noise spectroscopy for the molecular devices which are closely correlated to my

work in the following chapters.

2.3.1 Thermoelectricity

The Seebeck coefficient is defined as the voltage difference AV =V, -V,
generated due to a temperature difference AT = T; — T, of the two electrodes
which are connected to two hot and cold reservoirs respectively. In what follows,
first, the sign of the Seebeck coefficient is discussed depending on which
transmission peak (HOMO or LUMO) dominates the transmission. Next, the
derivation for a series of thermoelectric equations is presented. Finally, the figure

of merit ZT and two types of thermoelectric efficiency n (the efficiency at
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maximum output power and the maximum efficient) are introduced to further

characterise a thermoelectric generator.

2.3.1.1 The sign of Seebeck coefficient (S)

ey (b)
Ep

T, =Troly =,V =Vo, 1 =2 T =Trpr =up Ve =VoJ1 = J2
e ; e h
© / (d) S

TLom,

] 2, € - -~ d

TL>TR=ML<“R=VL>VR TL>TR$#L>MR:VL<VR

Fig. 2.10 Different signs for Seebeck coefficient when the system is HOMO-
dominated (a, ¢) and LUMO-dominated (b, d) transport. LUMO-dominated
transport corresponds to a negative Seebeck coefficient while HOMO-dominated

gives a positive Seebeck coefficient.

Fig. 2.10 shows the energy level alignment for molecular devices consisting of two
electrodes connected to two reservoirs labelled L, R and a single molecule. The
voltages and temperatures of the reservoirs are denoted as V;, T; and Vg, Tg.
Define AV = V;, — Vy and AT = T, — Ti. Chemical potentials are y;, = Ef +
eVy, ug = Ep + eV, where e = —|e| and their differenceis Ap = p;, — pg = eAV.
Define the steady-state particle current J; to be the number of electrons per unit

time leaving reservoir L and entering reservoir R through the scattering region
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and the steady-state particle current J, to be the number of electrons per unit time
leaving reservoir R and entering reservoir L. The net particle current leaving
reservoir L and entering reservoir Ris] = J; — ], and the electrical current is I

= eJ where e = —|e|. In Fig. 2.10c and d, the Seebeck coefficient S is defined as =

— (i—;) ,where AV = V| — V}, is the open circuit voltage difference produced by
I1=0

a temperature difference AT = T, — T.

To obtain the sign of S, start from the equilibrium condition AV = 0, AT = 0 (Fig.
2.10a) and consider what happens when the temperature T, of the left reservoir
is increased, such that the population of higher-energy electrons in reservoir L is
higher than that of reservoir R. If these higher-energy electrons find it easier to
pass from reservoir L to reservoir R than lower-energy electrons, then J; will
increase where LUMO-dominated transport happens shown in Fig. 2.10c. To
achieve steady state the steady-state condition /] = 0, pg must increase, so that],
increases. This demonstrates that if T, > Tg,ugr > u.. Hence if AT > 0, Au < 0,
AV > 0 and S < 0. This above situation occurs when the Fermi energy is in the
HOMO-LUMO gap of a single molecule and located closer to the LUMO, because in
this case the electron transmission coefficient is an increasing function of electron
energy. It also occurs when the Fermi energy is in the band gap of a semiconductor

and closer to the conduction band.

Conversely, if the Fermi energy is located closer to the HOMO or to the valence
band (Fig. 2.10b), higher-energy electrons find it more difficult to pass from
reservoir L to reservoir R than lower-energy electrons, then if Tj is increased

relative to Tg, J; will decrease and S > 0 (Fig. 2.10d).
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2.3.1.2 Thermoelectrical expression

Based on the Landauer formula[56], there are expressions for electron current and

heat current [57]due to electrons as follows:

2e [T*® .
=2 aTEIRE - ) 7

.2 (* 2.
O=1 | dEGE =BT - ful) o

1
E-upR
e kBT 41

Where f| g (E) = ,ur = Ep £ eV}, /2. By Taylor expanding of fi g (i, T) at

point (u=Eg, T = (T, + Tg)/2) and keeping the first order only when the
temperature difference and bias are both small. And then substitute (up g, T, g) in

f(u, T). Consequently,

of (Ep, T _
af(EFlT)
+T(TL_T)
of (En, T .
of (E-, T
+%(TR—T)

Then we have
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Of (Eg, T) 0f (Eg, T) 2.83
fL_fR =a—;(:uL_:uR)+a—;(TL_TR)
df (E) df (E) E—Ep
- dE T T, (A1)
[l=EF,T [l,=EF,T
where e = —|e|. Then combining Eq.s 2.79 ~ 2.83, we obtain the following

expression,

2.84

df(E)
= f dET(E) <

Ep
T o

E —
) [eAV +
— F’T

u=E
df(E 2.85
( ) >[eAV
uw=Eg,T

h_]- dE(E — EF)T(E)< G

E —

+

E
F AT]

Now we have the matrix expression,

021 eL, 2.86
(1 ) _2 o T (AV)
Q h L, AT
€L1 F

(TL+TR)

Where (T = , L = Ep) is the reference temperature and chemical potential

(Fermi level of the system in the equilibrium), and L, = f:: dE(E —
af(E) o . 1

Ep)"T(E) (— d—E). The Fermi-Dirac distribution f g (E) = T

e kpT +1
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When AT = 0, Eq. 2.86 give us the electric conductance,
2e? 2.87
G - _LO

Which is just the conductance in finite temperature and zero bias limit shown in

Eq.2.15.

When I = 0, Eq. 2.86 gives us the Seebeck coefficient S = — (%) ,
1=0

Ly

2.88
S =
eTL,
Where e = —|e|.
Alternatively, the Eq. 2.86 can be rearranged into
IN _ (G GS\(Av 2.89
(Q) B (GST K ) (AT)
(AV) _ (1/6 —S>< I ) 2.90
Q) \ 1« /\AT

Where Peltier coefficient is [1 = ST = L

o the thermal conductance due to
0

2
electrons is k. = K— GS?T = hZ—T(Lz - %) In terms of these quantities, the
0

. I - o S2GT 2
electric contribution to thermoelectric figure of merit is ZT, = =G
Ke LoLz—(L1)?

[58]
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When energy is close to Fermi level Er and transmission spectrum varies

approximately linearly with energy E in the scale of kzT, then there are

dT(E)

, L, ~ (eT)?aT(Er) where the
AE |g=fp

expressions Ly = T(Eg), L, = (eT)*a
2 (00}

Lorenz number a = (i) f_+oo dE(E — Ep)? (— %&f)) =244 x1078W-Q- K2

In the derivation of the above expressions, Taylor expansion for transmission

coefficient T(E)=T(EF)+% + ... is required. Based on these
E=Ep

approximations, there is.

din[T(E)] 291
S~ eTaT
E=Ep
Ke = aTG 2.92

So the Seebeck coefficient S could be enhanced by increasing the slope of
transmission spectra T(E). Eq. 2.92 demonstrates the Wiedemann-Franz law
which states thermal conductance from electronic contribution against electrical

conductance is proportional to temperature T where a = 2.44 X 1078WQK™2 is
2
the Lorenz number. In basis of Wiedemann-Franz law, there is ZT, = S; As for

ZT, > 1,5 > 150uV /K.

As for [ = GSAT + GAV, the two terms correspond to the two current paths of |,
and J, shown in Fig. 2.11. SAT is the electromotive force of the thermoelectric

device and AV = V|, — V/; is the output voltage on load. When [=0, SAT = —AV.
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J=L—-]2#%0
AV SAT
I, = GAV 4 GSAT = — + —
T T
L =-I —
AV
27 R

Fig. 2.11 Effective replacement (a battery with an inner resistance r) of the
molecular device (the light purple region). AV = —SAT in open effective circuit
where I = 0, AV =V} — Vg and I = GAV + GSATin closed effective circuit where
I # 0 and AV = V;, — V. The red arrows show the current in the effective circuit.
The magnitude of all the currents (|I;| = |I;|) is the same. The direction of current
is the same with that of the voltage AV. Eg is the Fermi level for the equilibrium

system. g is the chemical potential for the reservoirs.

So far we have ignored phonons, whose contribution to the thermal conductance

is

Ofge(w,T) 2.93

1 [ee]
kpn(T) = ﬁj dwhwT,,(w) =T
0

hw -1
Where fzp(w,T) = (ekBT — 1) is the Bose-Einstein distribution function and

Ton(w) is the transmission coefficient for phonons of energy fiw. Then the

S2GT
Ket+Kph'

thermoelectric figure of merit is ZT =
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2.3.1.3 Thermoelectric efficiency n

Thermoelectric efficiency is defined as,

n 2.94

energy provied to the load

~ heat extracted from the hot reservoir per unit time

That is to say,

- 2.95
= SATI + kAT

Wherel =1; = —1,.
a. Efficiency at maximum output power

When the output power is maximum, that needs r = Rin Fig. 2.11. That is to say,
AV = —SAT/2 and 1= GSAT/2. So the relationship between thermoelectric

efficiency n and thermoelectric figure of merit ZT in this case is

GSAT SAT
GSAT.SOT jp g1 2.96

ImaxP = STGSAT N T T 7T + 2
2

kAT

b. The maximum efficiency

The above efficiency at maximum power is not the maximum efficiency. The
maximum efficiency n,ax is obtained by differentiating Eq. 2.95 with respect to AV
and setting the result to zero. This yields the following expression.
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_ATVZT+1-1 2.97
Thmax = T 1

Both the efficiency at maximum power Ny.xp and the maximum efficiency nyax
achieve their maximum values when ZT tends to infinity. The derivation for

maximum thermoelectric efficiency is shown in Appendices (Appendix 2).

2.3.2 Coulomb blockade

(a) (b)

UN+1

UN+1

Fig. 2.12 Energy alignment for a single-electron transistor. (a), (d) Electron is
blocked and the number of electrons in the dot is N and N-1, respectively. (b), (c)
these two alignments almost happen simultaneously and in consequence the
current forms. The number of charge in the dot fluctuates between N-1 and N.

Energy level is AE = puy — py_1.
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Currentin a tunnel junction is formed by the passing of exact one electron through
the tunnel barrier (The case of two-electron simultaneous tunnelling is out of
consideration.) since the electrical charge is discrete. In consequence, a voltage
U = e/C is built up due to the charged tunnel junction, where e = 1.6 X 10~1°
coulomb is the elementary charge and C = e?/AE is the capacitance of the
junction. Here, AE is the energy level spacing between level N and N — 1.
Considering a small capacitance, a large voltage buildup is achieved which could
hold back a second electron from tunnelling. This phenomenon around zero bias

is named Coulomb blockade.

In order to observe the Coulomb blockade, the schematic of sequential tunnelling
is depicted in Fig. 2.12 under small bias (V}, < e/C) and atlow temperature (kgT <
e?/2C) in terms of the energy diagram of a double tunnel barrier arrangement.
Transport through the scattering region is blocked with N electrons on the dot in
Fig. 2.12(a). By decreasing the gate voltage, the chemical potential uy inside the
molecule is raised until it approximately aligns with that of the drain contact (ug =
Uy ) and an electron can leave the dot. If at the same time pug > p,4, a current can
flow from source to drain and the number of electrons on the dot will fluctuate
between N and N-1. When the gate voltage further decreases and u; < uy the dot
is left with one electron less and the current is again blocked. In summary, we

therefore have a peak in the conductance whenever uy = us = 4 for a small bias.

In such a process above, the electron tunnels from the source electrode, to the
molecule, and to the drain which is on-resonant tunnel. According to Heisenberg’s

uncertainty principle, the time of electron staying on the molecule is larger in the
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case where weak coupling occurs between source and molecule and between
molecule and drain. So this indicates that the electrons have sufficient time in the
molecule to interact with other degrees of freedom which could lead to incoherent
tunnelling. Two types of this incoherent tunnel are recognised. One is the case of
elastic tunnelling due to the associated loss of phase, whereas the second case is

inelastic tunnelling originating from the loss of both phase and energy [59].

2.3.3 Applying a vector field

An electromagnetic vector potential A4 is related to a magnetic field B by the curl of

A

i j ok 2.98
provxiz|l 29
2=V XA=GY By oz

A, A, A,

04, O0A,\, (04, 0A,\,
(- G- 2
dy 0z 0z 0x

Where the direction Z of B is subject to right-hand rule. There is some gauge
freedom to choose the vector potential A for a given perpendicular uniform
magnetic field B = B2, such as the Landau gauge A= xBYy or a symmetric gauge
A= g(xf/ — yX). The physics of the system is gauge invariant, which means that

adding the gradient of a scalar field to A changes the overall phase of the wave
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function by an amount corresponding to the scalar field. But physical properties

are not influenced by the specific choice of gauge. In addition, magnetic flux is

associated with this vector potential through the formula ¢ = gﬁﬂdl.

The Peierls substitution describes tightly-bound electrons in the presence of a
slowly varying magnetic vector potential. Based on this, there is a relationship
between the hopping integral y;; between two sites and the magnetic vector
potential,

_ [l Aai 2.99

ie j »
~ + ] Adl i2m
)/ij — )/ije A fl — Vije do

o
Where ¢, = 2% is the quantum of flux.

2.3.4 Noise spectroscopy

Noise characteristics play an important role in understanding conductance
fluctuations and other fundamental information in molecular devices. In general,
electrical noise is classified into four types: (a) thermal noise, (b) shot noise, (c)
generation-recombination noise and (d) flicker or 1/f noise[60] where the first
two types are frequency-independent, therefore called ‘white noise’ and the left

two types are frequency dependent.

As for thermal noise, it happens in equilibrium situations where the electrical
current is zero. This noise is due to the fluctuations in the quantum mechanical

occupation of electronic states which is temperature-dependent. The resulting
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2|1(f)I?
T

noise power spectral density S;(f) =Tlim where I(f) is the Fourier

transform of I(t) [61] is frequency f independent and described by the well-
known Johnson-Nyquist theorem[62][63]: S;(f) = 4kgTG. Completely different
from thermal noise, the shot noise arises from the discrete nature of carriers and
happens only when the electrical current is nonzero and flows through a defined
barrier which is due to a non-equilibrium phenomenon.[64] Shot noise can be
exploited to analyse the correlation among different conductance channels

2
_ X1t

PR

through formula S;(f) = 2el (1 ) in the limit of low temperatures where t;

is the transmission coefficient for a conductance channel.[65][66]

In terms of the frequency-dependent noise, the noise power spectral density (PSD)

2(AD%*T

m where T is the

of a symmetric random telegraph signal (RTS) is S(f) =

mean dwell time for up or down current level, put in another way, the mean life-
time for each process of trapping-detrapping or generation-recombination of
electrons, and Al is the deviation of the two current levels. [61] For the 1/f noise,
no generic model or theory is proposed even though this noise is always observed
in all kinds of electronic devices.[67] In basis of RTS noise with Lorentzian profile,
McWhorter’s model for 1/f noise in conventional semiconductors is proposed,

where the PSD is equal to the superposition of the counterparts of different

-1
Lorentzian noises, that is, S;(f) « f:: g(1) dt where g(7) = [T In C—z)]
1

_tr
1+(2nfT)?

and the life-time 7 spreads in a logarithmically wide time scale[t4, 7,].[60]
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3 Thermoelectricity in vertical
graphene-Ceso-graphene

architectures

3.1 Introduction

Molecular devices consisting of single or multiple molecules bridging two or more
electrodes have attracted intense theoretical and experimental interest, due to
their tunable and unique transport properties, including negative differential
resistance  (NDR)[68][69][19], electrical switching [70][71][12] and
thermoelectric power generation [72][73][74][75][21][55][76]. The conversion
of a temperature gradient AT to a voltage difference AV, is controlled by the
Seebeck coefficient S = —AV/AT. Common inorganic thermoelectric materials
such as Pb, Bi, Co, Sb are toxic and expensive due to limited global sources.
Therefore, in recent years, different strategies have been proposed to exploit the
thermoelectric properties of nanostructured organic materials or organic
molecules [77][78][79][22][80]. At the single-molecule level, the Seebeck
coefficient can be controlled using a gate electrode in a three-terminal device[81].

Furthermore, the sign and magnitude of S can be changed by modulating the
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coupling of the molecule to electrodes using the pressure induced by a STM tip
[74]. Additionally, it has been demonstrated that the Seebeck coefficient of
molecular junctions can be enhanced by manipulating intermolecular interactions
of Ceo molecules placed in series between two gold electrodes [75]. This effect
arises from the quantum mechanical origin of the Seebeck coefficient at the
molecular scale. Indeed, at a qualitative level, if the transmission probability of
electrons with energy passing from one electrode to another through a Ceo
molecule is T; (E), the transmission probability through two Cso molecules placed
in series is approximately proportional to TZ (E). Consequently, the conductance of

two molecules placed in series G, is equal to G2, whereas Ohm’s law predicts G, =

—dInT(E)

G1/2.Similarly, the Mott formula S « S

|e=g; predicts that the thermopower

coefficients are related by S, « 2 X S;, whereas classically S, should be the same
with S;. The aim of the chapter is to determine if similar non-classical behavior
occurs when molecules are placed in parallel between two electrodes as in the
concept device shown in Fig. 3.1 (a). If two such molecules in parallel behave
classically, then the electrical conductance doubles according to Ohm’s law and the
Seebeck coefficient is unchanged. Consequently, if many molecules are placed in
parallel to form a self-assembled monolayer (SAM), then the electrical
conductance would be proportional to the number of molecules and the Seebeck
coefficient would be insensitive to the number of parallel molecules bridging the
junction. Reuter and co-workers have addressed how the electrical conductance
of two molecules placed in parallel between two electrodes need not be 2G,, and
have proposed that deviations from Ohm’s law are a signature of direct inter-

molecular interactions or “cooperativity” [82].
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In what follows, our aim is to examine this expectation from a microscopic point
of view by computing the change in thermoelectric properties when two Ceo
molecules are placed in parallel between two graphene electrodes. The results
demonstrate that even when there is no direct inter-molecular coupling, indirect
inter-molecular interactions mediated by the graphene electrodes produce
quantum interference effects in the electronic structure of the molecular junction.
As a consequence, the Seebeck coefficient is sensitive to the number N of parallel
molecules and the electrical conductance is not simply proportional to N. These
indirect interactions, if controlled properly can boost the electrical and

thermoelectric performance of a device over the single-molecule paradigm.
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3.2 Results and discussion

(b)

Fig. 3.1 (a) Vertical scalable concept for molecular thermoelectricity. An insulating
spacer is placed on top of a graphene bottom electrode, and drilled with nanopores.
These pores are filled with C4, molecules. A top graphene electrode is deposited.
Thermoelectricity is enhanced by quantum interference. Schematics of the two
simulated four-terminal devices: (b) a Cgp monomer and (c) a Cq dimer

sandwiched between two graphene monolayers.

We have designed the vertical four-terminal devices shown in Fig. 3.1(b) and (c),
where a single Ceéo and a Ceo dimer are sandwiched between two horizontal

graphene sheets, respectively. These two graphene sheets are separated by an
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optimized vertical (z) distance and are electronically decoupled, except via the
transport path through the buckyball(s) from the top to the lower sheet. The
structure is assigned periodic boundary conditions in the x and y directions to
avoid spurious edge effects. Furthermore, to eliminate edge effects in the z
direction, the four regions (labelled leads 1-4) are semi-infinite crystalline leads,
which channel electrons to and from reservoirs placed at infinity. In the case of the
C60-dimer, the horizontal distance between the nearest atoms of the two C60s is
initially set to 6 A to avoid direct coupling between the buckyballs. We have used
the DFT code SIESTA[83] to obtain the optimized geometry adopting the local
density approximation and the Ceperley-Alder functional for exchange and
correlation. We have also chosen a double-z plus polarization (DZP) basis set. After
relaxing this structure, this distance is changed by only a fraction of an A. In this
situation, examination of the pseudo-atomic-orbital-based Hamiltonian describing
the molecules confirms that there is no direct interaction between the two Cg,
molecules. We have extracted the resulting mean-field Hamiltonian and overlap
matrices and used them to compute the electrical and thermoelectric properties
of the devices with our transport code GOLLUM[84]. The transmission coefficient
for electrons of energy E travelling from lead i to lead j is calculated through the

standard expression[30].

T(E) = Tr[Ix(E)GR(E)IL(E)GRT (E)] 3.1

where I r(E) = i(Z r(E) — ZL,RT(E))/Z indicate the coupling between left and

right electrodes and the extended molecule; Z; g (E) represent the self-energies;
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and GR the retarded Green’s function. The thermoelectric coefficients including
the electrical conductance G(T), the thermopower S(T), the contribution of
electrons to the thermal conductance k.(T) and to the figure of merit ZT,(T) can

be written as follows [30][31]:

G(T) = Gyl 3.2

S(T) = — 6;20 3.3

K, (T) = —2 Loz;;lq 3.4

ZT,(T) = L—122 3
LoL, — Ly

in terms of the Lorenz numbers

df (E) 3.6

L = [ dEGE - BT -2

where G, = 2e?/h is the conductance quantum, h is Planck’s constant, e is the
absolute value of electron’s charge, T = (T; + Tj)/2 is the mean temperature of
electrodes i and j, f is the Fermi-Dirac distribution function and p is the chemical
potential of the device at equilibrium, e.g.: when all leads voltages are set to zero.

The specific implementation is explained in detail in the reference article of the

GOLLUM code [84].
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Fig. 3.2 (a)Transmission coefficient of the electrons passing from electrode 1 to
electrode 4. The blue and pink curves present the transmission spectra T; (E) and
T, (E) of the C¢o-monomer and dimer devices, respectively. (b) The ratio of the two

transmission coefficients shown in (a).

The transmission functions T1,2(E) for electrons of energy E passing from the top-
left electrode (lead 1) to the bottom-right electrode (lead 4) are shown in Fig. 3.1
for the C4y -monomer and -dimer devices. As expected, due to the periodic
boundary conditions chosen for the electrodes, the number of open channels for
both devices is 2 in the energy range between —1.5 and +1.5 eV around the Fermi
energy Er. The energy position of the HOMO- and LUMO-mediated (highest-
occupied and lowest unoccupied molecular orbital, respectively) resonances does
not depend on the relative position and orientation of the molecule and the
graphene electrodes for van der Waals chemical bonding[85]. We therefore
predict that T12(E) should remain qualitatively the same as the Ceo molecules
move around and rotate. Furthermore, a close match between graphene’s Fermi
energy and the Ceo HOMO or LUMO resonances is predicted since both are carbon-

based materials [8]. We find that the LUMO resonances are much closer to the
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Fermi energy than the HOMO-mediated ones for the vertical junctions shown in
Fig. 3.2(a) result consistent with previous studies [86][17][87]. Furthermore, the
conductance gap (e.g. the gap between the HOMO and LUMO resonances) for the
dimer device shrinks due to the splitting of the degenerate HOMOs and LUMOs, a
quantum interference effect caused by their indirect coupling mediated by the
electrodes. In order to estimate the departure from Ohm'’s law caused by this
indirect inter-molecular interaction, we show the ratio T2/(2T1) over an energy
range within the conductance gap in the plot in Fig. 3.2(b). This ratio is
approximately 1.5 in the energy range between —0.8 eV and 0 eV and then
increases quickly above the Fermi energy when approaching the LUMO resonance.
This increase above unity breaks Ohm’s law and is a consequence of the quantum
interference effect that modifies the conductance gap. Indirect inter-molecular
coupling not only changes the conductance ratios, but also affects the slope of the
logarithm of the transmission coefficients. At low-enough temperatures, the

Seebeck coefficient can be obtained using Mott formula [72]

k3T 3.7
ﬁ O InT(E) |E=EF

2
3

Consequently, the Seebeck coefficient is proportional to the slope of natural
logarithm of transmission function at the Fermi level and since these slopes differ,

the Seebeck coefficients of the monomer and dimer junctions are different.
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Fig. 3.3 Temperature evolution of thermoelectric coefficients. (a) Electrical
conductance G(T). (b) Seebeck coefficients S(T). (c), (d) electronic contribution to
thermal conductance k.(T) and thermoelectric figure of merit ZT,. The pink and

blue curves correspond to dimer and monomer respectively.

Fig. 3.3 demonstrates that G, S, the electronic contribution to the thermal
conductance k., and the electronic contribution to the thermoelectric figure of
merit ZT, = S2GT/k, behave non-classically over a wide range of temperatures.
Fig. 3.3(a) shows that the electrical conductance of the dimer system (pink curve)
is more than twice that of the monomer (blue curve) over a wide temperature
range. Fig. 3.3 (b) reveals that the Seebeck coefficient of the dimer junction is
higher than that of the monomer junction. Fig. 3.3 (d) shows that although the
electronic contribution to the thermal conductance (Fig. 3.3 (c)) of the dimer
junction is higher than that of the monomer device, the higher electrical
conductance and Seebeck coefficient of the dimer junction combine to deliver a
higher electronic figure of merit.
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Fig. 3.4 Thermoelectric properties as a function of the Fermi energy at room
temperature. (a) Electrical conductance G. (b) Seebeck coefficient S. (c¢) and (d)
Electronic contribution to thermal conductance k. and thermoelectric figure of

merit ZT,.

Since the Fermi energy of the electrodes may be changed by doping or external
gating, we analyze the quantum behavior of the thermoelectric properties of the
junctions as a function of the Fermi energy at room temperature. Fig. 3.4 (a) and
(c) demonstrate that both the electrical conductance and the electronic
contribution to the thermal conductance of the dimer device are more than twice
that of the monomer junction over an energy window around the Fermi energy.
Fig. 3.4 (b) reveals that the dimer configuration also has a larger Seebeck
coefficient than the monomer in the energy range between -0.2 and 0.1 eV and also
from 0.3 to 0.5 eV. Fig. 3.4 (d) demonstrates that ZT, is also larger in the vicinity

of EF'
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In order to obtain further insight into this quantum interference effect, we have
performed calculations of model tight-binding structures that share similar
parallel electron pathways as the devices shown in Fig. 3.1. The schematics of
those model structures is shown in Fig. 3.5. The red balls representing C
molecules are sandwiched between the blue chains representing the graphene
electrodes. There is no direct hopping between the two red sites in the two-site
model as in the Cgo dimer DFT calculation. Therefore, any departure from Ohm'’s
law must be due to the indirect coupling between the two sites arising from

quantum interference via the electrodes.

The transmission coefficients T; , and the ratio T,/(2T;) of these models are
displayed in Fig. 3.6 (a). The pink curve shows that for the two-site model, the
transmission resonance at energy E = € is split in two due to the indirect coupling
via the electrodes. The ratio T,/2T;, shown in Fig. 3.6 (b) varies from
approximately 0.5 to 2.5 and converges at a constant around 2, which is twice the
expected classical value of unity. Consequently, despite the simplicity of the tight
binding, we find that it captures the mechanism underlying the quantum

interference effects uncovered in the DFT-based analysis.
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Fig. 3.5 Tight binding models having (a) one-atom pathway and (b) two-atom
pathways. The chains represent the graphene electrodes, where blue dots
correspond to carbon atoms. The red dots represent the C¢o molecules. To fix the
energy scale, the hopping integral y between blue sites is set to unity. The hopping
integral a between red and blue site is set to 0.2. The hopping integral between red
sites in (b) is set to zero. The on-site energy of both blue and red sites €, and € is set
to 0.25. This reflects the relevant energy levels landscape found in the DFT
calculation and displayed in Fig. 3.5. (c) A modified two-atom model where n
represents the separation between red sites evaluated by the number of the blue

sites lying in between.

We now discuss how this quantum interference behavior depends on the
separation between the two sites. To do so, we modify the model shown in Fig. 3.5
(b) and displace the two red sites laterally so that there are n blue sites in between
them as shown in Fig. 3.5(c). Fig. 3.6(b) shows the conductance ratio G,/(2G,) at
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three different temperatures (low, intermediate and high). We find that the ratio
varies periodically with the distance n, and that it has an envelope that decreases
with increasing n. We also find an even-odd quantum interference effect in the
conductance ratio as a function of the parity of n. We therefore plot two curves for

each temperature, one for even and another for odd n.

0.6 3
(a) | Tw

@0.4 —T, K 2

Fo0.2 N1

0 0
-0.5 0 0.5 1 -0.5 0 0.5 1

. EF=0.217;kBT=0.OO4
° kBT=0.013
e kBT=0.03

0 50 100 150 200
Distance

Fig. 3.6 (a) Transmission coefficients as a function of energy for the one-site and
two-site models shown in Fig. 3.5. The blue line stands for one-site model while the
pink is for the two-site model. (b) Ratio T,/2T,. (c) Conductance ratio G,/2G,
evaluated at E; = 0.217 and different temperatures: kgT = 0.004, 0.13 and 0.03
(red, blue and green curves). The two curves at each temperature show the

conductance ratio for even and odd n.
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The Figure also shows that this low-temperature oscillatory behavior is damped
as the temperature increases. This damping is set by the temperature-dependent
phase coherence length, and can be understood straightforwardly from the
standard expression of the conductance G = G, Ly, where G, is the conductance
quantum unit and the integral L, is defined in equation 3.6. The integration
window for the integrals L, covers an energy range of order kgT that is centered
at the Fermi energy. Because the period of the oscillations in the transmission are
energy-dependent and the different contributions to the integral dephase, the
conductance oscillations die away at values of n beyond a certain dephasing length
that is inversely proportional to the temperature, as illustrated in Fig. 3.6.
Interestingly, in the absence of inelastic scattering, the asymptotic ratio G,/2G,
does not approach unity for large distances n, even though the oscillations
disappear above a certain temperature. This is because the asymptotic ratio
depends on the position of the Fermi energy relative to the quantum interference-
split resonance shown in Fig. 3.6 (a). The above behavior is analogous to that of
AlGaAs/GaAs quantum rings, where the temperature-dependent phase coherence
length, extracted from Aharonov-Bohm magnetoresistance measurements,
decreases as the temperature rises above 2.0 K [88]. The result also agrees well
with that obtained by magneto-transport experiments combined with weak
localization theory in MgZnO thin film [89], where the phase coherence length
varies from 38.4 nm to 99.8 nm when temperature declines from 50 K to 1.4 K. If
the model is extended to two-dimensional system where the one-dimensional
leads is replaced by two-dimensional leads, the dephasing length is expected to

decrease because of the quantum interference due to other conduction channels.
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3.3 Conclusion

The electrical conductance G2 of two parallel C4, molecules sandwiched between
two graphene monolayers does not follow Ohm’s law, because it is more than twice
larger than the conductance G1 of a single C;, molecule. This non-classical
behaviour is due to indirect inter-molecular quantum interference effects
mediated by the electrodes. Furthermore, increasing the number of C4, molecules
sandwiched in parallel between graphene monolayers from one to two also
increases the Seebeck coefficient, which is another non-classical effect. This is
significant because it demonstrates that single-molecule thermoelectric
properties will not translate into thin-film materials formed from self-assembled
monolayers in a classical manner and by exploiting quantum interference, the
thermoelectric performance of such SAMs can exceed classical expectations.
Further insight into this quantum interference effect is gained by analyzing a tight
binding model that features parallel electron transport through two sites. The
model predicts that the thermoelectric properties of the dimer will oscillate with
the dimer separation n up to a phase coherence length, which decreases with

increasing temperature.
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4 A single-molecule porphyrin-based

switch for graphene nanogaps

4.1 Introduction

Single-molecule electronic devices have been investigated intensively both
experimentally[90][91][92][81][93][94][95] and theoretically [55][78][96][97]
[7][98], starting with the first molecular rectifier reported in 1974[99]. Since that
time a variety of tuneable transport properties and active functionalities have
been investigated, including molecular switches [100][101][102][103][104][40].
One example is the photo-switching operation of aryl azobenzene monolayer
bridges between two vertical graphene sheets, whose conductance can be
switched using optically-induced length changes of the molecule[105]. A second
example involves redox based switching, in which a molecule based on
anthraquinone with a cross-conjugated structure is in the “off” state, whereas it is
in the “on” state when it is reduced to linear conjugation[101]. Another is based on
conformational change, in which the conductance is tuned by decreasing the pi-pi
orbital overlap within a bridging moiety by rotating adjacent phenyl
rings[100][106]. Recently, in an effort to overcome the limitations of gold

electrodes for contacting single molecules, graphene electroburnt
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nanogaps[107][108][109][26][110][111] have been developed, which can be
electrostatically tuned by a nearby buried gate electrode[112][6]. This opens the
way to the design of new molecular switches, which take advantage of specific

properties of such planar geometries.

In the present work, stimulated by the fact that conjugation can be broken by
rotating two adjacent planar aromatic rings[100], we examine the possibility of
single-molecule conductance switching when a single aromatic ring is rotated
relative to the pi system of graphene electrodes. The target three-terminal device
is shown in Fig. 4.1 and consists of a single porphyrin molecule placed in the
nanogap between two graphene electrodes and simultaneously gated by a third
electrode. When the porphyrin and graphene sheets are in the same plane, we
expect the conductance to be high. When the plane of the porphyrin is
perpendicular to the graphene plane, the conjugation will be broken and we expect

the conductance to be low.

In the device of Fig. 4.1, the single porphyrin suspended in the graphene nano-gap
contains pendant moieties, which create a dipole moment parallel to the plane of
the porphyrin. The concept we aim to investigate is whether or not the porphyrin
can be rotated by application of a modest electric field and whether or not this
rotation creates a significant on-off ratio of the electrical conductance. In what
follows, we demonstrate that there can be a huge difference in conductance
between the zero-gate-voltage state and the device above a certain gate threshold
value and therefore this combination of graphene electrodes and a porphyrin

bridge is a promising design for a single-molecule switch. Crucially, it is possible
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to enhance the switching behaviour by increasing the separation between the
graphene electrodes and functionalised porphyrin molecule. We demonstrate that
the room-temperature on-off conductance ratio can vary from 100 to 200 by
increasing the number of C-C triple bonds from one to four, which act as spacers
between porphyrin and graphene. We also demonstrate that the conductance ratio
increases further from 200 to approximately 2200 by reducing the temperature to

100K.

Fig. 4.1 (a) Three terminal concept for nanoscale switch with source and drain and
gate electrodes. The functionalised porphyrin is shown on the left of the device. The
red, yellow and blue atoms represent oxygen, sulphur and nitrogen respectively.
The top moment group is positively charged while the bottom moment group is
negatively charged. (b) Schematic of graphene/molecule/graphene device with one

triple bond as spacer. Graphene is terminated by hydrogen (white atoms).
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4.2 Results and discussion

Fig. 4.1 (b) shows a single porphyrin molecule functionalised with side groups
which impart a dipole moment of 38.5 Debye in the y direction, parallel to the
plane of the porphyrin core. The latter is connected to two electroburnt graphene
sheets via acetylene linkers. The separation between the two planar graphene
sheets isd =~ 1.3 nm and therefore they are electronically decoupled, except via
the transport path though the porphyrin. Initially, as shown in Fig. 4.1, we consider
only a single C-C triple bond spacer between each graphene electrode and the
porphyrin. We used the DFT code SIESTA[83] to obtain the optimized geometry
adopting the generalised gradient approximation (GGA) and PBE functional[113]
for the exchange and correlation. We also chose a double-( plus polarized (DZP)
basis set. Here, a large unit cell 50x51.12 in x, y direction shown in Fig. 1(a) is
adopted to avoid the electrostatic interaction between the dipole moieties due to
periodic boundary conditions. We then extracted the resulting mean-field
Hamiltonian and overlap matrices and used them to compute the electrical
properties of the devices with transport code Gollum[84]. The transmission
coefficient T(E) for electrons as a function of energy is calculated through the

equations:

T(E) = Tr[[L(E)G(E)R(E)GT(E)] 4.1

Where I, g (E)is the anti-Hermitian part of the self-energies: I, g (E) = i(Zy g (E) —

EL,RT(E))/Z. I, g determines the width of transmission resonances, X g (E) are the
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self-energies describing the contact between the molecule and left (L) and right
(R) electrodes. while G is the retarded Green’s function of the molecule in the
presence of the electrodes. The thermally-averaged conductance G(Eg,V) is

evaluated using the following formulae:

P(6,V) = %e‘”wi"’)/("ﬂ) 42
19 4.3
A= Z o —UBV)/(kpT)
i=1
+oo Of (E) 4.4
= ET(E)(————
6=G [ BT (-
19 4.5
G (B, V) = ) Gi(Er, 0)Pi(6,V)
i=1
4.6

2e [®
=2 dET @ BT - 1,5, B )

where G, = 2e?/h is the conductance quantum; h is the Planck’s constant; e is the
charge of a proton; f(E) = (1 + exp(E — Eg/kgT)) lis the Fermi-Dirac probability
distribution function, Eg is the Fermi energy and V indicates the gate voltage. In
equation (5), the quantity P(6,V) is the well-known Boltzmann distribution,
which determines the statistical probability density that a system in
thermodynamic equilibrium will be found to have energy U(6,V) and hence a

rotation angle 6.
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Fig. 4.2 Electrical conductances and energy landscapes of the device in Fig. 4.1, with
one triple bond on each side. (a), (b) For a series of fixed values of 0, these figures
show room-temperature electrical conductances (in units of Go=2e2/h) without a
gate electric field as a function of the Fermi level Er of the electrodes relative to the
DFT-predicted value. (c) Potential energy versus 0 for a series of perpendicular
electric fields 0.0 V/nm (blue), 0.2 V/nm (red), 0.4 V/nm (yellow), 0.6 V/nm
(purple). The dots represent the total energies relative to the energy at 0°and 0
V/nm calculated by DFT, which are fitted by y =asin?0+b . (d) The
corresponding Boltzmann probability distribution (defined by equation (2) and
(3)) against 0 under different gate electric fields at 300K. The different structures
corresponding to different rotating angles are not relaxed, because otherwise, upon

relaxation, they would all relax back to the same minimum-energy angle.

To understand the change in conductance due to a rotation 6 about the axis of the
triple bonds, we first compute the room- temperature electrical conductance (see
theoretical methods) when the porphyrin is frozen at a series of 0 values between
zero and 180°. Since the Fermi energy Er of the electrodes relative to the HOMO
and LUMO levels could be tuned by doping or external gating, in Fig. 4.2 (a) and
Fig. 4.2 (b), we plot graphs of room temperature ‘frozen’ zero-bias conductance
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G(Eg, 8) versus Er for different values of 6. Fig. 4.2 (a) shows results for rotation
angles 0 between 0° and 90°, while Fig. 4.2 (b) shows results for 6 between 90°
and 180°. The transmission spectra from which these conductances are derived

are shown in Fig. 4.3.
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Fig. 4.3 Transmission spectra of different rotating configurations with one triple

bond as the spacer on each side.

Results are plotted against E, — ERFT, where ERFT, is the DFT-predicted Fermi

energy. The junction in Fig. 4.1 (b) is not exactly symmetric about a perpendicular
plane passing through the triple bonds, and therefore G(Eg, 90° — 0) is almost, but
not quite equal to G(Eg, 90° + 0). This slight asymmetry is due to the different
structures of the dipole moieties -CzH,SO;,—NCsH,CH; and the slight
asymmetric connection to the graphene, imposed by the armchair edge. Clearly
there is a huge variation in G(Eg, 0) as 6 varies between 0° and 90°. Fig. 4.2 (a, b)
show that there are two main resonances at -1eV and 0.5eV for all angles except
90°, where the conjugation between the pi system of porphyrin and the pi orbitals
of graphene is broken. This broken conjugation at 90° leads to a low conductance

over a range of Fermi energies in the vicinity of ERFT,. In order to gain insight into
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the origin of these resonances, Fig. 4.6 (left column) shows the local density of
states (LDOS) in the vicinity of EfPFT, which is concentrated on the pendant
moieties, whereas the right column shows that the LDOS at the transport
resonance around 0.3 - 0.5eV, which is more delocalised across the backbone of
the molecule. Similarly, the LDOS at -0.7eV resonance is dominated by the pendant
group, while that at -1eV resonance is delocalised on the porphyrin core. The
positions of the ‘delocalised’ resonances near 0.3 - 0.5eV and -1eV correspond to
the LUMO and HOMO of the pure porphyrin molecule sandwiched in graphene

nano-gap shown in Fig. 4.4, whose molecular orbitals are plotted in Fig. 4.5.

Fig. 4.2 (a) and Fig. 4.2 (b) shows the conductance when a rotation angle 0 is
artificially imposed. In practice, the junction is controlled by imposing an external
gate voltage V and at a finite temperature T, the rotation angle will fluctuate
thermally. The probability of finding a given angle 6 will be proportional to the
Boltzmann factor e"UV@V)/&sT)  \here U(6,V) is the change in energy of the
junction as a function of 6 and V[114]. Fig. 4.2 (c) shows the change of total energy
U(6,V) versus rotation angle 8 with a series of gate voltages V. The dots in blue,
red, yellow and purple correspond to energy changes under perpendicular electric
fields 0 V/nm, 0.2 V/nm, 0.4 V/nm, 0.6 V/nm obtained from DFT calculation. These
dots are fitted to the functiony = a * sin? @ + b presented in solid lines, where b is
an irrelevant constant, which disappears after normalising the Boltzmann weights.
The blue line shows that in the absence of a gate field, the energy minimum occurs
at 0 = 0° and the maximum appears at 90°. On the other hand, the purple line
shows that as the gate electric field increases, the energy minimum eventually

switches from 0° to 90°. To compute each of the conductance curves of Fig. 4.2 (a)
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and Fig. 4.2 (b), the rotation angle is constrained at a particular value of 6 and the
conductance calculated using Eq. 4.4 To determine the value of 6 adopted by the
switch at a given gate voltage V, the total energy U(8, V) was computed for a series
of angles 0 and plotted in Fig. 4.2 (c). At absolute zero and at a given gate voltage
V, the switch would adopt the angle corresponding to the minimum of U(6, V).
However, at finite temperatures, the switch is subject to thermal fluctuations and
will sample all angles. The probability distribution P(6,V) that at a particular
instant, the switch will assume an angle 0 is given by the Boltzmann distribution
of Eq. 4.2 For the single triple bond and different values of V, the room-
temperature probability distributions are plotted in Fig. 4.2 (d) and show that
those angles corresponding to minima in U(8,V) are sampled with the highest

probability.
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Fig. 4.4 The transmission spectra for Zn-porphyrin molecule without functionalized
dipole group bridging the two graphene sheets from 0 (shown in (a)) torsion angle
to 90 (shown in (b)) between the molecule and graphene plane.
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Fig. 4.5 The wave functions for (a)Zn-porphyrin with one triple bond each side and
(b)functionalised Zn-porphyrin. The 1st and 21d show the four frontier molecular
orbitals for molecule (a). The 3 ~6th depict the frontier molecular orbitals for

molecule (b).
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Fig. 4.6 Local density of states (LDOS) of the junctions at 0° and 90° rotation angles.
(a), (b) show the LDOS in the energy windows -0.1~0.1eV and 0.3~0.5eV separately
for 0°. (c), (d) are for 90°. (e), (f) are the lateral views for 90°. The energy windows
refer to the DFT Fermi level in Fig. 4.2 (a) and Fig. 4.2 (b). Here, yellow atoms depict
carbon atoms and light blue depict hydrogen atoms. The LDOS is calculated by
integrating the imaginary part of the Green’s function G(r, E) with respect to energy
E over a small energy window, centred of a particular energy. In Fig. 4.6, results for
two energy windows are presented, namely -0.1eV to 0.1eV and 0.3eV to 0.5eV. The
orbitals within the first energy window are mainly located in the pendant groups,
while the orbitals within the second energy window are localised on the porphyrin

backbone.
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Fig. 4.7 (a) Conductance versus the rotation angle derived from Fig. 4.2 (a) and 2(b)
at (Er — ER¥T = —0.25 eV and electric field is 0 eV.). The pink dots are obtained
from the DFT calculation and the blue solid line is the fitting curve by
y = a *cos*0 + b. (b) Boltzmann-averaged conductances versus Fermi energy
calculated using equation (5) by averaging over the curves in Fig. 4.2 (a), Fig. 4.2

(b), using the probability distributions in Fig. 4.2 d).

Fig. 4.7 (a) shows the cos* 0 relationship between the conductance and the
rotation angle. Here, the Fermi level is chosen to be Er - EFPFT = -0.25 eV, which is
close to the middle of the HOMO-LUMO gap. The cos*® dependence arises,
because the coupling to both the left and right graphene electrodes is proportional
to cos? 0 and the total conductance through the whole junction is proportional to

the product of these couplings [8][115][116][117].

Fig. 4.7 (b) illustrates the Boltzmann-averaged conductances obtained from Eq.
4.5 for the series of perpendicular electric fields shown in Fig. 4.2 (d). Specifically,
the 4 average conductance curves shown in Fig. 4.7 (b) are obtained based on the
conductance curves in Fig. 4.2 (a) and Fig. 4.2 (b) of the 19 rotation angles and the

distribution curves of the 4 electric fields in Fig. 4.2 (d) according to Eq. 4.5. This
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shows that for a wide range of Fermi energies within the HOMO-LUMO gap (more
precisely, -0.4~0.4eV), the conductance decreases approximately by two orders of
magnitude due to the switching on of a 0.6V/nm electric field and therefore this
porphyrin-graphene device is a potential switch. On the other hand, an on-off
conductance ratio of 100 (one specific value at a Fermi energy Er- EfPFT = -0.25
eV) in comparison with the gate electric field of 0 and 0.6V/nm is not quite
sufficient to be of technical interest and therefore we now demonstrate that this
ratio can be improved by increasing the number of triple bonds connecting the

porphyrin core to the graphene.
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Fig. 4.8 (a) Geometry of the switch with two carbon-carbon triple bonds on each
side. (b) Potential landscape under different perpendicular electric fields (0.0 V/nm
(blue), 0.2 V/nm (red), 0.4 V/nm (yellow), 0.6 V/nm (purple) from top to bottom).
Similar plotting to Fig. 4.2 (c). (c) Potential barrier extracted from the fitting curve
as the function of the number of triple bonds on each contact. The blue one

represents the energy barrier without gate while the red shows the potential well
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under 0.6 V/nm. (d) Zero-bias, room-temperature conductance versus the external
perpendicular electric field. The blue, red, cyan and pink are for one, two, three and
four triple bonds structure. Here, the Fermi level is chosen to be near the centre of

the HOMO-LUMO gap, at Er- EFPFT = -0.25 eV.

Fig. 4.8 (a) shows a sketch of the device with two C-C triple bonds connecting the
porphyrin to the graphene and Fig. 4.8 (b) shows the corresponding energy
landscape for four values of the perpendicular electric field ranging from 0.0 V/nm
to 0.6 V/nm. This series of calculations was repeated for junctions with three and
four triple bonds connecting the porphyrin to each graphene electrode and in each
case, a fit to the formula U(8,V) = asin?0 + b was carried out. The energy
landscapes for the structures with three and four triple bonds on each side are

shown in Fig. 4.9 and Fig. 4.10.
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Fig. 49 (a), (b) Electrical conductance in units of the conductance quantum
Go=2e2/h) without gate electric field as a function of the Fermi level Er of the
electrodes relative to the DFT-predicted value in zero bias limitation at 300K. (c)

Potential landscape under a series of perpendicular electric field 0.0 V/nm (blue),
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0.2 V/nm (red), 0.4 V/nm (yellow), 0.6 V/nm (purple) shown in (d). The dots
represent the total energies relative to the energy at 0° and 0 V/nm calculated by
DFT which are fitted by y =asin?0+b . (d) Corresponding Boltzmann
distribution probability (obtained by formula (2), (3)) against the rotation of
porphyrin under different gate electric fields at 300K. ‘Three’ indicates 3 triple

bonds between the molecule and each electrode.
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Fig. 4.10 (a), (b) Electrical conductance in units of the conductance quantum
Go=2e2/h) without gate electric field as a function of the Fermi level Er of the
electrodes relative to the DFT-predicted value in zero bias limitation at 300K. (c)
Potential landscape under a series of perpendicular electric field 0.0 V/nm (blue),
0.2 V/nm (red), 0.4 V/nm (yellow), 0.6 V/nm (purple) shown in (d). The dots
represent the total energies relative to the energy at 0° and 0 V/nm calculated by
DFT which are fitted by y =asin?0+b . (d) Corresponding Boltzmann
distribution probability (obtained by formula (2), (3)) against the rotation of
porphyrin under different gate electric fields at 300K. ‘Four’ indicates 4 triple bonds

between the molecule and each electrode.

Fig. 4.8 (c) shows plots of the barrier heights a when the perpendicular electric
field is either zero (blue) or 0.6 V/nm (red). For the former, a is positive,
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corresponding to a maximum at 8 =90°, and the barrier decreases with the
number of triple bonds. For the latter, a is negative, corresponding to a minimum
at 8 =90° and the energy barrier increases with the number of triple bonds. In the
absence of a gate voltage, this varies from about 0.2eV for the single triple bond
linker, to 0.09eV for the 4-triple bond linker. For comparison, ksT at room
temperature is 0.025eV. In the presence of a 0.6 V/nm gate field, these increase
from about 0.25eV for the single triple bond linker, to 0.39eV for the 4-triple bond
linker. Since these are an order of magnitude greater than room temperature,
switching is significant. Of course mathematically, for a large enough number of
triple bonds, this trend should reverse and the energy barrier would tend to zero.
However, in practice, the number of triple bonds is restricted by limits of synthetic
chemistry, and therefore Fig. 4.8 (c) suggests that this limit is not readily

accessible.

Fig. 4.8 (d) shows the Boltzmann-averaged conductances obtained at a Fermi
energy Er- EFPFT = -0.25 eV near the middle of the HOMO-LUMO gap. As expected,
the conductances decrease as the number of triple bonds increases, because
transport takes place via phase-coherent tunneling[118]. Furthermore, all
conductances decrease with increasing electric field, because the most probable
rotation angle switches from 8=0° at low fields to 8 =90° at high fields. Fig. 4.8 (d)
shows that when the gate field 0.6 V/nm is imposed, the room-temperature
conductance decreases by a factor of 100 for one triple bond, approximately 150
for two triple bonds, 185 for three, and 200 for four triple bonds (pink curve). This
demonstrates that the on-off ratio can by increased significantly by increasing

length of the linkers between the porphyrin core and the electrodes.
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Of course, as the length of the linkers increases, the synthetic chemistry becomes
more challenging and therefore to further increase the on-off ratio, we considered
the effect of reducing the temperature. As shown in Fig. 4.11, reducing the
temperature from 300K to 100K increases the on-off ratio from 100 to 1000 for
one triple bond structure using the same electric field. This increase occurs,
because in the presence of a 0.6 V/nm gate field, thermal fluctuations about the
energy minimum are suppressed and therefore only low-conductances near at 0

=90° are sampled.

Fig. 4.11 (a) shows the on/off ratio evolution as the function of temperature. At
infinite temperature, the on/off ratio would be, because all rotation angles would
be sampled with equal probability, independent of the energy landscape. Fig. 4.11
(b) shows the on/off ratio at room temperature, which increases from 100 to 200
when the number of triple bonds increases to four. Furthermore, from Fig. 4.11

(a), at 100K, the corresponding increase is from 1000 to 2200.
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Fig. 4.11 (a) On/Off ratio evolution versus temperature T. The blue, orange, yellow
and purple are for one-triple bond, two triple bonds, three triple bonds and four
triple bonds structure, respectively. Here one, two, three, four mean the number of
triple bonds on each contact between electrode and molecule. (b) On/Off ratio
evolution versus the number of triple bonds on each side. As an example, the on-off
ratio of 100 for a single triple bond is obtained from Fig. 4.7(b) by comparing the
conductance at one specific Fermi energy for gate voltage of 0 with the
corresponding value at a gate voltage of 0.6V/nm. In practice, the precise Fermi
energy depends on the doping of the graphene, which in most experiments is hole
doped. Therefore, the selected Fermi energy was chosen to be Er- EFPFT = - 0.25 eV

relative to the pristine value.

Further, the currents under finite biases are calculated and shown in the following
plots. Transmission spectra of the four devices with one, two, three, four triple
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bonds are presented in Fig. 4.12 (a). Fig. 4.12 (b) show the currents corresponding
to each rotation angle under finite bias obtained by Landauer formula shown in
Eq. 4.6. Fig. 4.12 (c)s depict the Boltzmann-averaged currents under different
gates on the basis of the current shown in Fig. 4.12 (b). We can see the current
increases linearly as the bias arises in a reasonable range. The corresponding On-
Off ratios extracted from Fig. 4.12 (c) are presented in Fig. 4.12 (d). Fig. 4.13
presents the On-Off ratios of the four devices under three finite biases (V,=0.1eV,
0.2eV, 0.3eV) at room temperature. It is found that there is no big difference in the

On-Off ratios under the three finite biases.
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Fig. 4.12 Transmission spectra and I-V curves of the device with one triple bonds.
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Fig. 4.13 On-Off ratio of four devices with one, two, three, four triple bonds under

finite biases.

4.3 Conclusions

In summary, using density functional theory combined with Green’s function
scattering techniques, we have computed the electrical conductance versus gate
voltage of a porphyrin molecule sandwiched between two electro-burnt graphene
electrodes. The porphyrin is connected to each electrode by oligoyne spacers
formed from one to four triple bonds. Due to the presence of pendant moieties,
which create an electric dipole moment, the gate voltage rotates the pi system of
the porphyrin relative to the pi system of the graphene. For a rotation angle 6 = 0,
the pi systems are aligned and the conductance is high. For 8 = 909, the pi systems
are orthogonal, the conjugation is broken and conductance is low. It is found that
there exists a large conductance ratio between the on (6 = 90°) and off (6 = 0°)
states, whose room-temperature value ranges from approximately 100 of one-

triple-bond spacers to 200 for four-triple-bond spacers. This on-off ratio can be
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further increased to 2200 by cooling the switch to 100K. The above strategies for
increasing the on-off ratio could be applied to other molecules with a conjugated
core, connected to graphene electrodes by oligoynes linkers. To date switches of
the kind discussed in this paper have not been realised experimentally, but we are
hopeful that our study will encourage progress in this direction. There are two
possible junction-formation techniques, which could be used to create these
switches. The first uses electroburning to produce graphene nanogaps of the
required size[107][108][26], while the second uses ultrahigh-resolution electron-

beam lithography and oxygen plasma ion etching[109].
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5 Distinguishing Lead and Molecule

States

5.1 Introduction

Graphene electrodes are advantageous for wuse in single-molecule
devices,[26][112][119] because unlike metal electrodes, they do not suffer from
high atomic mobility and screening. Large area single-layer graphene can be
grown and patterned into electrodes separated by nanogaps,[120] and then
molecules bridging the gap can be anchored to the electrodes via covalent bonding
[109] or m-m-stacking[121][25]. However, the nontrivial density of states in
graphene nanostructures, combined with the fact that graphene can be
electrostatically gated, can lead to the transport features which are not intrinsic to
the molecule under investigation, but are rather a property of the leads in
graphene-based single-molecule devices. Experimental and theoretical studies
have shown that quantum interference in graphene ribbons [122][123][124] and
nano-constrictions [125] lead to conductance fluctuations at cryogenic
temperatures. Quantum confinement in the source and drain electrodes of
semiconductor single-electron transistors results in the observation of density of

states oscillations in the sequential electron tunnelling transport through these
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devices.[126] Therefore we expect that quantum interference effects in graphene

electrodes will also influence the charge transport in single-molecule devices.

Here the experimental data by the collaborator presents a transport spectroscopy
investigation of a graphene-based single-electron transistor where the sequential
electron tunnelling is attributed to the presence of a single molecule bridging the
graphene nanogap. Although the charge island is most likely formed by an
individual zinc-porphyrin dimer, the observed transport features are completely
independent of the type of molecule used, and in fact can also be observed in
graphene quantum dots in a similar device geometry. Experimental data show how
the graphene leads couple electrostatically to a global back-gate, and that
hybridization between the lead and molecule states results in distinct fluctuation
patterns as a function of gate and bias voltage. This behaviour is confirmed by our
simple tight-binding model, which we deal with both analytically and numerically.
Finally, a strategy is proposed to recover transport features that are intrinsic to
the molecule, and might be obscured by the density of states fluctuations in the
leads. Simultaneously, another tight-binding model considering the effect of
magnetic field is designed and the features are in good agreement with the

experimental data.
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5.2 Results and discussion

5.2.1 The observation and simulation of Coulomb blockade
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Fig. 5.1 Measurement and theory of a graphene-based single-electron transistor. (a)
Schematic depiction of the device. Graphene electrodes are connected to gold
reservoirs left and right; a single molecule bridges the gap between the graphene
electrodes. (b) Schematic energy diagram of the graphene-molecule-graphene
junction. (c) Measured differential conductance ¢ = dI/dV ,as a function of bias
and gate voltage (sample A). (d) Equivalent circuit diagram of (a) and (b); the Ohmic
approximation for a tunnel barrier is valid in the low bias regime of (c) and (e). (e)

Calculated differential conductance as a function of bias and gate voltage.

The conductance through the single zinc-porphyrin dimers was investigated via
single-electron tunnelling from a metallic source reservoir via the left graphene

lead, through the molecule, to the metallic drain reservoir via the right graphene
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lead shown in Fig. 5.1a. The silicon dioxide substrate was used as a backgate to
apply Vg. In contrast with metal-based single-molecule transistors, where the
metal electrodes screen the gate electric field, the electrostatic gating influences
both the molecular orbital states and the states in the graphene leads (Fig. 5.1b).
These fluctuations in the graphene leads influence the transmission through the
molecule as orbital states are tuned in and out of resonance with the lead states.
Fig. 5.1c shows the differential conductance measured as a function of the applied
bias and gate voltage for sample A. The data reveal a dense set of positive and
negative conduction resonances visible as red and blue lines of positive slope that
we attribute to fluctuations in the graphene leads. A striking feature of the data is
that the red and blue lines do not run parallel to the lines at the edges of white
regions of suppressed conductance. In what follows, we will discuss the origin of
the conduction resonances and analyse the electrostatic gating of the molecule and

the lead states.

For charge to flow through a molecule, electrons need to be added and removed
from it. The energy required to add one electron to the molecule, i.e,, its electron
affinity, is given by the electrochemical potential uy,(N) =U(N) —U(N — 1),
where U(N) is the total energy of the N-electron redox state.[127] This
electrochemical potential consists of the discrete orbital energy plus the
electrostatic contribution to the energy, which depends linearly on the source

(drain) V4 and gate Vg voltage as

90



Chapter 5: Distinguishing Lead and Molecule States

_lel(Com¥s + CamVa + Com¥y) >1
Csm+ Cam + Cym

Uy =

where the capacitance C,q ) describes the electrostatic interaction between the
source (drain, gate) electrode and the molecule.[128] Electrons can tunnel
through the molecule when its electrochemical potential is within the bias window
defined by the electrochemical potentials yu;, = —|e|V; and uy = —|e|V; in the
source and drain reservoirs, respectively. When p,, is outside this bias window,
electrons do not have the necessary energy to occupy/empty an orbital, resulting
in diamond-shape regions of Coulomb blockade in the conductance versus bias
and gate voltage map. The slopes of these Coulomb peaks (Fig. 5.3d) are given by

the conditions

Uy = Ug; Uy = Us 5.2

When the device is biased asymmetrically, in our case, i.e, V; =V, and V; = 0,

these conditions yield the slopes

_ Com Co.m 5.3

Similar to the molecular orbital states, the states in the graphene leads shift
linearly as a function of the applied bias and gate voltage. The energy shift of the

states in the left lead, which is coupled to the source reservoir, is given by
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dey, = —le|(Cs Vs + CorVy/(Csy + Cyr) 5.4
and for the right lead coupled to the drain reservoir
Aeg = —|e|(CarVa + CyrVy/(Car + Cyr) 5.5

In the case of asymmetric biasing, stripes in the conductance map for which a
molecular orbital aligns with a state (quantization of the Ny, sites due to the
reflecting hopping integral) in the left lead have a slope given by pyy = ¢, =0+

A€,

dVy _ Cg,L(Cs,M + Cd,M) - Cs,LCg,M 5.6
dVg  CgrCsm — Cs(Cgm — Cam)

For states (quantization of the Ny sites due to the reflecting hopping integral) in

the right lead pyy = €g = 0 + A€, there is

dV,  Cgr(Csm + Cam) — CsrCom 5.7
dVg Cg,RCs,M + Cs,RCs,M

From the slopes of the edges of the Coulomb diamonds in Fig. 5.1¢, it is inferred
that there are ratios: C; /Csy = (33 £ 1) X 1073, and Com/Cam = (20 £
1) x 1073. The relatively strong coupling to the source and drain electrodes
compared to the gate electrode is due to the fact that the backgate is separated

from the device by a 300nm layer of SiO2. Next, the electrostatic coupling of the
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lead states to the backgate is estimated. Conduction resonances with positive
slopes is only observed, which implies that the experiment predominantly probes
the left lead. From the positive slope of the conduction resonances it is found that
Cgr/Cs = (7 £ 1) X 1073, indicating that the gate coupling to the molecule is
approximately 3~5 times stronger than to the lead states. So the difference in gate
coupling between the molecule and the lead states is attributed to the higher
carrier concentration in the graphene leads, which results in a more effective
screening of the gate electric field. The average spacing between the conduction

resonances is approximately 5 meV.

In basis of the above parameters such as €, €z, ), we introduce a chain tight
binding model to obtain a further insight into the Coulomb blockade and
sequential tunnelling in terms of the effect of source-drain bias and backgate. The
molecule is represented by a single site at n = 0 with an on-site energy u,, and a
hopping integral y, ; to the left and right lead, respectively. The left and rightleads
are represented by semi-infinite chains with on-site energies €, p and nearest-
neighbour hopping integrals a; . We introduce scattering into the left and right
compound electrodes at n = —N; and n = Ni by adjusting the hopping

integrals—p .

~N; 0 Ng
ag _-ag P R
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EG o—0—O00 0 000100
L

€L €L €L €, Hm  ER €R €R €r ER

Fig. 5.2 Tight binding model of chain model with left, right semi-infinite electrodes

and one molecular site. In each electrode, there exists one reflecting hopping
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integrals —pB, ) at —Ny, and Ny sites. The number of sites between —f ) and
—Ywr) is Nyg) = 1000 in the following simulation in order to keep consistent with

the experimental energy level spacing of approximate 4~5meV.

When the lead states are clamped to the electrochemical potential of the
reservoirs, i.e., if the capacitive coupling between the leads and the gate is zero, the
slope of the lines for which the molecular orbitals align with the lead states run
parallel to the edges of the Coulomb diamonds (see Fig. 5.5). Parallel lines in
conductance maps resulting from disorder and confinement in the leads of single-
electron transistors have been studied extensively, for example in STM-fabricated
devices in silicon. However, when there is capacitive coupling between the leads
and the gate, these lines no longer run parallel to the edges of the Coulomb
diamonds (see Fig. 5.4), and resonances between molecular and lead states shift

in and out of the bias window.

As a starting point, the Coulomb peak without fluctuations is researched based on
the model in Fig. 5.2. In this case, n =1 in the expression B = 52 = naf(R) is
needed which means there exists no reflection in both electrodes. Fig. 5.3 shows

the corresponding features.
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Fig. 5.3 The Coulomb peak of single-electron transistors (SETs) without Local
density state (LDOS) fluctuations in leads where B} = B% = naj g, n = 1. (a)
Transmission spectrum at V, = OV in logarithm scale. (b) Transmission spectra at
Vo=0 and V, =0V (blue), 0.005V (red), 0.12V (yellow), 0.02V
(purple)respectively. (c) I-V curve at V, = OV. (d) Coulomb peak of current I. The

blue and red triangles depict the opposite current. The current is blocked outside
the triangles. The light blue and orange lines represent the slopes of the coulomb
peak when the chemical potential (on-site energy) of the molecular site is equal to
those of source and drain electrodes. (e) Differential conductances versus source-
drain bias under different back gate voltage. (f) Coulomb peak of differential

conductances G.

Fig. 5.3a and b present the transmission spectra under different bias and at V; =

0. Due to the tuning of the bias, the shifting of the resonance is observed. Fig. 5.3 c,
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d show the one specific current as a function of bias at V; = 0 and the Coulomb
peak of current as the function of Vi, and V. The current plateaus appear in the
curve and the Coulomb peak since the Breit-Wigner resonance is narrow relative
to the energy-bias window [—eV}, 0]. In consequence, the integration in Landauer
formula always contain the whole Breit-Wigner resonance in the plateau range.
Fig. 5.3 e and f depict the differential conductance curves versus bias under
different gate and the corresponding Coulomb peak which rises from the non-zero
slopes in Fig. 5.3 c. The magnitudes are always positive and so negative differential

resistance can’t be observed here.

As for n = 0.6 in the expression 7 = B3 = naf(R), that is, there exists reflection in

both electrodes. Fluctuations (nonparallel stripes to the edges of Coulomb peak)
in current or differential conductance Coulomb peak are observed which are
different from the features in Fig. 5.3. The slope of the stripes is positive in
agreement with the experiment. It is realized by setting y;, smaller than yg, in our
simulation, e.g. y; = 0.1yg. Consequently, the states in left lead dominates the
fluctuations in conductance map which confirms the analysis that the experiment
probes the states in left lead. Fig. 5.4a and b present the transmission spectra
consisting of one main peak and many shoulder-resonances each side under
different bias and at V; = 0. The main peak corresponds to the molecular site
while the shoulder-peaks are due to the quantized energy levels of the Ny g, sites
in each electrode. In Fig. 5.4b, the higher and broader resonances (red and purple)
happen when the level of molecular site aligns with the level in left lead. As the
energy levels in lead and molecular single level are tuned separately by bias and

backgate and when the levels in lead and molecule don’t match each other, e.g. the
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molecular single level aligning with the middle gap between two levels in lead, the

lower and narrower transmission spectra in Fig. 5.4b occur.
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Fig. 54 Coulomb peak of SETs with non-parallel Local density state (LDOS)
fluctuations to the edges of the coulomb blockade. BZ = f2% = naf(m,n =0.6 (a)
Transmission spectrum at V, = OV in logarithm scale. (b) Transmission spectra at
Vy=0andV, =V, = 0V (blue), 0. 005V (red), 0.12V (yellow), 0.02V (purple)
respectively. (c) I-V curve atV, = OV. (d) Coulomb peak of current L. The light blue

and orange lines represent the slopes of the coulomb peak when the chemical
potential of the molecule is equal to those of source and drain electrodes. (e)
Differential conductances versus source-drain bias under different back gate

voltage. (f) Coulomb peak of differential conductances G.

Fig. 5.4c, d show the one specific current as a function of bias at Vg = 0 and the

Coulomb peak of current as the function of V}, and V. Fluctuations are observed in

97



Chapter 5: Distinguishing Lead and Molecule States

the curve and the Coulomb peak. The peaks in Fig. 5.4c correspond to the
integration over the higher and broader transmission resonances. In contrast, the
valleys in Fig. 5.4c arises from the lower and narrower transmission resonances.
Fig. 5.4e and f depict the differential conductance curves versus bias under
different gate and the corresponding Coulomb peak. Negative differential
resistance is observed here which is due to the energy level's alignment and

mismatch dependent on source-drain bias and backgate separately.

Based on the above model (n = 0.6 in the expression B2 = p2 = naf(R); YL =
0.1yg), the couplings between backgate and electrodes are not considered which
means Cg = 0.0; Cgr = 0.0 which means the back gate can’t tune the two
electrodes any more. Fluctuations in current (Fig. 5.5d) or differential
conductance Coulomb peak (Fig. 5.5f) are observed, where the stripes are parallel
to the edges of Coulomb peak. Fig. 5.5 a, b, cand d present the similar transmission

spectra, I~V, and differential conductance G~V}, curve to those in Fig. 5.5.
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Fig. 5.5 Coulomb peak of SETs with parallel Local density state (LDOS) fluctuations
to the edges of the coulomb blockade. B = g2 = naf(R), n = 0. 6. The effect of gate
on electrode is removed which means Cg = 0.0; C5 = 0.0. (a) Transmission
spectrum at ¥V, = OV in logarithm scale. (b) Transmission spectra at V, = 0 and
V, = 0V (blue), 0.005V (red), 0.12V (yellow), 0.02V (purple) respectively. (c)
[-V curve atV; = OV. (d) Coulomb peak of current L. The light blue and orange lines

represent the slopes of the coulomb peak when the chemical potential of the
molecule is equal to those of source and drain electrodes. (e) Differential
conductances versus source-drain bias under different back gate voltage. (f)

Coulomb peak of differential conductances G.
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Now [ want to discuss the hybridization between the lead states and the molecular
orbitals as they are tuned in and out of resonance. The current through a molecular

orbital is given by the Landauer formula[55] shown in Eq. 2.11.

To investigate the role of scattering in the leads on the transmission through the
molecular orbital we continue adopting the simple tight-binding model as shown

in Fig. 5.2. For simplicity, the equilibrium system is considered, that is to say, V},, =

0 and Vg, = 0.
a lead l =Ny 0 Ny leadr
—a, —f,  —a, —a —ar —ap —Pr —Ar
o0—0—4C© 0 00 00 0—/0VW 0
) &L €L £y & MM ER &g &R Er &R
b compound lead L compound lead R
—a;,  —f —ar —ar —Pr
0—0—0—00 @ 00000
L) L €L £ g, Uy ER €R ER Er &R

Fig. 5.6 Partitioning the molecule-lead system. (a) Partitioning of the system into
simple lead ! and lead r with a complex scattering region, and (b) into “compound

leads” L and R and a simple scatting site M.

Traditionally one would regard this structure as a complicated scatterer (S)
consisting of the region between —N; < n < Ny and two simple crystalline leads
(shaded orange in Fig. 5.6a) along which electrons propagate ballistically into and

from the simple leads. For such a system,

T(E) = 4Tr[nGssl}G;rs] 5.8
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where [; and I} describe the level broadening due to contact with the crystalline
semi-infinite leads, [ and r. In this expression, the scattering region is a complex
combination of the molecule and graphene and Gss is the Green’s function of the
scattering region in the presence of the simple crystalline leads. Our aim is to
separate the contributions to scattering from the molecule and graphene and
therefore we adopt an alternative formulation in which the left graphene, and left
semi-infinite lead, i.e., the region n < 0, are regarded as a compound electrode (L)
and the right graphene and right semi-infinite lead (n > 0) form the right
compound electrode (R). This viewpoint is encapsulated in the following
alternative expression for the transmission coefficient, which is mathematically

equivalent to Eq. 5.8

T(E) = ATT[T,GumTRGy ] 5.9

The Green’s function of the molecule in the presence of the compound electrodes

is given by

Gum = (E —py — 2, — 2p) 7" 5.10

where the self-energies of the left and right compound electrodes are

2, = HylgrlppHim = 0 — i, 5.11

g = HMR[gRR]ccHRM =0 —ilg 5.12
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Where b, c represent the surficial sites for the compound leads shown in Fig. 5.7.

Using Eq.s 5.9-5.12, we obtain the following formula

AL Ty 5.13

T(E) = (E — uy — 0, —op)? + (I}, + Ix)?

In this equation, the level broadening due to contact between the molecule and the

left and right compound electrodes are described by

Vi ([gLL]bb - [QZL]bb ) 514

I =
L —2i

Y& ([gRR]CC - [Q;'E'R]CC) 515

[, =
R —2i

where [g11.]ppand [grr]ccare the Green’s functions of the isolated compound left
and right electrodes, and y; and ygr denote the coupling between the left, right

compound electrodes and the molecule.

compound lead L compound lead R

10 -
iyl e GO

Fig. 5.7 A specific model for Fig. 5.6b. The molecule M is connected to b and c sites
of compound electrodes L and R. —p, is the scattering integral which connects site
i and site a in the left lead while the other scattering integral —Bg connects site d

and site j in the right lead.
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In Fig. 5.7, the surface Green'’s functions for the compound left and right electrodes

are derived as follows,

L9uslns = Ibb — ,Bngi(gaagbb — 9paJab) 5.16
LLIbP 1- .Bl?gigaa

[g ] _ Gec — ﬁl%gj(gddgcc - gcdgdc) 5.17
Ritlee 1- Bl%gjgdd

hVLVEI[gLL]ibIZ =2I} = _Zylglm[gLL]bb 518

2
hVRV}%l[gRR]jcl = 2Ip = —ZVI%Im[gRR]cc 5.19
Where gy, €aa, Eab, and gy, are Green’s function for the isolated finite chain.
gig) = —eik/aL(R) is the surface Green’s function for the electrode in Fig. 5.6b.
VL(r) is the Fermi velocity of the electrode in Fig. 5.6b. Eq. 5.18 and Eq. 5.19indicate

the relationship between surface Green’s function[g;; |p», [grr]lcc and the Green'’s

function [g;;]ip, [grrljc Which contain the information of disorders in the

compound electrodes.

In the case of the simple tight binding model, this implies that the tunnel-rate I} )

is proportional to the local density of states py, at site n = —1 and I is proportional
to the local density of states p. at site n = +1. The relationship between them is

given by
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I, = —ytImlgilpy = Tyipp 5.20

Similarly

o, =yiRelgLl 5.21

Similar expressions hold for the right electrode.

Both the tunnel-rates and the energy shifts depend on the electrode density of
states, which in turn is determined by the random locations of scattering centers
within the graphene electrodes. The self-energies of the compound electrodes in
the tight binding model can be found numerically by decimation or analytically by

solving Dyson’s equation. The latter yields

_ sinky e "NL — x; sink, (N, — 1) — vi i) | 5.22

7, = — . _ .
sink; e *kLNL — x, sink; N, etkL aj

where x;, = f2/a? - 1and k;, = cos™ (g, - E)/2a . Similarly I'r is obtained by
replacing L by R in the above expression. Here we have derived the transmission
for a simple one-dimensional tight binding model, however Eq. 5.8 and Eq. 5.9 are
completely general, and the transmission function will depend on the details of the
system Hamiltonian. Experimentally, we find that the position of the molecular
energy level with respect to the Fermi energy of the leads and the strength of the
coupling between the molecule and the graphene leads varies significantly from

device to device.
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Fig. 5.8 Transmission spectra, tunnel-rate and hybridization energy calculated for
oar = 1,6 =0,y = 0.002,yg = 0.02, % = a?and Nz = 1000. (a)
Transmission spectra as a function of energy with different chemical potential (on-
site energy) of the dot, uy;=0 (blue), 0.003 (red), 0.006 (yellow), 0.009 (purple).
(b) Transmission spectra as a function of different chemical potential u,0f the dot
with four specific energies E=0 (blue), 0.003 (red), 0.006 (yellow), 0.009 (purple).
(c) Real (o) and imaginary (I') parts of the self-energies. Here the curves of
imaginary parts are shifted up by 0.0005 in order to present the curves clearly. (d)

Transmission as a function of energy E and on-site energy py,.

As a starting point, Fig. 5.8 shows the real and imaginary parts of the self-energies
and transmission spectra for the system without reflections (82 = a?) in the leads.
The self-energy or Green’s function are almost independent of energy (Fig. 5.8¢)
on the scale plotted, in agreement with equations (5.20) and (5.21). Transmission
spectra have the same behaviour as a function of energy of the electron injected

given a specific py (Fig. 5.8a) and the on-site energy of the molecular site given an
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electron of specific energy (Fig. 5.8b). Consequently, one straight line with a slope
of unity is observed in the plotting of transmission coefficients as functions of the

injected electron’s energy and on-site energy of the molecular site (Fig. 5.8d).

Fig. 5.9a and b represent the transmission spectra as a function of E and py. Both
show that when the molecular level matches with a lead level, the transmission is
broader and higher which accounts for the large I' (Fig. 5.9¢). These broader
resonances correspond to the crossing points in Fig. 5.9d. In particular, the
broader resonance has two peaks in Fig. 5.9a because the alignment happens
between the left lead and molecule due to strong asymmetry in coupling strength
between the left and right lead, i.e. [}, < I';. The transmission resonance is only

sensitive to states in the left lead.

Fig. 5.9¢ shows the real and imaginary part of the self-energies for strong and
weak reflections in the leads. For strong reflection (82z = 0.3a?y) we find sharp
peaks in the imaginary part of the self-energies, i.e., the density of states at the
surface sites (n = + 1), arising from quasi-bound states between the molecule and
the reflection sites (n = —N;, Ni). In contrast, for weak reflections (B7p =
0.6af ) we find a small sinusoidal modulation of both the tunnel-rates I}  and
the energy shift g, . The tunnel-rate is maximum on resonance with the quasi-
bound lead states while the real part of the self-energy changes sign upon crossing
the resonance condition. The transmission as a function of energy and
electrochemical potential of the molecule y;, (Fig. 5.9d) shows both the effect of
the modulation of the tunnel-rate and the real part of the self-energy

(hybridization energy).
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Fig. 5.9 Transmission spectra , tunnel-rate and hybridization energy calculated for
oo =1, ¢ =0, y, =0.002, yp = 0.02 and Ny g = 1000 . (a)
Transmission spectra (8% = 0.3a? case) as a function of energy with different
chemical potential (on-site energy) uyof the dot py,=0 (blue), 0.003 (red), 0.006
(yellow), 0.009 (purple). (b) Transmission spectra as a function of different
chemical potential uyof the dot with four specific energies E=0 (blue), 0.003 (red),
0.006 (yellow), 0.009 (purple). (c) Real and imaginary parts (o) of the self-energies
in two cases: B2 = 0.6a? and B2 = 0.3a?. Here the curves of imaginary parts (I")
are shifted up by 0.0005 in order to present the curves clearly. (d) Transmission as

a function of energy E and on-site energy p,, for the case g% = 0.3a?.

5.2.2 Applying magnetic field to distinguish the DOS in leads and
molecule
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Fig. 5.10 Electrodes with ring-paths. (a) Tight binding model describing a molecular
orbital connected to semi-infinite one-dimensional leads via ring paths. (b)
Calculated transmission for two different values of & = 2n®/®,. (c) Differential
conductance at B = 0 compared to the ensemble averaged values, calculated for
QAringl = QAringr = 0.7a,p and y, = yg = 0.075a,x . (e) Differential
conductance measured at B=0 T compared with the ensemble averaged differential

conductance in experiment.

The conductance fluctuations observed in the sequential tunnelling regime arise
from interference effects in the leads, which can either be the result of scattering
of random impurities leading to universal conductance fluctuations (UCFs), or
Fabry-Pérot interferences resulting from reflections at potential barriers. When a
magnetic field is applied perpendicular to the graphene leads, electron waves

acquire an additional phase due to the vector potential. Theoretically, conductance
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fluctuations can be reduced by a factor of VN where N is the size of the
ensemble[129]. This behaviour can be illustrated by a tight-binding model shown
in Fig. 5.10a, in which the leads contain circular regions through which a magnetic
flux can pass. Again the transmission coefficient can be obtained analytically as a
function of the flux @ passing through each of the loops. This is imposed via a
Peierls substitution by adding a phase factor 6 = 2n®/®, to nearest neighbour
hopping integrals. In the absence of a magnetic field, Fig. 5.10b and ¢ show an
example of the transmission and differential conductance, which reflects the
density of states fluctuations in such a model. The ensemble averaged curves show
a strong reduction of the fluctuations, in correspondence with the experimental

results in Fig. 5.10e.

The following presents the analytical derivation for the ring tight binding model
shown in Fig. 5.10a. Consider a ring of N; sites, with periodic boundary conditions.
All of the above equations Eq. 5.8-5.22 are unchanged, except guq, 9pp, Gap are
replaced by the Green'’s function of a ring in Eq. 5.13. If the ring is threaded by a

2z

magnetic flux ¢, then we define 6 = 2P — (Zp—nfl] Adl, where ¢, is the flux quantum.
0

0

This gauge applying is shown in the section 2.3.3.

The Schrodinger equation for such a lattice is

erpj—are P —ae®p;_ = Eg; 5.23
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.(2Nnm .
The solutions which satisfy periodic boundary conditions are ¢; = el(T)’ . These
have n eigen energies E, = ¢,—2¢a; cos[znT” —-0],n=0,%1,+2 ...,+(N-1)/2,

N/2 for N even (orn =0,+1,+2 ...+ (N —1)/2, for N odd.)

Another way of stating this result is to write ¢; = e!®*™J or ¢; = ¢!®=")J, The

energy of these states is E = ¢, —2a; cos.

Periodic boundary conditions require 8 +n = 2nm/N and —n = 2nrw/N. In fact,

s 2nm .
these are the same condition, because the set of numbers cosn,, = cos(T — 0)is

: . 2 . ,
identical to the set of numbers cosn, = cos( 6 —%). To obtain the Green's

function of such a ring at energy E, we define n = cos[(&,—E)/2a;].

Then for a ring of N sites, the Green’s function matrix element g;; connecting a

source site [ to a drain site j is

pis0Ui=t-5) ( yinCli-1-5) o= in(li=l-5) 5.24

gj1 = : + _
4y sinn sin[(n +259)N] sin[(n 259)N]

Where s is the sign of (j —1). [les =1ifj—1>0ands=-1if j—-1<0] Ifj =

[ either sign of s can be chosen, since both choices yields the same result.

Note that:

1. Asexpected gj; = g;;"
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cosn(lj-l-3) . . :
2y sin s in agreement with eq (9) of the literature
2

2. When@ =0, gi =

2y sinn sin|
[55].
3. Clearly gj; diverges when 6 +n = 2nm/N and —n = 2nm/N, as expected.

4. Derivation of Eq. 5.24 is shown in Appendices (Appendix 3).

5.3 Conclusion

In this work we have investigated the role of density of states fluctuations in
single-molecule devices contacted to single-layer graphene nanoelectrodes
experimentally and theoretically. By analysing local measurements of the quasi-
bound lead states, we find that the electrostatic coupling to the global back-gate is
weaker than the gate coupling to the molecule. This enables electrostatic control
over the hybridization between lead and molecule states. A chain tight binding
model is designed to show exactly the effect of local states in electrodes on the
conductance map against V; and V, and further verifies the conduction
fluctuations in the conductance map is due to the lead not the intrinsic
characteristics of the molecule. If the energy-spacing between the quasi-bound
lead states can be increased by further quantum confinement, they may act as an
energy filter for the transport through the molecular orbitals. The approach of
ensemble averaging magnetoconductance traces provides an effective way of
distinguishing between features that are intrinsic to the molecule and those that
are the result of quantum interference in the leads. A tight binding model with

rings in the electrodes is investigated to have a further sight into the effect of the
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magnetic fields which confirms the suppression of the fluctuations due to
additional acquired phase. The averaging magnetoconductance traces provides a

useful tool for the spectroscopic investigation of single molecules.

To conclude, our results highlight the importance of the electronic properties of
the lead electrodes in single-molecule electronics. While graphene may be a
material system that is very well suited to host these devices, further
understanding of the hybridization between graphene and molecules will be
needed to develop these devices into a technology. Atomically precise control of
the structure and edge termination of the graphene leads, [130] together with
stacked two-dimensional material approaches could enable functional graphene-

molecule hybrid systems.
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6 Low frequency noise in graphene

tunnel junctions

6.1 Introduction

As the size of the electronic circuit decreases to the nanoscale, it is supposed that
the device will be more sensitive to noise. In a molecular system, this is due to
defects in the contact between electrodes and molecules or in the molecular layers,
traps in the substrate[131][65], or due to the molecules in the solvent[132] or
configurational changes[133]. So research on noise characteristics can make
contributions to the understanding of fundamental principles and information in
molecular junctions. Random telegraph noise (RTN), 1/f noise and shot noise in
an alkyl-based self-assembled monolayer (SAM) adhered to two gold electrodes
originate from the localized states in the tunnel barrier which helps to assess the
effects of the localized states on charge transport[65]. Shot noise could provide
information about the correlations of transmission probabilities among different
conductance channels[65]. Noise characterisation is even exploited for bio-
sensing[134]. In the past 40 years, varieties of functionalities in molecular
electronics have been discovered and investigated in terms of the intrinsic charge

transport properties[16][23][7][100] whereas only few studies on the electrical
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noise characteristics as the functionalities of molecular devices have been carried
out. It is of great significance to carry out the research and understand electrical
fluctuations and noise for promoting and enhancing the development of

molecular-scale devices.

Recent studies have demonstrated charge transport through single molecules
which were firmly anchored between a pair of graphene electrodes via m-m
stacking[25] or covalent bonding[40]. Moreover, graphene nanogaps have been
proposed as candidate systems for molecular sensing,[132] in particular for
sequencing DNA molecules[97]. These devices rely on the unique material
properties of graphene: its two-dimensional nature, zero-energy bandgap, and
semi-metallic conductance[135]. However, in graphene-based devices, electrical
noise can’t be avoided where both carrier fluctuations and mobility fluctuations
play an important role[60]. As for the observation of random telegraph noise
(RTN) in graphene, it has not been systematically researched and is expected to
exist in small sized graphene where fewer surface or interface traps are expected.
Furthermore, RTN in graphene nanogap junction has not been reported up to now.
Conductance fluctuations or noise in 40-70 nm wide graphene nanoribbons was
enhanced due to the quantum confinement effect [136]. So when structure
approaches a ~1 nm nanogap, how the noise in empty graphene junctions behaves
has not been addressed to date. This question becomes particularly pertinent for

applications that require a large signal-to-noise ratio, such as DNA sequencing

Low-frequency 1/f noise or ‘flicker’ noise is ubiquitous in nanoscale electronic

systems. While the physical mechanisms that generate these fluctuations may vary
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and are often not known, it is generally accepted that 1/f noise is the result of a
distribution of nonidentical random telegraph noise (RTN) which was first
described by McWhorter in the context of interface traps in metal-oxide-
semiconductor field-effect transistors (MOSFETs) where trapping and detrapping
of charges results in fluctuations in the number of charge carriers in the
semiconductor channel[131]. In the case of tunnel junctions, fluctuations in the
electrostatic environment and mechanical instabilities will lead to noise in the
tunnel current through modulation of the transmission function. Here, we will
investigate the noise properties of nanometre-sized graphene tunnel junctions
and present a theoretical description of the emergence of 1/f noise resulting from

a distribution of classical fluctuators coupled to a quantum mechanical system.

6.2 Results and discussion
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Fig. 6.1 Characteristics of 1/f and random telegraph noise (RTN) in graphene
nanogaps (tunnel junctions). (a) Fluctuations in the tunneling current at room
temperature (RT). (b) The corresponding log-normal distribution of current values
of room temperature. (c) I-t trace with two levels upon cooling the device to 77 K.
(d) Bimodal current distribution with two Gaussian peaks at 77K. (e) Noise power
spectral density (PSD). Noise PSD follows 1/f trend at room temperature and

Lorentzian noise spectral at 77K with lower overall noise level.

Fig. 6.1(a) shows the typical current-time (I/-t) trace measured for a graphene
tunnel junction at room temperature. The room temperature /-t trace (Fig. 6.1a)
shows characteristic flicker noise behaviour, in which the signal has a wandering
baseline as the high frequency noise rides on a low frequency component. The
corresponding histogram of the current at room temperature (Fig. 6.1b) reveals a
distinct log-normal distribution of the current values and gives a first hint at the
physical mechanism behind the 1/f noise. By contrast, the I-t trace (Fig. 6.1c)
predominantly fluctuates between two levels, indicating that a single two-level
fluctuator dominates the noise. Similarly, Fig. 6.1(d) presents the corresponding

current histogram distribution, which consists of two Gaussian peaks. The power

2AI%T

spectral density of a single two-level fluctuator is given by S;(f) = pYYEr=r

,where Al is the deviation between the two levels in the I-t trace and 7 the mean
dwell time or lifetime of the fluctuator.[60][137] The Lorentzian profile consists

of the frequency independent region below 77! and a 1/f? dependence region far

1

above t7". If the fluctuations are thermally activated, the process follows the

Arrhenius law 77! = t5'eFa/k8T Reducing the temperature will shift the corner

frequency ~! down[137]. The fact that RTS at 77 K is observed indicates that at
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this temperature a smaller number of RTSs are sampled. More features correlated

to RTNs observed in experiment are shown in Fig. 6.2.

When comparing the noise power spectral density S;(f) of the tunnel junction at
room temperature and 77 K (Fig. 6.1e), it is found that S;(f) at room temperature
is well described by A/f, whereas S;(f) at 77K shows a Lorentzian-shape noise
with a distinct corner around f = 1 Hz superimposed onto a linear slope 1/f¢
where 1 < a < 2 which might originate from the switching of more remote traps
with larger dwell times. Since the density of thermally activated fluctuators is
typically not constant in space, their different activation energies can lead to the
dominance of a single fluctuator within different spectral windows when the

temperature is reduced.
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Fig. 6.2 RTS characteristics with voltage bias and tunnelling current. (a)
Dependence of mean dwell time 7 on applied voltage. Horizontal line shows 7 = 3.1
ms reference level. (b) Dependence of AI amplitude on the measured mean

tunneling current.
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The dependence of the amplitude and dwell time of RTS on applied voltage is
presented in Fig. 6.2. The dwell time distribution shows no meaningful trend
within the experimental error bars with increasing voltage (Fig. 6.2a). It indicates
that a smaller number of environmental fluctuators with a narrower dwell time
window are sampled. On the contrary there is a linear increase of the RTS Al
amplitude with the increase in the mean tunnelling current (Fig. 6.2b). This
indicates that the observed fluctuations in conductance are not driven by the
tunnelling current, but they exist regardless of the current. The current is only a
readout method of the independent fluctuations. This feature is clearly obtained

in our tight binding simulation when one environmental fluctuator is considered.
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Fig. 6.3 1/f noise in GT]s at room temperature (a) Noise spectra for several bias
values. (b) Distribution of y slopes fitted with Gaussian function. (c) Distribution of
normalized fSI(f)/I? noise amplitude for 35 measured GTJs.
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In terms of 1/f noise, to further characterise the noise amplitude, the normalized
noise power spectral density SI(f)/I? for 35 devices are compared in experiment
in Fig. 6.3. The noise spectra recorded for several voltage values show that the 1/f
noise profile is present independent of the applied voltage and increasing voltage
does not induce RTS at room temperature (Fig. 6.3a). It is found that the exponent
y =1+ 0.2 (Fig. 6.3b) and its value does not depend on the tunnelling current.
Deviations from 1/f are typically attributed to variations in the distribution of the
RTSs, and the y values obtained in our graphene tunnel junctions are very similar
to values obtained for silicon devices[138], tunnel junctions[139], and
nanopores[140]. More surprising are the values for the normalized noise
amplitude, or pseudo-Hooge parameter, a = fS;(f)/I?, which ranges from
loga = -2 to 0 (Fig. 6.3c). These values are 7 to 9 orders of magnitude larger than
those reported in micrometre-sized graphene channels[141], and 2 to 3 orders of
magnitude higher than the normalized noise amplitude measured in graphene
nanopores of comparable size to our tunnel junctions[142]. We attribute this large
noise amplitude to the extreme sensitivity of the tunnel current to environmental

fluctuations.

Here, [ employ a simple one-dimensional tight binding models to gauge the effect
of two-level fluctuations in the electrostatic environment of the tunnel junction.
The tunnel barrier is modelled as a scattering region containing N sites with onsite
energies ¢; , located between two semi-infinite leads. We investigate two types of
models. Model [ shows the effect of local environmental fluctuators on the tunnel
barrier, while Model Il represents the collective effect of the remote fluctuators in

the environment on the tunnel barrier. By comparing our simulated and
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experimental /-t traces, we conclude that the 77 K data is best described by a
single fluctuator influencing the transmission through the tunnel barrier for both
types of models. A 1/f signal emerges as more fluctuators are added to the
environment, corresponding to the thermal activation of multiple RTSs at room

temperature.

Before starting the simulations, 1 present some background and simple

introduction for the tight binding model which consists of three ingredients:

1. A quantum system comprising a conducting chain of N quantum levels with
energies ¢; placed between two electrodes.

2. A classical fluctuating environment represented by one or more
generalized coordinates x;.

3. The coupling between the classical environment and the quantum levels of

the conducting chain.

To introduce this tight binding model (TBM), the simplest case is considered
which comprises a single energy level (red) and one environment fluctuator (trap
x in Fig 6.4). In a more general model, the number of energy levels in the scattering
region (i.e. the tunnel barrier) can be increased and the number of generalized

coordinates x in the fluctuating environment can also be varied.
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Fig. 6.4 A single energy level one dimensional tight binding model. €, = 0 indicates
the on-site energies of the left and right electrodes (blue balls). £ shows the on-site
energy for the scattering site (red ball). The hopping integrals y, in the two
electrodes are all set to be unity. « = # = 0. 35 represents the coupling between
electrodes and scattering site. x is a generalized coordinate describing an

environmental trap.

The time dependence of the generalized coordinate x is described by the Langevin
equation (Eq. 6.1), which models an overdamped ‘particle’ whose mass is
negligible. In what follows, the potential landscape of this classical coordinate is

represented in Eq. 6.2, which possesses two minima, as shown Fig. 6.5(a). The two

minima are located at x = +,/c;, and the depth of the wells i 1s -4 relatlve toU=0

in Fig. 6.5(a). The values of c; are specified in each model below. The fluctuating
environment x is subject to Gaussian white noise, as shown in Fig. 6.5(b). As for
the Gaussian white noise, Eq. 6.3 and Eq. 6.4 show the correlation function and the
derived variance when the expectation u is 0. The damping coefficient 4 is set to
be 0.0015. Here, kgis Boltzmann’s constant and T is temperature. Fig. 6.5 (c)
shows that the displacement x(t) is located mainly at -1, 1 and fluctuates between

when ¢; = 0.4. More examples for c and U are shown in Table 1.
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Fig. 6.5 An environmental ‘charge’ x fluctuating between two potential minima. (a)
The potential landscape introduced in Langevin Equation. (b) Gaussian white noise.
(c)-(d) Fluctuations versus time and histogram distribution of the fluctuating

environment x.
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Table 1: The potential well depth associated to parameter ¢ and a. At low
temperature (77K), kgT = 6.6meV and at room temperature kgT = 25meV

provided y, = 1eV in my simulation.

c 0.4 0.6 0.8 1.0 1.8 2.4 3.0

U=c2/a; a=40; (meV) 4 9 16 25 81 144 255

As for the relationship between the quantum system and the environmental classic
system, the simplest possible relationship, ¢ « x is adopted. More specific details
could be found in the following sections. In what follows, two types of TBMs are
considered, denoted model I and model II. In each type, two models (a) and (b) are
displayed, which reproduce the switching behaviour and log-normal distribution

of measured current.

Fig. 6.6 shows the models used for low temperatures (77K) and room
temperature. Variants (a) and (b) of Model I are used to simulate the case where
the perturbation originates from the local environment. Or we can say, the tunnel
barrier is driven by the environmental fluctuators differently and locally. The one-
dimensional chains consisting of blue balls represent electrodes. €; shows the on-
site energies for the scattering region (the grey and red balls) which forms a tunnel
barrier. The red sites could be stimulated by the environmental charge x while the
grey sites are static. At 77K, one trap in the substrate is considered while several

traps are activated by the higher temperature.
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Fig. 6.6 Tight binding models I for two-level current at 77K and current with 1/f
noise at room temperature. £;~x; (a) One fluctuating level (red) among the five in
the scattering region due to one environmental trap x;. The index number of the
fluctuating level (red) is randomly chosen in different samples which are used for
ensample average noise power spectral density. (b) All levels fluctuating stimulated
by more potential wells {x, x5, ..., x5} with different well depths. £, = 0 indicates
the on-site energies of the left and right electrodes (the blue balls) in the light green
shades. &; shows the on-site energy for the scattering region (the grey and red balls)
which forms a tunnel barrier. The red sites could be stimulated by the
environmental charge x while the grey stays static. The hopping integrals y,, ¥ in
the two electrodes are all set to be unity. « = 8 = 0. 35 represent the coupling
between electrodes and scattering site. x is a generalized coordinate describing an

environmental trap. &; is linear to x;.

Here, we define the height of tunnel barrier between the two leads to be the
difference between the Fermi level and the mean value (the blue dashed baseline
in Fig. 6.7c) of the lowest eigenvalue of the scattering region. So the deviation
means the difference between the two mean values (the red dashed baselines in
Fig. 6.7¢c) of the two-level eigenvalue trace. The deviations of tunnel barrier height

depend on the position of the site energy in the scattering region, which is
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perturbed by the environmental fluctuator. That means the position where
perturbation is imposed will determine the amplitudes of the fluctuations of the
quantum system. More details are shown in Fig. 6.7 which corresponds to model I

(a) in Fig. 6.6.
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Fig. 6.7 Fluctuations of eigenvalues depending on the position in the scattering
region which is influenced by the environmental trap in model 1(a) shown in Fig.
6.6(a). (a, d) Transmission spectra of the two samples. €5 is influenced by the
fluctuating environmental charge in sample 1 (the top panel) while &5 is affected in
sample 2 (the bottom panel). (b, e) Lowest two eigenvalues which correspond to
the two transmission peaks in (a, d). (c-f) The lowest eigen value trace among the
five eigenvalues. The blue dashed baseline demonstrates the mean tunnel barrier
height referred to the Fermi level of the whole device E; = 0. The two red dashed
baselines above and below the blue are the mean value for each level. The difference

between the two red lines is defined as the deviation of the tunnel barrier.
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Fig. 6.7 depicts the dependence of the fluctuating amplitude of the eigenvalues on
the position which is influenced by the environmental charge. This phenomenon
is explained by the perturbation theory. For a Hamiltonian H = H, + H;, where H,
is the original Hamiltonian and H; is the perturbation, the total energy is

approximately E = Ey + (" |H;| ¥™). For a finite chain consisting of 5 sites, the
eigenstate is lp}l = /ﬁ sink,j where k,, = n?"; n=1,2,..,5. So finally, in terms

of the lowest eigenvalue, the additional energy stemming from eg a perturbation

H; = né;s, which acts on site 5 only, is AE; = 20 (sin2 z. 5) . Similarly a
N+1 6
perturbation H; = 1nd;5, which acts on site 3 only causes a shift AE, = % (sin2 g .

3) .Since AE, > AE;, the amplitudes of the lowest eigenvalues in Fig. 6.7(c) is less

than those in Fig. 6.7(f). The second-lowest eigenvalues in orange in Fig. 6.7(e)

exhibit a totally a straight line because the site €5 in the middle of the scattering

: 2 :
region and AE, = N_-?1 (sm

2 L
2 ?ﬂ . 3) Zx—o = 0. So when the perturbation is imposed on

the nodes in eigenstate for the chain consisting of odd sites, there can be no
influence on the backbone for some eigenvalues. A more pronounced effect is
observed for other eigenvalues. All these features are determined by the position

at which the perturbation is imposed.
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Fig. 6.8 Characteristics of currents and noise power spectral density (PSD)
corresponding to Model I in Fig. 4. (a)-(b) Switching behavior corresponding to

Model I (a) where the potential parameter c=0.4. Therefore, the ratio of potential

well and thermal energy at 77K is kLT = % which means this environmental
B .

fluctuator could be activated easily. (c)-(d) Log-normal current distribution with

flicker noise 1/f“ corresponding to Model I (b) where a is equal to 1.2. &; is linear
tox; ie g = ;—(") + 1.975.{c;}=0.4, 1.0, 1.7, 2.4, 2.9 where the potential of c = 1.0

corresponds to the kg T at room temperature in terms of energy.

Fig. 6.8 shows the current traces, current histograms, noise power spectral density
for the tight binding model I (a), (b) in Fig. 6.6. Fig. 6.8(a) shows that the current-
time trace has a switching behaviour with two main steps which originates from
the tunnel barrier in the scattering region subject to a single potential well with
two minima. Fig. 6.8 (b) is the corresponding current histogram with two Gaussian
peaks. Then in terms of the features in the experiment at room temperature, more
potential wells in the environment are activated, so in the simulation, we consider
the effect of 5 potential wells with different well depths. These 5 potential wells
drive the energy levels differently to simulate traps close to the tunnel barrier,

which leads to the log-normal current histogram distribution shown in Fig. 6.8(c),
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(d) where potential-well parameters are {c; } = {0.4,1.0,1.7, 2.4, 2.9}. These five

potential wells have depth % =4/25,25/25,72/25, 144 /25, 210/25 compared
B

to kgT at room temperature. In addition, the magnitude a is also associated with
other factors (i.e. the fluctuations of the barrier height) shown in Fig. 6.10. Fig.
6.8(e) is the PSD spectra for the two-level current and the current with a log-
normal distribution. It should be noted that the PSD denoted by green dots (with
a magenta fitting curve) has a good Lorentzian profile, while the one denoted by
blue dots (with a red fitting curve) has flicker noise characteristic S;,(f) = A/f“

where a is equal to 1.2 which is in an acceptable region[137].

3 3
= 2 <?2
£ £
41 q1
082 0
0 100 200 0 10 20
Bias (mV) mean current (nA)

Fig. 6.9 Features of current and noise power spectral density (PSD) corresponding
to Model I (a). &; is linear to x;, ie. & = ;—(i) + 1.975. (a) Exponential increase
between current deviations Al and source-drain bias voltages applied. (b) The
linear relationship between current deviations AI and mean currents of the two-
level current system. Current deviation AI means the difference between the mean
values of the two levels. The mean currents in (b) are the mean values for the whole

two-level currents.
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Fig. 6.9(a) presents the exponentially increasing tunneling current feature against

bias. Al is the difference of the two mean values of the two steps Al = I, — Izoun-

Here, the transmission has the form of T(E) = Toe_B(EF)L due to the Fermi level
located in the tail of the transmission peak dominated by the lowest eigenvalue.
This exponential term in transmission is the origin of the exponential current
feature. In the other hand, this deviation of current Al increases linearly with the
mean current of the whole current trace with time. It is noted that the slope of
fitting curves consist is 0.1, which is in qualitative agreement with the
experimental results. In my simulation, the fluctuators in the environment are not
affected by the bias voltage applied on the quantum system. The obtained
qualitative agreement with experiment support the conclusion that the noise is not
driven by the tunneling current in graphene nanogaps. In the basis of these
qualitative agreements, it is estimated that the ratio between the tunnel barrier u
and the deviation of the tunnel barriers between the two-level steps Au is
approximately 0.035 (Au/u = 0.035). All the features depicted in Fig. 6.12 are in

qualitative agreement with the experimental results.

Putin another way, if the Fermi level is fixed, variations of the tunnel barrier height
among the samples could exist and can lead to the transmission variations.

Consequently, the current would vary and the slope magnitude a of the flicker

noise 1/f% would have fluctuations. For the choice of g =%+2.35, the

corresponding plots are shown in Fig. 6.10. The two-level current, the Lorentzian
noise, exponential and linear increasing current features, the log-normal
distribution currents, the 1/f noise power spectral density are all shown in Fig.

6.10, which are in good agreement with the previous simulation. Finally, we find
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that the slope a of flicker noise 1/f% varies in the range of 1.0~1.2 in the
simulations, which agrees very well with the experimental results shown in Fig.

6.3. The inset in Fig. 6.10(e) shows the linear relationship between current

deviation and mean current.
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Fig. 6.10 Features of current and noise power spectral density (PSD) corresponding
to Model I a, b. (a), (b) Current for Model I (a). (c), (d) Current for Model I (b). (e)
PSD spectra for the two current traces. The magnitude of the flicker noise slope a is

1. g; is linear to x;, i.e. &; = % + 2.35.{c;}=04,1.0,1.7,2.4, 2.9.
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Fig. 6.11 Tight binding models II for switching behaviour at 77K and 1/f noise at
room temperature. e~ > _, x; The scattering region (tunnel barrier) driven by one
environmental trap x; at 77K (a) and by the sum of several traps {x{, x5, ..., X5} in
different potential well depths at room temperature (b). £y = 0 indicates the on-
site energies of the left and right electrodes (the blue balls) in the light green shades.
€ shows the on-site energy for the scattering region (the red balls) which forms a
tunnel barrier. The hopping integrals y,, ¥ in the two electrodes are all set to be
unity. a = f# = 0. 35 represent the coupling between electrodes and scattering site.
x is a generalized coordinate describing an environmental trap. The tunnel barrier

could be tuned by the environmental traps synchronously.

Fig. 6.11 presents the models for low temperature (77K) and room temperature.
(a) and (b) of Model II are used to simulate the case where the traps are buried
deeper in the substrate. The semi-infinite chains consisting of blue balls represent
electrodes. The scattering region (red balls) forms a tunnel barrier with the same
on-site energy ¢ for both models (a) and (b). In other words, the tunnel barrier is
driven by the superposition of all the potential wells. At 77K, one trap in the
substrate is considered, while several traps are activated at higher temperatures.

The simulation results are shown in the following.Fig. 6.12 shows the current
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traces, current histograms, noise power spectral density for the tight binding
models (a), (b) shown in Fig. 6.11. Fig. 6.12(a) depicts the current trace has
switching behaviour with two main levels which originates from the tunnel barrier
in the scattering region subject to one two-well potential. Fig. 6.12 (b) is the
corresponding current histogram with two Gaussian peaks. To model the
experiments at room temperature, more fluctuators in the environment are
activated, where, for example, 5 potential wells with different well depth are
considered in the simulation. These 5 fluctuators drive the energy levels in the
scattering region equally to simulate the traps buried deeply in the substrate,
which leads to the log-normal current histogram distribution shown in Fig. 6.12
(), (d). Fig. 6.12(e) presents PSD spectra with the potential wells {c;} =0.4, 0.8,
1.2, 1.8, 2.5 for the A/f% noise, where a=1.3 in this calculation and c=0.4 for the
Lorentzian-shape noise. {c;}=0.4, 1.2, 1.9, 2.5, 3.2 was also tried and the magnitude
of the slope was found to decrease further to 1.2. In addition, the magnitude a is
associated with other factors (i.e. the fluctuations of the tunnel barrier height)
shown in Fig. 6.14. All the features depicted in Fig. 6.12 are in qualitative

agreement with the experimental results.
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Fig. 6.12 Features of current and noise power spectral density (PSD) corresponding
to Model II a, b. (a), (b) Current for Model 11 (a). (c), (d) Current for Model II (b). (e)

PSD spectra for the two current traces. The magnitude of the flicker noise slope is

1.3. g is linear to the sum of x;, i.e. £ = 1.975 + 251:1 13:0. C=0.4,0.8,1.2,1.8,2.5 (If

c;=04, 1.2, 1.9, 2.5, 3.2 are chosen, the magnitude of the slope could decrease to
1.2).

As for the two-level system, current deviations for the graphene nanogaps (1~2
nm) increase exponentially in experiment. In our model, this feature is clearly
shown in Fig. 6.13(a). Al is the difference of the two mean values of the two steps
Al = I, — I40yn- Here, the transmission has the form of T(E) = Toe #ERL due to
the Fermi level located in the tail of the transmission peak dominated by the lowest
eigenvalue. This exponent term in transmission is the origin of the exponential
current feature. In addition, this deviation of current Al increases linearly against
the mean current of the whole current trace with time. It is noticed that the slope
of the fitting curve is around 0.1, which is in qualitative agreement with the
experimental results. Again, in this simulation, the environmental fluctuators are

related to the bias or tunnelling current in graphene nanogaps. Consequently, this
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model can also support the conclusion that the noise in graphene nanogaps are not
driven by the tunnelling current. In the basis of these qualitative agreements, it is
concluded that the ratio between the tunnel barrier u and the deviation of the

tunnel barriers between the two-level steps Au is approximately 0.028 (Au/u =

0.028).
3 3
=2 T2
= =
g1 g1
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Fig. 6.13 Features of current and noise power spectral density (PSD) corresponding
to Model II(a). (a) Exponential increase between the square of current deviations
and source-drain bias voltages applied. (b) The linear relationship between current
deviations Al and mean currents of the two-level current system. Current deviation
Al means the difference between the mean values of the two levels. The mean

currents in (b) mean the mean value for the whole two-level currents. € is linear to

the sum of x;,i.e. € = 1.975 + ¥>_, 1’;0.

If the Fermi level is fixed, the oscillations of the tunnel barrier height due to
different widths of the graphene nanogap among the samples could happen and
this can lead to the transmission variations. Consequently, the current would vary
and the slope magnitude a of the flicker noiseA/f“ would have fluctuations. The
relationship of g = % + 2.35 is chosen and the corresponding plots are shown in

Fig. 6.14. The two-level current, the Lorentzian noise, exponential and linear

134



Chapter 6: Low frequency noise in graphene tunnel junctions

increasing current features, the log-normal distribution currents, the flicker noise
power spectral density A/f% with a = 1 are all shown in Fig. 6.14, which are in
good agreement with the previous simulation. Finally, we would say the slope a of
flicker noise A/f ¢ varies in the range of 1~1.3 in the simulations, which is also in

agreement with the experimental results shown in Fig. 6.3.
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Fig. 6.14 Features of current and noise power spectral density (PSD) corresponding
to Model II a, b. (a), (b) Current for Model 11 (a). (c), (d) Current for Model II (b). (e)

PSD spectra for the two current traces. The magnitude of the flicker noise slope a is

1. £is linear to the sum of x;, i.e. £ = 2.35 + Y2 _ 1— c=0.4, 0.8, 1.2, 1.8, 2.5. The

inset shows the linear relationship between deviations of the two-level current and

the mean currents of the whole I-t trace under different biases.

6.3 Conclusions

In electroburnt graphene nanogaps, 1/f noise and random telegraph noise are

observed at room temperature and 77K respectively. The RTN is the first time
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observed in graphene nanogaps due to the small exposure surface compared to
submicron devices. Larger noise amplitude in graphene nanogaps is attributed to
the extreme sensitivity of the tunnel current to environmental fluctuations. In
addition, the noise in graphene nanogaps is not driven by the tunnelling current,
which is indicated by the linear increasing relationship between current deviation
Al and mean tunnel current. This feature of the linear AI~I is confirmed by our
tight binding models, where environmental fluctuators are not affected by the

source-drain bias.

[ employed simple one-dimensional tight binding models to gauge the effect of
two-level fluctuations in the electrostatic environment of the tunnel junction. The
tunnel barrier is modelled as a scattering region containing N sites with onsite
energy ¢; between two semi-infinite leads. I investigate 4 limiting cases, where:
I(a) there is only a single environmental fluctuator coupled to a single level in the
tunnel barrier; I(b) there are multiple fluctuators that independently couple to
each individual site; II(a) there is only a single fluctuator coupled to all energy
levels in the barrier; [1(b) there are multiple fluctuators that couple collectively to

all energy levels.

The calculated I-t traces for cases I(a) and II(a) show a distinct RTS, in contrast to
the I-t traces for case I(b) and II(b), which have the characteristic wandering
baseline associated with flicker noise. Moreover, the current histograms for I(b)
and II(b) have the same log-normal distribution that was observed in the room
temperature experiments. By comparing our simulated and experimental /-t

traces, we conclude that our 77 K data is best described by a single fluctuator

136



Chapter 6: Low frequency noise in graphene tunnel junctions

influencing the transmission through the tunnel barrier. This may either occur via
a local perturbation of the barrier potential, or via an overall modulation of the
barrier height. A 1/f signal emerges as more fluctuators with the dwell time
sampled in a large range are added to the environment, corresponding to the

thermal activation of multiple RTSs at room temperature.

Model I and II both work very well compared with the experimental data. Our
models can be extended to simulate all the tunnel junction with a molecule
bridging the two electrodes or without. It combines the classic environment and
the quantum system by the coupling term which could be tuned according to the

experimental system of interest.
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{ Conclusions

Using DFT and Green'’s function methods as well as a simple tight binding method
(TBM), we can theoretically investigate transport properties of molecular scale
junctions and achieve qualitative agreement with experimental data.
Consequently, theory and experiment could effectively communicate and help

each other to finally explain physics phenomena at the molecular scale.

In Chapter 3, [ presented the thermoelectric properties of vertical
graphene/Ceo/graphene architectures. It is found that quantum interference
between two Ceo placed in parallel enhances the conductance by more than two
times in comparison with the monomer Cso. Importantly, the Seebeck coefficient
also increases which is not expected classically. These results are considered as
the starting point to understand the properties of SAMs, when they are

sandwiched between two electrodes.

In chapter 4, I showed a new design for single-molecule porphyrin-based switch
for graphene nanogaps. Based on the development of feedback controlled
electroburning, graphene nanogaps are utilised to propose a conjugation-
dependent switch. It is found that the system has an on-off ratio from 100 to 200
when the number of triple-bond spacers between the porphyrin and graphene is
increased. Also the switching ratio is further enhanced by decreasing the

temperature, reaching approximate 2200 at 100K.
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Chapter 5 describes a joint work with experimental collaborators. I proposed a
model to understand experimentally observed conductance fluctuations in
electro-burnt graphene nanogaps. In the simulation, a simple tight binding model
is introduced to prove that the fluctuations are due to the lead states and are not
an intrinsic feature of the molecule. The stripes in stability diagrams happen when
the molecular level matches with a density of states feature in the leads and the
slope could be tuned by the coupling between the lead and a backgate. Next a
magnetic field is introduced to distinguish the two kinds of states through
ensample averaging. When a ring is introduced to the tight binding model, the
same features are obtained to further confirm the results in experiment. This work
showed that the local density of states in graphene is easier to observe, because
there are few open channels around Dirac point and the screening effect in

graphene is weaker compared to metal electrodes.

Chapter 6 is also a collaborating work with experimental colleagues. In
electroburnt graphene nanogaps, 1/f noise and random telegraph noise are
observed at room temperature and 77K respectively. The RTN is the first time
observed in graphene nanogaps due to the small exposure surface compared to
submicron devices. Here, | employ a simple one-dimensional tight binding model
to gauge the effect of two-level fluctuations in the electrostatic environment in the
tunnel junctions. The tunnel barrier is modelled as a scattering region containing
N sites with onsite energy ¢; between two semi-infinite leads. We investigate 4
limiting cases, where: I(a) there is only a single environmental fluctuator coupled
to a single level in the tunnel barrier; I(b) there are multiple fluctuators that

independently couple to each individual site; II(a) there is only a single fluctuator
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coupled to all energy levels in the barrier; [I(b) there are multiple fluctuators that
couple collectively to all energy levels. The calculated I-t traces for cases I(a) and
[I(a) show a distinct RTS, in contrast to the I-t traces for case I(b) and II(b), which
have the characteristic wandering baseline associated with flicker noise. By
comparing our simulated and experimental /-ttraces, I conclude that our 77 K data
is best described by a single dominating fluctuator influencing the transmission
through the tunnel barrier. This may either occur via a local perturbation of the
barrier potential, or via an overall modulation of the barrier height. A 1/f signal
emerges as more fluctuators are added to the environment, corresponding to the

thermal activation of multiple RTNs at room temperature.

For the future, apart from the investigation of whole thesis, many other aspects in
this field deserve further attention, including electron-phonon coupling, spin
transport in the presence of ferromagnetic electrodes[143] , phonon transport
through parallel arrays of molecules in SAMs, the effect of solvent, robustness of
the contact. Furthermore, when thermoelectricity is considered, new strategies
are needed to suppress phonon transport, including designs for new combinations
of electrodes, molecules and interfaces to improve the figure of merit. At low
temperatures, it may also be of interest utilise superconducting electrodes, where
Andreev scattering[144] can be utilised to reduce the thermal conductance due to

electrons, without reducing the electrical conductance.
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Appendix 1: Dyson equation

When we want to deal with an open and non-periodic system, solving the infinite
Schrodinger equation directly is impossible. In order to address this issue, Dyson

equation method is introduced. The following is an example to clarify this point.

(@) 0 1 N+1

o0 O8O &

Fig. 8.1 Tight binding model of an open system with a scattering region (the light

green shades).

~ ~ 0 0 0 0 00 0O 8.1
w & —y 0 0 0 ¢ 0 0 O
H=]10 -y & -y O|+]|0 0 € 0 O
0 0 -y g - 000 ¢ 0 /
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H = HO + Hl 82
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Where H, is Hamiltonian which is an infinite tridiagonal matrix and H; is infinite
diagonal matrix in which the corresponding on-site energy is € from 0 to N+1
rows. Put in another way, H, is the difference between H and H,, . G is the Green’s
function of model (a) shown in Fig. 8.1. g is the Green’s function of model (b) in

Fig. 8.1. Then we have

(E-H)G=1=(E-H)G-HG=1=gG=1+ 823

H,G = G =g+ gHG

Or we can expand it as follows

oot 8.4
Gij = g;j + Z Z it (H1) 1k Gy
k=—00 [=—00

0<l=k<N+1

It is known that (H,);;, = {S 0 1%k

, and so we have

G=g+gHLG=G=(@G ' -H) 8.5

Here the labels with hat mean the corresponding elements in the range 0 < [, k <

N + 1where the connections or disturbances exist.
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Appendix 2: Thermoelectric efficiency

The derivation for maximum thermoelectric efficiency.

—14V 8.6

= ST + kAT

We have [ = GAV + GSAT, and substitute [ in the expression of 1. In order to obtain

: d : :
the maximum of n, we should set % = 0. Then there is equation as follows,

GST(AV)? + 2GS*TAVAT + 2kAVAT + GS3T (AT)? 8.7

+ Sk(AT)? =0
Using Z to replace ZT in the following derivations, then we obtain

SAT
AV=7(\/1+Z—(1+Z))=SATCL 8.8

Where a = %(\/1 +Z-(1+ Z)). Now substitute equation 8.8 to 8.6,

_ —GV)* = GSATAV AT  Za+Z 8.9
"= STGAV + GS?TAT + kAT T “Za+2Z +1

AT NT+2ZT -1
T I+ZT+1
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Where T is the reference temperature, and here T is equal to the average of the
high and low temperature which is consistent with the value in the derivation part

(Thermoelectrical expression2.3.1.2).
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Appendix 3: Green’s function of a ring

The derivation for the Green'’s function of a ring is as follows,

The Green’s function of a doubly-infinite chain is

8.10

RICEEDm)
=———— (=-D=0
gi 2iy sinn G-=0

8.11

IR
g=— i —1) <0
git 2iy sinn G-

Hence for a ring, we try

8.12

el@mU-0 4+ g
L (G-D=0

Iin= 2iy sinn

8.13

el-mU-D 4 ¢
Z G-D<0

Iin = 2iy sinn

Where aj; is a wave function given by aj; = be'@+MUD 4 ¢ei6-mU-D

Choosing b and c such that g,; = gy+1, yields the desired result.
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