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Abstract
The rate of technological developments in the late 20th and early 21st
century is unprecedented in history. The best example of this is the increasing
number of transistors and other electronic components in a single integrated
circuit chip. To accommodate more of these components in a chip, the
functional feature size should be in the atomic and close-to-atomic scale (ACS).
For this, the application of molecules could be utilised as a channel for current
conduction. This thesis focuses on the fundamental aspects of this theme to
help us achieve atomic scale device fabrication in the future.
This thesis starts with a literature review on advances in molecular
electronics and devices such as molecular transistors, capacitors, wires, and
insulators. The literature review also covers the recent atomic and close-toatomic scale manufacturing (ACSM) research with the application of atomic
force microscopy (AFM). ACS device manufacturing using molecules as the
building block requires to overcome mainly three fundamental problems.
Firstly, the orientation of the molecule when it is placed as a channel of
electronic transport inside an electronic component plays a critical role in
electronic transport. This is explained in the second chapter, which gives a
detailed ab-initio simulation studies of current flow in inorganic molecule, such
as polyoxometalates (POMs) and organic molecules such as phthalocyanines (Pc)
and porphyrins (Pr), by incorporating them between gold substrates. For the
POM molecule, the longitudinal orientation showed to be more conducting than
the lateral orientation, whereas for Pc and Pr molecules, the geometrically
optimized orientation displayed better electronic transport properties than the
tautomerized structure.
Secondly, the bonding interaction between the molecular terminal atoms
and the contact points helps us to determine the rate of electronic transport
at the junction. The third chapter inspects this interaction through a periodic
energy decomposition analysis and electronic transport studies on Pc and Pr
derivatives, by placing them over gold substrate cleaved at the (111) plane.
The attractive and repulsive energy terms of the bonding interactions proved

v

that Pr molecules are better interactive over the gold substrate in comparison
to Pc molecules. Electronic transport studies performed on their derivatives
with and without thiol linkers further supported this result. Thus, a link
between these two studies was established and paves path for future work to
select appropriate molecules to demonstrate transistor actions for considering
in fabricating atomic scale devices.
Finally, the possibility of the fabrication of ACS electronic components
with a single atomic protrusion for the attachment of molecules needs to be
experimentally validated. As a first step towards this, fundamental studies
using AFM to achieve atomic layer removal were carried out taking into account
parameters such as tip force, tip velocity, tip geometry and relative humidity.
This is detailed in chapter 4 and chapter 5. In chapter 4, mechanical AFM-based
scratching techniques over gold and silicon using diamond tips were performed.
In silicon substrate, material removal having a minimum depth of 3.2 Å which
is close to about 3 silicon atom thickness, has been achieved. In the case of
gold, a minimum depth of 9.7 Å, close to 7 atom thickness has been achieved.
In chapter 5, electrochemical AFM-based lithography over HOPG and silicon
using platinum coated tips were carried out. Results showed that as bare silicon
has a native oxide layer, the material removal processes were limited, and
instead local anodic oxidation took place. Even in hydrofluoric (HF) treated
silicon, oxidation occurred but in a controlled and well defined manner. From
this, it can be deduced that HF treated silicon is better suited for structure
fabrication than bare silicon. In the case of HOPG, different patterns such as
nano-holes, nanolines and intrinsic patterns were machined and material
removal close-to-a single atomic layer, ~3.35 Å was achieved. Results from
chapter 4 and 5 reveal that controlled AFM-based scratching techniques can
ensure the fabrication of well-defined atomic structures for the application of
molecular devices. Since ACSM represents the next phase of manufacturing,
this thesis proposes some of the primary works required to realise ACSM using
the currently available techniques and simulation methodologies to bring us
one step closer in achieving considerable advancements in this field in the near
future.
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Thesis layout
The thesis is accomplished in 6 chapters, including the literature review, a
chapter on the orientation effects of the molecules when placed between the
electrodes, a chapter on the bonding interaction studies of the moleculeelectrode junction, two chapters on the fundamental atomic scale material
removal studies on gold, silicon and HOPG and finally, the conclusion and future
outlooks. These are outlined below:
•

Chapter 1 provides a very broad literature review on the current works
being performed in the field of molecular electronics and the molecules
that could be used as potential candidates for their applications in
molecular devices. Apart from that, the review on ACSM research with
the application of AFM being carried out so far is thoroughly studied.
These two literature surveys are published as:

Mathew PT, Fang FZ. Advances in Molecular Electronics: A Brief Review.
Engineering 2018; 4:760–71. https://doi.org/10.1016/j.eng.2018.11.001

Mathew PT, Rodriguez BJ, Fang FZ. Atomic and Close-to-Atomic Scale
Manufacturing: A Review on Atomic Layer Removal Methods Using
Atomic Force Microscopy. Nanomanuf. Metrol. 2020; 3:167-186.
https://doi.org/10.1007/s41871-020-00067-2
•

Chapter 2 examines the orientational effects arising when the molecules
are placed between the electrodes. In this chapter, section 2.1 delivers
the variation in electronic transport properties when POM clusters are
placed between gold electrodes. Section 2.2 gives the study on Pc and
Pr molecules when placed between the gold electrodes to understand
the orientational behaviour of these molecules. These two works are
published and submitted respectively as:
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Mathew PT, Fang FZ, Nadal LV, Cronin L, Georgiev V. First Principle
Simulations of Current Flow in Inorganic Molecules: Polyoxometalates
(POMs).

IEEExplore,

Grenoble,

France

2019;

1-4.

https://doi.org/10.1109/EUROSOI-ULIS45800.2019.9041869

Mathew

PT,

Fang

FZ.

Potential

Energy

Surface

Studies

on

Phthalocyanines and Porphyrins to Determine Orientational Effects for
Electronic Transport in Molecular Devices. Comput. Theor. Chem. 2022.
(Under review)
•

Chapter 3 elaborates on the importance of elucidating the bonding
interactions happening at the electrode-molecule junction when the
electrons are allowed to pass through the junction. This gives
information on the influence of electronic transport on the bonding
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Chapter 5 provides details on the experimentation on HOPG and silicon
using electrochemical AFM-based approach, using a platinum coated AFM
tip. Through these studies, about a single layer of material removal over
HOPG has been achieved. Apart from that, structure fabrication and
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Chapter 6 gives concluding remarks on all the works performed and
discussed in the thesis and provides insight into the future works to be
carried out to achieve ACSM by AFM in a steady and successful manner.
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Chapter 1. Literature review
1.1

Background
Manufacturing sector brings technological ideas into reality. The

challenges in this field are carefully rectified with the demand for improved
lifestyle. The manufacturing sector can be classified into three paradigms
[1]: (a) Manufacturing I, where the focus was on craft-based manufacturing
in which the precision was in the millimetre scale, (b) Manufacturing II,
which is the present, where the size of manufactured products has reduced
from millimetres to micro and nanometres, using precision machineries, (c)
Manufacturing III, which is the next generation of manufacturing where the
processes are directly focused on the atoms and is broadly named as atomic
and close-to-atomic scale manufacturing (ACSM). Here, the manufacturing is
focused on removing, adding or migrating a single atomic layer from the
substrate [1,2]. This is very much necessary in fabricating small scale
devices. A schematic of these developments is shown in Figure 1.

Figure 1: The three paradigms of developments in manufacturing sector [2].
Currently, there are billions of transistors in an integrated circuit (IC)
chip. Due to the ultimate technological outgrowth, the demand for further
increment of transistors is at a fast pace. In order to accommodate more
number of components in the chip, the size of each component should be
reduced. Hence, the role of ACSM becomes an inevitable part in the
electronic manufacturing sector. In the present day, the resolution of these
electronic devices and circuits, with the lithography methods, have reached
as accurate as 3 nm. The form accuracy down to nanometre scale has been
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achieved with computerized numerical control (CNC) ultraprecision
machining [3].
Atomic and close-to-atomic scale (ACS) represents the next
generation of the industrial revolution, and ACSM, as a core competence of
Manufacturing III among the three manufacturing paradigms, namely the law
of manufacturing development, contributes to it. Since the technology to
manufacture at this small scale has not yet been developed, atomic force
microscopy (AFM) is considered as one of the most promising methods in
studying the fundamentals. Since the discovery of AFM in 1986 by Binning
and co-workers, extensive research has been conducted on this remarkable
and promising tool for the reduction of material size to the nanometre level
[4]. If pushed further, its abilities can be drawn towards manufacturing in
ACS. The applications of AFM in manufacturing include scratching [5–12],
patterning the structures [13–16] and biomedical applications [17–19]. Apart
from that, AFM has great potential to deal with the first characteristics of
ACSM, since individual atoms can be manipulated and displaced using AFM,
as shown by Morita et al. [20], where they positioned atoms using noncontact AFM (NC-AFM). In addition, other scanning probe microscopes (SPM)
such as scanning tunneling microscope (STM) has the ability to move single
atoms, which was explored by IBM researchers in making the world’s smallest
motion film named, ‘A Boy and His Atom’, by moving single atoms frame by
frame. These material removal applications of AFM make it a leading
candidate for the future development of ACSM [21]. Attaining single atomic
layer removal is the goal that every researcher in this field is aiming for,
even though much progress are needed to reliably achieve this.
By using SPMs, atoms can be manipulated directly, and the interaction
between the electronic components and the environment can be studied for
better understanding of how devices function. Transistors, for example, can
have quantum tunneling effects when their size is reduced beyond a certain
scale, rendering it difficult to control the current flow, which is the
transistor's basic function. Quantum effects, on the other hand, can be used
to develop small scale devices such as solid-state molecular transistors,
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which are designed using the Coulomb blockade method and the Kondo
effect [22]. All the mentioned studies are performed to reduce the size and
to fabricate small-scale electronic components. Since this demand is
emerging in the present-day scenario, to reduce the size of connections
inside an IC chip, applications of molecules should be implemented.
Molecules are defect free and their size is in ACS. However, connecting
molecules with electrodes and then to the external world is challenging.
Foundations must be laid to make this possible in the future. For this, atomic
layer removal, down to one atom, should be established. Presently,
theoretical works are being performed extensively to study the interactions
happening at the molecule-electrode junction, and how electronic transport
is affected by the functionality and robustness of the system. These
theoretical studies can be verified experimentally, only if atomic scale
electrodes are fabricated. Silicon is widely used in the semiconductor
industry to fabricate electronic components. Likewise, carbon-based
materials such as highly oriented pyrolytic graphite (HOPG) and gold find
their applications in the electronic device manufacturing sector. Hence,
ACSM of these materials must be developed intensively.
Before fabricating the tiny electrodes, the orientation of molecule
between the electrodes and its effect should be studied. Apart from that,
suitable molecules should be selected for this purpose. Different molecules
have different interactions with the electrodes, which can greatly affect the
molecular device actions. The discipline studying the importance of
molecules in the fabrication of molecular devices is known as molecular
electronics.

1.2 Molecular electronics
The field of molecular electronics, commonly known as moletronics,
deals with the assembly of molecular electronic components using molecules
as the building blocks. Moletronics helps to reduce the size of electronic
components. Considerable amount of research have been performed in
developing electrical-equivalent molecular components. Moletronics has
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established its influence in electronic and photonic applications, such as
conducting

polymers,

photochromic,

organic

superconductors,

electrochromic, and many more. Since there is a need to reduce the size of
the IC chips, attaining such technology at the molecular level is essential.
Various breakthroughs have been achieved in this field even though the
process to achieve them are difficult [23].
When molecules are incorporated between metal electrodes, as a
channel between them, charge transfer occurs from one side to the other.
The transfer of electrons produces current flow in the opposite
direction. Electron transfer is the simplest reaction, and one in which no
chemical bonds are created or destroyed [24,25]. It takes place in all natural
processes, including photosynthesis, and is closely related to the
arrangement of molecular structure [26]. Hence, the study of molecular
structures and the electron transport through them remains significant.
Transport mechanisms through molecular layers should be studied and
explored intensively, since they find a wide range of applications in
molecular-level research [27,28]. The term molecular junction is an
important concept in which a molecular cluster is included between two
electrodes, and electrons are transferred across it. However, a specific
definition of a molecular junction has not yet been established. In the review
article published by McCreery et al [29], it is stated that the entire structure
of a molecular electronic component should be considered as an electronic
system in order to understand the true concept of a molecular junction. A
single molecular junction can be created using the break-junction technique,
which is depicted in Figure 2. When a metal is stretched in the presence of
a suitable molecule, the weak point breaks and the molecule gets attached
to the leads, forming a molecular junction. The left and right electrodes
have a continuous band structure, whereas the band structures are
discontinuous for the central cluster between the electrodes.
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Metal
Molecule

Figure 2: Formation of a single molecular junction by break-junction
technique.
Since there is a difference in the chemical potentials of the left and
right leads, electrons are transferred across the molecular junction in order
to maintain equilibrium, as shown in Figure 3. However, the electrons must
cross an energy barrier to pass from the contact to the molecule [30]. The
electronic transport can be dispersive or ballistic. In dispersive transport,
electrons collide with each other and the energy gets transferred from one
electron to another. While in ballistic transport, electronic transport is
considered to occur in a way that is comparable to the motion of a bullet—
that is, in a straight line. The basic idea used to study electron transport
across a junction is the Landauer approach [31]. Maassen and Lundstrom [32]
have demonstrated that this approach can be used to explain both the
dispersive and the ballistic transport mechanisms.
As shown in Figure 3, when a bias is applied, due to the difference in
the carrier population, electrons start to flow. This can be mathematically
expressed as shown in Eq. (1).
𝐼=

2𝑞
& 𝑇(𝐸)𝑀(𝐸)[𝑓! (𝜀, 𝜇! , 𝑇! ) − 𝑓" (𝜀, 𝜇" , 𝑇" )] 𝑑𝐸
ℎ

(1)

where 𝐼 represents the electric current, 𝑞 represents the electric
charge, ℎ is the Planck’s constant, 𝑇(𝐸) is the transmission, 𝑀(𝐸) is the
number of channels, 𝑓(𝜀, 𝜇, 𝑇) is the Fermi–Dirac occupation distribution on
both the electrodes, and µ is the chemical potential on both the leads
[32,33].
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Figure 3: The electronic transport across the junction to maintain
equilibrium.
Mechanically controllable break junctions could be used for the
characterization of molecular junctions [34]. However, the fabrication of
break junctions is a time-consuming and daunting task. A recent study
demonstrated the fabrication of gold break junctions with sub-3 nm gaps on
the wafer scale [35]. With this breakthrough, a wide range of applications
are possible for the large-scale fabrication of break junctions. Similar to
break-junction methods, molecules could be placed between an AFM tip and
the substrate, by moving the tip slowly away from the substrate, as shown
in Figure 4. This method can be implemented in an earlier stage so that when
the molecule gets trapped in between the tip and the sample, its I-V
characteristics, along with the conductance and transmissions across the
junction could be analysed. Another method to assemble the molecules for
transistor action studies is by using self-assembling molecules. It can be
considered as a perfect candidate for the assembly of molecular
components, since such molecules are able to adopt a defined arrangement
without guidance or management from an outside source [36]. In selfassembly, subatomic particles blend together to form complex structures
with minimized degrees of freedom [37].
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Figure 4: Concept of placing molecule between AFM tip and the substrate.
Dithiols are organosulfur compounds with two thiol functional groups.
They are widely used for self-assembly because of their ability to form
strong self-assembled monolayers [27]. Successful studies have been
performed highlighting the adsorption of dithiols over various metals such as
gold [30–33,38] and silver [39,40]. Researchers have developed concepts of
molecular transistors by coating gold wires [22]. Transistors are the most
important component of an IC chip, as they act as a switch in accordance
with the applied voltage. Two major issues in dealing with moletronics are
experimental verification and the controlled fabrication of devices. To fill
the gap between the synthesis and realization of relevant molecules and
solid-state molecular devices, robust and focused research on stable
modelling of molecular devices is needed [26].
Recent studies are focussing on the utilisation of carbon-based
compounds such as HOPG [41–43], hard and brittle materials such as silicon
[44–48], wide band gap semiconductors such as silicon carbide (SiC) [49–51]
and malleable materials such as gold [52,53], as substrates for atomic layer
removal methods using AFM. Moletronics can bring about breakthroughs in
experimental verifications, only if a consistent material removal is achieved
on the substrates. Molecular electronic devices are considered to exhibit
unlimited functionalities [54]. These devices include transistors, capacitors,
diodes and switches. In addition, molecules could be piled up into threedimensional layers, thereby increasing the overall efficiency of the
system [55]. Hence, moletronics has potential for application in many fields,
such

as

physics,

chemistry,

engineering,

and

nanorobotics.

For

example, nanotube molecular wires have a wide range of applications in the
field of chemical sensors [56,57]. Very recently, researchers have proposed
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the idea of using one-dimensional double-barrier resonant tunnelling diodes
(RTDs) as electronic nose sensors [58]. A brief explanation on typical
molecular electronic components are given in the sub-sections below:
1.2.1 Molecular transistors
By changing the voltage that is applied, transistors control electron
flow. Transistors have three terminals, two of which act as source and drain,
and the third acts as a gate. It is possible to control the flow of electrons
from the source to the drain with a gate. In most cases, for theoretical
formulations, only the source and drain are considered to understand the
current flow. For these simulations, it is necessary to have an exact idea of
how

to

align

the Fermi

levels of

the electrodes with

the molecular

orbital (MO) energies of the molecules [59]. Ghosh et al. [60] have predicted
the utilization of electrostatic regulation of the MO energy of a single
molecule for the evolution of solid-state molecular transistors. Ahn et
al. [61] have suggested a similar approach, in which the electrostatic
modulation of the internal charge density can be positioned by using an
external node to control the charge transfer across the metal electrodes and
the molecules. By aligning the molecular energy levels and the Fermi level
of the leads, transistor action can be achieved. Jin et al. [62] have recently
demonstrated that the work function of the electrodes can be tuned along
with the entire range of molecular energy levels. These MOs determine the
flow of electrons across the junction and thereby play a major role in the
stability and durability of molecular transistors. The orientation of molecules
while getting attached to the electrode changes the positions of these
orbitals. Hence, the alignment of the molecules should be taken into
consideration while they are placed between the leads.
The experimental verification of molecular components is a difficult
procedure; most such verifications have been performed using SPMs such as
STM and AFM, which can also provide information on the conductivity of the
molecule-electrode

junctions.

By

changing

the molecular

structure and lattice positions of the metal atoms, charge transfer can be
bolstered [63]. Sotthewes et al. [64] recently measured the transport
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properties through a single octane thiol molecule. By varying the length of
the molecule via compression and expansion, they were able to control the
conductance of the metal-molecule-metal junction. Joachim et al. [65] used
a single molecule of C60 to determine the electrical resistance. They
identified the tunneling mechanism by the displacement of an STM tip
directly through the highest occupied molecular orbitals (HOMOs) or lowest
unoccupied molecular orbitals (LUMOs). As a result, electrons were able to
tunnel through the energy barriers of the molecular sample. The transport
mechanism is depended on the applied bias voltage. However, even when
the bias voltage was insufficient, tunneling occurred with the aid of the tail
of the broadened energy level. When molecules were adsorbed onto the
surface, their energy levels broadened and shifted.

1.2.2 Molecular capacitors
Capacitors store charge when connected to a power source. Only few
studies

have

been

performed

on

the

manufacture

of

molecular

capacitors. Porphyrins (Pr) are one group of molecules that are capable of
storing charge [66]. Charges stored in a capacitor represent the 1 or 0 state.
Hence, molecular memories can be developed using the concept of
molecular capacitors. Pr-based elements could be used to write/read a
memory cell. A detailed review on Pr has been published by Jurow et
al. [67], in which they elucidate the importance of these molecules in the
fabrication of molecular devices. Detailed explanation and studies on Pr are
given in Chapter 2 and Chapter 3. A new field of study includes the concept
of supercapacitors, which help to store a large amount of electric charge
within a short span of time [68]. Also, it has been established that charges
can be stored on molecules that exhibit redox behaviour [69,70]. Molecules
such as polyoxometalates (POMs) could be used in this category. A detailed
explanation on POMs is given in Chapter 2.
Developments have been made in cylindrical molecular capacitors
with the use of carbon nanotubes (CNTs) [71]. Research carried out by
Madani et al. [72] in 2017 has provided a theoretical framework for the study
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of cylindrical molecular capacitors by incorporating a single-walled boron
nitride nanotube (SWBNNT) inside another SWBNNT. This created charge
distributions on either sides of the tube, which could easily resemble
capacitor action. Current understanding of the molecular mechanism of
molecular capacitors is limited and requires further research. Also, different
materials should be explored other than carbon-based compounds for the
capacitor action.

1.2.3 Molecular insulators
Insulators play a major role in every scenario in which it is necessary
to control or limit the flow of current through any electronic component or
IC chip. When it comes to molecular insulators, many molecules with specific
functional groups can be used. Aliphatic organic molecules are the best
examples of molecular insulators because only σ bonds are available, which
cause disruption to the flow of current in the presence of an applied
voltage [73]. The conductive path can easily be broken by inserting these
molecules between the electrodes. Certain classes of materials act as
insulators due to electron–electron interactions; these are known as Mott
insulators. Fabrizio and Tosatti [74] have examined the nature of these types
of alternate non-magnetic insulator behaviours. Mayor et al. [75] have
demonstrated the suppression of tunneling through both π-channels and σchannels by destructive quantum interference, whereas Garner et
al. [76] has depicted the same characterisation using only σ-channel. Both
studies selected silicon-based molecule for their experiments and used the
Landauer–Buttiker scattering formalism to model single-molecule junction
conductance. Electrons can be trapped inside the defects of a material. A
study by Meunier and Quirke [77] has explained the formation of space
charge in a polyethylene molecule. Microscopic defects led to space charge.
These researchers established a relation between the molecular properties
of the material and the electron trap.
Since insulators cannot be avoided in the fabrication of electronic
components, it would be necessary to discover and scrutinize more self-
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assembling controllable insulating molecules. In the present era, since the
size of components are being reduced in the atomic scale, further studies
are needed to control the electric flow, which can be made possible with
the aid of these insulators.

1.2.4 Molecular wires
Wires are essential for the interconnection of various electronic
components over a substrate; thus, the concept of molecular wires is crucial
when dealing with molecular electronics. Molecular wires can be classified
into two main types: saturated chains and conjugated chains [78]. In
saturated molecules, atoms are connected with single bonds. Alkanes are
the simplest saturated hydrocarbons; however, they are considered to be
poor conductors since their HOMO-LUMO gap (HLG) is very large [78]. In
conjugated molecules, the atoms are connected together by alternate single
and double bonds. These molecules have smaller HLGs than alkanes and are
efficient for the long-range transport of electrons. Before the downscaling
of electronic components, carbon and aluminium were mainly used for the
interconnections [79]. These were followed by the concept of quantum
wires, which are conducting wires in which the transport mechanism is
controlled by quantum effects.
In short, for the manufacturing of electronic components at ACS,
electronic transport across molecules should be studied extensively. In their
fabrication, the orientation and interaction of molecules are crucial.
Nonetheless, not every molecule is suitable for this purpose. In the next
section, the molecules suitable for ACSM studies as well as the molecules
selected to perform ab-initio simulations in this thesis are explained.

1.2.5 Suitable molecules for molecular devices
The most important driver of the development of molecular
electronics is the identification of suitable and available molecules. A
number of molecules have already been studied and determined to be
suitable for the preparation of molecular components [80–85]. Among them,
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hydrocarbons

have

been

extensively

considered

as

appropriate

molecules [77,86,87].
Benzene can potentially be employed to model the interactions of
aromatic π-systems [88]. Such systems generate a cloud of delocalized
electrons by merging the π-electrons together, forming a circle that results
in a resonant hybrid, which makes current conduction much easier [89].
However, the most widely used molecular families for molecular devices are
oligo phenylene ethynylene (OPE) [90,91], oligo phenylene vinylene
(OPV) [92], and oligo thiophenes (OT) [93]. OPE derivatives are conjugated
molecules with a rod-like shape [94], which can be used as molecular
wires up to around 5 nm in length [95]. Research has been performed on
thiolacetyle-terminated OPE on a gold surface [96]. Since thiol molecules
are very reactive, acetyl groups are attached to protect the molecules from
the reactive surroundings. In addition, OPE can be functionalized internally
and at the terminal points, which makes it perfect for application in
molecular bridges and wires in donor-bridge-acceptor molecules [97]. OPV
derivatives can also be used as molecular wires. It has been argued that OPV
molecules are better suited for this purpose than OPE molecules because of
their greater degree of planarity [98].
Another important class of molecules of interest in fabricating
molecular electronic devices are organic molecules, such as phthalocyanines
(Pc) and porphyrins (Pr). Pcs are blue-green coloured aromatic compounds
which have applications of molecular switching [99]. This application is due
to the rapid charge transfer, less than a picosecond, across the molecule
[100]. Apart from that, Pcs and the similar Prs exhibit stability in most
physical and chemical conditions. Pc was discovered by Linstead in 1934
[99,101] and first preparation of Pr, called hematoporphyrin, by Johann
Ludwig Wilhelm Thudichum

between 1829-1901 [102]. The optimized

structures of Pc and Pr are given in Figure 5. The optimised bond lengths of
both molecules are given in Appendix B.
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a)

b)

Figure 5: The optimized molecular structures of a) Phthalocyanine and b)
Porphyrin. [Light grey: Hydrogen, Dark grey: Carbon and Blue: Nitrogen].
Apart from organic molecules, inorganic and redox active molecules
are also favoured for the molecular transistor fabrication because of their
charge storing capabilities and the electron rich nature. POMs are one among
those molecules. POMs are molecules that contain metal and oxygen atoms.
They are highly ordered clusters and they exist as several structures [103].
Among them, the most notable structures are the Keggin anion ([XM12O40]q-)
and the Wells-Dawson anion ([X2M18O62]q-) that can be defined as ‘electron
sponges’. These molecular clusters could be used to develop new types of
data storage devices [85] and various other applications [104]. More detailed
information on POMs can be referred from [105,106]. Figure 6 depicts the
molecular structure of Wells-Dawson POM.

Figure 6: The molecular structure of Wells-Dawson Polyoxometalate. [Red:
Oxygen, Blue: Tungsten, Yellow: Sulfur].

13

Table 1 shows a summary of different molecules which have been used
for the molecular device fabrication research. Since numerous research have
been performed on dithiols, OPE, OPV and OT, and considering the emerging
research, POM clusters in the inorganic classification, and Pc and Pr in the
organic classification are selected for the studies in this thesis.
Table 1: Summary of molecules used for molecular electronic research.
Molecule

Length (Å)

Eg (eV)*

Ref.

1,8-Octanedithiol (C8H18S2)

12

7–8

—

1,10-Decanedithiol (C10H22S2)

14

7–8

—

1,12-Dodecanedithiol (C12H26S2)

17

7.11

[107]

Oligo phenylene ethynylene (OPE)

19

3.5

[107]

Oligo phenylene vinylene (OPV)

20

3.1

[107]

Oligothiophene (OT)

14

2.9

—

Polyoxometalates

12

1.87

*Eg – HLG

1.3

Atomic force microscopy
When it comes to manufacturing, the mechanical methods are the

most basic approach towards material removal. This can be precisely
performed in the micrometre or even nanometre scale, beyond that, is a
tedious task. To overcome this problem, basic knowledge of the mechanism
of nanomanufacturing such as scratching, and piercing by AFM should be
expanded [108]. But, the major issue lies in the lack of knowledge of
material removal mechanism in atomic scale. Chip formation is required as
the dominant removal mechanism rather than plastic deformation. AFMbased mechanical machining has the disadvantage of ridge formation or the
accumulation of materials around the features [109]. This issue was solved
by the research of Gozen and Ozdoganlar [110] in which they used AFM tip
as a drilling tool and named the process, nanomilling. In their research, the
AFM tip was rotated at high frequency with the help of a three-axis
piezoelectric actuator, while keeping the sample stationary. As a result,
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they were able to produce long curly chips as the product of material
removal and thereby established the dominance of shear mechanism using
rotary motion of AFM tip. A remarkable work performed recently by Geng et
al [111] also showed the formation of chips with nanomilling process. In their
study, they performed the experiments in two cycles: the first half formed
the outer profile and the second half formed the inner profile. They used a
poly(methyl)methacrylate (PMMA) substrate and a silicon tip and established
the importance of nanomilling in nanofluidic applications. In comparison
with these milling process, the residual materials formed affects the surface
quality of microchannels, which can be improved by optimizing parameters
such as cutting depth, feeding rate and tool path strategy [112].
However, if the chemical methods are mixed with mechanical
processes, the precision can be extended to the atomic scale because the
mechanical energy can be used to activate chemical reactions [113]. A
recent study performed by Chen et al. [5] revealed that extremely close to
single atomic layer of silicon can be removed via mechanochemical method,
which was theoretically verified using molecular dynamics (MD) simulations.
They performed experiments in a humid environment with relative humidity
(RH) of 75% ± 2%, using a silica sphere of radius 1.25 µm as the AFM tip for
the material removal process. In their observation, the mechanical pressure
applied determined the number of layers to be removed and an upper bound
of 247 MPa was set out, below which no removal was obtained. Apart from
that, a chemically reactive counter surface, i.e., the probe, was required
for the atomic layer removal, whereby water adsorption along with the
counter surface enhanced the removal mechanism in the atomic scale.
Electrochemical AFM material removal methods are currently the
trending and promising approaches for nanomanufacturing and even ACSM.
Here, the oxidation reaction happens at the junction between the AFM tip
and the substrate, known as the local anodic oxidation (LAO). Different
substrates such as graphene [114], silicon [115,116], HOPG [42], and other
materials such as polymers [117–119], glass [120] and mica [121] have been
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used. Even though much progress has been made in this field, more work
remains to be conducted.
Gold is a universal reference material used for the theoretical
applications. Apart from that, it is well suited for its ability to bond with
thiol groups, which are highly used as linker atoms to numerous molecules.
Silicon is the dominant material in the semiconductor industry for the
fabrication of IC components and HOPG is a highly conductive, carbon-based
material having various applications in the electronic industry. The
summarized properties of these materials are given in Table 2. SiC is another
material having a wide band gap, used in the semiconductor industry.
Although works on SiC are not performed as part of this thesis, its material
properties are also included in the table below for a comparison with the
other substrates.
Table 2: Material properties of Si, HOPG, gold and SiC
Material

Density

Hardness

Tensile

(gm/cc)[122] (Mohs)[122] Strength (MPa)

Fracture
Toughness
(MPa m1/2)

Si

2.33

6.5

1180 [122]

1 [123]

HOPG

2.25

0.5

3.43–17.2 [122]

2.25 [124]

19.3 [125]

2.5–3 [126]

137 [122]

2 [127]

3.1

9~10 [126]

1625 [129]

4.6

Au
SiC [128]

1.3.1 Basic principle of operation of an AFM
A typical AFM set-up is shown in Figure 7. The basic principle of operation
involves scanning a surface using a sharp AFM tip in a raster pattern. The
AFM tip is fixed at the end of a cantilever, which is flexible and is capable
of bending when a small external force is applied. The cantilevers are usually
V-shaped or rectangular depending on the manufacturers. In the case of AFM
tip, they are usually in an inverted pyramidal shape so that a sharp end point
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can be provided for scanning complex or simple surfaces. A laser light from
a laser source is made to fall on the upper surface of the cantilever, which
is opposite to the tip. For better reflection of this laser, the upper surface
has a thin reflective coating such as gold or aluminium [130].

Figure 7: Basic set-up of an AFM. A cantilever with a tip attached is
mounted on a piezocrytal, allowing the controlled movement of the tip over
the sample surface. The light source allows the deflection to be appeared
on the photodetector, extracting the topographical information of the
surface. Reproduced from [130]. Copyright Elsevier Books.
Due to the differences in surface unevenness, when the AFM tip moves
over the substrate, the cantilever deflects, causing the laser light to deflect
in the same manner. This deflection is captured by a position sensitive
photodetector. Any deflection in the cantilever causes a deflection in the
laser spot on the detector. When the tip is brought close to the surface and
when the tip is in contact, the piezocrystal to which the cantilever is
attached, moves and thus its deflection is monitored. This deflection gives
information regarding the tip-substrate interaction forces. The different
coordinates which the AFM tip tracks while scanning forms a three
dimensional topographic image of the surface.
In a typical AFM system, the photodetector is a quadrant photodiode
divided into four parts namely A, B, C and D, as shown in Figure 7. This
quadrant is divided by vertical and horizontal lines. The purpose of this is to
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analyse the deflection signals. These signals are calculated by the
differences in signal detected by A+B versus C+D quadrants. If the signals are
detected by A+C versus B+D, then the lateral or torsional bending of the
cantilever can be measured. With the combination of these quadrant,
different signals are identified and the image of the surface is formed, which
is then displayed on a computer screen. Three different imaging modes are
mainly used for scanning: contact mode, tapping mode and non-contact
mode as shown in Figure 8. In contact mode, the tip touches the surface
maintaining a constant interaction force. When the tip is pressed against the
sample surface, an upward deflection of cantilever takes place. In noncontact mode, the tip gives information on the long-range forces
experienced before contacting the surface. An intermittent contact mode,
known as tapping mode, allows the cantilever to oscillate very close to the
surface so that the tip comes in and out of contact with the surface with the
help of a piezoelectric actuator near to its resonant frequency.
For scratching the surface using AFM tip, the applied force should be
controlled. In AFM, the force value is represented by setpoint. The setpoint
gives the strength of the pressing force in the case of contact mode whereas,
for tapping mode, it represents the amplitude of a cantilever. Running a
force curve gives precise values that can be used to apply different forces
while scratching. The force curve measures the tip deflection as a function
of distance from the surface. From Figure 8, as the tip approaches the
surface, the force curve shows a flat line as there is no interaction between
them initially. When the tip is close enough to the surface, there exists an
attractive force regime, where the tip suddenly gets pulled towards the
surface. As the tip gets retracted from the surface, it enters into the
repulsive regime. The force curve gives the deflection value of the tip in
Volts. This can be converted into a force value by multiplying deflection,
spring constant and the setpoint. Hence, the force required to scratch the
surface can be controlled by adjusting the setpoint values by keeping the
deflection and spring constant values the same. More details on carrying out
the scratching experiments can be referred from Appendix E.
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Figure 8: The different modes of imaging used for scanning the surface using
AFM tip. The contact mode comes under the repulsion force regime, noncontact in the attraction regime and the tapping mode in both regimes since
the tip oscillates and comes in and out of contact from the surface.
Reproduced from [130]. Copyright Elsevier Books.
1.3.2 Electrochemical and mechanical material removal using AFM
The mechanism of electrochemical AFM etching is fairly simple.
Electrochemical reactions can take place when there are, applied voltage,
electrodes and electrolyte. The AFM tip and the substrate act as two
electrodes (Electrode 1 and Electrode 2), and the water meniscus formed at
the tip-substrate junction acts as the electrolyte [131], as shown in Figure
9. These electrodes can be made anode or cathode depending on the
connection given. This method can help in selectively modifying the surface
chemistry with nano-meter scale resolution [132–134]. When an AFM tip is
positioned close enough to a sample surface in air, a tiny water meniscus, as
shown in Figure 9, is formed in the narrow gap between the tip and sample
surface due to capillary effect. The stability of the water meniscus can be
enhanced in humid surroundings. The water meniscus provides the oxygen
species (mostly OH-) needed to oxidize the workpiece. It also confines the
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chemical reactions spatially in the nanoscale area by focusing the current
density within the water meniscus.

Figure 9: Electrochemical cell formation with AFM tip and sample.
1.3.2.1 Silicon
Single crystal silicon is well-known for its electronic as well as
mechanical properties [135]. Silicon is found to have native oxides over them
which aids in the formation of oxide deposits [45]. This oxide deposit can be
removed by treating the sample with HF solution. Many attempts have been
made in the late 90s to pattern oxide structures as the application for
developing nano-scale electronic devices [136–139]. These experiments are
further extended to attain atomic layer removal for the application of
fabricating nano-electrodes [23,115,140–142]. Also, nanometric cutting over
monocrystalline silicon under high vacuum conditions in a scanning electron
microscope (SEM) has also been developed to study the nanoscale material
removal behaviour [143].
In the case of electrochemical methods, the electric field dissociates
the water molecules into negatively charged hydroxides, as shown in Eq. (2),
and these react with the material atoms [144].
2𝐻" 𝑂 + 2𝑒 # → 𝐻" + 2𝑂𝐻#

(2)

The mechanism of electrochemical etching varies with the materials
used. The silicon surface oxidation by AFM is widely studied [44,145–147].
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Here, the OH- ions react with silicon to form silicon dioxide (SiO2) as in Eq.
(3). [43].
𝑆𝑖 + 2𝑂𝐻# → 𝑆𝑖𝑂" + 2𝐻$ + 4𝑒 #

(3)

These dioxides are accumulated over the substrate, extending
underneath it, forming the convex structures. They can be removed by
etching with acidic solutions, such as HF, to achieve concave features,
leading to material removal.
Different factors such as sample material, tip speed, applied force,
applied voltage, tip angle, sliding direction, humidity and sample
orientation, affect the material removal mechanism. In most of the research
performed, n-type/p-type silicon in its (100) orientation is used as the
substrate. A possible reason could be that the silicon etching in alkaline
solutions stops at the (111) orientation [135,148,149]. Also, the Si/SiO2 state
density is lower for (100) than the (110), (111) and other orientations. As a
result, lower amount of dangling bonds are present yielding higher carrier
mobility for (100). Apart from that, negative bias is given to the tip to make
it anode and enable LAO. It is claimed that oxidation happens only when the
tip is grounded, and sample is given positive voltage [43]. In addition, factors
such as electric field strength, surface stress, water meniscus formation and
OH- diffusion are responsible for the mechanism and kinetics of oxide
formation [145,150–152].
Even though silicon is hard and brittle, different research shows that
there are possibilities for direct etching. This can lead to proper
development of silicon-based electronic components, which in turn result in
its mass production.
1.3.2.2

Highly oriented pyrolytic graphite

HOPG is a variant of graphite synthesized by thermal cracking of
hydrocarbons and heat treatment along with pressure to modify the c-axis
orientation of crystallites [153]. Although the synthesis of HOPG is expensive
due to the requirements of high temperature and pressure, it has layered
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surface and is easy to prepare [154,155], The cleaning methodology is as
simple as using an adhesive tape, such as scotch tape, to remove the
defective layers. This is known as mechanical exfoliation [156,157]. It has
been reported that an AFM tip can be used to exfoliate HOPG to achieve
thickness of ~200 nm [158]. This is possible due to the mechanically weak
graphite layers [159]. This method can be used to attain monolayers of
graphene from HOPG. These atomically flat and layered structures make
HOPG

a

great

candidate

for

lithography

and

machining

studies

[154,155,160]. Owing to this flat and uniform surface, the roughness over
HOPG is typically low. As a result, the scratches formed over the sample is
V-shaped, as reported by Hassani et al. [161]. They applied forces ranging
from 5.5 µN to 50.5 µN and found debris accumulating at the beginning and
end of the scratches as they increased the applied forces. They have
reported that the rate of tip wear with time and number of scratches was
high due to the hard surface of HOPG. Controlled humidity conditions can
improve the removal rate and the surface can be etched electrochemically,
with less applied force.
Electrochemical etching using AFM tip over HOPG surface to obtain
atomic scale machining has been reported by earlier studies [43,162,163].
Kim et. al. [164] showed that cutting is possible only if the tip is negatively
biased, below a threshold. At -10 V, they achieved a depth of 7.9 nm, which
is approximately 23 atomic layers of graphite. They proposed that the
cutting mechanism can be implemented by controlling the etching by
adjusting the field-emission current, originating from the negatively biased
tip. Better etching was obtained above -8 V. In their report, the threshold
voltage for etching increased with increasing scan speed. Hence, scan speed,
loading force and applied bias contribute largely to the material removal
mechanism.
In the case of HOPG, the water is adsorbed over the graphite under
wet conditions, above 15% RH [42,165]. The O- and OH- ions can interact with
the carbon on the HOPG surface and form carbon monoxide (CO) and carbon
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dioxide (CO2), as given by Eq. (4) and Eq. (5), respectively. These gases get
removed from the surface resulting in the material removal mechanism.
𝐶 + 𝑂" → 𝐶𝑂"

(4)

𝐶 + 𝐻" 𝑂 → 𝐶𝑂 + 𝐻"

(5)

Graphene being a widely used material for electronic applications
[166–170], machining HOPG using AFM, could bring about breakthrough
research in atomic-scale device fabrication.
1.3.2.3 Gold
Gold is an important material used as a reference for molecular
electronic studies [23,171]. Most of the theoretical works for developing
atomic-scale electronic components are performed considering gold as the
electrode material [26,153,171–176]. The properties and structures of gold
in different orientations are studied in detail by many researchers both in
ultra-high vacuum (UHV) and electrochemical environments [177]. SPMs have
been used for machining gold nanowires in the earlier years [178,179].
Hence, machining gold in atomic precision can bring about drastic
development in the experimental realities, and in the manufacturing sector.
Li et al. [53] achieved nanochannels and nanopatterns over gold
nanowires manufactured on silicon wafer, with the combination of nano
indenter and AFM. These nanochannels were created using a sharp diamond
tip. No debris was formed after scratching the gold surface. They have
achieved nanochannels of length 170 nm and a depth of 5 nm. Also, they
have shown that complex patterns can be obtained over Au combining
nanoindentation and nanochannel formation. Similar grooves are achieved
by Fang et al. [52] by scratching the gold and platinum surfaces with a
diamond AFM tip in ambient air condition. In the mentioned research, no
voltage was applied to the AFM tip and the sample, instead, they have
applied different loads to achieve different depths, hence it is a mechanical
method of material removal.
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AFM-based machining research on gold is lacking at this stage. Most
of the published studies are related with the fabrication of gold nanowires.
Even though etching on gold within nano shaved self-assembled monolayers
with the aid of AFM has been reported [180], an AFM-based etching
methodology on gold is lacking and is an open field of research.

1.3.3 Research trends in AFM-based ACSM
With more improved technology, researchers are on the verge of
making a breakthrough by enabling a mass production of atomic scale
devices. The next generation of manufacturing is known as Manufacturing
III, which is in the atomic-scale [1,181]. Currently, molecular dynamic (MD)
simulations are the best suited for studying the possibilities of material
removal mechanism [182–186]. These simulations help to visually analyse the
interactions occurring at atomic scale. Once the fundamentals are developed
and properly simulated, experimental realities are possible, which can
eventually lead to the fabrication and integration of these devices in the IC
chips.
The advanced AFM based manufacturing is performed with the help of
artificial intelligence (AI) technology [187]. Machine learning can bring about
drastic innovations since automation is a key factor in achieving fabrication
with atomic precision. The researchers have achieved mechanical material
removal over silicon down to a removal thickness of merely 1.4 ± 0.3 Å, which
is very close to a single layer of monocrystalline silicon [5]. However, a
consistent and stable removal has not yet been achieved. Apart from that,
the formation of oxide deposits can be considered a possibility in controlling
the depth of silicon removal.
From the literature review, many factors such as voltage, scratching
speed and so on can influence this deposition. Finding optimal parameters
to remove the thinnest possible layers should be explored further. The tip
material can also be selected appropriately to achieve maximum removal
with less wear. Currently, diamond tips are the most favoured as it is much
harder than the other materials. To solve the high cost problem, diamond-
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like carbon (DLC) coated tips are also successively used, which are almost as
hard as diamond but less expensive due to their larger tip size. In addition,
metal-doped tips are also used, which are cheap and durable for the
academic research purposes.
For the future works based on electrochemical AFM based etching,
conductive tips are best suited as they require a strong electric field to
overcome the activation energy needed for the oxidation reactions to take
place. Silicon probes with platinum-iridium (PtIr5) coating are commonly
used for this purpose. The theoretical thickness of a monolayer of Si(100) is
~1.36 Å [5]. Likewise, a single layer of HOPG corresponds to 3.40 Å [163].
These should be the target layer thickness to achieve ACSM on these
materials. Table 3 shows a summary of etched depth achieved, including the
major parameters used by different researchers to achieve ACSM on silicon,
HOPG and SiC. From the table, it is evident that p-type Si(100) is mostly used
as the substrate for the experiments. Also, diamond tips are the most
favoured for mechanical scratching due to its hardness, durability and less
tip wear. The minimum layer removed on silicon was claimed to be 0.14 nm,
which is almost close to a monolayer thickness. The force applied depends
mostly on the tip used. For diamond and DLC coated tips, higher forces are
required ranging from ~10 - 160 µN. However, low forces are enough for
metal coated tips. NC-AFM also find its application in ACSM of ~0.3 nm
material removal. Hence, according to the studies so far, silicon and siliconlike materials can be machined efficiently by using hard tip such as diamond
with higher loading force, voltage ranging from 1 to 10 V and by providing
RH ranging between 50% and 80%.
In the case of HOPG, due to its soft surface compared to silicon,
diamond tip can be replaced with metal coated tips such as Pt/Ir, Cr/Au or
TiN. Experiments can be performed in room conditions, however, a humid
environment with humidity ranging between 30% and 60% are optimal. Apart
from that, less loading force ranging between 0.1 µN and 1 µN are mostly
sufficient to scratch the HOPG surface. Further research is yet to be
conducted over SiC and Au, however, from the research carried out so far,
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Pt coated tips with applied bias between 6 V and 13 V and a humidity
condition ranging between 20% and ~50% can be used for machining SiC.
Table 3: Summary of material removal and the etched depths achieved so
far on Si, Au, HOPG and SiC.
Substrate

Tip

Biasa

Loading

EDb

(V)

Force

(nm)

RHc

Ref.

(µN)
P-type Si(100)

DLC

Bare Si surface Diamond
Si(100)

Diamond

-

10 – 20

0.68 –

Room [142]

3.35

cond.

31.11–

6.09 –

Room [188]

155.55

36.1

cond.

10 – 110

18

Room [189]

coated tip
p-type Si(110)

Single crystal

cond.
-

2.80

5.1

diamond tip
p-type Si(100)

NSC18/Ti-Pt

Room [190]
cond.

8

coated probe

NCc (0.1

0.3

and 0.2

70 –

[191]

75%

µm gap)
Boron doped

Au coated

p-type (100)

and Cr/Pt

Silicon on

coated tips

8–9

0.1 – 0.2 44.71

50 –

N

80%

[192]

insulator
wafer
Boron doped

Pt/Ti coated

p-type Si(100)

Si probe

Si(100)

Silica

0–2

2

0.8

In DI

[115]

water
-

0.3

0.14

microsphere

75% ± [5]
2%

probe
HOPG

Cr/Au coated
Si tip

10

0.8

0.34

Room [163]
cond.
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Substrate

Tip

Biasa

Loading

EDb

(V)

Force

(nm)

RHc

Ref.

(µN)
HOPG

NSC21/Ti-Pt

0–10

-

17.5

30%

[43]

0–12

0.25

1.5

30 –

[193]

tip
HOPG

Pt/Ir coated
Si tip

HOPG

SCM-PIT

50%
8

15

15

58%

[41]

50 –

[162]

(Pt/Ir) tip
HOPG

Conductive

0–10

0.1 – 0.2 0.9

TiN coated Si

55%

probe
HOPG

Conductive

8

-

0.576

60%

[42]

cAFM tip

0–10

-

1. 2

35%

[50]

Pt/Ir coated

6–10

0.1

-

40%

[51]

5–13

-

3

20 –

[194]

Rh coated
Epitaxial
graphene on
SiC
4H-SiC

conductive Si
6H-SiC (0001)

Pt coated
probe

a.

The tip is grounded and the sample is given positive bias

b.

Etched depth

c.

Relative humidity

45%

NC – Non Contact
(-) Information not available from the manuscript.

1.4 Objectives
There should be a clear understanding of the different problems
stated above to fabricate a stable and robust molecular device. The
structures should be fabricated and materials should be removed in a
controlled manner. This should be made possible by removing materials,
atom by atom and manipulating the atomic positions using specific methods.
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The ultimate goal is to experimentally verify the transistor actions through
molecular devices. In this thesis, theoretical simulations are performed, so
that, a single atomic protrusion is created for the molecules to get attached.
In reality, this might be very difficult to achieve. Hence, fundamental studies
are performed to remove a single atomic layer from the substrates. This can
eventually reach the milestone of attaining a single atomic protrusion on the
surface. The schematics of how to obtain this is given in Figure 10. The AFM
tip can be used to scratch the surface with the optimized parameters
obtained through the studies. The scratching can be either in the direction
shown or any direction depending on user specification. The tip can be
scratched through 1 and 2 pathways as in the figure to remove adjacent
atomic layers leaving behind a middle line. This middle portion can be
further scratched in two steps, i.e. pathway 1a and 1b. This will leave a
single atom at the centre of the machined area, as shown in Figure 10 (b)
and (c). Once this is achieved, considering AFM tip and the single atomic
protrusion as anchors on both sides (source and drain), a molecule can be
attached, as shown in Figure 10 (d). The I-V characteristics and other
transistor actions can then be studied properly.

a)

b)
AFM tip
Scratching direction
1
1b
2

1a
Substrate

c)

Substrate

d)

AFM tip

Single atomic protrusion

Molecule
Substrate

Substrate

Single atomic layer
material removal

Figure 10: The future methods to incorporate a molecule between the
electrode leads to study transistor actions.
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However, further research should be conducted in order to achieve
this flawlessly. Different parameters such as chip formation, elastic and
plastic deformations, and damage to the underlying layers should be
addressed. For the fabrication of these prototypes, the following objectives
of this thesis could form a backbone:
1) Orientational studies on inorganic molecules: These studies are
performed to understand the effects of orientation of molecules
incorporated in a molecular device. Redox-active inorganic
molecules such as POMs can store charges and could be used as
electronic transport pathways.
2) Positioning and orientation of self-assembling organic molecules:
This study can give more insights into the effects of orientations
in organic molecules such as Pc and Pr.
3) Bonding interactions at the molecular junction: This study gives a
detailed information on how bonding interaction affects the
electronic transport properties.
4) Fundamental experimental studies on atomic scale material
removal: Different lines and patterns are formed over the
substates by scratching with AFM tips to identify how material
removal is possible close to single atomic layer.
5) Application of mechanical AFM-based machining: To apply
mechanical force over the substrate under different humidity
conditions, and with and without applied tip bias.
6) Application of electrochemical AFM-based machining: To identify
the effects of controlled humidity and voltage conditions for
surface fabrication over the substrates.
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Chapter 2. Dependence of molecular orientation on
electronic transport across molecular junction
2.1

Polyoxometalates
In recent years, interest in electronic, magnetic and optical structures

and devices based on inorganic, organic, hybrid and nano-materials has
increased significantly. POMs are molecules that contain metal and oxygen
atoms. The metal here represents the early transition metals such as
Vanadium (V), Niobium (Nb), Tantalum (Ta), Molybdenum (Mo) and Tungsten
(W) at their highest oxidation states [195]. Among the existing several
structures, Wells-Dawson anion ([X2M18O62]q-) has been selected for the
studies included in this thesis. The ‘M’ here represents one of the transition
metals as mentioned above and ‘X’ represents heteroatoms such as
Phosphorous (P), Arsenic (As), Silicon (Si), Germanium (Ge) or Sulphur (S).
These molecular clusters could be used to develop new types of data storage
devices [85], such as in flash memory cells [196,197], due to their
capabilities to accept and release electrons without altering their structural
orientation [198–200], and various other applications [104]. This could offer
several important advantages over the conventional polysilicon floating gate
flash cells.
Thousands of compounds fall under the POM category but as
mentioned, different structures can be derived from the basic structures
such as Keggin and Dawson anions. This can be done by removing atoms from
the POM cages and replacing or filling them with other linker atoms. POM
structures can be classified under three subsets namely heteropolyanions,
isopolyanions and molybdenum blue and molybdenum brown reduced POM
clusters as shown in Figure 11 [201].
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Figure 11: The classification of polyoxometalate subsets. Reproduced from
[201]. Copyright Wiley Online Library.
Heteropolyanions have heteroanions such as SO42- and PO43- and could
be used for a variety of researches including catalytic properties of POMs
and Tungsten-based POM studies. Isopolyanions consist of only the outer
framework of metal oxide, but they lack the heteroatoms inside the casket.
Due to the absence of internal heteroanions, isopolyanions are unstable. The
last category, molybdenum blue and molybdenum brown reduced POM
clusters have a ring like topography having applications in nanoscience.
Among the mentioned categories, heteropolyanions are of interest for this
thesis, giving emphasis to Wells-Dawson anion, since they are the most
studied POM clusters and have more applications in developing atomic scale
devices.
Functional POMs can be synthesized by encapsulating redox-active
templates such as sulphites, inside the POM cage. Because of the redoxactive nature, electronic transport takes place within the POM cluster. When
there is thermal excitation, two electrons in the active sulphite anions get
ejected and delocalise themselves within the cluster. This process switches
the POM cluster from a fully oxidised state to a two-electron reduced stage,
as shown in Figure 12 [201]. This capabilities of POM clusters enable them to
reversibly interconvert between two electronic states [202]. As a result, S-S
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bond is formed and it can have transistor applications. This is because when
the POM cluster is placed in an electric field, redox reaction takes place
within the POM cluster and electronic transport occurs. This allows for the
switching of electronic states from the oxidised to the mixed-valence
reduced state [203,204].

Figure 12: Transition of POM cluster from fully oxidised state to a twoelectron reduced stage. a) Left: The representation of two SO32- inside the
ellipse. Right: The [Mo18O54(SO3)2]n- framework (Blue: Molybdenum, Grey:
Oxygen, Yellow: Sulphur), b) Left: The beginning stage of the fully oxidised
cluster. Right: The reduced state, where the electrons escape from the
sulphur atoms to the POM cage, forming S-S single bond, c) Transition state
where two electrons form S-S single bond and two free electrons reducing
the cluster cell. Reproduced from [201]. Copyright Wiley Online Library.
Wells-Dawson anion has cylindrical (classic Wells-Dawson cluster), as
well as hourglass shaped (non-classic Wells-Dawson cluster) structures.
These structures have different properties and could behave differently with
regard of the electronic transport. These molecules are very well suited for
charge storage purposes and in non-volatile molecular memories [85]. The
cylindrical and hourglass shapes of the Wells-Dawson POM molecular cluster
is given in Figure 13. The figure also shows a pictorial representation of the
distribution of POM layer over SiO2.
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a)

b)

Figure 13: Wells-Dawson POM clusters. a) The cylindrical and hourglass
shapes of POMs, b) Pictorial representation of POMs layer over SiO2.
Reproduced from [85]. Copyright Chemistry Europe.
The electronic structure of the Wells-Dawson POM shows a deeper
insight into the LUMO and HOMO, and helps in determining the electron
transport properties. Previous studies have shown that the rearrangement of
charge can be brought about by placing the POM cluster on gold substrate
[202]. This is because of the mirror charges below the surface that attract
the electron density towards the conduction band due to the electric field
gradient [85]. The detailed distribution of HOMO and LUMO of both
cylindrical and hourglass shaped POMs are given in Figure 14 [85]. From the
figure, the HOMO of the cylindrical cluster is delocalised mainly over the
oxygen atom whereas, in hourglass cluster, the HOMO is mainly distributed
over the central heteroanions. In the case of LUMO, in both clusters, it is
delocalised along the metal centres. The HLG of the cylindrical cluster is
found to be 2.27 eV whereas the hourglass cluster is found to be 1.87 eV.
The polyhedral representations of both clusters are also shown where the
red and blue depicts the cap, the green and purple shows the belt. The cap
is the polar region and the belt is the equatorial region of the POM cluster.
A detailed explanation of these regions and the orbital energies are given in
ref. [85].
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a)

b)

Figure 14: The polyhedral representation and HOMO and LUMO of WellsDawson POM cluster. a) The Polyhedron representation of cylindrical and
hourglass structures showing the cap and belt, b) The classic and non-classic
Wells Dawson POM cluster with their LUMO and HOMO representations.
Reproduced from [85]. Copyright Chemistry Europe.
In this chapter, a correlation between the current flow and the
position of POMs when they are placed between two electrodes are explored.
Here, the influence of molecular contact over the electronic transport
through the junction is studied. Figure 15 shows the non-classic WellsDawson type of POM used in this study. The HOMO and the LUMO electronic
levels in this figure are based on the density functional theory (DFT)
simulations of the molecule. From the symmetry of the levels it is clear that
MOs are delocalised along the outer shell of the molecule. Moreover, the
HOMO and LUMO orbitals are constructed from the d-type atomic orbitals
that come from the W atoms. Here, the HLG is found to be 2.09 eV and is in
close agreement with the previously reported simulations [85], i.e., 1.87 eV.
The mentioned POM cluster can be synthesised from elementary metal oxide
(MOx) molecules by self-assembly to form an elliptical shell of about 1.2 nm
in length (here, M is W and X is 4). The shell has a cavity that can
accommodate two anions in an intermediate oxidation state, here [SIVO3]2-,
making them highly redox active [205]. Redox-active molecules can store a
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multiple number of electrons making them very attractive candidates for a
novel class of molecular devices for low-power, high-density and highreliability non-volatile memory applications [196].

Figure 15: The non-classical Wells Dawson molecular structure with the
HOMO-LUMO gap simulated in Quantumwise ATK software.

2.2

Phthalocyanines and porphyrins
Pc and Pr have different applications including electronic transport

[172], optical storage data capabilities [206–209], pigmentations [210,211],
molecular switching [212–216] and catalytic properties. These applications
make them best suited for fabrication of molecular devices such as molecular
transistors and molecular capacitors. The charge storing and the selfassembling nature of these molecules can be used to create molecular
memories [67,217].
Pc has four isoindole units linked together in a large ring. These
isoindole groups are connected together by an inner porphyrazine ring, as
shown in Figure 16 (a). The phenyl and pyrrole ring form the isoindole unit.
Due to the absence of phenyl unit, Pr has only the pyrrole rings, as shown in
Figure 16 (b). The major difference here is the absence of porphyrazine in
Pr, where the meso-nitrogen atoms are replaced with the meso-carbon
atoms. These connections give them the cross-like structure [218]. Pc and
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Pr exhibit D2h symmetry. Because of the enhanced π bonds in these
molecules, electronic conduction through them are highly facilitated [67].
Hence they are well suited for molecular electronic applications, particularly
for information storage and other useful electrochemical properties with
various applications [219,220]. Also, Liu et al. [69] have demonstrated the
possibility of Pr-based molecules attached to a Si(100) substrate exhibiting
a redox reaction, resulting in storage functions.
a)

b)

Figure 16: The structure of phthalocyanine and porphyrin. a) The structure
of phthalocyanines depicting the porphyrazine, phenyl, pyrrole and isoindole
units, b) Porphyrin molecule with the tetrapyrrole macrocycle unit.

2.3

Theoretical background

2.3.1 Density functional theory
DFT is an important modelling method to understand the properties
of a collection of atoms. For a fundamental understanding of atomic
behaviour, it is necessary to determine their energy states and the changes
happening to them while the electrons around the nucleus shift their
positions. Since the electrons are lighter compared to the nucleus of an
atom, it is considered that the nucleus is having a fixed position whereas the
electrons move away from it. Hence if N is the nucleus and is considered to
be in a fixed position, then electrons in the positions associated with it, (R1,
R2,…, RN), can be used to determine the energy of the atom. That means,
the energy, E, will depend on the positions of the electrons which can be
given as 𝐸(R1,R2,…, RN). The energy here is the lowest possible energy states
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the electrons can exist, i.e., the ground state. The energy function given
here is the adiabatic potential energy surface of the atoms. This potential
energy gives the idea of energy change of the material undergoing atomic
movements.
As it is familiar that finding the position of electrons is all about
probabilities, we use Schrodinger’s wave equation, which, in simple form,
can be given as:
𝐸(Y) = 𝐻(Y)

(6)

where, Y is the wavefunction associated with the electrons and the 𝐻 is the
Hamiltonian. In the earlier times, the energy states of electrons were found
out by merely finding an approximate solution for the Schrodinger’s
equation. This caused many difficulties and was time consuming to solve
many problems. Hence a new model considering the density of the electrons
were proposed by Hohenberg and Kohn. The entire theory given below is
based on the Hohenberg-Kohn and Kohn-Sham formalisms. Although
different literatures claim the explanation of the DFT theorem, the following
explanations and equations are taken from [221].
If there are M interacting electrons in a system, the ground state of
those electrons can be described by its Hamiltonian, as given below:
? = 𝑇@ + 𝑉@ + 𝑉B
𝐻
%%

(7)

where, 𝑇@ is the kinetic energy operator, 𝑉@ is the potential energy operator
and 𝑉B
%% is the interaction energy operator.
The Hohenberg-Kohn theorem states that the potential, 𝑣(𝑟) , in
which the electrons move around and all the physical properties of the
interacting electrons can be determined by the electron density, 𝑛(𝑟), of
the system containing those electrons. The ground state energy, 𝐸& , of the
system can be found out from the ground state electron density, 𝑛& (𝑟),
𝐸& = 𝐸'! (𝑛& )

(8)
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where 𝑣) is the potential characterised by the system. For all the other
densities, 𝑛(𝑟), other than the ground state, the energy of the system will
be higher than the ground state energy with ground state density, which
brings to the following inequality,
𝐸& = 𝐸'! (𝑛& ) < 𝐸'! (𝑛)

(9)

The theorem also states that the energy functional, 𝐸'! (𝑛) , can be
calculated using a functional 𝐹(𝑛), such that it can be written as:
𝐸'! (𝑛) = 𝐹(𝑛) + & 𝑑 * 𝑟 𝑣) (𝑟) 𝑛(𝑟)

(10)

where 𝐹(𝑛) is independent of 𝑣) (𝑟), i.e., it is universal and has the same
functional form for all the systems. 𝐹(𝑛) can be given as:
𝐹(𝑛) = 𝑇(𝑛) + 𝑉%% (𝑛)

(11)

From Hohenberg-Kohn theorem, the ground state density of the system that
corresponds to the external potential of the system can be determined using
Euler’s equation,
𝛿𝐸+ (𝑛) 𝛿𝐹(𝑛)
=
+ 𝑣(𝑟) = 0
𝛿𝑛(𝑟)
𝛿𝑛(𝑟)

(12)

However, this equation is rarely used because the accuracy of 𝐹(𝑛) is limited
in practical situations. Hence, Kohn-Sham equation could be used to find the
density, which appears like a single particle Schrodinger equation:
∇"
J− + 𝑣, (𝑟)L 𝜓- (𝑟) = 𝜀- 𝜓- (𝑟)
2

(13)

The N single particle orbitals in the ground state corresponds to its Slater
determinant and the density can be calculated from the determinant,
)..

(14)

𝑛(𝑟) = N | 𝜓- (𝑟)|"
-
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With different positions of the electrons, the single particle potential, 𝑣! (𝑟),
should be constricted so that the density of both interacting and noninteracting systems should be equal. This is the sole purpose of Kohn-Sham
principle. As discussed earlier, the Hohenberg-Kohn functional, 𝐹(𝑛), can be
partitioned into the following:
𝐹(𝑛) = 𝑇, (𝑛) + 𝑈(𝑛) + 𝐸/0 (𝑛)

(15)

where, 𝑇, (𝑛) is the kinetic energy of the noninteracting system, 𝑈(𝑛) is the
electrostatic energy of the charge distribution 𝑛(𝑟) and 𝐸/0 (𝑛) is the
exchange-correlation (XC) energy.
From above equation, the XC function can be written as:
𝐸/0 (𝑛) = 𝑇(𝑛) + 𝑉%% (𝑛) − 𝑈(𝑛) − 𝑇, (𝑛)

(16)

By deriving the Kohn-Sham equation given above, we get the effective
potential as:
𝑛(𝑟 1 )
𝑣, (𝑛)(𝑟) = 𝑣(𝑟) + & 𝑑 𝑟
+ 𝑣/0 (𝑛)(𝑟)
|𝑟 − 𝑟 1 |
* 1

(17)

where 𝑣/0 is the XC potential and is given by,
𝑣/0 (𝑛)(𝑟) =

𝜕𝐸/0 (𝑛)
𝜕𝑛(𝑟)

(18)

Hence the electronic properties of a system can be determined using the
density of the system and using different approximations and XC energies.
In the XC functions, different approximations are used to perform the
calculations, such as local density approximation (LDA) and generalised
gradient approximation (GGA). Approximating values are difficult. If the
approximation is bad, the whole calculation could go wrong. Hence,
determining a close approximation is vital in understanding the electronic
structure and properties of a system. The simplest of all approximations and
was once widely used is LDA. Here, 𝐸/0 is given as,
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234 (𝑛)
𝐸/0

= &𝑑

*

67-8
𝑟𝑛(𝑟)𝑒5. (𝑛(𝑟))

(19)

67-8

where 𝑒5. (𝑛) is the XC energy per particle of an electron gas with spatially
uniform density n. Since LDA is not so efficient with the real electronic
systems, another more accurate approximation, GGA was proposed. Here,
the 𝐸/0 for spin-unpolarized system is given by,
994 (𝑛)
𝐸/0
= & 𝑑 * 𝑟𝑓(𝑛(𝑟), ∇𝑛(𝑟))

(20)

The major difference between LDA and GGA is the input functions. In LDA,
67-8

the 𝑒5. is unique while in the case of GGA, the function, 𝑓, has different
forms, such that different known properties of the functionals are
incorporated to the system. This makes the calculations more accurate and
less expensive. GGA is used for all theoretical calculations in this thesis.

2.3.2 Non-equilibrium Green’s function
Non-equilibrium Green’s Function (NEGF) can be used for modelling
the transport properties across a molecular junction. For the electronic
transport, a voltage should be provided at the drain electrode. For a threeterminal device, voltage at the gate controls the current flow across the
junction. When the voltage is provided, there would be a difference in the
potentials on both sides and electrons start to flow from the source to drain.
This can be solved by using transport equations, which can then be used to
calculate the electron density and current due to the potential difference
[222]. When the electrons start to flow from the electrodes, coherent
scattering takes place, and this can be modelled using software. This
transport properties are modelled using SCM DFTB [223]. From this software,
it is possible to calculate the transmission function, 𝑇(𝐸), which gives the
number of electrons with energy, 𝐸, transferred across the junction filtering
through the scattering region. The current across the junction can be
calculated using the Landauer-Buttiker formula, as given in Eq. (1). As
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mentioned above, the transmission function can be found out from the
Green’s function, 𝐺(𝐸), which is given as,
𝐺(𝐸) = 𝐼[𝐸𝑆 − 𝐻]#!

(21)

where 𝐼 is the identity matrix, 𝑆 is the overlap matrix, 𝐸 is the energy and
𝐻 is the Hamiltonian of the system which is developed from the left/right
electrode and the central cluster, here, the molecule. The electrodes are
considered as semi-infinite and can be included in the Hamiltonian by taking
their self-energies, Σ, into consideration. The Hamiltonian, H, is given as,

𝐻2 + Σ2
𝐻 = T 𝐻2:
0

𝐻2:
𝐻:
𝐻;:

0
𝐻;: U
𝐻; + Σ;

(22)

where 𝐻2 , 𝐻; and 𝐻: represent the Hamiltonians of the left electrode, right
electrode and the molecule respectively, Σ2/; represent the self-energies of
left and right electrodes respectively. 𝐻2: and 𝐻;: are the Hamiltonians of
the left and right contacts with the molecule respectively.
Once the Green’s function is calculated using the above equations,
transmission function is found out by taking the trace of 𝐺(𝐸) and the
broadening matrices of two electrodes, Γ2 and Γ; , which can be given as,
𝑇(𝐸) = 𝑇𝑟[𝐺(𝐸)Γ; (𝐸)𝐺(𝐸)Γ2 (𝐸)]

(23)

where the broadening matrices, which are the anti-Hermitian part of the
self-energies [224], are given by,
Γ2 (𝐸) = −2ℑΣ2 (𝐸)

Γ; (𝐸) = −2ℑΣ; (𝐸)

(24)

(25)

where ℑ is the imaginary part.

41

2.3.3 Potential energy surface studies
In the potential energy surface (PES) calculations, the PES along a
single or multiple degrees of freedom is scanned. At the same time, the
other degrees of freedoms are relaxed. The atoms to be displaced from the
initial to the final positions are selected and the molecular structure
undergoes various frames of optimisations and the corresponding potential
energies are plotted, along with the saddle points. Finally, the minimum
state is achieved, where the tautomerized structure could be obtained. The
principle of the PES scans performed is briefed in Figure 17.

Figure 17: Potential energy surface scan methodology. The transition from
the initially optimized structure to the tautomerized structure. The
molecule shown here is porphyrin.
In Figure 17, the initial structure is subjected to a geometric
optimization, reaching a saddle point, followed by an intermediate state,
which again undergoes a series of optimisations and attain a global minimum
[223]. The research on relative orientations of planar gold clusters between
aluminium electrodes,[225] orientation of Pc over polycrystalline substrates
[226], are already being conducted. However, the transport properties of
these molecules having two orientations analysed by PES scans are lacking,
which provides the motivation for the study given in Chapter 2.2. Two
orientations of Pc and Pr, following their PES scans are studied
systematically. The first orientation is the normally optimised structure
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using ab-initio simulations involving the DFT calculations and the second
orientation is the tautomerized structure of these molecules. The PES is a
potential function for the atomic and molecular collisions as a function of
internuclear coordinates. This can be used to realise the reactivity and
selectivity of a chemical system [227]. In the potential surface plots, there
exist a global minimum, where the reaction can take place through a
minimum energy path, to attain the final geometry or the products. The
highest energy point along this path is the saddle point or named as transition
state.

2.4

Simulation methodology and design
DFT is by far the most widely used simulation method for simulating

the structural, electronic and magnetic properties of a molecule. In work
related to POMs, all calculations are carried out using the DFT and NEGF
methods implemented in the Synopsys QuantumWise ATK software [228].
The XC functionals of Becke [229,230] and Perdew [231,232] are used with
GGA. Single- ζ polarisation (SZP) basis sets are used to explain the valence
electrons of W, O and S. The POMs molecular cluster is geometrically
optimised using the same functionals and basis set as mentioned above. To
be able to calculate the current flow through the POM, the molecule is
placed between three layers of two 6x6 bulk gold electrodes on either end
of the molecule. The gold leads are cleaved in the (111) surface. For cleaving
the gold, miller indices h=1, k=1, l=1 were provided. To visually understand
the input structure of the gold slab, the three layers are represented in the
fcc stacking sequence. Using bulk tools in the software, the structure is
repeated 3x3x2 times to make a large enough structure comparable to the
size of POM cluster. To place the molecule between the gold slabs, a vacuum
is created by deleting individual atoms. After that, three atoms in the form
of a triangle from the centre of each slabs are selected and the middle atom
is pulled outwards to form the single atomic protrusion. Since the model size
is large and needs higher computational time, the far atoms of the gold slab
from the molecular cluster are fixed and the neighbouring atoms are taken
into consideration for the electronic transport studies. The distance between
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the terminal gold surface and the POM molecule is 1.8 Å and the Au-Au bond
length is 2.9 Å. This distance is maintained to have consistent result and to
avoid any overlapping errors.
In the work related to Pc and Pr molecules, all calculations, except
the HOMO and LUMO calculations, were performed by ADF molecular
modelling suit programme using the BAND [233], and DFTB [223] platforms.
Since HOMO-LUMO representations were limited by the BAND and DFTB,
ORCA platform [234] was used to obtain the HOMO and LUMO values of the
molecules. All molecules were optimized before performing the calculations.
Relativistic corrections were included by means of zeroth-order regular
approximation (ZORA) formalism.[85] The XC functional of Perdew [231,232]
and Becke [229,230] were used. Triple- ζ polarization (TZP) basis sets were
used to describe the valence electrons of carbon, hydrogen, sulphur and
nitrogen. To understand the transition states of Pc and Pr by tautomeric
effect, PES scans were performed for both molecules. The same scans were
performed also for the Pc and Pr molecules with thiol linkers attached to the
terminal carbon atoms on opposite sides. For the PES scans, the inner
hydrogens and nitrogens of Pc and Pr molecules were chosen for the
tautomerisation, details of which are given in the next section. In order to
perform the global optimisations, the scanning coordinates in the software
were set into 1, so that, both coordinates of the two inner hydrogens and
nitrogens would be scanned independently and a better optimisation could
be obtained. For the NEGF calculations, the molecules were placed between
6 x 6 gold cleaved at (111) plane, by providing a single point contact between
the terminal atom and the electrode. The calculations employed were
performed using SCM DFTB platform incorporating QUASINANO2013.1
parameter directory [235]. Distance between terminal hydrogens and
substrate atom was set to 1.980 Å for the molecules without thiol linkers,
while for the molecules with thiol linkers, the distance between the terminal
sulphur atom and the gold atom of the substrate was set to 2.611 Å, to avoid
overlapping errors. These distances are chosen by trial and error method.
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Even if other distances are selected, the overall result would remain the
same.

2.5

Results and discussions

2.5.1 Orientation effects of POM molecular cluster
Two possible configurations of the molecule to be connected to the
metal electrodes are investigated. These orientations are relative to the
positions of the electrodes. Here, the electrodes are built in such a way that
a single protrusion is provided along its horizontal axis. Figure 18 shows the
two possible geometrical configurations that are considered in this work –
longitudinal and lateral. When the axis passes into the POM cluster through
the equatorial region (or belt), the orientation is longitudinal and when it
passes through the polar region (or cap), it is the lateral orientation. For the
ease of explanation, the longitudinal orientation is mentioned as vertical and
the lateral as horizontal orientation. The POM molecule is incorporated
between two 6 x 6 layers of gold electrodes, both in their vertical and
horizontal configurations as shown in Figure 18.
a)

b)

Figure 18: The device configurations of gold-POM-gold molecular junction.
a) The vertical configuration of Well-Dawson POM cluster and b) Horizontal
configuration connected to 6 x 6 gold slabs.
Based on the DFT and NEGF simulations, it is possible to obtain a
transmission spectrum that provides information about electronic transport
across the molecular junction. Figure 19 presents transmission spectra of
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both configurations (horizontal and vertical) at zero drain bias (VD = 0V). The
figure also shows the MOs that correspond to the first peaks below the Fermi
Level. Those are the HOMO levels for each configuration. From the figure, it
is clear that the transmission spectra for both configurations are very
different and the vertical system has more and higher transmission peaks
(both HOMO and LUMO), in comparison to the horizontal one. Also, the MOs
(HOMO) in Figure 19 have slightly different and distorted symmetry in
comparison to the HOMO and LUMO levels for the molecular structure as
presented in Figure 15. For example, the HOMO levels in Figure 19 are
significantly less delocalised in comparison to the HOMO in Figure 15 and the
main electron density is concentrated in the middle W atoms. There is also
absence of electron density at the oxygen atoms which connect the molecule
to the Au leads. This shows the orientation effects of POM molecule when
placed between the substrate. The MOs get adjusted according to the Fermi

Energy (eV)

levels of the gold electrons and the molecule.

Transmission T(E)
Figure 19: The transmission spectra of horizontal and vertical configurations
of POMs. VD = 0.0 V.
Transmission peaks represent the electron density passed through the
junction. Sometimes, the transmission peaks are higher than 1, which is
because of the multiple pathways formed, through which the electrons pass
from left to right side of the electrode-molecule junction. Since higher peaks
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represent the passage of more electrons, it should be proportional to the
current conduction taking place across the junction. In the DFT-NEFG
simulations, the transmission spectra are directly proportional to the
current. As mentioned before, the current flow through the molecule is
calculated by using the Landauer-Buttiker formula, as given in Eq. (1).
Hence, the current is directly proportional to T(E), where higher
transmission means higher current.
Figure 20 shows the current-voltage (I-V) characteristics for both POM
configurations. The current for the vertical configuration is higher than the
horizontal configuration. This is due to the fact that the current is directly
proportional to the area under the peaks in the transmission spectra. The
vertical system has more and higher peaks, which leads to a higher area
under the curve, in comparison to the horizontal system.

Figure 20: I-V characteristics of vertical and horizontal configurations,
showing higher current transmission for vertical configuration.
Another characterisation which can be obtained from the simulation
is the conductance. Figure 21 reveals that the conductance for the vertical
device is higher in comparison to the data for the horizontal device. This is
consistent with the results for the I-V curves presented in Figure 20. The
energy window representing from 3 eV to -3 eV gives the details of
transmission spectra and the conductance analysis. As mentioned earlier,
the area under the conductance curves is directly proportional to the current
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flowing through the system. As a result, better current conduction can be
obtained while placing the POM cluster in its vertical orientation. The curves
vary in accordance with different drain voltages applied. This can give
further information on the current conduction happening under bias

Energy
Energy(eV)
(eV)

conditions.

Conductance,
G (S)
Conductance,
G (S)
Figure 21: Conductance graph of vertical and horizontal configuration.
Figure 22 shows the conductance for both types of configurations at
four different drain biases (0.0V, 0.5V, 1V and 2V). From the figure, it can
be pointed out that the conductance for both devices is different. Below the
Fermi levels, which is a position at 0 eV (which is the HOMO), the
conductance for the horizontal configuration is higher in comparison to the
vertical set-up. However, for energies above the 0.0 eV (LUMO), the vertical
set-up has higher configuration in comparison to the horizontal device.
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Energy
(eV)
Energy (eV)

Conductance,
Conductance,GG (S)
(S)
Figure 22: Conductance graph of horizontal and vertical configurations for
different drain voltages ranging from 0 V to 2 V. VDH – Horizontal; VDV –
Vertical.
The conductance peak higher in the LUMO region is a better criteria
for a robust and stable electronic transport. This is because the electrons
should jump from the HOMO region to the LUMO region for the electrons to
absorb and release energies. The electrons are taken by the LUMO region
when the energy of these regions are low for the electrons to pass through
the energy barrier.
Figure 23 shows the transmission and the conductance at different
drain biases for the vertical configurations. From the figure, it can be seen
that the conductance and transmission peaks are very well defined in the
HOMO and LUMO regions. Also, the LUMO region is well defined in this
configuration. Another important information to be deduced from the figure
is that both conductance and transmission curves differ while applying
different bias conditions. Figure 23 (a) and (b) show almost similar peaks for
both HOMO and LUMO while Figure 23 (c) and (d) show lower peaks. This
gives information on controlling the current flow with higher bias conditions.
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a)

b)

c)

d)

Figure 23: The conductance and transmission curves for the vertical
configuration under different drain voltage. a) VD = 0.0 V, b) VD = 0.5 V, c)
VD = 1.0 V, d) VD = 2.0 V.
Figure 24 shows the conductance and transmission graphs of the
horizontal configuration of POM molecule between the gold substrate. It is
very well evident that the conductance and transmission peaks are very low
when compared with those of the vertical configuration.
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a)

b)

c)

d)

Figure 24: Conductance and transmission curves for the horizontal
configuration under different drain voltages. a) VD = 0.0 V, b) VD = 0.5 V, c)
VD = 1.0 V, d) VD = 2.0 V.
Apart from that, the peaks in the LUMO region is shorter compared to
the HOMO region. This shows that the electronic conduction is not well
defined in the horizontal configuration. As mentioned, the peaks vary
drastically with different bias conditions. The above inferences show that
the electronic transport is consistent and stable for the vertical
configuration but it is unstable and very low in the horizontal configuration.
From Figure 23 and Figure 24, it can be concluded that overall, the
conductance and the transmission for the vertical configuration are higher
in comparison to the horizontal system. Also, the peaks for the transmission
and the conductance show a very similar profile, where the peaks at the
transmission are at the same energies with the peaks at the conductance.
Hence, higher transmission means higher conductance and, hence, higher
current at this energy level.
When different drain voltages are applied, the transmission spectra
and the distribution of MOs show similar or different patterns, depending on
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the configurations. To understand the attachment of the molecule and the
substrate, MO analysis is performed. For that, the vertical configuration of
the POM molecule is selected, which is because from the previous results, it
is evident that the transmission and the current conduction is higher in the
vertical orientation of the POM molecule. The Fermi energy level for Au(111)
gold bulk is kept at -3.45 eV. The work function of the same is reported to
be -5.30 eV for zero bias condition [236]. The chemical potential for the
electrodes are kept as a non-adjustable parameter. The Fermi level of the
right electrodes shifted from -3.45 eV to -3.95 eV for 0.5 V, -4.45 eV for 1.0
V and -5.45 eV for 2.0 V. This proves the passage of current across the
molecular junction. The transmission analysis along with the MOs responsible
for some of the peaks for different drain voltages in the vertical
configuration are shown in Figure 25. From the figure, it can be seen that
the orbitals are almost similar in structure even though they shift their
position for some of the peaks. At the same time, the peaks are different,
say, some are higher peaks and some are lower peaks. The reason for this is
the effective contact between the POM molecule and the electrodes.

VD = 0.5 V

VD = 1.0 V

VD = 2.0 V

Energy (eV)

VD = 0.0 V

Transmission T(E)

Figure 25: Transmission spectra for the vertical configuration during
different drain voltages. Inset figures show the molecular orbitals
responsible for the respective HOMO and LUMO peaks in the spectra.
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Further analyses are performed by plotting the MOs of the scattering
region. To understand the behaviour, MOs of lower and higher transmission
peaks need to be evaluated. Figure 26 (a) and (b) show a closer look at the
lower and higher peaks along with the plots of the MO of the scattering
region respectively. From Figure 26 (a), it can be seen that the MOs in the
scattering regions are changing in shape and the positions are shifting. This
is the reason for the different peaks obtained even when the shapes of MOs
are similar. Again, in Figure 26 (b), it can be seen that the MOs are differing
in shapes in the scattering region.

a)

b)

Figure 26: Magnified figures of a) the lower and b) higher transmission peaks
in the spectra and the corresponding molecular orbitals.
Since the electrons have wave nature, the possibility to find the
electrons in a system falls under a singular point, which could be anywhere
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at any time. Different eigen states provides the information regarding the
transfer of electrons through the system. Likewise, Au-POM junction has
different eigen states and Figure 27 shows the first four eigen states for
different drain voltages of the vertical configuration of POM cluster.
VD = 0.0 V

VD = 1.0 V

VD = 0.5 V

VD = 2.0 V

Figure 27: First four eigen states for each of the drain voltages of the
vertical configuration of POM.
Figure 28 shows the transmission spectra and the MO, where peaks
are linked to the symmetry of the MOs. From the figure, it can be concluded
that each peak corresponds to a different type of delocalised MO. For
example, HOMO is mainly localised in the middle belt created by the W
atoms but HOMO-3 is mainly localised at the drain site. Indeed, the
difference in the symmetry provides different transmission and conductance
values and the peak height. Likewise, the preliminary analysis of POM
molecules when placed between silicon electrodes are given in Appendix C.
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VD = 0.0 V

VD = 0.5 V

VD = 1.0 V

VD = 2.0 V

Energy (eV)

a)
a)

Transmission T(E)

Energy (eV)

b)

Transmission T(E)

Figure 28: The transmission spectra of a) Vertical configuration along with
the MOs of the marked peaks, b) Horizontal configuration with MOs.

2.5.2 Orientational effects of Pc and Pr
The HOMO and LUMO of Pc and Pr are obtained from ORCA [234] which
are given in Figure 29.
a)a)
a)
a)

LUMO
LUMO
LUMO
LUMO

HOMO
HOMO
HOMO
HOMO

LUMO+1
LUMO+1
LUMO+1

HOMO-1
HOMO-1
HOMO-1
HOMO-1

b)
b)
b)
b)

LUMO
LUMO
LUMO
LUMO

HOMO
HOMO
HOMO
HOMO

LUMO+1
LUMO+1
LUMO+1

HOMO-1
HOMO-1
HOMO-1
HOMO-1

Figure 29: The LUMO, HOMO, LUMO+1 and HOMO-1 levels along with the
HOMO-LUMO gap of a) Phthalocyanine and b) Porphyrin.
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The different HOMO and LUMO values along with the HLG are given in
Table 4. From the table, HLG is higher for Pr (1.941 eV) and lower for Pc
(1.399 eV), yet they are comparable with only a difference in 0.542 eV.
Table 4: The HOMO and LUMO levels of different molecules under study
along with their HOMO-LUMO gaps*.
Molecule

HOMO

LUMO HOMO-1 HOMO-2 LUMO+1 LUMO+2 HLG

Phthalocyanine

-5.010

-3.611

-6.128

-6.152

-3.579

-2.164

1.399

Porphyrin

-5.018

-3.077

-5.258

-5.871

-3.072

-1.759

1.941

*

All units are in electron-volt (eV)

The PES scans were performed to show the transition states of Pc and
Pr by the tautomerism of hydrogen atoms. The tautomeric effects of these
two molecules without the thiol linkers are shown in Figure 30. Here, the
inner hydrogens attached to two inner nitrogens are displaced and get
attached to the other two inner nitrogens on the adjacent sides.

a)

b)

Figure 30: The tautomerism process showing the displacement of two inner
hydrogens to different nitrogen atoms of (a) Phthalocyanine and (b)
Porphyrin.
From Table 5, during tautomerism process of the molecules without
thiol linkers, it can be seen that the energy changes take place to reach a
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maximum energy, Emax, optimising the molecule to attain the most stable
form with a minimum energy, Emin.
Table 5: The maximum and minimum energy along with the corresponding
nitrogen to hydrogen distance during the potential energy surface scan of
phthalocyanine and porphyrin without thiol linkers.
Molecules

Emax (eV) H-N positions

H-N initial

Emin (eV)

H-N final

without thiol

distance

distance

linkers

(Å)

(Å)

Phthalocyanine -2192.78

H(58) – N(36)

2.198

-2194.19

1.022

2.304

-1333.00

1.023

H(42) – N(19)
Porphyrin

-1331.49

H(15) – N(20)
H(16) – N(18)

The PES graphs are shown in Figure 31. These graphs show the
energies of the molecular surface and the changes happening when the
displacements of hydrogens take place. With each frame, a particular
change is corresponded in the surface energy. Here, Figure 31 (a) shows the
variation of energy through the molecules when they change the angle to
shift the hydrogen to the respective nitrogen atoms, which gives the
information regarding the transition states by showing the imaginary parts.
This helps to attain a global minimum for the molecules.
From Table 5 and Figure 31, the initial distance of inner hydrogen
attached to the initial inner nitrogens are given. It can be seen that in the
optimised structure of Pc, the distance between H(42) and N(19) as well as
H(58) and N(36) are 2.198Å. In the case of Pr, the distance between H(15)
and N(20), H(16) and N(18) are 2.304 Å. When the PES calculations are
implemented, a series of geometry optimizations are performed, which
finally attain the most stable positions when the hydrogens are detached
from the initial nitrogen and get attached to the final ones. These stable
positions bring about a change in the bond lengths that correspond to Emin.
From Figure 31(a), it can be seen that energy of the initial state of Pc
molecule before tautomerization is -2194.19 eV. This energy changes during
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the process and reaches a maximum value of -2192.78, as given in Table 5.
During this energy state, the distance between the respective hydrogens and
nitrogens, as mentioned above, are both 1.283Å. This continues until the
most stable state is attained, having Emin of -2194.19 eV with the updated
distance of 1.022 Å.
In the case of Pr molecule, from Figure 31(b), the initial energy state
can be seen as -1333 eV, which increases to Emax of -1331.49 eV. At this
state, the distance, H(15) - N(20) becomes 1.308 Å and H(16) - N(18)
becomes 1.307 Å, which is a bit higher compared to the distances in Pc
molecule during the corresponding Emax. It should be noted here that the
initial energy and the global minimum attained for the Pr molecule are the
same, that is, 1333 eV. For that reason, the geometrically optimised and the
tautomerized structures of the Pr molecule should behave similarly in all the
situations. The electronic transport through them in both orientations should
be comparable. These information gives the idea regarding the much more
improved conduction of Pr molecules than the Pc molecules. The geometries
of the molecules can be updated in relation with the highest energy to find
the frequency range and the transition states as represented in Figure 32.
a)

b)

c)

d)

Figure 31: The potential energy surface scan graph of molecules without
thiol linkers. (a) Phthalocyanine molecule, (b) Porphyrin molecule, (c) 3D
representation of the PES scan of Pc, where X-axis represents the H(42) –
N(19) distance, Y-axis represents the H(58) – N(36) distance and Z-axis gives
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the energy, (d) 3D representation of the PES scan of Pr, where X-axis
represents the H(15) – N(20) distance, Y-axis represents the H(16) – N(18)
distance and Z-axis gives the energy. Note: The energies given in C) and D)
are in Hartrees.
From the graphs in Figure 31, it is evident that the Emax is highest for
Pr (i.e. -1331.49 eV) and lowest for Pc (i.e. -2192.78 eV). When these
molecules attain the stable position, the frequency analysis gives imaginary
values which proves the existence of the global minima of the molecules.
Figure 32 shows the infrared spectra (IR) of Pc and Pr in which Pc shows
much higher intensity peaks than Pr. This proves that Pr has stronger bonds
and stability than Pc, making it more prominent in transporting the
electrons. The intensity peaks between 3000 cm-1 and 3500 cm-1 are the NH stretching, which are negligible. The highly intense and clustered peaks
between 1000 cm-1 and 2000 cm-1 correspond to the C=N stretching.
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Figure 32: The infrared spectra of phthalocyanine and porphyrin molecules.
Electronic transport studies are performed corresponding to the
orientations of Pc and Pr, by taking into account the optimized and
tautomerized structures. Two schemes, each of Pc and Pr are considered.
This study is performed to understand the transport properties with these
two different orientations. Scheme 1 represents the geometrically optimized
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structures and Scheme 2 depicts the tautomerized structures of both
molecules, as shown in Figure 33.

Figure 33: The device set-up of the molecules without thiol linker between
the gold electrodes. Scheme 1: The optimised molecules of phthalocyanine
(top) and porphyrin (bottom) and Scheme 2: The tautomerized structures of
phthalocyanine (top) and porphyrin (bottom) between 6x6 Au(111)
electrodes.
A single point contact is made between the gold substrate and the
molecules. The distance between the terminal gold and hydrogen is 1.980 Å,
which is chosen to avoid any overlapping errors as mentioned before. By
performing DFT and NEGF calculations, T(E) and current (in 2e/h) – energy
(in eV) characteristics are obtained. Figure 34 (a) shows the transmission
spectrum of both structures of Pc at zero drain and gate voltages. It can be
seen that, the transmission is much higher for geometrically optimized
orientation than the tautomerized structure. Also, more prominent peaks
are found in the HOMO region and only low peaks can be seen in the LUMO
region. The corresponding I-E graph is shown in Figure 34 (b).
As shown in Figure 34 (c), although Pr molecules show comparable
transmission spectrum for both the orientations, tautomerized structure is
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slightly less transmitting than the normally optimized structure. I-E
characteristics (Figure 34 (d)) also show the same result. This similarity is
due to the same energies of both Scheme 1 and Scheme 2 of Pr (1333 eV) as
observed from the PES study (see Table 5 and Figure 31).

a)

b)

c)

d)

Figure 34: Transmission spectra and I-E characteristics of molecules without
thiol linkers. Comparison of a) transmission spectra of phthalocyanine
molecule, b) current – energy characteristics of phthalocyanine molecule, c)
transmission spectra of porphyrin molecule and d) current – energy
characteristics of porphyrin molecule.
From the above inferences, for the Pc molecule, transmission peaks
of the tautomerized structure are highly subsided, showing very poor current
conduction. However, for Pr molecule, the current characteristics of both
schemes are comparable, though Scheme 1 is slightly better conducting.
Hence, the transmission peaks and the current characteristics for the
tautomerized structural orientation for both Pc and Pr are less prominent
than the geometrically optimized structure. Apart from that, the results also
show that Pr is more suited over Pc irrespective of which orientation used.
This shows the importance of molecular orientation in electronic
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transmission in helping us determine the stability and robustness of
molecular devices.
The attachment of self-assembled molecules over gold is well studied
by providing thiol linkers to the terminal carbon atoms [237]. To improve the
electronic transport and for easy attachment of the molecules, the terminal
hydrogens on two opposite sides were replaced with thiol linkers, as shown
in Figure 35. Tautomerization occurs during the scans as explained above.
The values of Emax and Emin, along with the initial and final H-N distances for
the molecules with thiol linkers are given in Table 6.
Table 6: The maximum and minimum energy along with the corresponding
nitrogen to hydrogen distance during the potential energy surface scan of
phthalocyanine and porphyrin with thiol linkers.
Molecule with

Emax (eV)

H-N positions H-N initial

thiol linker
Phthalocyanine

Emin (eV) H-N final

distance(Å)
-2324.81

H(58) – N(36)

distance (Å)

2.190

-2326.23

1.022

2.322

-1465.12

1.023

H(42) – N(19)
Porphyrin

-1463.51

H(15) – N(20)
H(16) – N(18)

The displacement of hydrogens from their initial to the final positions
are represented in Figure 35. From the PES scans, for Pc molecule with thiol
linkers, the initial H(42) – N(19) and H(58) – N(36) distances are both found
to be 2.190 Å, as shown in Figure 36 (a). The energy associated with this
state of the molecule is -2326.22 eV. After undergoing different optimized
geometrical states, the Emax attained is recorded to be -2324.81 eV, as seen
from Table 6. The distances associated with this energy state are both 1.281
Å. The Emin obtained after the PES scan is -2326.23 eV and the distance has
reached to a minimum of 1.023 Å.
The maximum energies obtained during the tautomeric process of Pc
molecule with thiol linkers (Table 6) are surprisingly lesser when compared
with the molecule without thiol linkers (Table 5). This is due to the initial
distances of the H and N within the molecular system, which is found to be
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higher when compared to the molecules without thiol linkers. However, the
final global minimum obtained is exactly the same for both the systems. For
Pc molecule with thiol linkers, there is a reduction of ~6% to the energy
terms.

a)

b)

Figure 35: The tautomerism process showing the displacement of two inner
hydrogens to different nitrogen atoms of (a) Phthalocyanine and (b)
Porphyrin with thiol linkers.
For Pr molecule with thiol linkers, the H(15) – N(20) distance is 2.322
Å and H(16) – N(18) distance is 2.324 Å (Table 6). The energy associated with
this initial state is found to be 1464.99 eV, which falls between the Emax and
Emin of the system. The distances corresponding to the Emax (-1463.51eV) and
Emin (-1465.12eV) are 1.312 Å and 1.023 Å respectively. When compared with
the Pr molecule without thiol linkers, there has been a reduction of ~9% in
the energy terms for the initial, Emax and Emin states. For the Pr molecule
with thiol linkers, the energies obtained are much higher than Pc, as shown
in Figure 36 (b).
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The IR spectra of both molecules with thiol linker in Figure 36 (e)
shows that the C=N stretching is highly pronounced than the N-H stretching.
This is because the whole C=N bonding undergo various adjustments while
the hydrogens get displaced from one nitrogen to the other. Although that
is the case, the presence of thiol groups control the over stretching of C=N.
For this reason, the peaks are less pronounced when compared with the IR
spectrum of these molecules without thiol linkers (Figure 32).

a)

b)

d)

c)

e)

With thiol linker

b)

Figure 36: The potential energy surface scan graphs of molecules with thiol
linker. (a) Phthalocyanine molecule with thiol linker, (b) Porphyrin molecule
with thiol linker, (c) 3D representation of the PES scan of Pc, where X-axis
represents the H(42) – N(19) distance, Y-axis represents the H(58) – N(36)
distance and Z-axis gives the energy, (d) 3D representation of the PES scan
of Pr, where X-axis represents the H(15) – N(20) distance, Y-axis represents
the H(16) – N(18) distance and Z-axis gives the energy, (e) The infrared
spectra of phthalocyanine and porphyrin molecules with thiol linkers. Note:
The energies given in c) and d) are in Hartrees.
Hence, when thiol linkers are attached to the molecules, a drop in all
the energy terms associated with the molecular system can be observed.
This also shows the stable nature of the molecules in the presence of thiol
groups. To verify this, electronic transport studies are performed over these
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molecules. Figure 37 shows two schemes, where the molecules with thiol
linkers in their two orientations are placed between the gold electrodes.
Scheme 3 represents the molecules in their optimized and Scheme 4
represents the molecules in their tautomerized structural orientation. When
the molecules are linked with the gold electrodes, the Au-S covalent bonds
are formed with a dissociation of hydrogen atom [238,239]. However, during
the initial stages of the adsorption of thiol group onto the gold atom, the
mechanism often starts with physisorption. At this time, the hydrogen
usually remains in the sulphur atom [237]. For this reason, the hydrogen
atom on the sulphur atom is allowed to be present while performing the
transport studies as shown in Figure 37. During the later stages, the
dissociated hydrogen might get adsorbed on the gold atom or it could escape
from the system as H2 gas, which would be unaffected in our calculations.
The distance between the gold and sulphur is maintained to be 2.611 Å.

Figure 37: The device set-up of the molecules with thiol linkers between
the gold electrodes. Scheme 3: The optimised molecules of phthalocyanine
(top) and porphyrin (bottom) and Scheme 4: The tautomerized structures of
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phthalocyanine (top) and porphyrin (bottom) between 6x6 Au(111)
electrodes.
The transmission spectrum and the I-E characteristics at zero drain
voltage are shown in Figure 38. It can be seen that transmission spectra
(Figure 38 (a) and (c)) of Scheme 3 are well pronounced for both the
molecules, as confirmed by the I-E characteristics (Figure 38 (b) and (d)).
Apart from that, both molecules have comparable electronic transport
properties when the thiol linker is attached. Peaks are found prominent in
the HOMO region establishing the presence of conducting electrons in the
molecules at zero drain voltage. Even with the thiol linkers, Pr molecules
are more suited for the atomic scale device fabrications.

a)

c)

b)

d)

Figure 38: Transmission spectra and I-E characteristics of molecules with
thiol linkers. Comparison of a) transmission spectra of phthalocyanine
molecule, b) current – energy characteristics of phthalocyanine molecule, c)
transmission spectra of porphyrin molecule and d) current – energy
characteristics of porphyrin molecule with thiol linkers.
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2.6

Summary
A detailed study of the electronic transport in POM, Pc and Pr

molecules are conducted in this chapter. The results obtained can provide
an insight into the different aspects of orientations of these molecules to be
considered while fabricating molecular devices.
In order to evaluate the current flow in inorganic molecules, the POM
cluster is placed between two Au electrodes. There could be two possible
positions of establishing a contact between the POM and the Au electrodes –
vertical and horizontal. The position of the POM molecule and the contact
with the electrodes determine the current flow through the junction. It is
also shown that the transmission peaks, current-voltage characteristics and
the conductance peaks are higher for the vertical configuration, which shows
that the vertical configuration is a better current conductor in comparison
to the horizontal system. Moreover, a link between the current transport,
conductance, transmission and the underlying electronic structure of the
molecule is established. This study can contribute to better understanding
of the current flow not only in inorganic molecules but also in the field of
molecular electronics in general.
A detailed PES study is performed on Pc and Pr molecules in the
organic molecular classification. Here, geometrically optimized and
tautomerized structural orientations of the molecules are considered. It is
evident that the geometrically optimized orientation of the molecules is
better conducting than the tautomerized orientation. When thiol linkers are
attached to the molecules, the energy of the two molecular systems are
suppressed by ~6% in the case of Pc and ~9% in the case of Pr, making them
more stable for better electronic conduction. This is proved by the NEGF
calculations. Overall, Pr with and without thiol linkers are better conductive
than the Pc molecules.
The orientation of molecules plays a vital role in determining the
transport properties in a molecular transistor or any atomic scale devices. In
the future, self-assembling molecules would be one of the most suitable
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approaches for the attaching processes, since mechanical methods at this
small scale could lead to errors. Hence exploring such molecules can be of
the best interest in the fabrication of molecular devices. POM clusters, Pc
and Pr are excellent candidates for self-assembling as well as molecular
electronic studies. Pc [240] and Pr [241] molecules were tested for their selfassembling capabilities on ZnO thin films for biological and molecular
electronic purposes, out of which, Pr molecules were self-assembled very
fast, within 15 mins, and Pc molecules, in 30 mins [242]. Understanding their
electronic transport properties could pave ways to use these molecules as
building blocks of atomic scale devices. As an initial step towards this, the
effects of orientation of these molecules between the electrodes are
established in this chapter.
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Chapter 3. Effects of bonding interactions on the
electronic transport properties
3.1

Background
ACSM is a necessity of the future to develop atomic scale devices with

required precision. Electronic transport studies and bonding interactions
between entities are the basis to realise and interpret the problems
happening at this small scale. Even though the electronic transport studies
are well established, a quantified analysis that enhances these studies are
still lacking. For this purpose, a periodic energy decomposition analysis
(pEDA) can be employed [243]. pEDA is an extension of energy decomposition
analysis (EDA) by the consideration of periodic boundary conditions (PBC),
which could be used to have a detailed study on the bonding interactions
between two fragments in a periodic system.
Orbital overlapping takes place when a molecule is incorporated
between the electrodes. This overlapping leads to chemical bonding which
in turn determines the coupling strength at the junction. Therefore,
importance of chemical bonding should be considered since it forms the basis
for molecular chemistry calculations [244]. The effects of chemical bonds
between alkyl chains and the metal junctions on tunnelling mechanism have
been already established [245]. In quantum calculations, wavefunctions and
delocalized electronic structures help to calculate the probability of
electrons to present in a particular orbit whereas, the chemical bonding
properties are more localized and needed to be established. A summary on
different methods to analyse the electronic structures of the compounds can
be found in [243].
pEDA provides information regarding the bond strength and the
contribution of electrostatic energy, Pauli’s energy, orbital energy and the
orbital interactions. Through pEDA, the total energy by which the molecules
get attached to the electrodes could be decomposed into different energy
terms, which could be analysed separately to have a deeper knowledge
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about the molecule-substrate interactions. By extracting the information
regarding interactions occurring between the molecule and the substrate, a
connection can be established between the bond strength and the transport
properties which forms the motivation for this chapter.
In this chapter, a pEDA of Pc and Pr over gold substrate is performed.
The optimized structures of Pc and Pr are given in Figure 5 (ref. Chapter 2).
Similarly, the structures of tin (II) phthalocyanine (SnPc) and tin (II)
porphyrin (SnPr) are given in Figure 39. The optimized bond lengths of
molecules under study are given in Appendix B, which are comparable with
that reported by Zhang et al., albeit some bond lengths differ due to the
different XC functionals and the software used, details of which can be found
in [246]. To establish the link between pEDA and electronic transport
analysis, transport calculations are presented by placing the molecules
under study between two gold electrodes by employing DFT-NEGF methods.

a)

c)

b)

d)

Figure 39: The optimized structures of a) Tin (II) phthalocyanine, b) Side
view of Tin (II) phthalocyanine, c) Tin (II) porphyrin, d) Side view of Tin (II)
porphyrin. The Sn atom protrudes out from the middle portion of the
molecules and by pulling it on either sides, molecular switching property can
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be achieved [247]. [Light grey: Hydrogen; Dark grey: Carbon; Blue: Nitrogen;
Pink: Tin].

3.2

Periodic energy decomposition analysis
The EDA was first studied by Kituara and Morukuma [248] and further

developed by Zigler and Rauk [249,250]. Here, intrinsic bond energies of two
fragments, A and B, forming AB molecule, is considered and the bond
formation is divided into different sub-steps. A summarized theory is given,
details of which can be found in [243,251]. A schematic representation of
EDA process and the corresponding energy terms are given in Figure 40.

a)

b)

Figure 40: A schematic representation of EDA process. a) The steps involved
in an EDA process which describes the formation of AB from A and B b) The
corresponding EDA energy terms for each steps. [Reprinted with permission
from Ref. [236]. Copyright 2015 AIP publishing.
From Figure 40, the bond dissociation energy, 𝐸=)7> , is the
combination of preparation energy, 𝐸?@%? , and the interaction energy, 𝐸-7A ,
given as,
∆𝐸=)7> = ∆𝐸?@%? + ∆𝐸-7A

(26)
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𝐸?@%? is required since the fragments get excited from its ground state to a
reference point when they are geometrically distorted and possibly
electronically excited.
∆𝐸?@%? = (𝐸49B + 𝐸C9B ) − (𝐸4 + 𝐸C ),

(27)

9B
where, 𝐸4,C
is the energy of the fragments, A and B, in the ground states

respectively and 𝐸4,C is the energy of the distorted fragments respectively.
The fragments interact to form the AB molecule and the intrinsic bond
energy would be the difference of the combined molecule and the individual
fragment energies, i.e., the interaction energy would be partitioned into
different terms such as electrostatic energy (𝐸%E,AFA ), Pauli repulsion energy
(𝐸GF6E- ) and the orbital relaxation energy (𝐸)@= ), given as,
∆𝐸-7A = ∆𝐸%E,AFA + ∆𝐸GF6E- + ∆𝐸)@=

(28)

The electrostatic energy gives the energy change when the fragments are
brought together to the occupying positions in the AB molecule in which the
charge distribution for both the fragments are 𝜌4 and 𝜌C respectively. If
Y4 and YC are the wavefunctions of the fragments A and B, then the product
{ Y4 YC } , when normalized and antisymmetrized, gives an intermediate
wavefuction, Y1 , with energy 𝐸 1 .
𝜓 1 = NÂ{Y4 YC }

(29)

where, N is the normalization factor and Â is the antisymmetrization factor.
Finally, the orbitals of Y1 , which are frozen, can be made to relax and the
optimal wavefunction Y4C is found with energy 𝐸4C , which is the orbital
energy, 𝐸)@= .
𝐸)@= = 𝐸 [𝜌4C ] − 𝐸[𝜌1 ]

(30)

where 𝜌4C is the density of Y4C and 𝜌1 , the density of 𝜓 1 .
It is important to add a dispersion term to the above-mentioned
theory which improves the performance of the calculations. This is made
possible by implementing the DFT-D3 functional put forth by Grimme et al.
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[252]. Hence, the interaction energy can further be expressed as the
combination of dispersion effect (disp) and the electronic effect (elec)
[251], given as,
∆𝐸-7A = ∆𝐸-7A (𝑑𝑖𝑠𝑝) + ∆𝐸-7A (𝑒𝑙𝑒𝑐)

(31)

The electrostatic energy term can be given as,
∆𝐸%E,AFA = N N
HK4 IKC

𝑍H 𝑍I
|𝑅H − 𝑅I |

− N&
HK4

− N&
IKC

𝑍H 𝜌4 (𝑟- )
𝑑𝑟
|𝑅H − 𝑟- | 𝑍I 𝜌C (𝑟J )
𝜌4 (𝑟- )𝜌C (𝑟J )
𝑑𝑟J + d
𝑑𝑟- 𝑑𝑟J
|𝑅I − 𝑟J |
|𝑟- − 𝑟J |

(32)

where 𝑍H,I is the atomic numbers of fragments A and B respectively, 𝑅H,I is
the nuclear positions of two fragments, 𝑟-,J is the position of electrons of
both the fragments and 𝜌4,C represents the charge density of fragments A
and B respectively. After the inclusion of orthogonalized wavefunction,
Y1 (k), and the expansion of bloch basis, Pauli repulsion energy term can be
given as,
1
∆𝐸GF6E- = ∆𝑇 1 + ∆𝑉G,0)6E + ∆𝑉/0

(33)

where ∆𝑇 1 represents the occupied and the virtual space of the
transformation matrix, ∆𝑉G,0)6E is the change in coulomb interaction due to
1
fragment orthogonalization and ∆𝑉/0
gives the exchange-correlation energy.

Finally, after relaxing the intermediate wavefunction, Y1 , and obtaining the
final wavefunction, Y4C , the orbital relaxation energy can be found out by
the equation,
∆𝐸)@= = 𝐸 [𝜌4C ] − 𝐸[𝜌1 ]

(34)

By having all these energy terms separately, a deep insight into the
molecular bonding interactions can very well be understood.
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3.3

Materials and methods
All calculations were performed by ADF molecular modelling

suit

programme using the BAND [233] and DFTB [223] platforms. All

molecules were optimized before performing the calculations. Relativistic
corrections were included by means of ZORA formalism [85]. The XC
functional of Perdew [231,232] and Becke [229,230] were used. TZP basis
sets were used to describe the valence electrons of carbon, hydrogen,
nitrogen, sulfur and tin. For the pEDA calculations, GGA functional with
dispersion correction, PBE-D3 [252], was used to add the dispersion term and
to carry out the calculations in three dimensional PBC. The frozen core was
set to small and normal numerical quality is used in BAND calculation, in
order to reduce the calculation time [243]. Regular k-space grids of 1x1 and
5x5 were employed for the calculations of pEDA energy terms. All
calculations were assumed to be performed in vacuum since the air
resistance is neglected by default in the software. In real world, problems
such as air resistance, humidity and the effect of air temperature and
pressure could have an effect in the bonding interactions. The adsorption of
Pc, SnPc, Pr and SnPr on the Au(111) surface with and without thiol linkers
were the set-ups used for the pEDA studies. The convergence criteria for the
SCF and the structural optimization calculations are provided in Appendix
Table D.1. HOMO and LUMO of all the molecules are obtained from ORCA
[234] and the different HOMO and LUMO values along with the HLG are given
in Appendix Table D.2.
A large super cell with 2 x 3 dimension and three layers of Au for Pr,
SnPr and a super cell of 4 x 4 dimension with three layers of Au for Pc and
SnPc were used to set-up the pEDA calculation, as the latter molecules have
larger dimensions. The Au substrate was described as a slab with two
dimensional PBC and theoretically optimized lattice parameter of 4.159 Å
[253] was used. The Au substrate was optimized using DFTB platform
employing DFTB.org parameter directory [254]. For the pEDA calculations
without the thiol linker, the terminal hydrogen was attached to the gold with
a bond length of 1.980 Å as shown in Figure 41 (a). For the molecules with
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the thiol linker, the bond length between the terminal sulfur atom and the
gold was set to 2.611 Å as shown in Figure 41 (b). These bond lengths are
provided in relation with the studies performed in the previous chapter.
Since the DFT calculations are independent to the bond characteristics, same
results will be obtained even if no bond connections are provided, as long as
the mentioned distances are maintained. Two separate fragments were
selected and the overlapping of one or more atoms were carefully avoided
to rectify the errors of used fragments. The convergence was found to be
slow for SnPr which was rectified by turning on the degenerate occupancy.
a)

b)

Figure 41: The optimized geometry setup used for the PEDA calculations. a)
without thiol linker and b) with thiol linker. [Yellow: Gold, Light grey:
Hydrogen, Dark Grey: Carbon, Green: Sulfur].
For the electron transport studies, all the molecules were placed two
3 x 3 gold electrodes cleaved at the (111) plane. A single point contact is
provided between the terminal atom and the electrode as shown in Figure
42. The calculations employed the usage of DFT and NEGF and were
performed using SCM DFTB platform. For the NEGF calculations,
QUASINANO2013.1 [235] parameter directory was used. To maintain the
consistency, distance between terminal hydrogens and gold atoms were set
to 1.980 Å, for molecules without thiol linkers, and the terminal sulfur and
gold atoms to 2.611 Å, for thiol linked molecules, same as given in pEDA
calculations (Figure 41). The spectra of molecules without thiol linkers at
different gate voltages along with the device set up can be referred from
Appendix D.1.
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a)
a)

b)
b)

Figure 42: The optimized geometry setup used for the NEGF calculations. a)
without thiol linker and b) with thiol linker. [The molecule shown here is
porphyrin].

3.4

Results and discussions
The simulated calculations for Pr finished first for both k-space grids

since its size is small when compared to other molecules. The pEDA energy
terms for the molecules without thiol linkers are given in Table 7. In the case
of 1x1 k-space grid, SnPc has fewer absolute values of ∆𝐸%E,AFA and ∆𝐸)@= ,
which are due to the low back bonding of electrons from Au surface to the
molecule.
For Pc molecules, the increased ∆𝐸)@= is the only stability available
with an average increase of ~17 kJ/mol. Special attention should be given
to ∆𝐸-7A , which is almost comparable for Pc, SnPc and Pr but is larger for
SnPr. Since the former three have a comparable ∆𝐸-7A , they might be
interpreted to have a similar bonding scenario. But ∆𝐸GF6E- for Pr molecules
is much higher, about an average of 1.2 times, when compared with Pc
molecules, which shows that Pr molecules appear to lack stability. However,
this destabilization is compensated by the increased dispersive effect (about
an average increase of 14.25 kJ/mol), along with the higher attractive terms
( ∆𝐸%E,AFA and ∆𝐸)@= ) making them more interactive with the surface
electrons. It should be observed that the electronic interaction energy, ∆𝐸-7A
(elec), is actually repulsive but is overruled by the much higher dispersion
effects. Hence, a low interaction energy, a weaker orbital and electrostatic
energies make Pc molecules interact poorly with the gold substrate
compared with Pr molecules.
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Table 7: The pEDA results of the molecules without thiol linkers adsorbed
on Au(111)*.
Molecule without thiol

Regular k-space grid

linker
1x1

5x5

Phthalocyanine
-50.3

-47.8

△Eint (elec)

11.5 (16%)

13.9 (18%)

△Eint (disp)

-61.8 (84%)

-61.8 (82%)

△EPauli

165.4

157.0

△Eelstat

-66.8 (43%)

-65.5 (46%)

△Eorb

-87.1 (57%)

-77.6 (54%)

-57.6

-52.7

△Eint (elec)

11.8 (15%)

16.6 (19%)

△Eint (disp)

-69.3 (85%)

-69.3 (81%)

△EPauli

140.0

156.8

△Eelstat

-65.3 (51%)

-68.3 (49%)

△Eorb

-62.9 (49%)

-71.9 (51%)

-55.9

-57.1

△Eint (elec)

24.1 (23%)

22.4 (22%)

△Eint (disp)

-80.0 (77%)

-79.5 (78%)

△EPauli

183.7

186.0

△Eelstat

-76.8 (48%)

-76.4 (47%)

△Eorb

-82.8 (52%)

-87.2 (53%)

△Eint

Tin (II) phthalocyanine
△Eint

Porphyrin
△Eint

Tin (II) Porphyrin
-75.8

-64.1

△Eint (elec)

3.8 (5%)

15.6 (16%)

△Eint (disp)

-79.6 (95%)

-79.6 (84%)

△EPauli

185.1

186.8

△Eelstat

-84.4 (47%)

-82.6 (48%)

△Eorb

-96.9 (53%)

-88.6 (52%)

△Eint

*

All units are in kJ/mol
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When the terminal hydrogen was replaced with a thiol linker, the
adsorption properties were enhanced since the thiol functional group has
lone pairs and makes the system more electron rich. Tivanski et al. [255]
have shown the influence of thiol linkers on the conductivity of molecules
over the gold substrate. They have reported the enhanced conductivity with
double thiol linkers than single but with different molecules, biphenyl -4,4’dithiol and biphenyl -4,4’-dicarbodithioic acid. In our study, a single thiol
linker was used to make the calculations simpler.
Table 8 shows the corresponding pEDA energy terms for the molecules
with the thiol linker. From the table, the contributions of interaction energy
from both electronic and dispersive effects as well as all the pEDA energy
terms, repulsive (∆𝐸GF6E- ) and attractive (∆𝐸%E,AFA , ∆𝐸)@= ), are comparable.
Hence, the bonding in these molecules are identical and shows almost an
equal conduction across a molecular junction. It should be noted that ∆𝐸GF6Eis higher for thiol linked molecules than without the linkers and yet shows a
high conduction and interaction. The reason for this is the increased
dispersion effects and the attractive interactions when a thiol linker is
attached. Analysing each molecule with thiol linker, Pc has ~36%, SnPc,
~38%, Pr, ~32% and SnPr, ~27% higher electrostatic and Pc ~10%, SnPc ~28%,
Pr and SnPr ~14% orbital contribution than without thiol linker. This
dominance increases the back bonding of electrons from the surface to the
molecule. Also, the distance from the terminal sulfur to gold contributes to
the increased ∆𝐸GF6E- . The influence of distance, yaw and pitch on pEDA
energy terms can be referred from [243,251]. Additionally, the increase in
size and steric demand of thiol linked molecules contribute to the increased
conduction. However, even though the values are comparable, increased
attractive terms make Pr molecules slightly more conductive than Pc
molecules.
The pEDA values when performed in a regular k-space grid of 5 x 5
and a tight k-mesh in correspondence with the lattice space vector, to have
more reliable results, are also shown in Table 7 and Table 8. Here, for
molecules without thiol linker (Table 7), ∆𝐸GF6E- , is found to decrease for Pc
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while an increase in ∆𝐸GF6E- term can be seen for other molecules and for all
molecules with thiol linker (Table 8). The ∆𝐸-7A term got decreased for all
molecules in both configurations except for Pr without thiol linker. All the
other terms are almost comparable with no change in dispersion energy
terms.
Evaluating the attractive terms, (∆𝐸%E,AFA and ∆𝐸)@= ), in this grid, for
molecules with thiol linker, Pc and SnPc have ~38%, Pr ~ 32% and SnPr ~30%
higher electrostatic and Pc ∼24%, SnPc ∼26%, Pr and SnPr ∼12% higher
orbital contribution than without thiol linker.
Pc. The findings show that the attractive terms that include △Eint,
∆𝐸%E,AFA and ∆𝐸)@= contribute mainly in correlating the transport properties.
The ∆𝐸-7A (disp) and ∆𝐸GF6E- terms influence the formers in altering their
effects. The electronic transport studies performed are in favour of the
results obtained with the pEDA calculation. For all these calculations, the
relative contributions of dispersion effect to the interaction energy is higher
than the electronic effect that can compensate for the other energy terms
in decreasing/increasing the interactions in terms of the dispersion values
accordingly. Additionally, an increased size of the adsorbate can also have
an impact on the k-space sampling.
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Table 8: The pEDA results of the molecules with thiol linkers adsorbed on
Au(111)*.
Molecule with thiol linker

Regular k-space grid
1x1

5x5

Phthalocyanine
-51.7

-44.7

△Eint (elec)

8.9 (13%)

15.9 (21%)

△Eint (disp)

-60.6 (87%)

-60.6 (79%)

△EPauli

257.0

△Eelstat

-140.4 (57%)

-146.6 (54%)

△Eorb

-107.7 (43%)

-125.6 (46%)

-53.3

-46.3

△Eint (elec)

10.1 (14%)

17.2 (21%)

△Eint (disp)

-63.5 (86%)

-63.5 (79%)

△EPauli

269.0

△Eelstat

-146.7 (57%)

-153.0 (55%)

△Eorb

-112.2 (43%)

-124.9 (45%)

-55.0

-46.0

△Eint (elec)

10.7 (14%)

19.7 (23%)

△Eint (disp)

-65.7 (86%)

-65.7 (77%)

△EPauli

273.1

281.3

△Eelstat

-149.4 (57%)

-148.9 (57%)

△Eorb

-113.0 (43%)

-112.7 (43%)

-49.6

-41.7

△Eint (elec)

15.0 (19%)

22.8 (26%)

△Eint (disp)

-64.6 (81%)

-64.6 (74%)

△EPauli

277.2

285.2

△Eelstat

-150.4 (57%)

-150.2 (57%)

△Eorb

-111.8 (43%)

-112.2 (43%)

△Eint

288.1

Tin (II) phthalocyanine
△Eint

295.1

Porphyrin
△Eint

Tin (II) Porphyrin
△Eint

*

All units are in kJ/mol
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To take this work further, electronic transport studies were
performed. From the transmission spectra of each device set-up without
thiol linker, Pc has comparably higher peaks above the Fermi level positioned
at 0 eV, which represents the LUMO levels (Figure 43 (a)). This increase in
peaks are due to the higher ∆𝐸)@= obtained for Pc from the pEDA
calculations. However, almost similar levels of peaks are obtained below and
above the Fermi level of SnPc. For Pr and SnPr, peaks are almost equally
distributed on both sides of the Fermi level. For different voltages, peaks
increase with an increase in the applied gate voltage. Even though the peaks
seem to be less distinct for Pr derivatives, they have higher areas of
transmission making them more transmission favourable than Pc derivatives,
which are confirmed in I vs E curves (Figure 43 (b)). Hence, amongst the
molecules under study, without thiol linkers, as obtained from the pEDA
calculations, Pr molecules are best adsorbed over the gold substrate which
led to higher transmission and conduction of current across Au-Molecule-Au
molecular junction.
The device set-up and the transmission for different gate voltages
when the molecules under study are attached with a thiol linker on both
sides can be referred from Appendix D.2. From the transmission peaks
obtained, there is a considerable increase in the conductivity of all
molecules, even extending through the energy window (Figure 43 (c)). This
happens since there are very high overlap of the orbitals, the change in their
symmetries and an increased electrostatic influence as explained with the
pEDA results. A slight change in the position of the contact could alter the
peaks in a different way since this affects the position of the energy levels
[256]. It should be noted here that the transmission at different gate
voltages for all molecules are almost similar above and below the Fermi
levels. Even though this is the case, a slightly higher peaks can be visible for
Pr molecules. A comparison of transmission for all molecules with thiol linker
at zero gate voltage in Figure 43 (c) also proves this situation. Apart from
that, the I-E curves for the molecules at zero gate voltage in Figure 43 (d)
also shows a consistent result.
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a)
Current (2e/h)
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b)
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d)
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Figure 43: Transmission and I-E characteristics for molecules with and
without thiol linkers. a) The comparative transmission peaks for all the four
molecules without the thiol linker under study at zero gate voltage, b) The
current vs energy profile for all the molecules without thiol linker at zero
gate voltage, c) The transmission peaks for all molecules with thiol linker at
zero gate voltage, d) The current vs energy plot for the molecules with thiol
linker at zero gate voltage. The energy window is well defined (i.e. from
approx. -1.75 eV to +1.5 eV) for a) and has reduced (i.e. from approx. -1.5
eV to +0.25 eV) for b).
From Figure 43 (a), for molecules without thiol linker, the
transmission peaks are very well visible for Pr and SnPr. Also, the current
conduction is highest for SnPr and the least for Pc showing better conduction
for Pr and are consistent with the pEDA calculation. This happens because
the current is directly proportional to the area under the transmission peaks
which is highest for SnPr and least for Pc as shown in Figure 43 (a) and (b).
For molecules with thiol linkers, even though all molecules show similar
conductivity and transmission, Pr molecules have slightly higher transmission
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(Figure 43 (c)). In addition, the I-E plot for Pr molecules are slightly
enhanced (Figure 43 (d)).

3.5

Summary
pEDA studies on four different molecules, derivatives of Pc and Pr are

presented, to prove their adsorption capabilities over a gold substrate. This
study provides information regarding separate energy terms contributing to
the bond formation of the mentioned molecules at a molecular junction.
Besides, the electronic transport properties across each of the molecules
were studied and analysed. Pr molecules were found to be much more
interactive with the gold surface according to the pEDA results which are
confirmed by the consistent favourable results obtained with NEGF
calculations. This helps to establish a connection between the pEDA and
electronic transport studies across a molecular junction. Hence, a method
to correlate the bonding analysis with transport properties across a
molecular junction is quantified for the first time. Using the studies
performed here, further molecules could be analysed and calculated
theoretically. Once a solid method is achieved for durable transistor actions
with these molecules, future studies can be concentrated on connecting the
molecular leads without altering the contact points with the outside
circuitry. Also, a consistent and solid current conduction can be made
possible with a strong contact, thereby, linking the microscopic with the
macroscopic world.
Through this chapter, the importance of understanding the bonding
interactions at the molecular junction is established. Hence, this chapter
along with the orientation effects, as detailed in the previous chapter,
addresses the basics of the two fundamental problems of atomic scale device
manufacturing. This leads to the final aim of the thesis, which is to examine
the initial experimentations required for the structure fabrication over
different substrates. The following chapters focus on this objective with the
application of mechanical and electrochemical AFM-based techniques.
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Chapter 4. Structure fabrication in the atomic scale
using AFM-based mechanical scratching over gold and
silicon
4.1

Background
Mechanical methods of manufacturing is the most common method

employed in the industry from earlier stages. Nowadays, different ways to
improve the machining of substrates such gold and silicon are being tested
for improved productivity. For ACSM, any method used should be performed
in a systematic manner since the atoms behave in unprecedented ways in
the quantum realm. A very sharp machine tool is required to remove the
material atom by atom. AFM tips are best suited for these purposes.
An increasing number of theoretical studies are being performed to
develop atomic scale devices and to understand the principles behind the
atomic behaviour in such small scale. In most of the simulations, gold as a
reference material is used because of its atomic arrangements and the
easiness to attach the molecules over them. In single electron transistors
(SET) and other molecular transistor modelling, a single protrusion of gold
substrate is simulated where the molecule gets attached. For the theoretical
simulations, a single atomic projection is needed to understand the
electronic transport mechanism through a molecular junction. Attaining a
single atomic protrusion is the basis of future transistors. To resolve this
issue, fundamentals of atomic scale mechanisms should be elucidated. With
AFM, initial experimentations are possible and we can understand how
material removal over substrates look like and the adaptations of these
substrates with varying parameters used during etching procedures. Since
gold is a plastic material, the possibilities of plastic deformations are
inevitable. Because of the plastic deformation, ploughing takes place which
is not desirable for the machining purposes because it can cause scratches
on the machine surface, making it less efficient [257].
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In the case of silicon, LAO is a common behaviour since there is a
native oxide over the surface. This oxide layer can hinder the material
removal mechanism by forming a deposit over the etched area. Avouris et
al. [138] have presented that the oxide can be removed by treating the
substrate with aqueous solution of HF. However, if the oxide layer is
removed using tip itself, direct etching can be made possible without any
additional methods. A direct etching method over silicon is made possible
without oxide formation by Yamamoto et al. [115], where, they have used a
catalytically active platinum-coated AFM probe for material removal.
Understanding the material removal mechanism is of foremost
interest in ACSM. The conventional mechanisms are well established for
micro and nano scale manufacturing. In the atomic scale, the material
removal could be the result of the combination of different mechanisms such
as shearing and extrusion. Material deformations such as ploughing and
rubbing could be dominant as well. Usually during machining, the tip or the
machine tool contacts the substrate and the chips are formed by mechanical
shearing [258–260]. In shearing process, the substrate atoms are pushed
upwards forming the chips due to the compression of the substrate atoms by
the tool edge atoms [257]. Conversely in extrusion, a plastic deformation is
formed beneath the machined surface and only a few chips will be formed
through this mechanism [13]. Even though extrusion is most favoured due to
less chip formation, the actual machining processes in the atomic scale are
still not discovered.
MD simulations provide a visual understanding of the principles
happening at the atomic scale [262–265]. Recent studies have shown that
the material removal at the atomic scale is mainly caused by the
displacement of the substrate atoms [266]. The rake angle, tool edge radius
and the atomistic sizing effects also play major roles [183–185,267]. In order
to consistently remove atoms from the topmost layer of material, an
atomically precise machining tool should be utilised with optimum
parameters such as tip force (FT), tip bias, tip velocity (VT) and tip
mechanical properties in sight. AFM tips are widely used as the machining
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tool to understand the fundamentals of structure fabrications in atomic
scale.
The minimum depth or the heights of atomic patterns that can be
achieved to realise structure fabrication using AFM-based mechanical
scratching methods have not been studied widely. A removal depth of 1.4 Å
has already been achieved through mechanochemical methods by Chen et
al. [5], but the mechanical mechanisms are unknown. This forms the
motivation for this chapter. With the mechanisms elucidated, it becomes
possible to deterministically engineer removal depth. Also, the comparison
between machining before and after the oxide layer removal can give a
better understanding of removal mechanism. The influence of oxide layer is
beneficial for fabricating different structures and patterns over the silicon
surface. These structures can be used as references for validating the IC chip
electronic component actions in their miniaturised versions. In this chapter,
mechanical scratching over gold and silicon substrates are given in detail.
These are achieved with the application of single crystal diamond AFM tips.

4.2

Materials and methods
Mechanical etching mechanism is performed using commercially

available AFM system (MFP-3D, Olympus, Asylum Research). Single crystal
diamond probes (Adama probes, AD-40-AS) are used both in contact mode
for the machining and in amplitude modulation for imaging. The spring
constant of the tip is found out to be 20.7 N/m, with an uncertainty of ±10%
[10,268], with a nominal tip radius of 10 nm. Flame annealed Arrandee gold
and template stripped gold (Platypus, AMSBio) were used for the
experiments. The Arrandee gold was deposited on borosilicate glass. The
thickness of gold after deposition was 250 ± 50 nm. The template stripped
gold was adhered to a 100 nm gold-coated prime grade silicon wafer. The
surface roughness (Ra) of template stripped gold is claimed to be almost 1.2
Å, as guaranteed by the manufacturer. Silicon in its natively oxidized and
HF-treated states were used for the experiments. Bare silicon was stored in
ambient conditions and cleaned by sonicating in acetone and isopropanol for
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30 minutes at 25°C temperature and then rinsing in deionised (DI) water.
The second substrate was further cleaned by removing the native oxide by
dipping in 10% aqueous HF solution for 10 seconds. The native oxide layer on
the surface is considered to be less than 2 nm in height [191]. The oxide
layer will grow to a thickness of ~2-3 Å during water rinse after the HF dip.
Experiments on HF-treated silicon substrates are performed within 1 hour of
the dip, so that it can be confirmed that the lithography is performed on the
silicon surface, rather than on the oxide layer. The humidity range was
monitored with the aid of a humidity sensor (HIH–4000 series), a function
generator with output set at 6V DC and a multimeter. Separate circuit was
provided to connect the tip to the negative terminal and the substrate to
the positive terminal. The voltage applied is monitored using an oscilloscope
(Hitachi V-1560). The humidity conditions were provided by bubbling dry
nitrogen gas over 1M NaCl solution, which accounted for RH ranging from
75% - 90%. The schematics of the circuitry is given in Figure 44. The
temperature-controlled lab in which the experiments were performed was
monitored to have a temperature of 20 ± 1 ºC.

AFM cantilever/Tip

Substrate

Multimeter
BNC T

Oscilloscope
output
DCDC
output
from AFM
from
AFM
controller
controller

Figure 44: The schematic representation of the external circuitry provided
to apply bias to the AFM tip and substrate. BNC: Bayonet Neill-Concelman
coaxial cable connector.
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Figure 45 shows the schematic diagram of AFM-based etching
apparatus. Detailed principle of operation can be referred from Section
1.3.1. The experiments were also conducted in ambient air conditions with
a room humidity of 22% - 38%. The red oval in Figure 45 is the tiny water
meniscus formed between the AFM tip and the substrate. The stability of the
water meniscus can be enhanced in humid surroundings. The water meniscus
provides the oxygen species (mostly OH-) needed to oxidize the workpiece.
It also confines the chemical reactions spatially in the nanoscale area by
focusing the current density within the water meniscus.

AFM tip
Photodiode

Workpiece

Laser
Humidity control
HOPG workpiece

Meniscus

(-)
Cantilever

Voltage
supply

(+)

Figure 45: Schematic diagram of AFM-based mechanical etching apparatus.

4.3

Results and discussions

4.3.1 Mechanical etching over silicon
When scratching experiments were performed under humid conditions
(RH ~ 75%, room humidity ~25%), material removal over the silicon substrate
was achieved. Figure 46 (a) shows the contact mode scanned image of silicon
in 2x2 µm area, with a force of 2 µN. This force is employed since it has been
used for implementing nanolithography over silicon using diamond tips [190].
In Figure 46 (a), the region seems clear with no debris. When a tapping mode
scanning of 5x5 µm area was performed (Figure 46 (b)), all dust particles and
the oxide deposits can be seen at the boundaries. The line profile shows a
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depression in the scanned area of approximately 1.89 nm, which ought to be
the native oxide layer on the surface that gets removed (Figure 46 (c)).
From Figure 46 (b), the debris and the dust particles can be seen
accumulated on the sides but it is more pronounced on the right and bottom
side of the scanned area. This happens because of the geometry of the tip
used. When scanned at 0º angle, the two sides adjacent to the scanning
phase, push the particles to both sides due to the pyramidal shape of the
tip. Since very less debris are formed behind the scanning side, the
accumulation is less prominent on the left side. The arrow indicates the
direction of the scan. As the native oxide is removed by the contact mode
of scanning, the machining can be considered to be performed on the actual
silicon surface.
A
a)

c)
C
Height (nm)

B
b)

Distance (µm)

Figure 46: The contact mode scanning over silicon surface using single
crystal diamond tip. a) The polished 2x2 µm area by contact mode scanning
with a force of 2 µN, b) The accumulation of debris on the sides of 2x2 µm
area when a larger 5x5 µm area is scanned by tapping mode, c) the line
profile showing a depression of 1.89 nm. Tip bias: 0 V and RH ~ 25%.
Figure 47 (a) shows the lines scratched on this cleaned area with a
slightly larger tip force of 4 µN and different voltages ranging from 0 V to 10
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V, with a VT of 1 µm/s. As seen from the figure, a stable and consistent
material removal is obtained for lower voltages till 6V. When voltage is
higher than 6 V, the surface starts to get damaged. Ploughing takes place
and the plastic deformation causes the surface to get bulged around the
edges of the scratch. Since the depth and height of these lines are not
affected with different voltages, as shown by the line profile in Figure 47
(b), it can be deduced that the dependence of bias over diamond tip is
almost negligible. The average depth of 7 trenches covered under the line
profile is calculated to be 3.98 Å. The Ra of the area is calculated to be 2.46
Å. By deducting this Ra from the average depth of the trenches, the actual
depth of the trenches can be considered. In this case, it is calculated to be
1.5 Å, which is very close to a single atomic layer thickness.
a)A

Height (pm)

B
b)

Distance (µm)

Figure 47: The scratched lines and the line profile with different tip voltage
over silicon substrate with diamond tip. a) The scratched lines with different
tip voltage ranging from 0 V to 10 V with constant velocity, b) The line profile
of the trenches (non-flattened). The tip force is 4 µN and the humidity is
~75%.
Figure 48 shows the evidence of direct material removal with the
diamond tip under normal room conditions (room humidity 25% – 30%). Figure
48 (a) is the contact mode scanning over 2x2 µm area and Figure 48 (b) shows
the tapping mode scanning over 5x5 µm area, which shows the zoomed out
image of the 2x2 µm area. No debris was found at the edges of 2x2 µm, hence
showing that the area is free of dust particles. To obtain large scratched
patterns using single scratching, a concentric square was etched in the
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mentioned 2x2 µm area and was scanned in contact mode (Figure 48 (c)).
The debris formed as a result of this scratching accumulated along its
boundaries, as can be seen from the 5x5 µm tapping mode scan shown in
Figure 48 (d). When the above mentioned machined 2x2 µm area was further
scanned in contact mode over 3x3 µm (Figure 48 (e)), the accumulated debris
was pushed out to the 3x3 µm boundary. This is confirmed by the 5x5 µm
tapping mode scan (Figure 48 (f)). Hence, this experiment proved that
material removal occurred and the debris formed can be moved with contact
mode scan.
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a)
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Figure 48: Scratching tests to show the material removal over the silicon
substrate. a) Contact mode scanning over 2x2 µm area with a tip force of 2
µN, b) Tapping mode scanning of 5x5 µm area, c) The concentric circles
scratched over the silicon surface with a normal tip force of 4 µN, d)The
accumulation of debris at the boundary of 2x2 µm area, e) Contact mode
scanning over 3x3 µm area, where the debris accumulated at the 2x2 µm
area is swept away, f) The displaced debris accumulation at the 3x3 µm area
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boundary, proving the actual materials formed which can be swept away
using contact mode scanning, by the AFM tip. Tip bias: 0V.
As from Figure 48 (c), some of the lines are deeper and some lines are
less prominent. This is because of the tip geometry. The SEM analysis of the
diamond tip before scratching is shown in Figure 49 (a). In the figure,
different sides are represented in numbers for the ease of explanation.
Figure 49 (b) is recreated from Figure 48 (c), depicting the same numbers
from Figure 49 (a), through which different sides of the AFM tip passes during
the scratching process. The scanning is performed in the 0° angle, where the
lines are horizontally scanned with side 1 and retraced with side 3 of the tip.
The start and end point of the square are much deeper than the other lines,
as can be seen from the line profile starting from the centre of the square,
shown in Figure 49 (c). A possible reason for this is the impact of the tip
while starting and finishing the scratch at the same point. It can also be
inferred that the depth decreases as the size of the square increases. The
depth is as deep as 1.36 nm for the smallest and the innermost square while
the outermost square has merely a depth of 0.65 nm. This might be because
of the time it takes to complete each square from the start to the end point.
Different sides of the tip seems to vary in removal rates. Side 1 and
side 3 cause more materials to be removed from the substrate, whereas side
2 and side 4 cause less removal. This can be because of the horizontal and
vertical crystal orientations of the silicon substrate. Material removal can be
seen prominent in the horizontal direction, which is 0° to the scan angle,
than the vertical direction, which corresponds to 90° to the scan angle. The
materials are removed to a depth lesser than 1 nm in the case of vertical
direction. The dominant material removal mechanism here is the mechanical
processes which allows for the formation of debris, that can be removed or
displaced using the contact mode of scanning.
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Figure 49: Analysis of different depth rates around the etched concentric
square. a) The SEM image of the diamond tip before scratching the silicon
surface, b) The concentric square etched on the surface indicating the
direction of tip motion and the sides of the tip with which the lines were in
contact, c) The line profile along the starting/end point, d) The line profile
along the rightward horizontal section where the AFM tip side 1 was in
contact, e) The line profile along the upward vertical side where AFM tip
side 2 was in contact, f) The line profile along the leftward horizontal plane
where the AFM tip side 3 was in contact, g) The line profile along the
downward vertical side of the concentric square where the AFM tip side 4
was in contact. The inset figures on the line profile shows the representation
of the lines on each side of the square.
When the scratching tests are performed over HF treated silicon, the
removal characteristics changed. Figure 50 (a) shows the experiment on HF
treated silicon with three force values (2 µN, 4 µN and 6 µN) and the voltages,
scratched with VT of 1 µm/s. Figure 50 (b) shows the 3D imaging of the same
surface. From the figures, it is evident that the material removal is achieved
directly over the substrate. From the graph shown in Figure 50 (c), the
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influence of different force values can be elucidated. With lower force,
depths as close to a single atomic layer can be achieved. On the other hand,
when the force is increased, the depth also increased. In addition, the
depths are almost comparable for different sets of force values with varying
tip bias from 0 V to 10 V. This again proves that scratching with diamond tips
are not dependant on the bias voltage. Another observation is that the
etched lines are consistent for voltages up to 10 V over HF treated silicon
but, for bare silicon, the surface damage could be seen for voltages above 6
V (Figure 47 (a)). A possible reason for this is the influence of native oxide
layer on the bare silicon surface. This oxide could increase the stress to the
underlying layers resulting in the bulging of neighbouring atoms. Hence, for
a consistent and better controlled material removal over silicon, HF treated
silicon substrates are better suited than the bare silicon.
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Figure 50: Scratching tests on HF treated silicon. a) The etched lines on the
silicon surface with different forces and voltages, b) The 3D image of the
same where the etched depth can be seen clearly increasing with higher
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force, c) The depth vs voltage graph showing the influence of different tip
force.
4.3.2

Sub-5 nm etching over gold

4.3.2.1

Mechanical etching over Arrandee gold

When the experiments were performed over Arrandee gold, material
removal was achieved. The scratching velocity for all the experiments were
maintained at 1 µm/s. Figure 51 shows the etched lines within 5x5 µm area.
The top lines on the figure were drawn with a force value of 2.1 µN and the
bottom set was drawn with a force of 3.2 µN. It can be observed from the
figure that a higher depth is obtained for the higher force value and the
lower depth is obtained with lower force value.

2.1 µN

3.1 µN

Figure 51: The lines scratched over Arrandee gold with two different forces.
Tip velocity 1 µm/s, RH ~ 25%, Tip bias: 0 V.
From Figure 51, it is clear that the material removal processes depend
on the force at which the lines are scratched. Upon closer look at the
trenches, the actual material removal happened over the substrate can be
comprehended. Figure 52 (a) is the zoomed image of Figure 51, showing four
lines along with some unmachined area. The portion above the blue dashed
line in the line profile in Figure 52 (b) indicates the uneven surface of the
gold substrate and the portion below shows the actual depth obtained. The
blue line is provided for a better visual understanding to differentiate
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between the uneven trenches of the gold and the machined trench. This
same trend is provided for the following figures to know the actual etched
depth and the unmachined surface trenches of the substrate.

Figure 52: The lines scratched over gold with 2.1 and 3.1 µN. a) AFM image
of scratched area, b) Representation of the line profile which shows the ‘V’
shape trenches formed over the gold surface.
It can be clearly seen from Figure 52 that a well-defined ‘V’ shaped
trench is formed under the blue line. The V-shape formed is due to the
inverted pyramidal shape of the AFM tip [269]. To further analyse the values
of the etched depth, line profiles of two adjacent trenches along with the
surface of gold substrate are plotted, as shown in Figure 53. The Ra of the
scanned area is calculated to be 2.54 nm. The maximum unevenness of gold
surface below the zero point over the scanned area is measured to be 2.69
nm. On subtracting the average roughness with the etched depth of 7.89 nm,
the actual etched depth can be calculated to be 5.2 nm. Additionally,
another point on the trench shows an even smaller etched depth of 3.16 nm.
The width of both trenches are also shown in the figure. In Figure 53 (c) and
(d), the trenches formed with lower force of 2.1 µN are analysed. Depths
close to 1 nm were obtained, which is a promising result for atomic scale
material removal. From the figure, some of the uneven depths are shown
and the average of these depths are calculated to be 1.83 nm.

96

a)
b)

3.1 µN

Height (nm)

2.1 µN

Distance (µm)

a)
c)
b)
d)
Height (nm)

2.1 µN
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Figure 53: Scratched lines on the gold surface with different forces. a)
Analysis of the lines scratched on the gold surface at 3.1 µN, b) The line
profile of two trenches along with unscratched line to distinguish between
the uneven surface and the trench at 3.1 µN, c) Analysis of the lines
scratched on the gold surface at 2.1 µN, d) The line profile of two trenches
along with unscratched line to distinguish between the uneven surface and
the trench at 2.1 µN.
The scenario will be different for etching bigger patterns. When the
tip is used to etch vertical, horizontal, curved or slanting lines, the resulting
material removal might be inconsistent. To study and observe the removal
patterns, nano letters are scratched over the substrate as shown in Figure
54 (a). The letter ‘MNMT’ (name of our group) and UCD logo are etched over
the substrate and the line profile of a small portion over the letter ‘M’ is
evaluated. As it can be seen from the figure, the depth of the vertical lines
are smaller when compared to the depths of the slanting lines result in much
more deeper trenches. The difference in depths in different directions are
due to the tip geometry and the uneven surface of the gold.
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b)

Height (nm)

a)

Distance (µm)

Figure 54: Etched nano letters over gold surface. a) UCD logo and ‘MNMT’
letters etched and b) the line profile of the letter ‘M’ shown on the right.
After the letters were etched, scanning first with contact mode and
then with the tapping mode on a larger area shows the debris accumulated
at the boundaries. The debris might contain dust particles and water
molecules that might have been present at the machined area. This can be
seen in Figure 55 (a). Eight points on the trenches can be seen on the line
profile of the etched letter ‘M’( see Figure 55 (b)). The depths varied from
4.85 nm to 0.947 nm. However, since all the depths are within the 5 nm
range, it can be deduced that sub-5 nm patterns can be formed consistently
over the gold substrate. The pile up at the edges of these letters (white
shades in Figure 55 (a)) are the plastic deformations caused during the
etching process. These shades cannot be removed through contact mode of
scanning as these are not debris formed during scratching.
b)

Height (nm)

a)

Distance (µm)

Figure 55: The intrinsic patterns formed over gold substrate. a) The ‘MNMT’
letter etched in a slanting pattern on the gold surface and the pile ups
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formed at the edges, b) The line profile of the letter ‘M’ and the different
depths achieved.
Even though Arrandee gold is widely used for the experimentations,
the roughness makes it difficult to see a smooth atomic layer. To sought a
smoother surface, template stripped gold with Ra close to 1.2 Å was used for
further experiments. Details on those experiments are given in the section
below.
4.3.2.2

Mechanical etching on template stripped gold

Experiments over template stripped gold very well differentiated
plastic deformation over the substrate. As it can be seen in Figure 56, the
plastic deformation (the white shades), at the edges are high at higher force
values. At the same time, the white shades almost disappeared when etched
at lower force value (Figure 56 (a)). With 3 µN, the plastic deformation is
higher on the left side of the etched line (Figure 56 (a)). The depth of one
of the points on the etched line is almost 7.58 nm (Figure 56 (b)). But with
lower force (Figure 56 (c) and (d)), etched line with a depth of 0.97 nm
(neglecting 1 nm as it shows the uneven surface) and a width of 16.8 nm
have been achieved. Hence with lower force, not only the plastic
deformation could be avoided but also, the material removal can be
achieved close to the atomic scale.
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Figure 56: The scratched lines over template stripped gold. a) The etched
lines on the template stripped gold surface showing different depths with
different force values, b) The line profile of the trench drawn with 2.3 µN
force showing a depth of 7.58 nm is represented on the right side, c) The
AFM image, d) line profile of the trench scratched with lower force of 1.5
µN, achieving an average depth of 0.97 nm.
The SEM images in Figure 57 show a much more clearer picture of the
above etched lines. From the figure, it can be seen that the pile ups are
formed evidently for 3 µN and 2.3 µN. These deformations are formed due
to the ploughing mechanism. As the force decreases to 1.5 µN, no pile ups
can be seen as the extrusion/cutting mechanism dominates the scratching.
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Figure 57: SEM images of the AFM machines area showing the different
mechanisms happening when scratched with different forces.
The surface of gold, in general, is very rough in the nanoscale,
especially due to the film deposition and the grain growth processes. In the
case of Arrandee gold, the roughness is very large, ~ 3 nm, the grain sizes
and the boundaries could not be identified. However, as the Ra is ~ 1.2 Å for
template stripped gold, the grains and the boundaries are clearly visible.
Since the grain boundary is a narrow zone of weakness [270], scratching
across this could cause undesirable structure fractures. Apart from that,
impurity elements could segregate into these boundaries and machining at
this small scale would be difficult. Also, it could cause noises in AFM images
and a proper characterisation of the atomic structures would be
problematic. Hence, for atomic scale manufacturing, these grain boundaries
affecting the scratching should be avoided and the fundamental experiments
should be performed on a part where many lines can be scratched on a single
large grain.
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4.4

Summary
Mechanical scratching over silicon substrate generated material

removal at a depth as small as 0.32 nm (3.2 Å) which is about 3 silicon atoms.
The formed debris can be swept to the edges by contact mode scanning.
Scratching over silicon is not largely dependent on tip bias while using single
crystal diamond tips. A tip force of 2 µN and a tip velocity of 1 µm/s could
yield close-to-atomic scale material removal. A smaller depth can be
achieved using higher scratching speed, and a lower force. A deeper groove
can be made with low speed, and higher force. The material removal was
found to be inconsistent with some depositions/surface damage over bare
silicon with native oxide layer, whereas material removal is consistent and
smooth over HF treated silicon. For ACSM over silicon substrates, diamond
tips and HF treated silicon are best suited for mechanical material removal.
Successful material removal was achieved over Arrandee gold and
template stripped gold with diamond tips using mechanical etching
processes. Despite having an uneven surface, the average depth of Arrandee
gold was calculated and an effective minimum depth of ~1.83 nm (18.3 Å)
was achieved which falls under sub-5 nm machining. Along with that, by
varying the tip force, the depth can be controlled and manipulated to
achieve structure fabrication on the gold surface. With template stripped
gold, a depth of 0.97 nm (9.7 Å) has been accomplished which is close to 7
gold atoms. Apart from that, the ploughing mechanism can be largely
minimised with the application of lower forces for machining gold surface.
With the studies explained in this chapter, ACSM on gold and silicon
can be accomplished. With the emerging technologies, these studies can be
further improved for a stable and robust structure fabrication. The removal
mechanism with mechanical methods could be further enhanced with
modifications on the machining. This includes the use of different tip
material along with the application of tip voltages. The next chapter explains
the electrochemical AFM-based machining over silicon and HOPG using a PtIr5
coated silicon tip
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Chapter 5. Electrochemical AFM-based scanning probe
lithography over silicon and HOPG
5.1

Background
Nanomanufacturing involves scaled-up, reliable, and cost-effective

manufacturing of nanoscale materials, structures, devices, and systems
[271]. It leads to the production of improved materials and new products,
and the manufactured structures with the unique properties in the nanoscale
are capable of enabling quantum leaps and improvement in highperformance technologies [272,273]. Based on material properties,
nanomanufacturing can be performed by additive, subtractive, and
migration. Although exciting results have been achieved, there are still many
challenges in nanomanufacturing relative to the nanoscale, nano accuracy,
complex shape/structure, and novel materials [272,274].
SPM-based lithography, as a promising nanolithography approach for
the fabrication of nanometre-scale, has attracted significant attention
because of its simplicity and precise control of the structure and location
[275]. The development of STM has facilitated the research in STM-based
nanomanufacturing due to STM tip-induced LAO [276]. Many different
approaches, such as chemical [277] and electrical [278] methods, can be
easily combined on AFM to improve the nanomanufacturing ability. The
comprehensive understanding and control of the oxidation mechanism are of
critical importance for the application of the SPM technique. However, the
complexity of challenges remains open, and the oxidation process of the
sample is still complicated [279]. ACSM has become the leading trend in
global manufacturing development [273,280,281]. To achieve ACSM, AFM
and STM work as vital instruments due to the ACS resolution in all three
spatial dimensions. For decades, scientists have been inspired to develop
relevant techniques to ACSM to directly visualize and manipulate an
individual atom using SPM [281–283].
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HOPG is usually used for the study of nanolithography, as well as
obtaining graphene due to the ease of preparation of atomically flat surfaces
and layered structure. The thickness of single-layer graphene is 3.35 Å
[284,285], and the expected single layer of material removal is considered
as less than 5 Å. The step thickness obtained for a single layer of HOPG is
shown in Figure 58.
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Figure 58: Step thickness obtained for a single layer of HOPG. a) AFM image
of a single step edge of HOPG surface, b) The line profile showing a thickness
of 3.4 Å between two layers.
Since many of the published works focused on nano-dots and nanoholes with nanometre accuracy [286–288], this chapter focuses on AFM-based
electrochemical machining method to etch the HOPG surface and silicon
surface to achieve close-to single-atomic-layer precision. Nano-holes and
nano-lines were etched on both the substrates to investigate the material
removal process first. Then, intricate patterns were etched towards singleatomic-layer precision. Because of the trend of ACSM in global
manufacturing, this chapter provides insights to explore the capability of the
AFM-based electrochemical machining technique in the ACSM.

5.2

Materials and methods
The schematic diagram of AFM-based electrochemical etching

apparatus with RH controlled environment is shown in Figure 45 in the
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previous chapter. Experiments were also performed under ambient
conditions with a commercial AFM (MFP-3D Olympus, Asylum Research)
which enabled precise xyz-directional movement. Silicon cantilever was
used with an overall metallic coating (PtIr5) on both sides (PPP-EFM probe,
Nanosensor). The tip side coating enhances the conductivity of the tip and
allows electrical contacts, and the opposite side coating enhances the laser
reflex. The PtIr5 coating was an approximately 25 nm thick double layer of
chromium and platinum-iridium on both sides of the cantilever. The tip
curvature radius was better than 25 nm. The force constant and the
resonance frequency of the cantilevers used were about 3.74 ± 0.39 N/m
averaged over 10 different probes calculated using Sader’s method [289] and
75 kHz respectively. Commercial HOPG and p-type Si(100) were used as
workpieces. The surface of HOPG was cleaned by stripping away several
layers before machining using a conventional sticky tape method. The
etching voltage could be applied to the AFM tip and workpiece using AFM
controller electronics with the voltage range of 0 V to 10 V. The applied
voltage on the workpiece was always positive relative to the AFM tip, and
the workpiece voltage was monitored by an oscilloscope (Hitachi V-1560).
The experiments were carried out at ambient temperature of about 20 ± 1
ºC, with a controlled high RH of 75% in the machining area. RH was controlled
by supplying Nitrogen gas which flew through 1M saturated NaCl aqueous
solution to the AFM cell and was monitored continuously by a humidity sensor
(HIH-4000 Series, Honeywell). Electrochemical etching was carried out under
the contact mode of AFM. All etching experiments on HOPG were performed
using an applied force of 0.4 µN corresponding to an applied voltage on the
AFM tip of 4 V. In the case of silicon, optimised parameters are found out by
performing various experiments.

5.3

Results and discussion

5.3.1 Scanning probe lithography over silicon
When lines were scratched over the bare silicon substrate, under
normal room conditions with a humidity of 36%, LAO occurred. To find an
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optimised force value with the current set up, using 7 V tip bias and 1 µm/s
VT, different lines are drawn with different force values ranging from 1 nN
to 2 µN, as shown in Figure 59.

1 nN

0.1 uN

1.1 uN

90 nN

1 uN

0.6 uN

2 uN

Figure 59: The lines scratched with different tip force. Top lines are the
forces ranging from 1 nN to 90 nN with an increment of 10 nN. Middle lines
are the forces ranging from 0.1 µN to 1 µN with an increment of 0.1 µN.
Bottom lines are the forces ranging from 1.1 µN to 2 µN with an increment
of 0.1 µN.
In Figure 59, the top row represents the lines drawn with forces
ranging from 1 nN to 90 nN. The middle row represents force values from 0.1
µN to 1 µN and the bottom row represents the force values from 1.1 µN to 2
µN. From the figure, it is clear that the lines are very well distinct and
controlled for the force values starting from 0.1 µN. Apart from that, the
LAO happened for the lines with force values as low as 1 nN and it becomes
less distinct from 0.6 µN. The lines start fading from 0.6 µN to 2 µN. Hence,
the upper threshold force value for LAO stops at 0.6 – 0.7 µN. From this, 0.1
µN can be considered as an optimum force value to get a distinct LAO. This
is in favour with the previously published results where 0.1 µN was the
minimum force used for fabricating nanostructures over silicon substrate
using Au coated and platinum coated AFM tips [290].

106

With this optimum force, more lines were drawn with different tip
voltages and tip velocities. Figure 60 shows a comparison between the
effects of oxide formation with low RH (see Figure 60 (a), (b) and (c)) and
high RH (See Figure 60 (d), (e) and (f). From the figures, height and width of
all the scratched lines were measured by considering five points within each
line, spreading from top to bottom, and the standard deviation is calculated
to show error bars. In Figure 60 (a), it can be seen that the oxidation
thickness is higher and wider when the speed is low. At 200 nm/s, the height
of the deposit has gone just above 4 nm, and at 1 µm/s the height is just
above 1 nm. A sudden increase in the deposits can be seen from 6 V and it
becomes very much distinct from 7 V onwards. This is because of the
increased electric field strength, as shown in the earlier works of Cabreta
and Mott [291]. The electric field lowers the activation energy for the ionic
species to transfer through the tip-substrate junction. Even though an
irregular increment and decrement in height and depth can be seen for
different tip velocities, VT at 1 µm/s can be seen causing LAO with a
consistent increase in height and width till 9 V. After that, a drop in both
variables occur at 10 V, as shown in Figure 60 (b) and (c). Also, LAO starts to
be clearly visible from 7 V for all the tip velocities. Hence, the formation of
oxide deposits has great influence on VT and the voltage applied. Although a
clear and distinct LAO formation is observed at 7 V and upwards, a threshold
voltage of 6 – 7 V is required for the deposits to be seen on the substrate.
This is due to the electric field strength not being sufficient enough for the
reaction to take place below 6 V.
A notable change in height and width of oxidation with respect to the
decrease in tip velocity happens after 9 V. This is because of the self-limiting
reaction taking place with higher voltage. When the electric field is high up
to 9 V, the oxides are formed with increasing thickness and this oxide
thickness reduces the electric field strength needed for further oxidation
and hence reduces the growth rate [44]. With 10 V, the width is almost
comparable with different tip velocities. Hence the critical voltage is not
strongly affected by the tip velocity after 9 V.
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The formation of oxides on the surface becomes consistent and more
pronounced in a humidity controlled environment than in the ambient air.
Figure 60 (d) shows lines drawn on the silicon surface with a humidity range
of 75 – 90%. From Figure 60 (e) and (f) it can be seen that there is a consistent
increase in the width and height of the deposits occurring on the surface.
The threshold to obtain the deposits were 6 – 7 V under ambient conditions,
whereas the deposits start to be clearly visible from as low as 2 V in high RH
conditions. This indicates that the LAO is largely influenced by the presence
of RH. This allows for the easy formation of oxides and enhances the
formation of water meniscus at the tip-substrate junction. Since a distinct
LAO formation is observed at 7 V for low RH, the same voltage can be
considered for high RH as well to allow for comparison of the formation of
deposits over silicon. As a result, 7 V potential, 1 µm/s VT and 0.1 µN tip
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force were considered to be the best parameters for the structure
fabrication over the silicon substrate.
Other than drawing lines, stationary tip measurements over specific
points were also taken to investigate the influence of voltage and time factor
on the LAO over the silicon substrate. This could aid in localised voltage
applications and in the fabrication of atomic structures where a specific time
duration needs to be known to dig/deposit to create the intended structure.
The stationary tip measurements were performed by implementing a 4x4
grid, consisting of 16 points, as shown in Figure 61. The tip was placed over
the substrate with a tip force of 0.1 µN for different time pulses ranging from
5s to 80s. The tip bias applied was 7 V.
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Figure 61: Stationary tip measurements over silicon substrate. a) Stationary
tip lithography along with the height and diameter plots. The tip bias is 7V
and tip force is 0.1 µN, b) The height vs time and diameter vs time
characteristics of the patterns over the silicon substrate.
As expected, instead of trenches, depositions were formed over the
substrate in the form of circular nano dots. As can be seen from Figure 61
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(a), the height of the deposits is negligible till 20s. A sudden increase in
height of up to 2 nm was observed at 25s and the height only slightly increase
between 25s and 80s (Figure 61 (b)). The diameter of the nano dots increased
steadily from 25s to 60s. A small dip in diameter can be observed at 65s and
it increased again at 75s (Figure 61 (c)). Hence, for stationary tip
measurements, the depositions can be seen from 25s onwards.
Nano images drawn on the surface under humid environment, with an
RA of 75%, are shown in Figure 62. The patterns can be seen well defined
and clear with comparable thickness throughout. To conclude, LAO occurred
with platinum coated conductive tips is influenced by the tip velocity, tip
bias, tip force and the humidity conditions. Using this, structure fabrication
with raised patterns can be achieved.

a)A

b)B

Figure 62: The nano images etched over the silicon surface. a) ‘P’, and b)
UCD logo. Tip force of 0.1 µN and tip bias of 7 V, RH = 75%, VT = 1 µm/s.
To remove the native oxide layer over the substrate, the silicon
substrate was dipped in 10% HF solution. These experiments were performed
under normal room conditions because the humidity set up could facilitate
the formation of oxide layers much faster. The results were similar to that
obtained over bare silicon, as shown in Figure 63. Distinct oxidation can be
seen over the surface for different voltages ranging from 0 V to 10 V, with a
VT of 1 µm/s and a tip force of 0.1 µN. The height and width of the oxide
deposits are much more consistent and controlled over the HF treated
surface, as shown in Figure 63 (b) and (c) respectively. From the graphs, it
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can be seen that with higher potential, the height and width are well
pronounced and vice-versa. Hence, it can be concluded that oxide deposits
are formed when scratched with platinum coated tip whether the native
oxide layer over the silicon substrate is present or not.
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Figure 63: The LAO formation over HF treated silicon. a) The formation of
oxide deposits over HF treated silicon with different tip voltage ranging from
0 V to 10 V, b) The height vs tip voltage characteristics, c) The width vs tip
bias graph. Tip force: 0.1 µN, tip velocity: 1 µm/s and RH ~26%.

5.3.2 Scanning probe lithography over HOPG
5.3.2.1

Nano-holes etching

Figure 64 (a) shows the nano-holes etched with the applied potentials
from 2.5 V to 8 V, and the images were measured by the contact mode of
AFM. The depths of nano-holes were less than 500 pm with the applied
voltages of 2.5 V to 4 V, as shown in Figure 64 (b). It is considered that the
etching process occurred at a single-atomic-layer precision. However, the
depths of nano-holes were increased to 1 nm with the applied voltages of
6.5 V to 8 V, as shown in Figure 64 (c), indicating the material removal depth
of about three atomic layers. Figure 64 (d) and (e) show the diameters and
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depths of etched nano-holes with different applied voltages. The diameter
only slightly increased until 9 V but a sharp increase can be observed
between 9 and 10 V. In conventional pulse electrochemical machining, the
diameter of micro-hole increases with increasing applied voltage due to the
widened working gap width between the tool electrode and workpiece [292].
In our study, since the electrochemical etching was limited in a nanoscale
space by the water meniscus, although the voltage was increased, the
diameter of the nano-hole could only increase slightly, as shown in Figure 64
(d).
It is speculated that the etched debris from the HOPG surface would
deposited on the AFM tip due to the large amount of material removal
volume which happens at high applied voltage. Under the influence of
contamination from the tip or substrate, the surface water tension of the
AFM tip is possible to have been altered [293]. This might explain the
increased diameter of the etched nano-hole at high voltage. Previous studies
report that at higher voltage, inconsistent dimensions and more tip damage
occurred possibly due to mechanical damage and deposited carbon [294]. In
our study, when a voltage higher than 10 V was applied on the HOPG surface,
the workpiece surface was severely damaged, which is in agreement with
the previous research.
Figure 64 (e) shows that depth of the nano-holes increased with
increasing voltage. The depth of each hole was measured three times with
an angle of 120° between two adjacent measurements. Jiang and Guo [288]
reported that no nanostructures were obtained under 2 V, but at higher
voltage, convex structures were generated. Their research found out that no
etching occurred with the applied voltage lower than 2.5 V. Our results as
shown in Figure 64 (a) are in agreement with their study as no hole was
observed with the applied voltage of 2.5 V. The depth of concave holes in
their study increased with increasing voltage, which also agrees with Figure
64 (d) in our study.
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durations. Figure 65 (b) shows the line profiles depicting the depths of nanoholes. The depths were less than 800 pm for etching duration of 1s to 16s
indicating material removal in one or two atomic layers (Figure 65 (b)),
whereas the depths increased to 2 nm with the etching durations of 61s to
76s, as shown in Figure 65 (c). Figure 65 (d) shows the depths and diameters
of etched nano-holes with the etching duration from 1s to 76s. The depth
and diameter increased with increasing etching duration. Moreover, some
debris can be observed in Figure 65 (a) when the etching duration was longer
than 36s.
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From Eq. (35), it can be seen that the carbon gets converted to CO or
CO2 gas. Hence, there should be no debris formed in the etching area. The
debris in Figure 65 (a) could be attributable to the reaction intermediates
before the generation of CO or CO2 gas. The generation of reaction
intermediates can be described by the following reactions [296].
CL + H" O → CL − OH + H $ + e#

(37)

CL − OH → CL − O + H $ + e#

(38)

CL − O + H" O → CL COOH + H $ + e#

(39)
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CL#! COOH → CL#! + CO" + H $ + e#

(40)

where Cx denotes carbon atoms in the lattice. The intermediates Cx-OH, CxO, and Cx-1-COOH form the debris, as shown in Figure 65 (a). High voltage
and RH are of critical importance for complete gasification of graphite,
resulting in the formation of nano-holes and trenches. However, when the
etching is conducted under mild conditions, i.e., voltage less than 8 V and
RH less than 40%, protruded oxide features are formed due to the incomplete
gasification of graphite [297]. It is considered that the applied voltage of 4
V was not high enough for complete gasification, resulting in the generation
of debris shown in Figure 65 (a), especially with a long etching duration.
Many papers reported that protruded oxide features could be formed on the
HOPG surface using the electrochemical method [288,298,299].
In addition, anode reaction given in Eq. (35). shows that CO and CO2
can be generated in the electrochemical etching of HOPG. The etching
process can be described by the following reactions:
C + 𝐻" 𝑂 (𝑙𝑖𝑞. ) + 175.32 𝑘𝑗. 𝑚𝑜𝑙 #! = CO (gas) + 𝐻" (𝑔𝑎𝑠)

(41)

C + 2𝐻" 𝑂 (𝑙𝑖𝑞. ) + 178.17 𝑘𝑗. 𝑚𝑜𝑙#$ = CO" (gas) + 2𝐻" (𝑔𝑎𝑠)

(42)

The reaction (41) is considered as the dominant reaction because reaction
(42) requires two water molecules and higher energy [287]. Therefore, more
CO gases were generated in the electrochemical etching of HOPG than CO2.
Based on the etching results of these nano-holes, further complicated
patterns like nano-lines need to be etched.
5.3.2.2

Nano-lines etching

Figure 66 (a) and (b) show the nano-lines etched with the scan speeds
of 50 nm/s to 3 µm/s. The width of the etched line reduced with the
increasing scan speed due to the shorter etching duration. It failed to obtain
a line with the scan speed of 3 µm/s. This is because with higher tip velocity,
very few points of contacts occur between the tip and substrate for enough
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atoms to get displaced. Because of the incomplete gasification, some debris
was also observed in the etched lines.

(a)

(b)
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50 nm/s
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1.5 1.5
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400 nm

Figure 66: Nano-lines etched over HOPG surface with different tip velocity.
a) Nano-lines etched with the scan speeds of 50 nm/s to 500 nm/s, b) Nanolines etched with the scan speeds of 1 µm/s to 3 µm/s. The applied tip bias
is 4V. Both images are the same size.
Moreover, it was found that the accuracy of lines was significantly
influenced by the wear of the AFM tip. Figure 67 (a) shows the nano-lines
etched with a worn AFM tip with the scan speeds of 150 nm/s, 300 nm/s,
500 nm/s and 1 µm/s. It is noted that the width of the etched line increased
significantly due to the wear of the AFM tip. When using the scan speed of
500 nm/s, the width of the etched line increased from 47.3 nm to 82.4 nm
with a worn tip according to Figure 66 and Figure 67 (b).
(a)
1 µm/s
(b)

300 nm/s

1 µm/s
500 nm/s
300 nm/s

150 nm/s

82.4 nm
Height (pm)

500 nm/s

82.4 nm

150 nm/s
Distance (nm)

Figure 67: Influence of damaged AFM tip on the width of the etched lines.
a) Nano-lines etched with a worn AFM tip. The scan speeds were 150 nm/s,
300 nm/s, 500 nm/s and 1 µm/s, and the applied tip bias was 4 V.
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The tip curvature radius increases with worn AFM tip due to its
enlarged water meniscus. Therefore, the current density flowing through the
gap between the AFM tip and HOPG surface increases, as the gap resistance
decreases. Moreover, the current density localization effect of the water
meniscus reduces when the tip curvature radius increases, as shown in Figure
68. With increased diameter of the water meniscus over a worn AFM tip, the
effective area for current flowing increases between the AFM tip and HOPG
surface. Hence, electrochemical etching could occur in a wider area,
resulting in an increase in the width of the etched nano-line.

Figure 68: Schematic diagram of the influence of tip wear on etching current
density.

5.3.3 Intricate patterns etching
Based on the above results from nano-holes and nano-lines, the
etching conditions were optimized to obtain the nano-square in a 5×5 µm
area with the scan speed of 1 µm/s, as shown in Figure 69 (a) and (b). The
measured surface shows a trench feature close to a single atomic layer over
the HOPG surface. Furthermore, Figure 70 (a) and (b) shows the etched
“MNMT” letters in the HOPG area of 2×2 µm close to 335 pm, which also
indicates

single

atomic

layer

precision.

Hence,

the

AFM-based

electrochemical etching was verified to be an effective method for the
intricate patterns etching toward single-atomic-layer.
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69: Nano-square etched over HOPG surface. a) Nano-square etched
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This chapter focused on the single-atomic-layer lithography on silicon
and HOPG surface using AFM-based electrochemical etching technique. The
structure fabrication over silicon (100) substrate can be developed using
optimized parameters and better fabrication and material removal can be
achieved in the atomic scale. With platinum coated AFM tip, deposition takes
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place on the substrate instead of material removal. From the study, tip bias
of 7 V, tip force of 0.1 µN and tip velocity of 1 µm/s were found to be most
favourable for the structure fabrication. RH plays a major role in obtaining
a smooth and consistent LAO.
The experimental results on HOPG show that single-atomic-layer
precision can be achieved for different patterns. The diameter of the etched
nano-hole increases slightly with increasing applied voltage mainly due to
the localization of current density in a small nanoscale space by the water
meniscus. The depth of etched nano-hole increases with increasing applied
voltage, which is closely related to the electrostatic force between the AFM
tip apex and HOPG surface. The applied voltage on the HOPG surface has a
more dominant effect on the nano-hole etching than the etching duration.
The HOPG surface would get damaged with a the application of significantly
high voltage, typically higher than 10 V. The width of the etched nano-line
would be increased when the AFM tip is worn, because the diameter of the
water meniscus is increased between the AFM tip apex and HOPG surface
due to the increased tip curvature radius. This results in less localization
ability of current density from the water meniscus. Debris is observed on the
etched HOPG surface, and this is because of the incomplete gasification of
graphite occurring during the etching process, resulting in the generation of
intermediates. Overall, etching depth of 335 pm, (3.35 Å) which is close to
a single atomic layer, has been achieved.
Hence, from the above results, it can be seen that electrochemical
methods have enhanced the structure fabrication over the substrates. With
the application of tip bias, tip material used and the inherent water
meniscus, atoms could be removed or deposited over the substrate. A
controlled application of this can ensure the fabrication of well-defined
atomic structures for the application of molecular devices.
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Chapter 6. Conclusions and perspectives
6.1

Conclusions
The objective of this thesis was to understand the essential studies

that add to the development of future atomic scale device fabrication. To
reach this milestone, three fundamental problems were addressed. Firstly,
the orientation effects of the molecule when placed between the
electrodes; secondly, the bonding interactions between the molecule and
the electrode; and finally, the structure fabrication on different substrates
such as silicon, HOPG and gold, using electrochemical and mechanical
methods, to realise ACSM using AFM. Theoretical and experimental works
conducted in this project can draw the following conclusions:
1. In the case of both inorganic and organic molecules, the orientation and
contact of the molecule with the electrodes determine the current flow
across the molecular junction.
For POM molecular cluster, the transmission peaks, current-voltage
characteristics and the conductance peaks are higher for the vertical than
the horizontal configuration. The MOs responsible for the current
conductions shift with different drain voltages and this shift causes the
difference in peaks in the transmission and conductance plots. With this
study, a connection between the current transport, transmission,
conductance and the underlying structures of the molecule is established.
2. Pr molecules are found to be more interactive than the Pc molecules.
On performing the PES study on Pc and Pr followed by electronic
transport studies, the normal geometrically optimized structure is found to
have more conduction and transmission properties than the tautomerized
structures. Also, Pr molecules with and without thiol linkers are better
conductive than the Pc molecules. When thiol linkers are attached to the
molecules, the energy of the two molecular systems are suppressed by ~6%
in the case of Pc and ~9% in the case of Pr, making them more stable for
better electronic conduction. This is proved by the NEGF calculations. The
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effects of orientation of the molecules between the electrodes are
established. By performing this study, better transmission and conductance
of molecules depending on their orientation is realised.
3. A link between pEDA and electronic transport studies is established.
Through pEDA study, the attractive and repulsive energy terms are
elucidated and thereby established a detailed understanding of interactions
of Pc and Pr over gold substrate. Pr molecules are found to be better
interactive over the gold substrate, which is in good agreement with the PES
studies. Electronic transport studies are performed on their derivatives with
and without thiol linkers and it has been found that the Pr and its derivatives
are better conducting than Pc, supporting the results of pEDA. The link
between these two studies are beneficial to select appropriate molecules
and electrodes to demonstrate transistor actions and to be considered while
fabricating atomic scale devices.
4. Mechanical AFM-based studies on gold and silicon with diamond tips show
that structure fabrication with trenches can be formed in the atomic
scale.
Mechanical AFM-based studies are performed on silicon and gold
substrates using single crystal diamond tips. Material removal having a
minimum depth of 3.2 Å which is close to about 3 silicon atom thickness, has
been achieved. In the case of gold, a minimum depth of 9.7 Å, close to 7
atom thickness has been achieved. Parameters such as tip force, tip velocity,
tip geometry and RH could be altered to have a better structure fabrications
in the atomic scale.
5. Electrochemical AFM-based studies using platinum coated silicon tips on
HOPG aid in atomic scale material removal whereas, on silicon, LAO
dominated with raised patterns on the substrate.
Electrochemical AFM-based studies are performed on HOPG and silicon
using platinum coated silicon tips. In the case of silicon, both bare silicon
and HF treated silicon are studied. Bare silicon has a native oxide layer,
owing to which, the material removal processes are limited, while HF
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treated silicon is best suited for structure fabrication. The platinum coated
tips facilitated LAO. In the case of HOPG, different patterns such as nanoholes, nanolines and intrinsic patterns are machined. A material removal
close-to-a single atomic layer, ~3.35 Å has been achieved.

6.2

Future directions
In this thesis, the most recent techniques that aid the fabrication of

atomic scale devices are presented. The theoretical simulations were
performed on ADF modelling suit and the experimentations on AFM machine.
With the most recent software updates and latest technological
improvements of newly manufactured AFMs, wide variety of theoretical and
experimental validations can be carried out. One such example is the
capability to automatically perform the experiments which lowers
mechanical human errors. Also, the experimental conditions should be
considered. For the perfect atomic scale machining, dust particles and other
environmental factors should be completely avoided. For that UHV
conditions should be adopted for future studies. In addition, the
temperature of the environment should be considered since even a tiny
change could cause a large disruption in atomic interactions happening in
the quantum realm.
In theoretical simulations, electronic transport studies and pEDA
studies for the molecules selected in this thesis established a link between
the molecular orientations and bonding scenarios. Will this be the case for
all the molecules is a question to be addressed in future works. More
potential molecules suitable for the theoretical studies mentioned in this
thesis should also be identified. At the same time, further theoretical studies
to study the interactions at the metal-molecule interface should be
considered.
For ACSM, optimum parameters should be explored since even a slight
alteration in working environment can bring about a drastic change in the
production control of the whole system. As small-scale manufacturing is very
sensitive, a well-defined quantum mechanical approach is required. The
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major problem lies in the mass production of these manufactured products.
AFM is a medium to perform the study, but it is not a proper machining
platform for the mentioned purposes, even in a millipede configuration.
Machines capable of performing small scale manufacturing should be
developed with proper supervision of the quality and performance of
machined components through surface integrity research and development.
For experimentations in this thesis, silicon, gold and HOPG were selected
but other materials such as SiC and van-der Waals materials should be
explored further for their machining capabilities in the atomic scale. With
all this in mind, methods to ultimately fabricate an atomic electrode should
be developed to experimentally verify the theoretical studies performed
around the world.

6.2.1 Silicon carbide
SiC is a semiconductor with a wide bandgap [300]. It has different
applications because of its physical and electronic properties. It has been
used in high power, high frequency, and high temperature devices due to its
excellent thermal and electrical conductivity [301]. SiC is much harder than
silicon with a Mohs hardness of 9~10. The fracture toughness and tensile
strength are also higher for SiC than silicon. This makes machining the
surface of SiC with atomic precision a difficult task [49,302,303], even
though scratching with a Berkovich indenter has been performed by Zhang
et al. [304]. Recently, a molecular model showing the different aspects of
tip-based machining over single crystal SiC has been performed by Meng et
al. [305]. Though nanopatterning of epitaxial graphene grown on SiC(0001)
has been reported by Alaboson et al. [50] using c-AFM, an effective AFM
based machining of SiC is still lacking,
For this reason, some initial experiments were performed in our lab
on SiC to understand its ACS machining mechanism. As it can be seen from
Figure 71 (a), there are a lot of step edges on the surface. Figure 71 (b)
shows the material removal and the debris formed when the surface was
scanned in contact mode. Scratching ‘MNMT’ logo on the surface was
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attempted but only a faded pattern could be accomplished. As a result,
future research should focus on developing local etching procedures that
provide an atomically flat surface with atomic step edges, so that machining
can be performed.
a)

b)

Figure 71: The step edges and machining over SiC. a) The AFM image of the
4h-0001 SiC surface, b) The accumulation of debris at the boundaries after
scratching with a single crystal diamond tip.

6.2.2 Van-der-Waals materials
Van der Waals materials have weak interlayer interactions. Material
removal on these types of materials are not widely studied. Even though in
this thesis, works related to HOPG has been performed, a deeper insight into
the scratching techniques of graphene substrates could possibly favour
ACSM. The precision needed to image such small dimensions need to be
developed for this aspect of the research.
Apart from graphene, two-dimensional materials such as transition
metal dichalcogenides (TMD) materials such as MoS2 and WS2 could be
explored. Even though there are coupling between the layers in the case of
TMDs, it could be worth trying since they find themselves in a lot of
applications in atomic scale devices such as transistors. A single layer of MoS2
is merely 6.5 Å as shown in Figure 72 [306]. These layers could be easily
removed since the bonding forces are weaker than the materials having
crystal orientations. Along with TMDs, materials such as silicene could be
used to integrate with the semiconductors to develop IC chip components.
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Silicene has zero band gap and has wide applications in fabricating
transistors and photodetectors.
b)
a)

c)

Figure 72: The molecular structure of MoS2 and its AFM imaging. a) The MoS2
layers represented graphically, b) AFM image of a single step edge of the
MoS2 layer, c) The line profile showing a thickness of 6.5 Å between two
layers. Reproduced from [306]. Copyright Springer Nature.

125

References
[1] Fang FZ. Atomic and close-to-atomic scale manufacturing—A trend in
manufacturing development. Frontiers of Mechanical Engineering
2016;11:325–7. https://doi.org/10.1007/s11465-016-0402-1.
[2] Fang FZ. Atomic and close-to-atomic scale manufacturing: perspectives
and

measures.

Int

J

Extrem

Manuf

2020;2:030201.

https://doi.org/10.1088/2631-7990/aba495.
[3] Fang FZ, Zhang N, Guo D, Ehmann K, Cheung B, Liu K, et al. Towards
atomic and close-to-atomic scale manufacturing. Int J Extrem Manuf
2019;1:012001. https://doi.org/10.1088/2631-7990/ab0dfc.
[4] Binnig G, Quate CF, Gerber Ch. Atomic Force Microscope. Phys Rev Lett
1986;56:930–3. https://doi.org/10.1103/PhysRevLett.56.930.
[5] Chen L, Wen J, Zhang P, Yu B, Chen C, Ma T, et al. Nanomanufacturing
of

silicon

surface

mechanochemical

with

a

reactions.

single

atomic

Nat

layer

Commun

precision

via

2018;9:1542.

https://doi.org/10.1038/s41467-018-03930-5.
[6] Santinacci L, Zhang Y, Schmuki P. AFM scratching and metal deposition
through insulating layers on silicon. Surface Science 2005;597:11–9.
https://doi.org/10.1016/j.susc.2005.05.069.
[7] Yan YD, Hu ZJ, Liu WT, Zhao XS. Effects of Scratching Parameters on
Fabrication of Polymer Nanostructures in Atomic Force Microscope
Tapping

Mode.

Procedia

CIRP

2015;28:100–5.

https://doi.org/10.1016/j.procir.2015.04.017.
[8] Ogino T, Nishimura S, Shirakashi J. Scratch Nanolithography on Si
Surface Using Scanning Probe Microscopy: Influence of Scanning
Parameters on Groove Size. Jpn J Appl Phys 2008;47:712–4.
https://doi.org/10.1143/JJAP.47.712.
[9] Brousseau EB, Krohs F, Caillaud E, Dimov S, Gibaru O, Fatikow S.
Development of a Novel Process Chain Based on Atomic Force
Microscopy Scratching for Small and Medium Series Production of
Polymer Nanostructured Components. Journal of Manufacturing Science
and Engineering 2010;132:030901. https://doi.org/10.1115/1.4001481.

126

[10] Zhang F, Edwards D, Deng X, Wang Y, Kilpatrick JI, Bassiri-Gharb N, et
al. Investigation of AFM-based machining of ferroelectric thin films at
the

nanoscale.

Journal

of

Applied

Physics

2020;127:034103.

https://doi.org/10.1063/1.5133018.
[11] Geng Y, Yan Y, Xing Y, Zhao X, Hu Z. Modelling and experimental study
of machined depth in AFM-based milling of nanochannels. International
Journal

of

Machine

Tools

and

Manufacture

2013;73:87–96.

https://doi.org/10.1016/j.ijmachtools.2013.07.001.
[12] Yan Y, Chang S, Wang T, Geng Y. Scratch on Polymer Materials Using
AFM

Tip-Based

Approach:

A

Review.

Polymers

2019;11:1590.

https://doi.org/10.3390/polym11101590.
[13] Garcia R, Knoll AW, Riedo E. Advanced scanning probe lithography.
Nature

Nanotech

2014;9:577–87.

https://doi.org/10.1038/nnano.2014.157.
[14] Keyvani A, Tamer MS, van Es MH, Sadeghian H. Simultaneous AFM nanopatterning and imaging for photomask repair. In: Sanchez MI, Ukraintsev
VA, editors., San Jose, California, United States: 2016, p. 977818.
https://doi.org/10.1117/12.2219041.
[15] Deng J, Zhang L, Dong J, Cohen PH. AFM-based 3D nanofabrication using
ultrasonic vibration assisted nanomachining. Journal of Manufacturing
Processes

2016;24:195–202.

https://doi.org/10.1016/j.jmapro.2016.09.003.
[16] Moldovan A, Marinescu A, Brajnicov S, Dumitrescu N, Scarisoreanu ND,
Dinescu M. Scanning probe techniques for nanoscale imaging and
patterning. Functional Nanostructured Interfaces for Environmental and
Biomedical

Applications,

Elsevier;

2019,

p.

97–112.

https://doi.org/10.1016/B978-0-12-814401-5.00005-0.
[17] Maver U, Velnar T, Gaberšček M, Planinšek O, Finšgar M. Recent
progressive use of atomic force microscopy in biomedical applications.
TrAC

Trends

in

Analytical

Chemistry

2016;80:96–111.

https://doi.org/10.1016/j.trac.2016.03.014.

127

[18] Hu J, Zhang Y, Gao H, Li M, Hartmann U. Artificial DNA Patterns by
Mechanical

Nanomanipulation.

Nano

Lett

2002;2:55–7.

https://doi.org/10.1021/nl0156336.
[19] Firtel M, Henderson G, Sokolov I. Nanosurgery: observation of
peptidoglycan

strands

in

Lactobacillus

helveticus

Ultramicroscopy

cell

walls.

2004;101:105–9.

https://doi.org/10.1016/j.ultramic.2004.05.009.
[20] Morita S, Wiesendanger R, Meyer E, editors. Noncontact Atomic Force
Microscopy. Berlin, Heidelberg: Springer Berlin Heidelberg; 2002.
https://doi.org/10.1007/978-3-642-56019-4.
[21] Fang FZ, Zhang N, Guo D, Ehmann K, Cheung B, Liu K, et al. Towards
atomic and close-to-atomic scale manufacturing. Int J Extrem Manuf
2019;1:012001. https://doi.org/10.1088/2631-7990/ab0dfc.
[22] Kushmerick J. Molecular transistors scrutinized. Nature 2009;462:994–
5. https://doi.org/10.1038/462994a.
[23] Mathew PT, Fang FZ. Advances in Molecular Electronics: A Brief Review.
Engineering

2018;4:760–71.

https://doi.org/10.1016/j.eng.2018.11.001.
[24] Marcus RA. Electron transfer reactions in chemistry. Theory and
experiment.

Rev

Mod

Phys

1993;65:599–610.

https://doi.org/10.1103/RevModPhys.65.599.
[25] Ratner M. A brief history of molecular electronics. Nature Nanotech
2013;8:378–81. https://doi.org/10.1038/nnano.2013.110.
[26] Heath JR, Ratner MA. Molecular Electronics. Physics Today 2003;56:43–
9. https://doi.org/10.1063/1.1583533.
[27] Lee T, Wang W, Reed MA. Mechanism of Electron Conduction in SelfAssembled Alkanethiol Monolayer Devices. Annals of the New York
Academy

of

Sciences

2003;1006:21–35.

https://doi.org/10.1196/annals.1292.001.
[28] Metzger RM, Chen B, Höpfner U, Lakshmikantham MV, Vuillaume D,
Kawai

T,

et

al.

Unimolecular

Electrical

Rectification

in

128

Hexadecylquinolinium Tricyanoquinodimethanide. J Am Chem Soc
1997;119:10455–66. https://doi.org/10.1021/ja971811e.
[29] McCreery

RL.

Molecular

Electronic

Junctions.

Chem

Mater

2004;16:4477–96. https://doi.org/10.1021/cm049517q.
[30] Yaliraki SN, Kemp M, Ratner MA. Conductance of Molecular Wires:
Influence

of

Molecule−Electrode

Binding.

J

Am

Chem

Soc

1999;121:3428–34. https://doi.org/10.1021/ja982918k.
[31] Landauer R. Spatial Variation of Currents and Fields Due to Localized
Scatterers in Metallic Conduction. IBM J Res & Dev 1957;1:223–31.
https://doi.org/10.1147/rd.13.0223.
[32] Maassen J, Lundstrom M. (Invited) The Landauer Approach to Electron
and

Phonon

Transport.

ECS

Transactions

2015;69:23–36.

https://doi.org/10.1149/06909.0023ecst.
[33] Kim R, Datta S, Lundstrom MS. Influence of dimensionality on
thermoelectric device performance. Journal of Applied Physics
2009;105:034506. https://doi.org/10.1063/1.3074347.
[34] Wang L, Wang L, Zhang L, Xiang D. Advance of Mechanically Controllable
Break Junction for Molecular Electronics. Top Curr Chem (Z)
2017;375:61. https://doi.org/10.1007/s41061-017-0149-0.
[35] Dubois V, Raja SN, Gehring P, Caneva S, van der Zant HSJ, Niklaus F, et
al. Massively parallel fabrication of crack-defined gold break junctions
featuring sub-3 nm gaps for molecular devices. Nat Commun
2018;9:3433. https://doi.org/10.1038/s41467-018-05785-2.
[36] Whitesides GM, Boncheva M. Beyond molecules: Self-assembly of
mesoscopic and macroscopic components. Proceedings of the National
Academy

of

Sciences

2002;99:4769–74.

https://doi.org/10.1073/pnas.082065899.
[37] Vericat C, Vela ME, Benitez G, Carro P, Salvarezza RC. Self-assembled
monolayers of thiols and dithiols on gold: new challenges for a wellknown

system.

Chem

Soc

Rev

2010;39:1805.

https://doi.org/10.1039/b907301a.

129

[38] Majumdar A. Microscale Heat Conduction in Dielectric Thin Films.
Journal

of

Heat

Transfer

1993;115:7–16.

https://doi.org/10.1115/1.2910673.
[39] Scheidemantel TJ, Ambrosch-Draxl C, Thonhauser T, Badding JV, Sofo
JO. Transport coefficients from first-principles calculations. Phys Rev B
2003;68:125210. https://doi.org/10.1103/PhysRevB.68.125210.
[40] Lake R, Datta S. Nonequilibrium Green’s-function method applied to
double-barrier resonant-tunneling diodes. Phys Rev B 1992;45:6670–85.
https://doi.org/10.1103/PhysRevB.45.6670.
[41] Gowthami T, Gadhewal M, Raina G. Study of Stability of Local Anodic
Oxidation on HOPG and Few Layer Graphene Using AFM in Ambient. IEEE
Trans

Nanotechnology

2013;12:1002–6.

https://doi.org/10.1109/TNANO.2013.2274900.
[42] Jiang Y, Guo W. Convex and concave nanodots and lines induced on
HOPG surfaces by AFM voltages in ambient air. Nanotechnology
2008;19:345302. https://doi.org/10.1088/0957-4484/19/34/345302.
[43] Niandong Jiao, Yuechao Wang, Ning Xi, Zaili Dong. Electric field assisted
fabrication on Si and HOPG surfaces by AFM. 2008 2nd IEEE International
Nanoelectronics Conference, Shanghai, China: IEEE; 2008, p. 1155–8.
https://doi.org/10.1109/INEC.2008.4585687.
[44] Avouris P, Hertel T, Martel R. Atomic force microscope tip-induced local
oxidation of silicon: kinetics, mechanism, and nanofabrication. Appl
Phys Lett 1997;71:285–7. https://doi.org/10.1063/1.119521.
[45] Calleja M, Anguita J, Garcia R, Birkelund K, Pérez-Murano F, Dagata JA.
Nanometre-scale oxidation of silicon surfaces by dynamic force
microscopy:

reproducibility,

Nanotechnology

1999;10:34–8.

kinetics

and

nanofabrication.

https://doi.org/10.1088/0957-

4484/10/1/008.
[46] Dagata JA, Perez-Murano F, Martin C, Kuramochi H, Yokoyama H.
Current, charge, and capacitance during scanning probe oxidation of
silicon. I. Maximum charge density and lateral diffusion. Journal of
Applied Physics 2004;96:2386–92. https://doi.org/10.1063/1.1771820.

130

[47] Stiévenard D, Legrand B. Silicon surface nano-oxidation using scanning
probe microscopy. Progress in Surface Science 2006;81:112–40.
https://doi.org/10.1016/j.progsurf.2006.01.003.
[48] Ki B, Choi K, Kim K, Oh J. Electrochemical local etching of silicon in
etchant

vapor.

Nanoscale

2020;12:6411–9.

https://doi.org/10.1039/C9NR10420H.
[49] Tanaka H, Shimada S. Damage-free machining of monocrystalline silicon
carbide.

CIRP

Annals

2013;62:55–8.

https://doi.org/10.1016/j.cirp.2013.03.098.
[50] Alaboson JMP, Wang QH, Kellar JA, Park J, Elam JW, Pellin MJ, et al.
Conductive Atomic Force Microscope Nanopatterning of Epitaxial
Graphene on SiC(0001) in Ambient Conditions. Adv Mater 2011;23:2181–
4. https://doi.org/10.1002/adma.201100367.
[51] Ahn J-J, Jo Y-D, Kim S-C, Lee J-H, Koo S-M. Crystallographic planeorientation dependent atomic force microscopy-based local oxidation
of

silicon

carbide.

Nanoscale

Res

Lett

2011;6:235.

https://doi.org/10.1186/1556-276X-6-235.
[52] Fang T-H, Chang W-J, Weng C-I. Nanoindentation and nanomachining
characteristics of gold and platinum thin films. Materials Science and
Engineering:

A

2006;430:332–40.

https://doi.org/10.1016/j.msea.2006.05.106.
[53] Li X, Nardi P, Baek C-W, Kim J-M, Kim Y-K. Direct nanomechanical
machining of gold nanowires using a nanoindenter and an atomic force
microscope.

J

Micromech

Microeng

2005;15:551–6.

https://doi.org/10.1088/0960-1317/15/3/016.
[54] Vilan A, Aswal D, Cahen D. Large-Area, Ensemble Molecular Electronics:
Motivation

and

Challenges.

Chem

Rev

2017;117:4248–86.

https://doi.org/10.1021/acs.chemrev.6b00595.
[55] Kwok KS, Ellenbogen JC. Moletronics: future electronics. Materials
Today 2002;5:28–37. https://doi.org/10.1016/S1369-7021(02)05227-6.

131

[56] Newton MD, Sutin N. Electron Transfer Reactions in Condensed Phases.
Annu

Rev

Phys

Chem

1984;35:437–80.

https://doi.org/10.1146/annurev.pc.35.100184.002253.
[57] LeslieDutton P, Prince RogerC, Tiede DavidM. The Reaction Center Of
Photosynthetic

Bacteria.

Photochem

Photobiol

1978;28:939–49.

https://doi.org/10.1111/j.1751-1097.1978.tb07733.x.
[58] Patil A, Saha D, Ganguly S. A Quantum Biomimetic Electronic Nose
Sensor. Sci Rep 2018;8:128. https://doi.org/10.1038/s41598-01718346-2.
[59] Yu H, Luo Y, Beverly K, Stoddart JF, Tseng H-R, Heath JR. The Molecule–
Electrode Interface in Single-Molecule Transistors. Angew Chem Int Ed
2003;42:5706–11. https://doi.org/10.1002/anie.200352352.
[60] Ghosh AW, Rakshit T, Datta S. Gating of a Molecular Transistor:
Electrostatic

and

Conformational.

Nano

Lett

2004;4:565–8.

https://doi.org/10.1021/nl035109u.
[61] Ahn CH, Bhattacharya A, Di Ventra M, Eckstein JN, Frisbie CD,
Gershenson ME, et al. Electrostatic modification of novel materials. Rev
Mod

Phys

2006;78:1185–212.

https://doi.org/10.1103/RevModPhys.78.1185.
[62] Jin C, Solomon GC. Controlling Band Alignment in Molecular Junctions:
Utilizing

Two-Dimensional

Transition-Metal

Dichalcogenides

as

Electrodes for Thermoelectric Devices. J Phys Chem C 2018;122:14233–
9. https://doi.org/10.1021/acs.jpcc.8b00464.
[63] Eigler DM, Schweizer EK. Positioning single atoms with a scanning
tunnelling

microscope.

Nature

1990;344:524–6.

https://doi.org/10.1038/344524a0.
[64] Sotthewes K, Geskin V, Heimbuch R, Kumar A, Zandvliet HJW. Research
Update: Molecular electronics: The single-molecule switch and
transistor.

APL

Materials

2014;2:010701.

https://doi.org/10.1063/1.4855775.

132

[65] Joachim C, Gimzewski JK, Schlittler RR, Chavy C. Electronic
Transparence of a Single C 60 Molecule. Phys Rev Lett 1995;74:2102–5.
https://doi.org/10.1103/PhysRevLett.74.2102.
[66] Jonathan S. Lindsey, David F. Bocian. Molecules for Charge-Based
Information

Storage.

Acc

Chem

Res

2011;8:638–50.

https://doi.org/doi.org/10.1021/ar200107x.
[67] Jurow M, Schuckman AE, Batteas JD, Drain CM. Porphyrins as molecular
electronic components of functional devices. Coordination Chemistry
Reviews

2010;254:2297–310.

https://doi.org/10.1016/j.ccr.2010.05.014.
[68] Miller JR, Simon P. Materials Science: Electrochemical Capacitors for
Energy

Management.

Science

2008;321:651–2.

https://doi.org/10.1126/science.1158736.
[69] Liu Z. Molecular Memories That Survive Silicon Device Processing and
Real-World

Operation.

Science

2003;302:1543–5.

https://doi.org/10.1126/science.1090677.
[70] Roth KM, Dontha N, Dabke RB, Gryko DT, Clausen C, Lindsey JS, et al.
Molecular approach toward information storage based on the redox
properties of porphyrins in self-assembled monolayers. J Vac Sci
Technol B 2000;18:2359. https://doi.org/10.1116/1.1310657.
[71] Chen G, Bandow S, Margine ER, Nisoli C, Kolmogorov AN, Crespi VH, et
al. Chemically Doped Double-Walled Carbon Nanotubes: Cylindrical
Molecular

Capacitors.

Phys

Rev

Lett

2003;90:257403.

https://doi.org/10.1103/PhysRevLett.90.257403.
[72] Sadat Madani M, Monajjemi M, Aghaei H, Giahi M. The Double Wall Boron
Nitride

Nanotube:

Nano-Cylindrical

Capacitor.

Orient

J

Chem

2017;33:1213–22. https://doi.org/10.13005/ojc/330320.
[73] Kumar MJ. Molecular Diodes and Applications. NANOTEC 2007;1:51–7.
https://doi.org/10.2174/187221007779814790.
[74] Fabrizio M, Tosatti E. Nonmagnetic molecular Jahn-Teller Mott
insulators.

Phys

Rev

B

1997;55:13465–72.

https://doi.org/10.1103/PhysRevB.55.13465.

133

[75] Mayor M, Weber HB, Reichert J, Elbing M, von Hänisch C, Beckmann D,
et al. Electric Current through a Molecular Rod—Relevance of the
Position of the Anchor Groups. Angew Chem Int Ed 2003;42:5834–8.
https://doi.org/10.1002/anie.200352179.
[76] Garner MH, Li H, Chen Y, Su TA, Shangguan Z, Paley DW, et al.
Comprehensive suppression of single-molecule conductance using
destructive

σ-interference.

Nature

2018;558:415–9.

https://doi.org/10.1038/s41586-018-0197-9.
[77] Meunier M, Quirke N. Molecular modeling of electron trapping in
polymer insulators. The Journal of Chemical Physics 2000;113:369–76.
https://doi.org/10.1063/1.481802.
[78] Tao NJ. Electron transport in molecular junctions. Nanoscience and
Technology, Co-Published with Macmillan Publishers Ltd, UK; 2009, p.
185–93. https://doi.org/10.1142/9789814287005_0019.
[79] Salahuddin S, Lundstrom M, Datta S. Transport Effects on Signal
Propagation

in

Quantum

Wires.

IEEE

Trans

Electron

Devices

2005;52:1734–42. https://doi.org/10.1109/TED.2005.852170.
[80] Sedghi G, Sawada K, Esdaile LJ, Hoffmann M, Anderson HL, Bethell D,
et al. Single Molecule Conductance of Porphyrin Wires with Ultralow
Attenuation.

J

Am

Chem

Soc

2008;130:8582–3.

https://doi.org/10.1021/ja802281c.
[81] Koepf M, Trabolsi A, Elhabiri M, Wytko JA, Paul D, Albrecht-Gary AM, et
al. Building Blocks for Self-Assembled Porphyrinic Photonic Wires. Org
Lett 2005;7:1279–82. https://doi.org/10.1021/ol050033p.
[82] Iengo E, Zangrando E, Minatel R, Alessio E. Metallacycles of Porphyrins
as Building Blocks in the Construction of Higher Order Assemblies
through Axial Coordination of Bridging Ligands: Solution- and Solid-State
Characterization of Molecular Sandwiches and Molecular Wires. J Am
Chem Soc 2002;124:1003–13. https://doi.org/10.1021/ja016162s.
[83] Ambroise A, Kirmaier C, Wagner RW, Loewe RS, Bocian DF, Holten D, et
al. Weakly Coupled Molecular Photonic Wires: Synthesis and Excited-

134

State Energy-Transfer Dynamics. J Org Chem 2002;67:3811–26.
https://doi.org/10.1021/jo025561i.
[84] Robertson N, McGowan CA. A comparison of potential molecular wires
as components for molecular electronics. Chem Soc Rev 2003;32:96–
103. https://doi.org/10.1039/b206919a.
[85] Vilà-Nadal L, Mitchell SG, Markov S, Busche C, Georgiev V, Asenov A, et
al.

Towards

Chemistry

-

Polyoxometalate-Cluster-Based
A

European

Journal

Nano-Electronics.
2013;19:16502–11.

https://doi.org/10.1002/chem.201301631.
[86] Ozawa H, Kawao M, Tanaka H, Ogawa T. Synthesis of Dendron-Protected
Porphyrin Wires and Preparation of a One-Dimensional Assembly of Gold
Nanoparticles Chemically Linked to the π-Conjugated Wires. Langmuir
2007;23:6365–71. https://doi.org/10.1021/la0634544.
[87] Linford MR, Fenter P, Eisenberger PM, Chidsey CED. Alkyl Monolayers on
Silicon Prepared from 1-Alkenes and Hydrogen-Terminated Silicon. J Am
Chem Soc 1995;117:3145–55. https://doi.org/10.1021/ja00116a019.
[88] Hobza P, Selzle HL, Schlag EW. Structure and Properties of BenzeneContaining Molecular Clusters: Nonempirical ab Initio Calculations and
Experiments.

Chem

Rev

1994;94:1767–85.

https://doi.org/10.1021/cr00031a002.
[89] Cooper DL, Gerratt J, Raimondi M. The electronic structure of the
benzene

molecule.

Nature

1986;323:699–701.

https://doi.org/10.1038/323699a0.
[90] Kaliginedi V, Moreno-García P, Valkenier H, Hong W, García-Suárez VM,
Buiter P, et al. Correlations between Molecular Structure and SingleJunction Conductance: A Case Study with Oligo(phenylene-ethynylene)Type

Wires.

J

Am

Chem

Soc

2012;134:5262–75.

https://doi.org/10.1021/ja211555x.
[91] Stapleton JJ, Harder P, Daniel TA, Reinard MD, Yao Y, Price DW, et al.
Self-Assembled

Oligo(phenylene-ethynylene)

Molecular

Electronic

Switch Monolayers on Gold: Structures and Chemical Stability. Langmuir
2003;19:8245–55. https://doi.org/10.1021/la035172z.

135

[92] Grozema FC, Candeias LP, Swart M, van Duijnen PTh, Wildeman J,
Hadziioanou G, et al. Theoretical and experimental studies of the optoelectronic properties of positively charged oligo(phenylene vinylene)s:
Effects of chain length and alkoxy substitution. The Journal of Chemical
Physics 2002;117:11366–78. https://doi.org/10.1063/1.1522374.
[93] Mishra A, Ma C-Q, Bäuerle P. Functional Oligothiophenes: Molecular
Design for Multidimensional Nanoarchitectures and Their Applications †.
Chem Rev 2009;109:1141–276. https://doi.org/10.1021/cr8004229.
[94] Linton

KE,

Fox

MA,

Pålsson

L-O,

Bryce

MR.

Oligo(

p

-

phenyleneethynylene) (OPE) Molecular Wires: Synthesis and Length
Dependence of Photoinduced Charge Transfer in OPEs with Triarylamine
and Diaryloxadiazole End Groups. Chem Eur J 2015;21:3997–4007.
https://doi.org/10.1002/chem.201406080.
[95] Thiele C, Gerhard L, Eaton TR, Torres DM, Mayor M, Wulfhekel W, et al.
STM

study

of

oligo(phenylene-ethynylene)s.

New

J

Phys

2015;17:053043. https://doi.org/10.1088/1367-2630/17/5/053043.
[96] Cai L, Yao Y, Yang J, Price DW, Tour JM. Chemical and PotentialAssisted

Assembly

ethynylene)s

on

of

Gold

Thiolacetyl-Terminated
Surfaces.

Chem

Mater

Oligo(phenylene
2002;14:2905–9.

https://doi.org/10.1021/cm011509b.
[97] Jenny NM, Mayor M, Eaton TR. Phenyl-Acetylene Bond Assembly: A
Powerful Tool for the Construction of Nanoscale Architectures. Eur J
Org

Chem

2011;2011:4965–83.

https://doi.org/10.1002/ejoc.201100176.
[98] Kushmerick JJ, Pollack SK, Yang JC, Naciri J, Holt DB, Ratner MA, et al.
Understanding Charge Transport in Molecular Electronics. Annals of the
New

York

Academy

of

Sciences

2003;1006:277–90.

https://doi.org/10.1196/annals.1292.019.
[99] Linstead RP. 212. Phthalocyanines. Part I. A new type of synthetic
colouring matters. Journal of the Chemical Society (Resumed)
1934:1016. https://doi.org/10.1039/jr9340001016.

136

[100] Simic-Glavaski B. Phthalocyanines in molecular electronic devices.
Images of the Twenty-First Century. Proceedings of the Annual
International Engineering in Medicine and Biology Society, Seattle, WA,
USA:

IEEE;

1989,

p.

1325–6.

https://doi.org/10.1109/IEMBS.1989.96219.
[101] van Staden J (Koos) F. Application of phthalocyanines in flow- and
sequential-injection analysis and microfluidics systems: A review.
Talanta

2015;139:75–88.

https://doi.org/10.1016/j.talanta.2015.02.026.
[102] Thudichum JLW. On cruentine. The report of the medical officer of
the privy council. X, 1867, p. Appendix 7:227.
[103] Hutin M, Rosnes MH, Long D-L, Cronin L. Polyoxometalates: Synthesis
and Structure – From Building Blocks to Emergent Materials.
Comprehensive Inorganic Chemistry II, vol. 2, Oxford: Elsevier; 2013, p.
241–69.
[104] Katsoulis DE. A Survey of Applications of Polyoxometalates. Chemical
Reviews 1998;98:359–88. https://doi.org/10.1021/cr960398a.
[105] Monakhov KY, Moors M, Kögerler P. Perspectives for Polyoxometalates
in Single-Molecule Electronics and Spintronics. Advances in Inorganic
Chemistry,

vol.

69,

Elsevier;

2017,

p.

251–86.

https://doi.org/10.1016/bs.adioch.2016.12.009.
[106] Zhang J, Huang Y, Li G, Wei Y. Recent advances in alkoxylation
chemistry of polyoxometalates: From synthetic strategies, structural
overviews to functional applications. Coordination Chemistry Reviews
2019;378:395–414. https://doi.org/10.1016/j.ccr.2017.10.025.
[107] Kushmerick JG, Holt DB, Pollack SK, Ratner MA, Yang JC, Schull TL,
et al. Effect of Bond-Length Alternation in Molecular Wires. J Am Chem
Soc 2002;124:10654–5. https://doi.org/10.1021/ja027090n.
[108] Fang FZ, Zhang XD, Gao W, Guo YB, Byrne G, Hansen HN.
Nanomanufacturing—Perspective

and

applications.

CIRP

Annals

2017;66:683–705. https://doi.org/10.1016/j.cirp.2017.05.004.

137

[109] Göbel H. Atomic force microscope as a tool for metal surface
modifications.

J

Vac

Sci

Technol

B

1995;13:1247.

https://doi.org/10.1116/1.588245.
[110] Gozen BA, Ozdoganlar OB. A Rotating-Tip-Based Mechanical NanoManufacturing Process: Nanomilling. Nanoscale Res Lett 2010;5:1403–7.
https://doi.org/10.1007/s11671-010-9653-7.
[111] Geng Y, Li H, Yan Y, He Y, Zhao X. Study on material removal for
nanochannels fabrication using atomic force microscopy tip-based
nanomilling approach. Proceedings of the Institution of Mechanical
Engineers, Part B: Journal of Engineering Manufacture 2019;233:461–9.
https://doi.org/10.1177/0954405417748188.
[112] Xue B, Geng Y, Wang D, Sun Y, Yan Y. Improvement in Surface Quality
of

Microchannel

Machining.

Structures

Fabricated

Nanomanuf

by

Revolving

Metrol

Tip-Based

2019;2:26–35.

https://doi.org/10.1007/s41871-018-0032-9.
[113] Miyake S, Wang M, Kim J. Silicon Nanofabrication by Atomic Force
Microscopy-Based Mechanical Processing. Journal of Nanotechnology
2014;2014:1–19. https://doi.org/10.1155/2014/102404.
[114] Jaouen K, Henrotte O, Campidelli S, Jousselme B, Derycke V, Cornut
R. Localized electrochemistry for the investigation and the modification
of

2D

materials.

Applied

Materials

Today

2017;8:116–24.

https://doi.org/10.1016/j.apmt.2017.05.001.
[115] Yamamoto K, Sato K, Sasano J, Nagai M, Shibata T. Localized etching
of silicon in water using a catalytically active platinum-coated atomic
force

microscopy

probe.

Precision

Engineering

2017;50:344–53.

https://doi.org/10.1016/j.precisioneng.2017.06.008.
[116] Hu H, Kim H, Somnath S. Tip-Based Nanofabrication for Scalable
Manufacturing.

Micromachines

2017;8:90.

https://doi.org/10.3390/mi8030090.
[117] Choi CH, Lee DJ, Sung J-H, Lee MW, Lee S-G, Park S-G, et al. A study
of AFM-based scratch process on polycarbonate surface and grating

138

application.

Applied

Surface

Science

2010;256:7668–71.

https://doi.org/10.1016/j.apsusc.2010.06.025.
[118] Sugihara H, Takahara A, Kajiyama T. Mechanical nanofabrication of
lignoceric acid monolayer with atomic force microscopy. J Vac Sci
Technol B 2001;19:593. https://doi.org/10.1116/1.1347042.
[119] Zhang Y, Balaur E, Schmuki P. Nanopatterning of an organic monolayer
covered Si (111) surfaces by atomic force microscope scratching.
Electrochimica

Acta

2006;51:3674–9.

https://doi.org/10.1016/j.electacta.2005.10.030.
[120] Zhu P, Fang FZ. On the mechanism of material removal in nanometric
cutting

of

metallic

glass.

Appl

Phys

A

2014;116:605–10.

https://doi.org/10.1007/s00339-013-8189-y.
[121] Tseng AA. Tip-based nanofabrication: Fundamentals and applications,
Springer; 2011.
[122] Samsonov GV. Mechanical Properties of the Elements. In: Samsonov
GV, editor. Handbook of the Physicochemical Properties of the
Elements,

Boston,

MA:

Springer

US;

1968,

p.

387–446.

https://doi.org/10.1007/978-1-4684-6066-7_7.
[123] Sumigawa T, Ashida S, Tanaka S, Sanada K, Kitamura T. Fracture
toughness of silicon in nanometer-scale singular stress field. Engineering
Fracture

Mechanics

2015;150:161–7.

https://doi.org/10.1016/j.engfracmech.2015.05.054.
[124] Zhang P, Ma L, Fan F, Zeng Z, Peng C, Loya PE, et al. Fracture
toughness

of

graphene.

Nat

Commun

2014;5:3782.

https://doi.org/10.1038/ncomms4782.
[125] Cutnell JD, Johnson KW. Physics. 4th ed. New York: Wiley; 1998.
[126] efunda. Mohs Hardness Scale 2020.
[127] Preiß EI, Merle B, Göken M. Understanding the extremely low fracture
toughness of freestanding gold thin films by in-situ bulge testing in an
AFM.

Materials

Science

and

Engineering:

A

2017;691:218–25.

https://doi.org/10.1016/j.msea.2017.03.037.
[128] Accuratus. Silicon Carbide Material Properties 2013.

139

[129] AZoM. Silicon Carbide (SiC) Properties and Applications 2001.
[130] Johnson D, Hilal N, Bowen WR. Basic Principles of Atomic Force
Microscopy. Atomic Force Microscopy in Process Engineering, Elsevier;
2009, p. 1–30. https://doi.org/10.1016/B978-1-85617-517-3.00001-8.
[131] Gómez-Moñivas S, Sáenz JJ, Calleja M, García R. Field-Induced
Formation

of

Nanometer-Sized

Water

Bridges.

Phys

Rev

Lett

2003;91:056101. https://doi.org/10.1103/PhysRevLett.91.056101.
[132] Dagata JA, Schneir J, Harary HH, Evans CJ, Postek MT, Bennett J.
Modification of hydrogen-passivated silicon by a scanning tunneling
microscope

operating

in

air.

Appl

Phys

Lett

1990;56:2001–3.

https://doi.org/10.1063/1.102999.
[133] Snow ES, Campbell PM. AFM Fabrication of Sub-10-Nanometer MetalOxide Devices with in Situ Control of Electrical Properties. Science
1995;270:1639–41. https://doi.org/10.1126/science.270.5242.1639.
[134] Chien FS-S, Chang J-W, Lin S-W, Chou Y-C, Chen TT, Gwo S, et al.
Nanometer-scale conversion of Si3N4 to SiOx. Appl Phys Lett
2000;76:360–2. https://doi.org/10.1063/1.125754.
[135] Petersen KE. Silicon as a mechanical material. Proc IEEE 1982;70:420–
57. https://doi.org/10.1109/PROC.1982.12331.
[136] Snow ES, Campbell PM. Fabrication of Si nanostructures with an
atomic

force

microscope.

Appl

Phys

Lett

1994;64:1932–4.

https://doi.org/10.1063/1.111746.
[137] Snow ES, Juan WH, Pang SW, Campbell PM. Si nanostructures
fabricated by anodic oxidation with an atomic force microscope and
etching with an electron cyclotron resonance source. Appl Phys Lett
1995;66:1729–31. https://doi.org/10.1063/1.113348.
[138] Avouris P, Martel R, Hertel T, Sandstrom R. AFM-tip-induced and
current-induced local oxidation of silicon and metals. Applied Physics
A:

Materials

Science

&

Processing

1998;66:S659–67.

https://doi.org/10.1007/s003390051218.
[139] Chien FS-S, Chou YC, Chen TT, Hsieh W-F, Chao T-S, Gwo S. Nanooxidation of silicon nitride films with an atomic force microscope:

140

Chemical mapping, kinetics, and applications. Journal of Applied
Physics 2001;89:2465–72. https://doi.org/10.1063/1.1339212.
[140] Miyake S, Kim J. Fabrication of Silicon Utilizing Mechanochemical
Local Oxidation by Diamond Tip Sliding. Jpn J Appl Phys 2001;40:L1247–
9. https://doi.org/10.1143/JJAP.40.L1247.
[141] Miyake S, Kim J. Nanoprocessing of silicon by mechanochemical
reaction using atomic force microscopy and additional potassium
hydroxide

solution

etching.

Nanotechnology

2005;16:149–57.

https://doi.org/10.1088/0957-4484/16/1/029.
[142] Jiang X, Wu G, Zhou J, Wang S, Tseng AA, Du Z. Nanopatterning on
silicon surface using atomic force microscopy with diamond-like carbon
(DLC)-coated

Si

probe.

Nanoscale

Res

Lett

2011;6:518.

https://doi.org/10.1186/1556-276X-6-518.
[143] Fang FZ, Liu B, Xu Z. Nanometric cutting in a scanning electron
microscope.

Precision

Engineering

2015;41:145–52.

https://doi.org/10.1016/j.precisioneng.2015.01.009.
[144] Kuramochi H, Ando K, Tokizaki T, Yokoyama H. In situ detection of
faradaic current in probe oxidation using a dynamic force microscope.
Appl Phys Lett 2004;84:4005–7. https://doi.org/10.1063/1.1748842.
[145] Snow ES, Jernigan GG, Campbell PM. The kinetics and mechanism of
scanned probe oxidation of Si. Appl Phys Lett 2000;76:1782–4.
https://doi.org/10.1063/1.126166.
[146] Dagata JA, Perez-Murano F, Abadal G, Morimoto K, Inoue T, Itoh J, et
al. Predictive model for scanned probe oxidation kinetics. Appl Phys
Lett 2000;76:2710–2. https://doi.org/10.1063/1.126451.
[147] Dubois E, Bubendorff J-L. Kinetics of scanned probe oxidation: Spacecharge limited growth. Journal of Applied Physics 2000;87:8148–54.
https://doi.org/10.1063/1.373510.
[148] Seidel H. Anisotropic Etching of Crystalline Silicon in Alkaline
Solutions.

J

Electrochem

Soc

1990;137:3612.

https://doi.org/10.1149/1.2086277.

141

[149] Elwenspoek M, Jansen HV. Silicon micromachining. Cambridge,
[England] ; New York: Cambridge University Press; 1998.
[150] Mo Y, Zhao W, Huang D, Zhao F, Bai M. Nanotribological properties of
precision-controlled regular nanotexture on H-passivated Si surface by
current-induced local anodic oxidation. Ultramicroscopy 2009;109:247–
52. https://doi.org/10.1016/j.ultramic.2008.10.025.
[151] Avouris P, Hertel T, Martel R. Atomic force microscope tip-induced
local oxidation of silicon: kinetics, mechanism, and nanofabrication.
Appl Phys Lett 1997;71:285–7. https://doi.org/10.1063/1.119521.
[152] Al-Musawi RSJ, Brousseau EB, Geng Y, Borodich FM. Insight into
mechanics of AFM tip-based nanomachining: bending of cantilevers and
machined

grooves.

Nanotechnology

2016;27:385302.

https://doi.org/10.1088/0957-4484/27/38/385302.
[153] Iye Y. Electronic States and Transport Properties of Carbon
Crystalline: Graphene, Nanotube, and Graphite. Comprehensive
Semiconductor Science and Technology, Elsevier; 2011, p. 359–82.
https://doi.org/10.1016/B978-0-44-453153-7.00068-7.
[154] Roy H-V, Kallinger C, Marsen B, Sattler K. Manipulation of graphitic
sheets using a tunneling microscope. Journal of Applied Physics
1998;83:4695–9. https://doi.org/10.1063/1.367257.
[155] Sidorov AN, Yazdanpanah MM, Jalilian R, Ouseph PJ, Cohn RW,
Sumanasekera
Nanotechnology

GU.

Electrostatic

2007;18:135301.

deposition

of

graphene.

https://doi.org/10.1088/0957-

4484/18/13/135301.
[156] Novoselov KS. Electric Field Effect in Atomically Thin Carbon Films.
Science 2004;306:666–9. https://doi.org/10.1126/science.1102896.
[157] Malik R, Tomer VK, Chaudhary V. Hybridized Graphene for Chemical
Sensing.

Functionalized

Graphene

Nanocomposites

and

their

Derivatives, Elsevier; 2019, p. 323–38. https://doi.org/10.1016/B978-012-814548-7.00016-7.

142

[158] Lu X, Yu M, Huang H, Ruoff RS. Tailoring graphite with the goal of
achieving

single

sheets.

Nanotechnology

1999;10:269–72.

https://doi.org/10.1088/0957-4484/10/3/308.
[159] Chung DDL. Graphite Intercalation Compounds. Encyclopedia of
Materials: Science and Technology, Elsevier; 2001, p. 3641–5.
https://doi.org/10.1016/B0-08-043152-6/00649-5.
[160] Miyake S, Wang M. Nanoprocessing of layered crystalline materials by
atomic

force

microscopy.

Nanoscale

Res

Lett

2015;10:123.

https://doi.org/10.1186/s11671-015-0811-9.
[161] Hassani SS, Sobat Z, Aghabozorg HR. Force nanolithography on various
surfaces

by

atomic

force

microscope.

IJNM

2010;5:217.

https://doi.org/10.1504/IJNM.2010.033863.
[162] Yang Y, Lin J. Investigation of the Transition from Local Anodic
Oxidation to Electrical Breakdown During Nanoscale Atomic Force
Microscopy Electric Lithography of Highly Oriented Pyrolytic Graphite.
Microsc

Microanal

2016;22:432–9.

https://doi.org/10.1017/S1431927616000027.
[163] Park JG, Zhang C, Liang R, Wang B. Nano-machining of highly oriented
pyrolytic graphite using conductive atomic force microscope tips and
carbon

nanotubes.

Nanotechnology

2007;18:405306.

https://doi.org/10.1088/0957-4484/18/40/405306.
[164] Kim D-H, Koo J-Y, Kim J-J. Cutting of multiwalled carbon nanotubes
by a negative voltage tip of an atomic force microscope: A possible
mechanism.

Phys

Rev

B

2003;68:113406.

https://doi.org/10.1103/PhysRevB.68.113406.
[165] J. Freund, J. Halbritter, J.K.H. Hörber. How dry are dried samples?
Water adsorption measured by STM. MicroscRes Tech n.d.;44:327.
https://doi.org/10.1002/(SICI)1097-0029(19990301)44:5<327::AIDJEMT3>3.0.CO;2-E.
[166] Qi Y, Liu J, Zhang J, Dong Y, Li Q. Wear Resistance Limited by Step
Edge Failure: The Rise and Fall of Graphene as an Atomically Thin

143

Lubricating Material. ACS Appl Mater Interfaces 2017;9:1099–106.
https://doi.org/10.1021/acsami.6b12916.
[167] Shokrieh MM, Hosseinkhani MR, Naimi-Jamal MR, Tourani H.
Nanoindentation and nanoscratch investigations on graphene-based
nanocomposites.

Polymer

Testing

2013;32:45–51.

https://doi.org/10.1016/j.polymertesting.2012.09.001.
[168] Zhan B, Li C, Yang J, Jenkins G, Huang W, Dong X. Graphene FieldEffect Transistor and Its Application for Electronic Sensing. Small
2014:n/a-n/a. https://doi.org/10.1002/smll.201400463.
[169] Giesbers AJM, Zeitler U, Neubeck S, Freitag F, Novoselov KS, Maan JC.
Nanolithography and manipulation of graphene using an atomic force
microscope.

Solid

State

Communications

2008;147:366–9.

https://doi.org/10.1016/j.ssc.2008.06.027.
[170] Xin Tang, King Wai Chiu Lai. Quantitative study of AFM-based
nanopatterning of graphene nanoplate. 14th IEEE International
Conference on Nanotechnology, Toronto, ON, Canada: IEEE; 2014, p.
54–7. https://doi.org/10.1109/NANO.2014.6968106.
[171] Mathew PT, Fang FZ, Nadal LV, Cronin L, Georgiev V. First Principle
Simulations of Current Flow in Inorganic Molecules: Polyoxometalates
(POMs).

IEEExplore,

Grenoble,

France:

2019.

https://doi.org/10.1109/EUROSOI-ULIS45800.2019.9041869.
[172] Mathew PT, Fang FZ. Periodic Energy Decomposition Analysis for
Electronic Transport Studies as a Tool for Atomic Scale Manufacturing.
Int J Extrem Manuf 2019. https://doi.org/10.1088/2631-7990/ab5d8a.
[173] Famili M, Jia C, Liu X, Wang P, Grace IM, Guo J, et al. Self-Assembled
Molecular-Electronic Films Controlled by Room Temperature Quantum
Interference.

Chem

2019;5:474–84.

https://doi.org/10.1016/j.chempr.2018.12.008.
[174] Osorio HM, Cea P, Ballesteros LM, Gascón I, Marqués-González S,
Nichols RJ, et al. Preparation of nascent molecular electronic devices
from gold nanoparticles and terminal alkyne functionalised monolayer

144

films.

J

Mater

Chem

C

2014;2:7348–55.

https://doi.org/10.1039/C4TC01080A.
[175] Bian B, Yang J, Han X, Wei J. Electronic transport induced by
asymmetric adsorption site of sulfur in molecular device. Surface
Science 2019;684:52–7. https://doi.org/10.1016/j.susc.2019.02.006.
[176] Venkataraman A, Zhang P, Papadopoulos C. Electronic transport in
metal-molecular nanoelectronic networks: A density functional theory
study.

AIP

Advances

2019;9:035122.

https://doi.org/10.1063/1.5087413.
[177] Kondo T, Morita J, Hanaoka K, Takakusagi S, Tamura K, Takahasi M,
et al. Structure of Au(111) and Au(100) Single-Crystal Electrode Surfaces
at Various Potentials in Sulfuric Acid Solution Determined by In Situ
Surface X-ray Scattering. J Phys Chem C 2007;111:13197–204.
https://doi.org/10.1021/jp072601j.
[178] Sumomogi T. Micromachining of metal surfaces by scanning probe
microscope.

J

Vac

Sci

Technol

B

1994;12:1876.

https://doi.org/10.1116/1.587660.
[179] Watanabe M, Minoda H, Takayanagi K. Fabrication of Gold Nanowires
Using Contact Mode Atomic Force Microscope. Jpn J Appl Phys
2004;43:6347–9. https://doi.org/10.1143/JJAP.43.6347.
[180] Shao J, Josephs EA, Lee C, Lopez A, Ye T. Electrochemical Etching of
Gold within Nanoshaved Self-Assembled Monolayers. ACS Nano
2013;7:5421–9. https://doi.org/10.1021/nn4014005.
[181] Fang FZ. "Manufacturing III” is the strategic choice for manufacturing
development. 2015. People's Forum 2015; 0(16): 59-61. (In Chinese)
[182] Xie W, Fang FZ. Cutting-based single atomic layer removal mechanism
of monocrystalline copper: edge radius effect. Nanoscale Res Lett
2019;14:370. https://doi.org/10.1186/s11671-019-3195-4.
[183] Xie W, Fang FZ. Cutting-Based Single Atomic Layer Removal
Mechanism of Monocrystalline Copper: Atomic Sizing Effect. Nanomanuf
Metrol 2019;2:241–52. https://doi.org/10.1007/s41871-019-00045-3.

145

[184] Xie W, Fang FZ. Effect of tool edge radius on material removal
mechanism in atomic and close-to-atomic scale cutting. Applied Surface
Science

2020;504:144451.

https://doi.org/10.1016/j.apsusc.2019.144451.
[185] Xie W, Fang FZ. Mechanism of atomic and close-to-atomic scale
cutting

of

monocrystalline

copper.

Applied

Surface

Science

2020;503:144239. https://doi.org/10.1016/j.apsusc.2019.144239.
[186] Ren J, Zhao J, Dong Z, Liu P. Molecular dynamics study on the
mechanism of AFM-based nanoscratching process with water-layer
lubrication.

Applied

Surface

Science

2015;346:84–98.

https://doi.org/10.1016/j.apsusc.2015.03.177.
[187] Rashidi M, Wolkow RA. Autonomous Scanning Probe Microscopy in Situ
Tip Conditioning through Machine Learning. ACS Nano 2018;12:5185–9.
https://doi.org/10.1021/acsnano.8b02208.
[188] Dong Z, Wejinya UC. Atomic Force Microscopy-based repeatable
surface nanomachining for nanochannels on bare silicon substrates.
2012 12th IEEE International Conference on Nanotechnology (IEEENANO),

Birmingham,

United

Kingdom:

IEEE;

2012,

p.

1–5.

https://doi.org/10.1109/NANO.2012.6321911.
[189] Lee SH. Analysis of ductile mode and brittle transition of AFM
nanomachining of silicon. International Journal of Machine Tools and
Manufacture

2012;61:71–9.

https://doi.org/10.1016/j.ijmachtools.2012.05.011.
[190] Temiryazev A. Pulse force nanolithography on hard surfaces using
atomic force microscopy with a sharp single-crystal diamond tip.
Diamond

and

Related

Materials

2014;48:60–4.

https://doi.org/10.1016/j.diamond.2014.07.001.
[191] Kim US, Morita N, Lee DW, Jun M, Park JW. The possibility of multilayer nanofabrication via atomic force microscope-based pulse
electrochemical

nanopatterning.

Nanotechnology

2017;28:195302.

https://doi.org/10.1088/1361-6528/aa6954.

146

[192] Dehzangi A, Larki F, Hutagalung SD, Goodarz Naseri M, Majlis BY,
Navasery M, et al. Impact of Parameter Variation in Fabrication of
Nanostructure by Atomic Force Microscopy Nanolithography. PLoS ONE
2013;8:e65409. https://doi.org/10.1371/journal.pone.0065409.
[193] Kurra N, Prakash G, Basavaraja S, Fisher TS, Kulkarni GU,
Reifenberger RG. Charge storage in mesoscopic graphitic islands
fabricated using AFM bias lithography. Nanotechnology 2011;22:245302.
https://doi.org/10.1088/0957-4484/22/24/245302.
[194] Lorenzoni M, Torre B. Scanning probe oxidation of SiC, fabrication
possibilities

and

kinetics

considerations.

Appl

Phys

Lett

2013;103:163109. https://doi.org/10.1063/1.4825265.
[195] Ammam M. Polyoxometalates: formation, structures, principal
properties, main deposition methods and application in sensing. J Mater
Chem A 2013;1:6291. https://doi.org/10.1039/c3ta01663c.
[196] Zhu H, Li Q. Redox-Active Molecules for Novel Nonvolatile Memory
Applications. In: Khalid MAA, editor. Redox - Principles and Advanced
Applications,

InTech;

2017.

https://doi.org/10.5772/intechopen.68726.
[197] Busche C, Vilà-Nadal L, Yan J, Miras HN, Long D-L, Georgiev VP, et al.
Design and fabrication of memory devices based on nanoscale
polyoxometalate

clusters.

Nature

2014;515:545–9.

https://doi.org/10.1038/nature13951.
[198] Pope MT. Heteropoly and isopoly anions as oxo complexes and their
reducibility to mixed-valence blues. Inorg Chem 1972;11:1973–4.
https://doi.org/10.1021/ic50114a057.
[199] Weinstock IA. Homogeneous-Phase Electron-Transfer Reactions of
Polyoxometalates.

Chem

Rev

1998;98:113–70.

https://doi.org/10.1021/cr9703414.
[200] Sadakane

M,

Steckhan

E.

Electrochemical

Properties

of

Polyoxometalates as Electrocatalysts. Chem Rev 1998;98:219–38.
https://doi.org/10.1021/cr960403a.

147

[201] Long D-L, Tsunashima R, Cronin L. Polyoxometalates: Building Blocks
for Functional Nanoscale Systems. Angew Chem Int Ed 2010;49:1736–58.
https://doi.org/10.1002/anie.200902483.
[202] Fleming C, Long D-L, McMillan N, Johnston J, Bovet N, Dhanak V, et
al. Reversible electron-transfer reactions within a nanoscale metal
oxide cage mediated by metallic substrates. Nature Nanotech
2008;3:229–33. https://doi.org/10.1038/nnano.2008.66.
[203] Long

D-L,

Cronin

Nanosystems.

L.

Chem

Towards
Eur

Polyoxometalate-Integrated
J

2006;12:3698–706.

https://doi.org/10.1002/chem.200501002.
[204] Douvas AM, Makarona E, Glezos N, Argitis P, Mielczarski JA,
Mielczarski E. Polyoxometalate-Based Layered Structures for Charge
Transport Control in Molecular Devices. ACS Nano 2008;2:733–42.
https://doi.org/10.1021/nn700333j.
[205] Georgiev VP, Markov S, Vila-Nadal L, Busche C, Cronin L, Asenov A.
Optimization and Evaluation of Variability in the Programming Window
of a Flash Cell With Molecular Metal–Oxide Storage. IEEE Transactions
on

Electron

Devices

2014;61:2019–26.

https://doi.org/10.1109/TED.2014.2315520.
[206] Li C, Ly J, Lei B, Fan W, Zhang D, Han J, et al. Data Storage Studies
on Nanowire Transistors with Self-Assembled Porphyrin Molecules. J
Phys Chem B 2004;108:9646–9. https://doi.org/10.1021/jp0498421.
[207] Posligua V, Pandya D, Aziz A, Rivera M, Crespo-Otero R, Hamad S, et
al. Engineering the electronic and optical properties of 2D porphyrinpaddlewheel metal-organic frameworks. J Phys Energy 2021;3:034005.
https://doi.org/10.1088/2515-7655/abeab4.
[208] Gu D, Chen Q, Gan F. Optical data recording using copper
phthalocyanine in short-wavelength region. In: Kyrala GA, Snyder DR,
editors.,

San

Diego,

CA:

1994,

p.

226.

https://doi.org/10.1117/12.189030.

148

[209] Kivits P, Bont R, Veen J. Vanadyl phthalocyanine: An organic material
for

optical

data

recording.

Appl

Phys

A

1981;26:101–5.

https://doi.org/10.1007/BF00616656.
[210] Christie R, Abel A. Phthalocyanine blue pigments. Physical Sciences
Reviews 2021;6:391–404. https://doi.org/10.1515/psr-2020-0192.
[211] Martins C, Rodrigo AP, Cabrita L, Henriques P, Parola AJ, Costa PM.
The complexity of porphyrin-like pigments in a marine annelid sheds
new light on haem metabolism in aquatic invertebrates. Sci Rep
2019;9:12930. https://doi.org/10.1038/s41598-019-49433-1.
[212] Wu Q, Hou S, Sadeghi H, Lambert CJ. A single-molecule porphyrinbased switch for graphene nano-gaps. Nanoscale 2018;10:6524–30.
https://doi.org/10.1039/C8NR00025E.
[213] Dou KP, Kaun C-C. Conductance switching of a phthalocyanine
molecule on an insulating surface. Front Phys 2017;12:127303.
https://doi.org/10.1007/s11467-016-0623-0.
[214] Martynov AG, Safonova EA, Tsivadze AYu, Gorbunova YG. Functional
molecular switches involving tetrapyrrolic macrocycles. Coordination
Chemistry

Reviews

2019;387:325–47.

https://doi.org/10.1016/j.ccr.2019.02.004.
[215] Norel L, Tourbillon C, Warnan J, Audibert J-F, Pellegrin Y, Miomandre
F, et al. Redox-driven porphyrin based systems for new luminescent
molecular

switches.

Dalton

Trans

2018;47:8364–74.

https://doi.org/10.1039/C8DT01493K.
[216] Nisa K, Mishra GK, Thirumal M, Chauhan SMS. Synthesis of fluorescent
molecular switches based on porphyrinoids covalently linked with redox
active ligands. Journal of Molecular Structure 2022;1247:131407.
https://doi.org/10.1016/j.molstruc.2021.131407.
[217] Drobizhev M, Makarov NS, Rebane A, Wolleb H, Spahni H.
Phthalocyanine molecules with extremely strong two-photon absorption
for 3D rewritable optical information storage. In: Taylor EW, editor.,
San

Diego,

California,

USA:

2006,

p.

630803.

https://doi.org/10.1117/12.683506.

149

[218] Kröger J, Néel N, Berndt R, Wang YF, Gopakumar TG. Exploring the
Organic–Inorganic Interface With a Scanning Tunneling Microscope.
Encyclopedia of Interfacial Chemistry, Elsevier; 2018, p. 81–98.
https://doi.org/10.1016/B978-0-12-409547-2.14144-7.
[219] Rosenthal

I.

Phthalocyanines

Photochemistry

and

as

Photodynamic

Photobiology

Sensitizers*.

1991;53:859–70.

https://doi.org/10.1111/j.1751-1097.1991.tb09900.x.
[220] Spikes JD. Phthalocyanines as photosensitizers in biological systems
and for the photodynamic therapy of tumors. Photochem Photobiol
1986;43:691–9. https://doi.org/10.1111/j.1751-1097.1986.tb05648.x.
[221] Kurth S, Marques MAL, Gross EKU. Density-Functional Theory.
Encyclopedia of Condensed Matter Physics, Elsevier; 2005, p. 395–402.
https://doi.org/10.1016/B0-12-369401-9/00445-9.
[222] Datta S. The non-equilibrium Green’s function (NEGF) formalism: An
elementary introduction. Digest. International Electron Devices
Meeting,

San

Francisco,

CA,

USA:

IEEE;

2002,

p.

703–6.

https://doi.org/10.1109/IEDM.2002.1175935.
[223] Theoretical

Chemistry,

Vrije

Universiteit,

Amsterdam,

The

Netherlands. AMS DFTB 2018, SCM. n.d.
[224] Datta S. Quantum Transport: Atom to Transistor. Cambridge
University Press; 2005.
[225] Yan-Hong Z, Xiao-Hong Z, Ying X, Zhao-Yang Z, Zhi Z. Effects of
Relative Orientation of Molecules on Electron Transport in Molecular
Devices.

Chinese

Phys

Lett

2006;23:2609–12.

https://doi.org/10.1088/0256-307X/23/9/072.
[226] Peisert H, Biswas I, Knupfer M, Chassé T. Orientation and electronic
properties of phthalocyanines on polycrystalline substrates: Orientation
and electronic properties of phthalocyanines. Phys Stat Sol (b)
2009;246:1529–45. https://doi.org/10.1002/pssb.200945051.
[227] Vilseck JZ, Acevedo O. Computing Free-Energy Profiles Using
Multidimensional Potentials of Mean Force and Polynomial Quadrature

150

Methods. Annual Reports in Computational Chemistry, vol. 6, Elsevier;
2010, p. 37–49. https://doi.org/10.1016/S1574-1400(10)06003-2.
[228] Atomistix Toolkit. Synopsys QuantumWise. n.d.
[229] Becke AD. Density functional calculations of molecular bond energies.
The

Journal

of

Chemical

Physics

1986;84:4524–9.

https://doi.org/10.1063/1.450025.
[230] Becke AD. Density-functional exchange-energy approximation with
correct asymptotic behavior. Physical Review A 1988;38:3098–100.
https://doi.org/10.1103/PhysRevA.38.3098.
[231] Perdew JP. Erratum: Density-functional approximation for the
correlation energy of the inhomogeneous electron gas. Physical Review
B 1986;34:7406–7406. https://doi.org/10.1103/PhysRevB.34.7406.
[232] Perdew JP. Density-functional approximation for the correlation
energy of the inhomogeneous electron gas. Physical Review B
1986;33:8822–4. https://doi.org/10.1103/PhysRevB.33.8822.
[233] Theoretical

Chemistry,

Vrije

Universiteit,

Amsterdam,

The

Netherlands. BAND2018, SCM. n.d.
[234] Schäfer A, Horn H, Ahlrichs R. Fully optimized contracted Gaussian
basis sets for atoms Li to Kr. The Journal of Chemical Physics
1992;97:2571–7. https://doi.org/10.1063/1.463096.
[235] Oliveira AF, Philipsen P, Heine T. DFTB Parameters for the Periodic
Table, Part 2: Energies and Energy Gradients from Hydrogen to Calcium.
Journal of Chemical Theory and Computation 2015;11:5209–18.
https://doi.org/10.1021/acs.jctc.5b00702.
[236] Sachtler WMH, Dorgelo GJH, Holscher AA. The work function of gold.
Surface

Science

1966;5:221–9.

https://doi.org/10.1016/0039-

6028(66)90083-5.
[237] Xue Y, Li X, Li H, Zhang W. Quantifying thiol–gold interactions towards
the

efficient

strength

control.

Nat

Commun

2014;5:4348.

https://doi.org/10.1038/ncomms5348.

151

[238] Tielens F, Santos E. AuS and SH Bond Formation/Breaking during the
Formation of Alkanethiol SAMs on Au(111): A Theoretical Study. J Phys
Chem C 2010;114:9444–52. https://doi.org/10.1021/jp102036r.
[239] Kankate L, Turchanin A, Gölzhäuser A. On the Release of Hydrogen
from the S−H groups in the Formation of Self-Assembled Monolayers of
Thiols. Langmuir 2009;25:10435–8. https://doi.org/10.1021/la902168u.
[240] Zhao Y, Ding J, Huang X-B. Synthesis and self-assembly of
phthalocyanines

bearing

sulfur-containing

Chemical

substituents.

Letters

Chinese

2014;25:46–50.

https://doi.org/10.1016/j.cclet.2013.10.034.
[241] Medforth CJ, Wang Z, Martin KE, Song Y, Jacobsen JL, Shelnutt JA.
Self-assembled porphyrin nanostructures. Chemical Communications
2009:7261. https://doi.org/10.1039/b914432c.
[242] Hakola H, Sariola-Leikas E, Jäntti P, Mokus T, Stranius K, Efimov A, et
al. Formation and stability of porphyrin and phthalocyanine selfassembled monolayers on ZnO surfaces. J Porphyrins Phthalocyanines
2016;20:1264–71. https://doi.org/10.1142/S1088424616501029.
[243] Raupach M, Tonner R. A periodic energy decomposition analysis
method for the investigation of chemical bonding in extended systems.
The

Journal

of

Chemical

Physics

2015;142:194105.

https://doi.org/10.1063/1.4919943.
[244] G. Frenking, S. Shaik. The Chemical Bond-Fundamentals and Models.
The Chemical Bond-Across the Periodic Table, Wiley-VCH; 2014, p. 566.
[245] Selzer Y, Salomon A, Cahen D. The Importance of Chemical Bonding
to the Contact for Tunneling through Alkyl Chains. The Journal of
Physical

Chemistry

B

2002;106:10432–9.

https://doi.org/10.1021/jp026324m.
[246] Zhang X, Zhang Y, Jiang J. Geometry and electronic structure of metal
free porphyrazine, phthalocyanine and naphthalocyanine as well as
their magnesium complexes. Journal of Molecular Structure: THEOCHEM
2004;673:103–8. https://doi.org/10.1016/j.theochem.2003.12.004.

152

[247] Niu T, Li A. Exploring Single Molecules by Scanning Probe Microscopy:
Porphyrin and Phthalocyanine. The Journal of Physical Chemistry
Letters 2013;4:4095–102. https://doi.org/10.1021/jz402080f.
[248] Kitaura K, Morokuma K. A new energy decomposition scheme for
molecular

interactions

International

Journal

within
of

the

Hartree-Fock

approximation.

Chemistry

1976;10:325–40.

Quantum

https://doi.org/10.1002/qua.560100211.
[249] Ziegler T, Rauk A. On the calculation of bonding energies by the
Hartree Fock Slater method: I. The transition state method. Theoretica
Chimica Acta 1977;46:1–10. https://doi.org/10.1007/BF02401406.
[250] Ziegler T, Rauk A. A theoretical study of the ethylene-metal bond in
complexes between copper(1+), silver(1+), gold(1+), platinum(0) or
platinum(2+) and ethylene, based on the Hartree-Fock-Slater transitionstate

method.

Inorganic

Chemistry

1979;18:1558–65.

https://doi.org/10.1021/ic50196a034.
[251] Pecher L, Tonner R. Deriving bonding concepts for molecules,
surfaces, and solids with energy decomposition analysis for extended
systems. Wiley Interdisciplinary Reviews: Computational Molecular
Science 2018:e1401. https://doi.org/10.1002/wcms.1401.
[252] Grimme S, Antony J, Ehrlich S, Krieg H. A consistent and accurate ab
initio parametrization of density functional dispersion correction (DFTD) for the 94 elements H-Pu. The Journal of Chemical Physics
2010;132:154104. https://doi.org/10.1063/1.3382344.
[253] Liu W, Ruiz VG, Zhang G-X, Santra B, Ren X, Scheffler M, et al.
Structure and energetics of benzene adsorbed on transition-metal
surfaces: density-functional theory with van der Waals interactions
including collective substrate response. New Journal of Physics
2013;15:053046. https://doi.org/10.1088/1367-2630/15/5/053046.
[254] Fihey A, Hettich C, Touzeau J, Maurel F, Perrier A, Köhler C, et al.
SCC-DFTB parameters for simulating hybrid gold-thiolates compounds.
J Comput Chem 2015;36:2075–87. https://doi.org/10.1002/jcc.24046.

153

[255] Tivanski AV, He Y, Borguet E, Liu H, Walker GC, Waldeck DH.
Conjugated Thiol Linker for Enhanced Electrical Conduction of
Gold−Molecule Contacts. The Journal of Physical Chemistry B
2005;109:5398–402. https://doi.org/10.1021/jp050022d.
[256] Sayed SY, Fereiro JA, Yan H, McCreery RL, Bergren AJ. Charge
transport in molecular electronic junctions: Compression of the
molecular tunnel barrier in the strong coupling regime. Proceedings of
the

National

Academy

of

Sciences

2012;109:11498–503.

https://doi.org/10.1073/pnas.1201557109.
[257] Rahman MA, Amrun MR, Rahman M, Kumar AS. Variation of surface
generation mechanisms in ultra-precision machining due to relative tool
sharpness (RTS) and material properties. International Journal of
Machine

Tools

and

Manufacture

2017;115:15–28.

https://doi.org/10.1016/j.ijmachtools.2016.11.003.
[258] Chen W, Zheng L, Teng X, Yang K, Huo D. Cutting Mechanism
Investigation in Vibration-Assisted Machining. Nanomanuf Metrol
2018;1:268–76. https://doi.org/10.1007/s41871-018-0031-x.
[259] Heidari M, Akbari J, Yan J. Effects of tool rake angle and tool nose
radius on surface quality of ultraprecision diamond-turned porous
silicon.

Journal

of

Manufacturing

Processes

2019;37:321–31.

https://doi.org/10.1016/j.jmapro.2018.12.003.
[260] Dahlman P, Gunnberg F, Jacobson M. The influence of rake angle,
cutting feed and cutting depth on residual stresses in hard turning.
Journal

of

Materials

Processing

Technology

2004;147:181–4.

https://doi.org/10.1016/j.jmatprotec.2003.12.014.
[261] Shaw MC. A New Theory of Grinding. Mechanical and Chemical
Engineering Transactions 1972;8:73–8.
[262] Wang M, Duan F. Atomic-Level Material Removal Mechanisms of
Si(110) Chemical Mechanical Polishing: Insights from ReaxFF Reactive
Molecular

Dynamics

Simulations.

Langmuir

2021;37:2161–9.

https://doi.org/10.1021/acs.langmuir.0c03416.

154

[263] Liu C, He W, Chu J, Zhang J, Chen X, Xiao J, et al. Molecular Dynamics
Simulation on Cutting Mechanism in the Hybrid Machining Process of
Single-Crystal

Silicon.

Nanoscale

Res

Lett

2021;16:66.

https://doi.org/10.1186/s11671-021-03526-x.
[264] Yue X, Yang X. Molecular dynamics simulation of the material removal
process and gap phenomenon of nano EDM in deionized water. RSC Adv
2015;5:66502–10. https://doi.org/10.1039/C5RA11419E.
[265] Fang

FZ.

Atomic

and

close-to-atomic

scale

manufacturing:

perspectives and measures. Int J Extrem Manuf 2020;2:030201.
https://doi.org/10.1088/2631-7990/aba495.
[266] Xie W, Fang FZ. On the mechanism of dislocation-dominated chip
formation

in

cutting-based

single

atomic

layer

removal

of

monocrystalline copper. Int J Adv Manuf Technol 2020;108:1587–99.
https://doi.org/10.1007/s00170-020-05527-z.
[267] Xie W, Fang FZ. Cutting-based single atomic layer removal mechanism
of monocrystalline copper: edge radius effect. Nanoscale Res Lett
2019;14:370. https://doi.org/10.1186/s11671-019-3195-4.
[268] Matei GA, Thoreson EJ, Pratt JR, Newell DB, Burnham NA. Precision
and accuracy of thermal calibration of atomic force microscopy
cantilevers.

Review

of

Scientific

Instruments

2006;77:083703.

https://doi.org/10.1063/1.2336115.
[269] Wang J, Yan Y, Li Z, Geng Y, Luo X, Fan P. Processing outcomes of
atomic

force

microscope

tip-based

nanomilling

with

different

trajectories on single-crystal silicon. Precision Engineering 2021;72:480–
90. https://doi.org/10.1016/j.precisioneng.2021.06.009.
[270] Zhao Y, Song S, Si H, Wang K. Effect of Grain Size on Grain Boundary
Segregation Thermodynamics of Phosphorus in Interstitial-Free and
2.25Cr-1Mo

Steels.

Metals

2017;7:470.

https://doi.org/10.3390/met7110470.
[271] Fang FZ, Zhang XD, Gao W, Guo YB, Byrne G, Hansen HN.
Nanomanufacturing—Perspective and applications. CIRP Annals -

155

Manufacturing

Technology

2017;66:683–705.

https://doi.org/10.1016/j.cirp.2017.05.004.
[272] Malshe AP, Rajurkar KP, Virwani KR, Taylor CR, Bourell DL, Levy G, et
al. Tip-based nanomanufacturing by electrical, chemical, mechanical
and thermal processes. CIRP Annals - Manufacturing Technology
2010;59:628–51. https://doi.org/10.1016/j.cirp.2010.05.006.
[273] Fang FZ, Zhang N, Guo D, Ehmann K, Cheung B, Liu K, et al. Towards
atomic and close-to-atomic scale manufacturing. International Journal
of Extreme Manufacturing 2019;1:1–33. https://doi.org/10.1088/26317990/ab0dfc.
[274] Fang FZ, Xu F. Recent advances in micro/nano-cutting: effect of tool
edge and material properties. Nanomanufacturing and Metrology
2018;1:4–31. https://doi.org/10.1007/s41871-018-0005-z.
[275] Tian Y, Lu K, Wang F, Guo Z, Zhou C, Liang C, et al. Design of a novel
3D tip-based nanofabrication system with high precision depth control
capability.

International

Journal

of

Mechanical

Sciences

2020;169:105328. https://doi.org/10.1016/j.ijmecsci.2019.105328.
[276] Ringger M, Hidber HR, Schlögl R, Oelhafen P, Güntherodt HJ.
Nanometer lithography with the scanning tunneling microscope. Applied
Physics Letters 1985;46:832–4. https://doi.org/10.1063/1.95900.
[277] Dagata JA, Schneir J, Harary HH, Evans CJ, Postek MT, Bennett J.
Modification of hydrogen-passivated silicon by a scanning tunneling
microscope operating in air. Applied Physics Letters 1990;56:2001–3.
https://doi.org/10.1063/1.102999.
[278] Pires D, Hedrick JL, De Silva A, Frommer J, Gotsmann B, Wolf H, et
al. Nanoscale three-dimensional patterning of molecular resists by
scanning

probes.

Science

2010;328:732–5.

https://doi.org/10.1126/science.1187851.
[279] Calleja M, Anguita J, García R, Birkelund K, Pérez-Murano F, Dagata
JA. Nanometre-scale oxidation of silicon surfaces by dynamic force
microscopy:

Reproducibility,

kinetics

and

nanofabrication.

156

Nanotechnology

1999;10:34–8.

https://doi.org/10.1088/0957-

4484/10/1/008.
[280] Fang FZ. Atomic and close-to-atomic scale manufacturing-A trend in
manufacturing development. Frontiers of Mechanical Engineering 2016.
https://doi.org/10.1007/s11465-016-0402-1.
[281] Mathew PT, Rodriguez BJ, Fang FZ. Atomic and Close-to-Atomic Scale
Manufacturing: A Review on Atomic Layer Removal Methods Using
Atomic

Force

Microscopy.

Nanomanuf

Metrol

2020.

https://doi.org/10.1007/s41871-020-00067-2.
[282] Fölsch S, Martínez-Blanco J, Yang J, Kanisawa K, Erwin SCC. Quantum
dots with single-atom precision. Nature Nanotechnology 2014;9:505–8.
https://doi.org/10.1038/nnano.2014.129.
[283] Eigler DMM, Schweizer EKK. Positioning single atoms with a scanning
tunnelling

microscope.

Nature

1990;344:524–6.

https://doi.org/10.1038/344524a0.
[284] Dresselhaus MS, Dresselhaus G, Eklund PC. Science of Fullerenes and
Carbon Nanotubes. San Diego: Academic Press; 1996.
[285] Ni ZH, Wang HM, Kasim J, Fan HM, Yu T, Wu YH, et al. Graphene
thickness determination using reflection and contrast spectroscopy.
Nano Letters 2007;7:2758–63. https://doi.org/10.1021/nl071254m.
[286] Park JG, Zhang C, Liang R, Wang B. Nano-machining of highly oriented
pyrolytic graphite using conductive atomic force microscope tips and
carbon

nanotubes.

Nanotechnology

2007;18:405306.

https://doi.org/10.1088/0957-4484/18/40/405306.
[287] Mizutani W, Inukai J, Ono M. Making a monolayer hole in a graphite
surface by means of a scanning tunneling microscope. Japanese Journal
of

Applied

Physics

1990;29:L815–7.

https://doi.org/10.1143/JJAP.29.L815.
[288] Jiang Y, Guo W. Convex and concave nanodots and lines induced on
HOPG surfaces by AFM voltages in ambient air. Nanotechnology
2008;19:345302. https://doi.org/10.1088/0957-4484/19/34/345302.

157

[289] Sader JE, Chon JWM, Mulvaney P. Calibration of rectangular atomic
force microscope cantilevers. Review of Scientific Instruments
1999;70:3967–9. https://doi.org/10.1063/1.1150021.
[290] Dehzangi A, Larki F, Hutagalung SD, Goodarz Naseri M, Majlis BY,
Navasery M, et al. Impact of Parameter Variation in Fabrication of
Nanostructure by Atomic Force Microscopy Nanolithography. PLoS ONE
2013;8:e65409. https://doi.org/10.1371/journal.pone.0065409.
[291] Cabrera N, Mott NF. Theory of the oxidation of metals. Rep Prog Phys
1949;12:163–84. https://doi.org/10.1088/0034-4885/12/1/308.
[292] Han W, Kunieda M. Research on servo feed control of electrostatic
induction feeding micro-ECM. Precision Engineering 2016;45:195–202.
https://doi.org/10.1016/j.precisioneng.2016.02.012.
[293] Orr FM, Scriven LE, Rivas AP. Pendular rings between solids: Meniscus
properties and capillary force. Journal of Fluid Mechanics 1975;67:723–
42. https://doi.org/10.1017/S0022112075000572.
[294] Yoshimizu N, Hicks B, Lal A, Pollock CR. Scanning probe nanoscale
patterning of highly ordered pyrolytic graphite. Nanotechnology
2010;21:095306. https://doi.org/10.1088/0957-4484/21/9/095306.
[295] McCarley RL, Hendricks SA, Bard AJ. Controlled nanofabrication of
highly oriented pyrolytic graphite with the scanning tunneling
microscope.

Journal

of

Physical

Chemistry

1992;96:10089–92.

https://doi.org/10.1021/j100204a002.
[296] Matsumoto M, Manako T, Imai H. Electrochemical STM Investigation of
Oxidative Corrosion of the Surface of Highly Oriented Pyrolytic
Graphite. Journal of The Electrochemical Society 2009;156:B1208–11.
https://doi.org/10.1149/1.3187924.
[297] Kurra N, Reifenberger RG, Kulkarni GU. Nanocarbon-scanning probe
microscopy synergy: Fundamental aspects to nanoscale devices. ACS
Applied

Materials

and

Interfaces

2014;6:6147–63.

https://doi.org/10.1021/am500122g.
[298] Penner RM, Heben MJ, Lewis NS, Quate CF. Mechanistic investigations
of nanometer-scale lithography at liquid-covered graphite surfaces.

158

Applied

Physics

Letters

1991;58:1389–91.

https://doi.org/10.1063/1.104317.
[299] Kurra N, Prakash G, Basavaraja S, Fisher TS, Kulkarni GU,
Reifenberger RG. Charge storage in mesoscopic graphitic islands
fabricated using AFM bias lithography. Nanotechnology 2011;22:245302.
https://doi.org/10.1088/0957-4484/22/24/245302.
[300] Chaussende D, Ohtani N. Silicon carbide. Single Crystals of Electronic
Materials, Elsevier; 2019, p. 129–79. https://doi.org/10.1016/B978-008-102096-8.00005-7.
[301] Smith TP, Davis RF. Silicon Carbide. Encyclopedia of Materials:
Science

and

Technology,

Elsevier;

2001,

p.

1–6.

https://doi.org/10.1016/B0-08-043152-6/01518-7.
[302] Yin L, Vancoille EYJ, Ramesh K, Huang H. Surface characterization of
6H-SiC (0001) substrates in indentation and abrasive machining.
International Journal of Machine Tools and Manufacture 2004;44:607–
15. https://doi.org/10.1016/j.ijmachtools.2003.12.006.
[303] Watanabe J, Fujimoto M, Matsumoto Y, Kuroda N, Eryu O. Evaluation
of Surfaces of Single SiC Crystal Polished with Various Kinds of Particles.
KEM

2003;238–239:175–82.

https://doi.org/10.4028/www.scientific.net/KEM.238-239.175.
[304] Zhang F, Meng B, Geng Y, Zhang Y. Study on the machined depth when
nanoscratching on 6H-SiC using Berkovich indenter: Modelling and
experimental

study.

Applied

Surface

Science

2016;368:449–55.

https://doi.org/10.1016/j.apsusc.2016.02.032.
[305] Meng B, Yuan D, Zheng J, Qiu P, Xu S. Tip-based nanomanufacturing
process of single crystal SiC: Ductile deformation mechanism and
process optimization. Applied Surface Science 2020;500:144039.
https://doi.org/10.1016/j.apsusc.2019.144039.
[306] Radisavljevic B, Radenovic A, Brivio J, Giacometti V, Kis A. Singlelayer

MoS2

transistors.

Nature

Nanotech

2011;6:147–50.

https://doi.org/10.1038/nnano.2010.279.

159

Appendix A. Author’s list of publications
Journal publications
1. Mathew PT, Fang FZ, Advances in Molecular Electronics: A Brief Review.
Engineering.2018 ;4(6):760–71.
https://doi.org/10.1016/j.eng.2018.11.001
2. Mathew PT, Fang FZ, Periodic Energy Decomposition Analysis for
Electronic Transport Studies as a Tool for Atomic Scale Manufacturing. Int
J

Extrem.

Manuf.

2020;

2:015401.

https://doi.org/10.1088/2631-

7990/ab5d8a
3. Mathew PT, Rodriguez BJ & Fang FZ, Atomic and Close-to-Atomic Scale
Manufacturing: A Review on Atomic Layer Removal Methods Using Atomic
Force

Microscopy. Nanomanuf

Metrol.

2020; 3:167–186.

https://doi.org/10.1007/s41871-020-00067-2
4. Mathew PT, Fang FZ, Potential Energy Surface Studies on Phthalocyanines
and Porphyrins to Determine Orientational Effects for Electronic
Transport in Molecular Devices. Comput. Theor. Chem. 2022. (Under
review)
5. Han W, Mathew PT, Kolagatla S, Rodriguez BJ, Fang FZ, Towards singleatomic-layer

lithography

electrochemical

etching.

on

HOPG

Nanomanuf

surface
Metrol.

using
2022;

AFM-based
5:

32-

38. https://doi.org/10.1007/s41871-022-00127-9
6. Mathew PT, Rodriguez BJ, Fang FZ, Structure Fabrication on Silicon using
Atomic Force Microscopy for Atomic and Close-to-atomic Scale
Manufacturing:
Fabrication.

Implications

for

Micromachines

Nanopatterning
2022;

and
13:

Nanodevice
524.

https://doi.org/10.3390/mi13040524
7. Mathew PT, Rodriguez BJ, Fang FZ, Sub-5 nm Etching on Au (111) to
Achieve Close-to-Single Atomic Layer Removal (Manuscript in preparation)

160

Conference publications
1. Mathew PT, Fang FZ, Nadal LV, Cronin L and Georgiev V, "First Principle
Simulations of Current Flow in Inorganic Molecules: Polyoxometalates
(POMs)," 2019 Joint International EUROSOI Workshop and International
Conference on Ultimate Integration on Silicon (EUROSOI-ULIS), 2019, pp.
1-4. https://doi.org/10.1109/EUROSOI-ULIS45800.2019.9041869
Poster presentations
1. Mathew PT, Fang FZ, Nadal LV, Cronin L and Georgiev V, "First Principle
Simulations of Current Flow in Inorganic Molecules: Polyoxometalates
(POMs)," 2019 Joint International EUROSOI Workshop and International
Conference on Ultimate Integration on Silicon (EUROSOI-ULIS), 2019, pp.
1-4, doi: 10.1109/EUROSOI-ULIS45800.2019.9041869.
2. Mathew PT, Fang FZ, Periodic Energy Decomposition Analysis for the
Application of Electronic Transport Across a Molecular Junction, Polymer
Replication on Nanoscale (PRN), University College Dublin, Ireland.
3. Mathew PT, Fang FZ, A comparative Study on Tin (II) Phthalocyanine and
Tin (II) Porphyrin as Potential Candidates for Atomic-Scale Device
Fabrication: 2nd AET Symposium on SMART and ACSM Manufacturing,
Confucius Institute, Ireland.

161

Appendix B. Optimized structures of Pc and Pr

a)

b)

c)

d)

Figure B.1: a) Optimized geometry of Phthalocyanine b) Optimized
geometry of Porphyrin c) Optimized geometry of Tin (II) phthalocyanine d)
Optimized geometry of Tin (II) porphyrin (light grey – Hydrogen, dark grey –
Carbon, Blue – Nitrogen).
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Appendix C. Analysis of POMs molecule with Silicon
electrode
The Fermi level of silicon at zero bias is fixed at -4.50 eV. The work
function of Si(111) at zero bias is -4.60 eV. For different applied voltages,
the Fermi level changes and the chemical potential aligns in between the
levels. The Fermi level changes from -4.50 to -5.00 eV for 0.5 V and to -5.50
eV for 1.0 V. The transmission analysis along with the MOs responsible for
the peaks are given below:

Figure C.1: The transmission analysis along with the MOs responsible for the
peaks for vertical configuration.
The transmission analysis along with the MOs over the scattering
region is given below:
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Figure C.2: The transmission analysis along with the MOs over the scattering
region for vertical configuration.
Horizontal configuration is given below in Figure C.3.

Figure C.3: The transmission analysis along with the MOs responsible for the
peaks for horizontal configuration.
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The MOs seem to change its shape and shift their position.

Figure C.4: The I-V characteristics for different drain voltages for POM in
vertical configuration between silicon.

Figure C.5: The I-V characteristics for different drain voltages for POM in
horizontal configuration between silicon.
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Comparative to gold electrode, silicon has less eigenstates which are given
below: For zero bias (Vertical)
For 0.0 V (Horizontal)

For 0.5 V (Horizontal)

For 1.0 V (Horizontal)

For 1.0 V (Vertical)

Figure C.6: The eigen states for horizontal and vertical configurations.
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The I-V Analysis for this device configuration is given below:

Figure C.7: The I-V characteristics of vertical and horizontal configurations
of POM between silicon substrate.
In Figure C.7, it can be seen that the current is increasing for silicon
in its vertical configuration but after 1.5 V, it is decreasing towards 2 V. This
anomaly should be because of the delocalization of MOs.
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Appendix D. Materials for pEDA studies
Table D.1: The convergence criteria used for SCF and geometry optimisation
calculations*.
Maximum gradient

0.001000000000

Maximum rms gradient

0.000666666667

Maximum step allowed

0.001000000000

Maximum rms step allowed

0.000666666667

Maximum energy change allowed

0.000010000000

*Energies are in Hartree and length in Angstrom, Automatic Hessian is used
by default
Table D.2: HOMO and LUMO values along with the HOMO-LUMO gap of
phthalocyanine and porphyrin derivatives used in pEDA studies.
Molecule

HOMO

LUMO

HOMO-1

HOMO-2

LUMO+1

LUMO+2

HLG

Phthalocyanine -5.010

-3.611

-6.128

-6.152

-3.579

-2.164

1.399

Tin (II)

-5.011

-3.656

-5.201

-6.194

-3.656

-2.184

1.355

Porphyrin

-5.018

-3.077

-5.258

-5.871

-3.072

-1.759

1.941

Tin (II)

-3.367

-3.031

-5.318

-5.359

-2.981

-2.939

0.336

phthalocyanine

porphyrin
*

All units are in electron-volt (eV)
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D.1 The spectra of molecules without thiol linkers at different gate
voltages along with the device set up

Figure D.1: The device set-up and corresponding transmission spectrum for
different gate voltages of Phthalocyanine without thiol linker.

Figure D.2: The device set-up and corresponding transmission spectrum for
different gate voltages of Tin (II) Phthalocyanine without thiol linker.

Figure D.3: The device set-up and corresponding transmission spectrum for
different gate voltages of Porphyrin without thiol linker.
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Figure D.4: The device set-up and corresponding transmission spectrum for
different gate voltages of Tin (II) porphyrin without thiol linker.

Figure D.5: The conductance (Current (in 2e/h) vs Bias potential) for
different gate voltages of Phthalocyanine without thiol linker.

Figure D.6: The conductance (Current (in 2e/h) vs Bias potential) for
different gate voltages of Tin (II) Phthalocyanine without thiol linker.
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Figure D.7: The conductance (Current (in 2e/h) vs Bias potential) for
different gate voltages of Porphyrin without thiol linker.

Figure D.8: The conductance (Current (2e/h) vs Bias potential) for different
gate voltages of Tin (II) Porphyrin without thiol linker.
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D.2 The spectra of molecules with thiol linkers at different gate voltages
along with the device set up

Figure D.9: The device set-up and corresponding transmission spectrum for
different gate voltages of Phthalocyanine with thiol linker.

Figure D.10: The device set-up and corresponding transmission spectrum for
different gate voltages of Tin (II) Phthalocyanine with thiol linker.

Figure D.11: The device set-up and corresponding transmission spectrum for
different gate voltages of Porphyrin with thiol linker.
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Figure D.12: The device set-up and corresponding transmission spectrum for
different gate voltages of Tin (II) porphyrin with thiol linker.

Figure D.13: The conductance (Current (2e/h) vs Bias potential) for
different gate voltages of Phthalocyanine with thiol linker.

Figure D.14: The conductance (Current (2e/h) vs Bias potential) for
different gate voltages of Tin (II) Phthalocyanine with thiol linker.
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Figure D.15: The conductance (Current (2e/h) vs Bias potential) for
different gate voltages of Porphyrin with thiol linker.

Figure D.16: The conductance (Current (2e/h) vs Bias potential) for
different gate voltages of Tin (II) porphyrin with thiol linker.
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Appendix E. Scratching tests with AFM using litho
panel
The scratching tests on all the substrates are performed using the
litho panel option in the Igor pro software associated with the AFM used
(MFP-3D Olympus). This panel can be accessed under the ‘AFM controls’ tab
as shown in Figure E.1 (a). Clicking the litho panel opens the ‘Master Litho
Panel’, where all the options necessary for scratching/etching the substrate
can be seen as shown in Figure E.1 (b).

a)

b)

Figure E.1: a) The AFM control tab and litho panel b) Master litho panel.
Under the ‘MicroAngelo’ tab, the set points can be adjusted according
to the experiments used.
Usually, normal set point is adjusted to the value similar to the
deflection so that the tip would touch down the exact point that is specified
on the substrate. Litho set point allows the user to set the specific force
with which the scratching could be performed. Litho Bias can be turned ON
or OFF depending on whether the user requires to provide bias to the tipsubstrate junction. Max Velocity can be used to adjust the tip velocity with
which the scratching could be performed. Est. Time gives the time that will
be taken to perform the lithography.
FreeHand and Line give the options to draw the lithography path
through which the tip travels. To draw a path on the surface,
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1. Click FreeHand/Line
2. Click Draw Path
Once the path is drawn on the surface, Do it! option will start the
experiment, as hown in Figure E.2.

Figure E.2: Different options on the master litho panel to perform
lithography over the substrate.
Instead of one line, different lines can be drawn to check different
parameters such as the effects of force and tip voltage. These can be
controlled using the setpoint wave option. After different lines are drawn,
the setpoint wave can be ticked to set different litho setpoints or tip bias as
shown in Figure E.3 (a) and (b) respectively.

a)

b)

Figure E.3: a) Litho setpoint wave option b) litho voltage wave option.
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The litho setpoint option can only be accessed when the litho bias box is
unticked. When the litho bias option is ticked, the litho voltage wave option
can be accessed.
Apart from drawing lines, intrinsic patterns can be formed over the
substrate using the Groups tab, as shown in Figure E.4.

Figure E.4: The groups tab to form intrinsic patterns
To perform the lithography, either a line can be drawn or images can
be uploaded to the system by clicking the Load Picture option. Once this is
done, the group can be saved by giving a name which will appear under the
Groups box, as shown in Figure E.5.

Figure E.5: The option to save the groups.
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This required group can be selected to appear on the substrate by
clicking Display Group. The displayed image will appear in red. This can be
removed by clicking the Clear Images option. The appearance of the pattern
can be modified using the size, Y Offset, X Offset and Rotation options. Once
the desired size and position of the pattern is adjusted using the options,
Add Group can be clicked to set the pattern for lithography which will appear
in blue colour.

Figure E.6: Displaying and adding the groups for lithography.
Stationary tip lithography can be performed using the Step tab. Here,
the normal and litho set point can be given according to the experiment
specifications. X count and Y count give the number of points to appear on
the grid. The distance between the points can be altered using the X step
and Y step options. Initial Dwell gives the ability to place the tip over the
first point with a specific time frame. The Dwell increase option allows the
tip to move to the adjacent points and tells the system to keep the tip over
the specified points up to the given time. The time given can be edited using
the edit time option. Each time it is edited, update time should be clicked
to confirm the changes. Tip bias can be given using the Use bias option. Use
wave can be ticked if the tip bias should be changed over different points.
The initial and end voltages allow the increment or decrement of the
voltages over the points.
Similar to the time, the bias can be edited using Edit volts option and
each time when the changes are made, Update Volts option should be
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clicked. Grids can be viewed or removed using Append Grids and Remove
Grids respectively. When everything is adjusted and ready for experiment,
click Do it.

Figure E.7: The step tab for performing stationary tip lithography.
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Appendix F. Effects of tips on scratching
Figure F.1 shows the damage caused to the tips after scratching.
Figure F.1 (a) shows the platinum coated tip before scratching. It can be
seen that the tips were destroyed after the experiments, as shown in Figure
F.1 (b).

a)
A

b)
B

Cc)

d)

Ee)

Ff)

D

Figure F.1: The SEM images of platinum coated tips a) Before experiments
b) After experiments with humidity set up involving the use of NaCl
electrolyte c) After experiments in ambient air without any electrolyte d)
SEM image of diamond tip before experiment and e) SEM image of diamond
tip after experiment in the presence and f) absence of electrolyte. The worn
out tips shown here are imaged after ~12 hours of experimentations.
This can be caused due to the removal of platinum coating from the
tip surface and could also be the depositions caused due to the NaCl solution
used to facilitate the humidity conditions. This conclusion is drawn because
no such depositions are seen on the platinum tips when the experiments
were performed in ambient air conditions, as shown in Figure F.1 (c). Hence
the use of electrolytes affect the geometry of the tips and prolonged use of
the same tip can result in different structures on the substrate. Figure F.1
(d) and (e) show the SEM images of the single crustal diamond tip before and
after the experiments. No observable damage has been occurred to the
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diamond tips, which makes them perfect for durable and longer
experimentations. Also, no deposits are caused on the tip even in the
presence of electrolyte, as shown in Figure F.1 (f). This could also be
convenient for performing investigations without changing the tips too often
and in any environment.
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