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Institut für Computerphysik der Universität Stuttgart

2017





i

Erklärung

Hiermit versichere ich, die vorliegende Arbeit selbstständig verfasst und keine anderen
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my co-advisers Prof. Dr. Johannes Kästner, and Prof. Dr.-Ing. Joachim Groß for their
valuable comments and suggestions in compiling this thesis.

I am grateful to Dr. Ralph Scheicher for hosting me in his research group, results derived
from that stay contributed towards this thesis, and would like to thank him. I would
also like to thank Dr. Rodrigo Amorim for taking a lot of his time, and effort in training
me in electronic transport theory. I would like to thank Frank Maier for the German
translations. Further, I would like to thank my co-workers Bibek Adhikari, Fabio de
Souza, and Rouven Steinle.

I would like to thank my current, and former colleagues especially the administrative
staff at the ICP, for the pleasant working environment. Living in Germany would not
have been fun with out innumerable friends, and I am grateful for their friendship.

Finally, I would like to thank my family, for their strong encouragement and support.

Stuttgart, February 2017 Ganesh Sivaraman





v

ABSTRACT

The translocation of DNA through nanopores is an intensively studied field as it can
lead to a new perspective in DNA sequencing [1]. During this process the DNA is
electrophoretically driven through a nanoscale hole in a membrane, and use different
sensing schemes to read out the sequence. Within the scope of nanopore sequencing
two important sensing schemes relevant to this thesis are:

1. Tunneling sequencers based on solid state nanopores embedded with gold elec-
trodes

2. 2D materials beyond graphene

For scheme 1, an obvious improvement is to coat the gold electrode with molecules
that have high conductance and can form instantaneous hydrogen bond bridges with
the translocating polynucleotide thereby improving the transverse current signal [2].
The molecule that we propose is the so called diamondoid which are diamond caged
molecules with hydrogen termination. Before applying such a molecule to a nanopore
electrode set up, one would like to understand their interaction with DNA and its nucle-
obases. For this purpose, hydrogen bonded complexes formed between nitrogen doped
derivatives of smallest diamondoids (i.e. adamantane derivatives) and nucleobases were
investigated using dispersion corrected density functional theory (DFT) [3]. Mutated
and methylated nucleobases are also taken into consideration in these investigations.
DFT calculations revealed that hydrogen bonds are of moderate strength. In addition,
starting from the DFT predicted hydrogen bonding configuration for each complex, ro-
tations, and translations along a reference axis was performed to capture variations in
the interaction energies along the donor-acceptor groups of the hydrogen bonds. The
electronic density of states analysis for the hydrogen bonded complexes revealed distin-
guishable signatures for each nucleobase, thereby showing the suitability for application
in electrodes functionalised with such probe molecules. In the next step, an adamantane
derivative is placed on one of the electrode and nucleotides are introduced in such a way
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that nucleobases form hydrogen bonds with the of the nitrogen group of the adaman-
tane derivatives. Electronic transport calculations were performed for gold electrodes
functionalised with 3 different adamantane derivatives. Four pristine nucleotides, one
mutated, and one methylated nucleotides were considered. Analysis of the transmission
spectra reveal that each of the nucleotides has a unique resonance peak far below the
Fermi level. We have also proposed a gating voltage window to sample the resonance
peaks of the nucleotide so that they can be distinguished from each other.

An alternative to tunneling sequencers would be to use nanopores built in to ultra thin
metallic nanoribbons such as graphene [4]. The sequence can be read out from the
in-plane current modulation resulting from the local field effect of the translocating nu-
cleotides in the vicinity of the metallic pore edges. But the hydrophobicity of graphene
makes it a difficult candidate in aqueous environment [5]. Hence in scheme 2, the aim
is to model an ultra thin material that can rectify the hydrophobicity of graphene and
can be a very good candidate for current modulation sequencing. Ultra thin MoS2 (2H)
monolayer exist as direct band gap semiconductor. Nanopores based on 2H phases have
been reported in the literature and are not hydrophobic. By means of chemical exfo-
liation of the 2H phase, a meta stable 1T phase of MoS2 has also been synthesized by
various experimental groups. The 1T phase of MoS2 is metallic. The aim of this thesis
is to model a nano-biosensor template based on a hybrid MoS2 monolayer made up of a
metallic (1T) phase sandwiched between semiconducting (2H) phase. The sensor that we
propose, should have only metallic nanopore edges. As a first step, we have modeled the
semiconductor-metal interface, and compared them with experiments. Then an investi-
gation to understand the influence of the increase of the metallic unit on the electronic
properties is performed. Since, point defects are highly relevant to electrochemical pore
growth, a point sulfur defect analysis is provided to ascertain the weakest point in the
sheet. Finally to understand the effect of the interface electronic transport calculations
are performed. The transmission spectra reveals a clear asymmetry in the current flow
across the interface by means of gating. In the end, the relevance of such a hybrid MoS2

material for nanopore sequencing is discussed.
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Zusammenfassung

Die Translokation von DNA durch Nanoporen ist ein aktives Forschungsfeld das zu
neuen Errungenschaften im Bereich der DNA-Sequenzierung führen kann [1]. Dabei
wird die DNA elektrophoretisch durch eine, in einer Membran befindlichen, wenige
Nanometer große Pore transportiert, um die Sequenz der DNA mit einem geeigneten
Analyseverfahren auszulesen. Im Bereich der Nanoporensequenzierung sind zwei Ana-
lyseverfahren für diese Doktorarbeit relevant:

1. Tunnelstrom-Sequenzierer basierend auf Halbleiter-Nanoporen mit eingebetteten
Goldelektroden.

2. 2D Materialien die über Graphen hinaus gehen.

Eine offensichtliche Verbesserung von ersterem Analyseverfahren besteht darin, die Gold-
elektroden mit zusätzlichen Molekülen zu beschichten, die eine hohe Leitfähigkeit auf-
weisen und Wasserstoffbrücken mit den durch die Pore passierenden Polynukleotiden
bilden können. Dadurch kann der Querstrom und somit das Singal verbessert wer-
den. Das Molekül, das wir hierfür vorschlagen, ist ein sogenannter Diamantoid. Dia-
mantoide sind Moleküle mit einem diamantartigen Kohlenstoffgerüst deren Oberfläche
mit Wasserstoff terminiert ist. Doch bevor solch ein Molekül in einer Nanopore an
eine Elektrode angebracht werden kann, sollten die Wechselwirkungen zwischen DNA
und deren Nukleobasen verstanden werden. Zu diesem Zwecke werden durch Wasser-
stoffbrücken verbundene Komplexe von Stickstoff-dotierten Derivaten der kleinsten Dia-
mantoide (zum Beispiel Adamantane Derivate) und Nukleobasen mit Hilfe dispersions-
korrigierter Dichtefunktionaltheorie (DFT) [3] untersucht. Veränderte und methylierte
Nukleobasen werden ebenso in diesen Untersuchungen in Betracht gezogen. Die DFT
Berechnungen machten deutlich, dass die Wasserstoffbrücken von mäßiger Stärke sind.
Zusätzlich wurden, ausgehend von den durch die DFT Simulationen vorhergesagten
Wasserstoffbrücken-Konfigurationen jeden Komplexes, Rotationen und Translationen
entlang einer Referenzachse durchgeführt, um die Variationen in den Wechselwirkungs-
energien entlang der Donator-Akzeptor Gruppen der Wasserstoffbrücken festzustellen.
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Die Auswertung der elektronischen Zustandsdichte, der durch Wasserstoffbrücken gebun-
denen Komplexe, ließ unterscheidbare Signaturen für jede Nukleobase erkennen. Somit
bieten sich die untersuchten Moleküle zur Funktionaliserung von Elektroden an. Im
nächsten Schritt wird ein Adamantan Derivat an eine der Elektroden platziert und Nuk-
leotiden so hinzugefügt, dass die Nukleobasen Wasserstoffbrücken mit der Stickstof-
fgruppe des Adamantan Derivats bilden. Elektronische Transportberechnungen wur-
den an Goldelektroden, die mit verschiedenen Adamantan Derivaten funktionalisiert
wurden, durchgeführt. Vier reine, eine modifizierte und eine methylierte Nukleotide
wurden dabei verwendet. Die Auswertung der Transmissionsspektren verdeutlichte,
dass jede Nukleotide eine eindeutige Rezonanzspitze, weit unterhalb des Fermilevels,
aufweist. Um die Resonanzspitzen der Nukleotide abzutasten und somit die Nuk-
leotide voneinander unterscheiden zu können, haben wir eine zusätzliche Gatespannung
eingeführt.

Eine Alternative zu Tunnelstrom-Sequenzierer könnten Nanoporen in hauchdünnen me-
tallenen Nanobändern, wie beispielsweise Graphen [4], sein. Die DNA-Sequenz kann
durch die Modulation des elektrischen Stromes in der Ebene des Nanobandes ausgele-
sen werden, hervorgerufen durch die lokalen Feldeffekte in der Nähe des metallenen
Bereichs der Pore durch die translatierenden Nukleotiden. Aufgrund der hydrophoben
Eigenschaft von Graphen ist der Einsatz von Graphen in wässrigen Umgebungen jedoch
problematisch [5]. Daher ist das Ziel im zweiten Vorhaben ein hauchdünnes Material
zu modellieren, welches die hydrophobe Eigenschaft von Graphen nicht aufweist und
somit ein guter Kandidat für strommodulierte Sequenzierung ist. Hauchdünne MoS2

Monolagen, in der 2H Modifikation, sind Halbleiter mit einer direkten Bandlücke. Über
Nanoporen, basierend auf dieser 2H-Form, wurde in der Literatur bereits berichtet.
Ebenso sind sie nicht hydrophob. Durch chemische Abtragung der 2H-Form konn-
ten verschiedene experimentelle Gruppen eine meta-stabile 1T-Form von MoS2 syn-
thetisieren, welche metallisch ist. Das Ziel dieser Doktorarbeit ist eine Nanobiosensor-
Vorlage zu modellerien, welche auf einer hybriden MoS2 Monolage basiert. Diese hy-
bride MoS2 Monolage besteht aus einem metallenen Bereich in der 1H-Form der zwis-
chen halbleitenden Gebieten in der 2H-Form von MoS2 eingeschoben ist. Die Nanopore
in dem Sensor, den wir hier vorschlagen, sollte nur metallische Ränder aufweisen. In
einem ersten Schritt haben wir die Halbleiter-Leiter Grenzfläche modelliert und mit
Experimenten verglichen. Anschließend folgte eine Analyse des Einflusses der Größe
des metallenen Gebietes auf die elektronischen Eigenschaften der hybriden Monolage.
Da Gitterstörstellen für das elektrochemische Porenwachstum maßgeblich relevant sind,
wurde eine Punktdefektanalyse durchgeführt, um den schwächsten Punkt in der Lage
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festzustellen. Um schlussendlich den Einfluss der Schnittstelle zu verstehen, wurden
elektronische Transportberechnungen durchgeführt. Die Transmissionsspektren zeigten
eine deutliche Asymmetrie im Ladungsfluss durch die Schnittstelle auf, in Abhängigkeit
einer Gatespannung. Am Ende wird die Relevanz eines solchen hybriden MoS2 Materi-
als für Nanoporsequenzierung erörtert.
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“You can know the name of that bird in all the languages of the world, but when
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Part I

Introduction
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1 Introduction

1.1 DNA

Deoxyribonucleic acid (DNA) contains the genetic information of all living organisms
in the form of linear chains of nucleic acids [6] (Fig.1.1). The fundamental building block
of DNA is a nucleic acid monomer known as nucleotide. Each monomer unit consist
of one of the four nucleobases linked to a deoxyribose sugar-phosphate group. Two of
the four nucleobases namely adenine, and guanine are derivates of purine. The other
two namely cytosine, and thymine are derivatives of pyramidine. The nucleotides are de-
oxyadenosine monophosphate (A), deoxythymidine monophosphate (T), deoxycytidine
monophosphate (C), and deoxyguanosine monophosphate (G). The nucleotide in turn
forms long polymer chain through the phosphodiester bond (not shown). The excep-
tional stability of DNA as a carrier of information is partly due to the fact that phospho-
diester bridge is negatively charged, consequently repels potential nucleophilic species
such as hydroxide ions. Adenine can form complementary base pair with thymine and
cytosine with guanine. Hence a pair of complementary polymer sequence form double
helical structure as seen in Fig. 1.1.

The genetic information stored in DNA is translated in to proteins produced. Hence,
reading out the genetic information in an organism can directly lead to better under-
standing of gene expression by correlating with proteomics 1 data [8]. Genome sequenc-
ing might also help in deciphering of genetic disorder, cancer, viral action, and anti-biotic
resistance thereby, leading to personalized medicine [9–13].

After a period of 13 years, the human genome project was completed in 2003 at a stag-
gering cost of $2.7 billion, to sequencing the entire human genome [14]. Such a massive
scientific endeavor was made possible by the Sanger sequencing (first generation) tech-
nique developed in late 1970’s [15]. Introduced in 2007, the so called second generation

1Proteomics is the study of structure and function of all the proteins produced by a living organism.

https://en.wikipedia.org/wiki/Phosphodiester_bond
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Figure 1.1: Watson and Crick model of DNA (i.e. B-DNA) [7]. The complementary base pair
units are shown in the right panel. The hydrogen bond bridge formed between the
pyrimidines and purines stabilize the helix. The colors denote different atom types.
[Source: Wikimedia commons (DNA Structure+Key+Labelled.pn NoBB.png)]

techniques further reduced cost to about 1 million $ [16] for the whole genome to be
sequenced in a matter of few weeks [17]. The first and second generation techniques suf-
fer from the draw back of limited read lengths and depends on costly chemical reagents
for labeling [18]. The next generation sequencing techniques (NGS) aim to rectify these
drawbacks by performing the whole genome sequencing truly label free, thereby driving
down the cost to about $1000 or less [19]. This thesis aims to contribute towards the
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advancement of next generation sequencing techniques. Precisely the focus is a compu-
tational design of label free sensors and nanopores based on solid-state materials.

a) b)

Figure 1.2: a) Structure of a biological pore protein employed in nanopore experiments. α-
hemolysin pore protein from Staphylococcal aureus rendered with VMD [20]. Colors
indicated the different chains [Source: Protein data bank ID: 7AHL] b.) Schematic
diagram of DNA translocation through a solid-state nanopore with respect to bias
voltage applied across the chambers. Introduction of a charged bio-polymer in the cis
chamber is indicated in green and distinct blockade current spikes can been seen in
the bottom panel to the right of the green arrow. One of such spikes corresponding to
translocation events is zoomed and shown in the inset. Image reproduced from [21]
with permission from Elsevier.

1.2 Nanopore Sequencing

Nanopores are nanometer size holes in membranes that are in contact with an aqueous
electrolyte (e.g. NaCl, KCl etc.) on both sides [22]. The electrolyte flows across the chan-
nel with respect to an applied voltage and the resulting time dependent ionic current
can be measured (Fig. 1.2b). A charged bio-polymer translocating across such channel
could induce unique current amplitudes. Kasianowitz et al showed that by means of
ionic current blockade originating from a polynucleotide translocating across a biologi-
cal pore protein (Fig. 1.2a) embedded in lipid membrane could be used for sequencing
[23]. Twenty years since this breakthrough experiment, the first devices based on bi-
ological nanopores are being commercialized by Oxford Nanopore Technologies [24].
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However the ionic current measured at any point originates from a number of bases
simultaneously residing in the pore, thereby requiring complex post processing to un-
ravel sequence information [25]. Consequently techniques based on ionic current are yet
to reach accuracy comparable to Sanger sequencing [26]. Ionic current sensing suffers
from the draw back that it requires integration of a DNA polymerase to slow down the
translocating DNA resulting in limited read length. This also means that such sensing
scheme is sensitive to the nature of the translocating molecule.

Figure 1.3: (1-4) Fabrication of a solid-state silicon nitride membrane on the top of a silicon sup-
port. (5) Incorporation of the pore in to a membrane by means of electron or ion
beam. Right panel shows (a) 1.8 nm nanopore in a silicon nitride membrane formed
by Ar-ion beam sculpting (b) Nanopore formed in a SiO2 membrane formed by fo-
cused electron beam. Image reproduced from [27–29] with permission from Royal
Society of Chemistry and Nature Publishing Group respectively.

Advances in semiconductor process technology has led to scalability and miniaturiza-
tion of solid-state devices, fluidics, and signal processing. Hence, solid-state substrate
based nanopores have been investigated for developing pores comparable in diameter
to biological pores [27]. The key steps in the fabrication of solid-state nanopores has
been sketched in Fig. 1.3 . The first successful single nanometer precision solid state
nanopore was reported in 2001 by employing ion bean sculpting on silicon nitride mem-
brane (Fig. 1.3a) [29]. Subsequently, Storm et al. reported on a direct drilling of a sub-10
nm nanopore (Fig. 1.3b) on silicon oxide by means of focused electron beam [28]. Large
progress has been achieved in the field of solid-state based nanopores since the last
decade, including the recent progress in to fabrication of nanopore sensors based on 2D



6 1 Introduction

materials such as graphene, MoS2, etc [18, 30].

Sensing schemes beyond ionic blockade have been envisioned by means of integration
of sophisticated electronics [1, 27]. This thesis aims to contribute towards improvement
of such a scheme, the so called tunneling sequencing [31, 32]. Tunneling sequencing in-
volves reading out the electronic structure of a single stranded DNA (ssDNA) by means
of nano-fabricated mechanically controllable break junctions [33] embedded with in the
solid state nanopore (Fig. 1.4a). The transverse tunneling current flowing across the nu-
cleotides has been shown as a means for sensing [34]. The translocating ssDNA (being
a charged molecule) realign with respect to the transverse voltage bias. The time scale
of translocation is of the order of millisecond per nucleotide. Hence, large statistical
sampling is required and the nanogap is required to be short enough to have strong
enough electronic coupling with the translocating molecule and avoid potential disrup-
tion from the ionic aqueous environment [26] . Tsutsui et al. have show that by carefully
choosing the nanogap distance ( ≈ 0.8 nm), thermal fluctuations and disruptions from
the aqueous environment could be minimized [26,34]. The downside of choosing such a
narrow gap is that the ssDNA ( ≈ 1.4 nm) can no longer be pulled through the nanogap
and only random sampling of DNA is possible. Quantum BioSystems Inc is in the pro-
cess of a commercialization based on this technology [35]. This scheme has also been
shown to distinguish among amino acids which suggests that this scheme could be a
potential candidate for proteomics [36]. The drawbacks include overlap of the measured
current signals, background noise, and a difficulty in sensing thymine because of it’s
low tunneling signal [5].

One way to improve the tunneling sequencing is to functionalise the electrodes with
molecules that can form hydrogen bond bridges with the nuleobases and the back-
bone [2] thereby improving the electronic coupling with the translocating molecule
(Fig. 1.4b). This would also make it possible to use larger nanogap through which the
ssDNA can be pulled.

Another sensing scheme relevant to this thesis is the so called current modulation se-
quencer [4, 30, 37]. This scheme involves a nanopore built in to an ultra thin metallic
nanoribbon such as graphene connected to leads as shown in Fig. 1.5. Unlike a tunnel-
ing sequencer there is always a current flow (subject to a bias applied at leads) since the
pore edge is metallic on all sides. Theoretical study has shown that that the in-plane
nanopore current modulates (induced by variation of local density of states) due to the
electrostatic interaction between pore edge and the translocating DNA [4]. The nanopore
current in-turn changes as a function of the nucleobase specific electronic coupling with
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a) b)

Figure 1.4: a) Schematic illustrations of gold break junction electrodes incorporated into a
nanopore or nanochannel of diameter 10 nm or less (shown in Fig. 1.3). The gold
nanogaps spacing on 2 nm or less. b) Modification of scheme a) by functionalizing
with molecule on electrode surface that can form hydrogen bond bridges with the
nucleobases and the backbone. Image reproduced from [2, 36] with permission from
Nature Publishing Group.

the pore edge. The advantage of this scheme being that current values of the order of
µA which is much larger than the tunneling currents (≈ pA) [36].

1.3 Aims

There are two fundamental aims of this thesis. The first aim involves the improvement of
the tunneling sequencing scheme by investigating novel functionalisation groups. These
can form hydrogen bond bridges with nucleobases, and thereby reduce noises in the
tunneling measurements. We propose the tiny hydrogen terminated diamond caged
molecules called diamondoids (Fig. 1.6) for this purpose [38]. Diamondoids occur in
small amounts in earth petroleum as well as in rock crystals [39]. From Fig. 1.6, it can be
observed that diamondoids comes in different shapes and sizes. These small diamond-
like cages form a family of nanoscale building blocks [40, 41] of which the smallest is
known as adamantane. By modifying diamondoids with synthetic techniques, they can
be selectively functionalized on surfaces [42]. The electronic, optical, mechanical and
thermal properties of these diamondoid surfaces exhibit properties of both single-crystal
diamond and nanomaterials [43, 44]. It is also possible to tune the optical gap of these
cages by functionalization and doping [45–47]. Diamondoids and their functional deriva-
tives [48] have been proposed for applications such as opto-electronic devices including
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Figure 1.5: Illustration of a current modulation sensor based on zigzag graphene nanoribbon.
Image reproduced from [4] with permission from American Chemical Society.

high-efficiency field emitters [48–50], single molecule biosensors [51], and as pharma-
ceutical agents [52]. Diamondoids can self assemble [53] and form self assembled layers
on surfaces [50, 54] and ordered phases in carbon nanotubes [55].

The second aim is to propose and investigate ultra thin monolayers (beyond graphene)
that might be an alternate candidate for achieving single base resolutions [1]. For this
purpose a hybrid MoS2 monolayer containing both metallic and semiconductor phases
has been investigated as a candidate for the current modulation sensing scheme [56].
Emphasis is given on the understanding and tuning of the fundamental properties of
these materials for potential biosensing applications.

Hence an overview of the thesis is presented as follows:

• An outline of theoretical schemes used in this thesis are described in chapter 2

• A detailed overview of diamondoids along with the investigation of hydrogen
bonding between diamondoids, and the nucleobases are described in chapter 3
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Figure 1.6: The structures of adamantane (C10H16), diamantane (C14H20), and triamantane
(C18H24) segments of the diamond lattice. For clarity hydrogen atoms are omitted.
Image reproduced from [38] with permission from Science.

• In chapter 4, gold electrodes functionalised with diamondoids devices are investi-
gated. Electronic transport calculations are performed to investigate the effective-
ness of such devices in discriminating nucelotides, their mutation, and methyla-
tion.

• A comparison of different diamondoid functionalised devices are provided in chap-
ter 5

• Finally in chapter 6, alternate sensing scheme (beyond tunneling sensing) is inves-
tigated. This chapter presents the structural, electronic and transport properties of
a hybrid MoS2 monolayer in view of biosensing application.



10

Part II

Methodology
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2 Methodology

In this chapter, an overview of the theoretical schemes relevant to this thesis will be
discussed. We would start with a presentation of the quantum many-body problem. We
will use a density functional approximation to perform ionic relaxation and electronic
structure of the setups discussed in this thesis. Hence an overview of density functional
theory (DFT) is provided. The ultimate goal of the thesis is to understand the electronic
transport properties of biosensing devices. For this purpose we would end this chapter
by discussing the Non-Equilibrium Green’s function formalism. Note that the specific
tools and parameters utilized for the actual calculations are not discussed in this chapter
and for those details, the readers are advised to refer to part III.

2.1 The Many-Body Problem

All real world material involves a many-body system consisting of a system of ions
and interacting electrons [57]. The state of a quantum mechanical system is described
by a many-body wave function Ψ({R; r}) and an exact theory involves solving the
Schrödinger equation:

Ĥ Ψ({R; r}) = E Ψ({R; r}) (2.1)

where {R; r} represents the positions of ions and electrons respectively, E is the energy
of the system and Ĥ is the Hamiltonian of the system given by

Ĥ = −
Nnu

∑
I

}2

2MI
∇2

RI
−

Nel

∑
i

}2

2me
∇2

ri
−

Nel ,Nnu

∑
i,I

ZIe2

|RI − ri|
+

1
2

Nne

∑
i 6=j

e2∣∣ri − rj
∣∣ + 1

2

Nnu

∑
I 6=J

ZIZJe2∣∣RI − Rj
∣∣

(2.2)
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where } is the Planck’s constant divided by 2π, MI the ionic mass of nuclear index I,
me, mass of electron. The first two terms of Ĥ represent the kinetic energy operators
for the ions and electrons respectively. The last three terms corresponds to potential en-
ergy terms for electron-ion attraction, electron-electron repulsion, and ion-ion repulsion
respectively.

A simplification of the equation 2.1 can be achieved by the so called Born-Oppenheimer
approximation where Ψ is explicitly dependent only on electronic degrees of freedom.
A rationale for such an approximation is that ions are three to five order of magnitude
higher in mass compared to electrons, hence a reasonable assumption to model the ions
as classical particles in equilibrium positions. The static ions interact with electrons via
V̂ext. The electronic Hamiltonian can be written as

Ĥ = −
Nel

∑
i

}2

2me
∇2

ri
+

1
2

Nel

∑
i 6=j

e2∣∣ri − rj
∣∣ + V̂ext (2.3)

Even with the Born-Oppenheimer approximation, solving for Ψ({ri}) is a cumbersome
task because of the electronic repulsion term in equation 2.3. To tackle this issue we will
present the Density Functional Theory (DFT) in the subsequent section.

2.2 Density Functional Theory (DFT)

The wave function of a many body interacting problem is too complex to be treated
explicitly. An alternate idea would be to formulate the energy as a functional of ground
state charge density. The Hohenberg-Kohn theorems [58, 59] provide a rigorous theoret-
ical foundation for DFT, and are states as follows:

Theorem 1. The ground state density ρ(r) uniquely determines the potential, up to an arbitrary
constant.

The theorem 1, demonstrates that ground state charge density can be used as fundamen-
tal quantity in characterizing the system instead of external potential. But the external
potential Vext and number of electron Nel determines all the properties of the system via
solving for the eigenstates of equation 2.1. This means that the wave function must be a
unique functional of the charge density. Now comes the equivalence of equation 2.1 in
terms of charge density. We can write down the energy functional of the system as:
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E[ρ(r)] = F[ρ(r)] +
∫

Vextρ(r)dr (2.4)

where F[ρ(r)] is a universal functional of density.

Theorem 2. The exact ground state is the global minimum value of functional E[ρ(r)].

The minimum energy obtained by theorem 2 would be greater than or equal to the
ground state energy calculated by solving equation 2.1. But the universal functional
F[ρ(r)] is unknown and hence the exact application of DFT does not exist. A reasonable
approximation to simplify the many body problem is to consider the so called “Kohn-
Sham electrons” that do not interact with each other and interacts with an external
potential, so that their ground-state charge density is identical to the charge-density of
the interacting system. The single-particle Kohn-Sham equations can be written as :

HksΦi = εiΦi (2.5)

with Φi being the i-th Kohn-Sham wave function having the eigenvalue εi.

Hks = − }2

2me
∇2

i + Ve f f , (2.6)

Ve f f = e2
∫

ρ(r′)
|r− r′|dr′ + Vxc + Vext, (2.7)

Vxc =
δExc[ρ(r)]

δρ(r)
(2.8)

where in equation 2.6, the first term is the kinetic energy of the Kohn-Sham electrons. In
equation 2.7, the first terms is the Hartree potential corresponding to electron-electron
Coulomb repulsion. Vext is the Coulomb potential due to the interaction between elec-
trons and the ions.

The electronic wave function must satisfy the Pauli exclusion principle, i.e. if two elec-
trons of same spin interchange position then Ψ must change sign. This is known as
“exchange” property. The motion of an electron is influenced by the motion of every
other electrons. This is known as “correlation” property. The Exc (or Vxc) accounts for
the exchange-correlation property, which is an unknown functional of charge density
that needs to be approximated. The simplest approximation is to consider a uniform
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electron gas where the exchange-correlation energy is only dependent on charge denisty
at each point in space, hence referred to as the Local Density Approximation (LDA) [59]
to Density Functional Theory. The exchange-correlation energy within the LDA can be
written as :

Exc =
∫
(εx[ρ(r)] + εc[ρ(r)])ρ(r)dr (2.9)

The exchange energy density (εx) can be approximated by using the Hartree-Fock ex-
change energy per electron and generalizing to situations where density is not uniform.
A number of expressions has been derived for the correlation energy density (εc) by
fitting to energy of uniform electron gas at different densities. The biggest drawback of
LDA comes from the fact that non-local many body effects are missing. Hence, it poorly
describes bonded interactions in molecules and non-covalent interactions. An improve-
ment to LDA is the so called generalized gradient approximations (GGA), where the
energy also depends on the gradient of density (∇ρ(r)). Historic development of GGA
functionals can be broadly classified in to two branches of ideas. The first branch of
GGA functionals achieved gradient correction by means of parameters derived from fit-
ting to specific system (e.g. BLYP [60, 61]). The second branch guided by the work of
John Perdew, achieved gradient correction by means of parameters derived from exact
quantum mechanical conditions (e.g. PBE [62]). The universal functional of density is
still unknown and the development of exchange-correlation functional is a very active
field in density functional theory community [63].

Equation 2.5 does not represent the true electronic wave function (i.e. Ψ), but only
the non-interacting single particle wave function (i.e. Φ). The charge density can be
computed from the Kohn-Sham wavefunctions as follows:

ρ(r) =
Nel

∑
i

fi|Φi|2 (2.10)

where fi is the occupation numbers corresponding to the single particle eigenstates.

2.2.1 Practical Aspects of DFT

The single particle Kohn-Sham equation 2.5, involves a set of Nel coupled, three dimen-
sional, partial differential equations [64]. For obtaining the ground state of the system
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the Kohn-sham equation can be solved as follows:

1. Pick an initial guess for the charge density ρ(r).

2. Construct the Hks.

3. Construct Φi by solving equation 2.5.

4. Calculate the new charge density using equation 2.10.

5. Iterate till self-cosistent charge densities are obtained.

In order to implement an iterative scheme discussed above, two important factors need
to be addressed :

• Treatment of electron-ion interaction: In equation 2.7, the electron-ion interaction
is treated as the bare Coulomb interaction. But electrons can be distinguished based
on the way they contribute towards chemical bonding. Electrons which directly
contribute towards chemical bonding are called valence electrons and those bound
tightly to the ionic nucleic are called core electrons. All-electron methods are a class
of methods which deal explicitly with all the electrons in the system. Another ap-
proach is the so called “pseudopotential” method. There is a minimal contribution
towards chemical bonding by the core electronic states of an atom. Hence, the
core electrons can be replaced with an effective screened potential known as pseu-
dopotential. An approach for the construction of pseudopotentials is discussed in
section 2.2.2.

• Mathematical representation of single-particle orbitals: The basis sets for expand-
ing Kohn-Sham orbitals can be broadly classified into four categories.

1. Extended basis sets: are delocalized, floating or atom centered type. Due to
their extended nature, they are suitable for solids or liquids, but they might
not be efficient for molecular systems.

2. Localized basis set: are localized basis functions which can be centered at atom,
or at bonds or even at the positions of ‘ghost’ atoms. Since this category of ba-
sis set is relevant to this thesis an example has been discussed in section 2.2.3.
These are suitable for molecular system as well as for periodic systems.

3. Mixed basis sets: are designed to take into account the best of the first two
categories as they include extended as well as localized basis functions. But
such a design might also lead to technical difficulties (e.g. over-completeness).
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4. Augmented basis sets: in a spherical region around nuclei, an atom-centered or
extended basis set is augmented with the atomic-like wave functions. Advan-
tages include flexibility, ease of control over tuning and accuracy. Disadvan-
tages include technical difficulties.

2.2.2 Pseudopotentials

The pseudopotentials employed in our DFT calculations are constructed from all electron
atomic calculations by solving self-consistently the radial Kohn-Sham equation:

[
− 1

2
d2

dr2 +
l(l + 1)

2r2 + V[ρ; r]

]
rRnl(r) = εnlrRnl(r) (2.11)

where V[ρ; r] is the self-consistent one electron potential

V[ρ; r] = −Z
r
+ VH[ρ; r] + Vxc[ρ(r)] (2.12)

ρ(r) is the sum of the electron densities for the occupied wave function Rnl(r), VH[ρ; r]
is the Hartree potential and Vxc is chosen approximation to the exchange-correlation
potential. The pseudopotentials are constructed in such a way that the following four
conditions are satisfied:

• The pseudo-wave function generated from the pseudopotential should contain no
nodes.

• Beyond a chosen cutoff radius rcl, the normalized atomic radial pseudo-wave func-
tion (PP) with angular momentum l is equal to the normalized radial all-electron
wave function (AE).

RPP
l (r) = RAE

l (r) f or r > rcl (2.13)

• The charge enclosed with in the rcl must be equal for AE and PP.

∫ rcl

0
|RPP

l (r)|2r2dr =
∫ rcl

0
|RAE

l (r)|2r2dr (2.14)

• The valence eigenvalues must be equal for AE and PP.
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εPP
l = εAE

l (2.15)

A pseudopotential that satisfies the above four conditions is called ”norm-conserving
pseudopotential” [65]. An illustration of the valence state of an anonymous atomic
species can be seen in Fig. 2.1.

Figure 2.1: Illustration of pseudopotential for an arbitrary valence state. Top panel: All electron
wave function (dashed line) and pseudo-wave function (solid line). Bottom panel:
unscreened Coulomb potential (−Z

r ), where Z is the atomic number and pseudopo-
tential.
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2.2.3 Numerical Atomic Orbitals (NAO)

Numerical atomic orbitals (NAO) is a localized basis set where the valence electronic
states are constructed from strictly localized linear combination of atomic orbitals (LCAO).
This means that after a cut-off radius the orbitals vanishes. This in-turns leads to a speed
up of computations by sparsity of Hamiltonian and overlap matrices. With in the cutoff
radii, the atomic orbital can be described as a product of a numerical radial term (Rn,l)
for orbital n, with a spherical harmonic function (Yl,m(θ, υ)) [66].

Φlmn(r, θ, υ) = Rn,l(r)Yl,m(θ, υ) (2.16)

where l is the orbital angular momentum and m is the magnetic quantum number.
The radial term is constructed by solving the Kohn-Sham Hamiltonian for the isolated
pseudo-atom on a radial grid with a strict localization. Following the nomenclature of
quantum chemistry, the NAO basis set goes from low quality, ‘minimal’ single ζ (SZ) to
high quality, multiple ζ with polarization, and diffuse orbitals to achieve convergence in
tune with quantum chemistry calculations. The SZ basis set has a single radial function
per angular momentum channel. Higher ζ functions are constructed by employing split
valence scheme. The angular flexibility is obtained by adding shells of higher angular
momentum.

2.2.4 Basis Set Superposition Error (BSSE)

Calculations performed with real space basis functions with finite range add artifacts
to the energy of weakly bound complexes (e.g. base pairs in DNA). As the weakly
bound monomers approach each other, atoms from one monomer will borrow basis
function from another and vice versa, resulting in artifacts in calculated property such
as association energy of weakly bound complexes. This is known as the basis set su-
perposition error (BSSE), which can be rectified by the Boys and Bernardi counterpoise
correction [67]. For a complex (‘12’) formed from monomer ‘1’ and monomer ‘2’, the
uncorrected association energy can be written as :

∆E12 = E12
12 − E1

1 − E22 (2.17)

E12
12 is the energy of the complex evaluated with the dimer basis set. Ei

i with i=1,2 are
the energies of the isolated monomers evaluated with their own basis set. Let us write
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down the counterpoise correction to equation 2.17, by removing the energy of monomer
‘1’ evaluated in its own basis set from the energy of monomer ‘1’ in the dimer basis set
(i.e. ‘12’).

EBSSE
1 = E12

1 − E1
1 (2.18)

EBSSE
2 = E12

2 − E2
2 (2.19)

The counterpoise corrected association energy of the complex (∆ECP
12 ), is obtained by sub-

tracting the error estimated in equations 2.18, 2.19 from the uncorrected equation 2.17.

∆ECP
12 = E12

12 − E12
1 − E12

2 (2.20)

2.3 Electronic Transport Theory

A large section of this thesis is devoted to understanding the electronic transport across
nanoscale devices. Such application involve molecular systems or nanoribbons coupled
to bulk electrodes. An example of a molecular electronic device1 has been illustrated in
Fig. 2.2a. A bias voltage (Vb) applied across the electrodes drives the electrons through
the device resulting in the current flow. In Fig. 2.2a, it can be observed that the de-
vice region (C) consists of a molecule along with a few layers of metal (taken from the
electrodes). This device in-turn is coupled to semi-infinite electrodes (L / R) on either
side. This partitioning of a nanoscale electronic device in terms of a finite device re-
gion (C) coupled to semi-infinite electrodes (L/R) will be used for discussions in this
subsection.

A relevant theoretical scheme must capture some of the following aspects of such de-
vices:

• Non-equilibrium nature of the electronic transport process.

• Accurately model the periodic nature of the semi-infinite electrodes.

• In order to accurately model the charge transfer effect at the metal-molecule con-
tact, some of the metal atoms belonging to electrodes at the contact region with the
molecule is included in to the device region.

1Molecular electronics is a field of nanotechnology that envisions electronic component constructed out
of molecules [68]
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Figure 2.2: a) Illustration of a molecular junction. A diamantane molecule is coupled to a gold
electrode via a thiol linkage. Few layers of gold along with the sandwiched molecules
forms the device region (C). The device in turn is coupled to bulk electrodes or semi-
infinite leads (L/R) on the either side. Application of voltage bias across the junction
leads to a current flow from the source electrode (L) through the molecule towards
the drain electrode (R). b) The self-consistent loop of the NEGF + DFT method.

• The number of layers of the metal included in the contact region of device must be
enough to screen the semi-infinite electrodes from the coulomb potential induce by
metal-molecule contact.

In the previous section, the DFT method was introduced as a first principle technique
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2 for describing electronic structure of wide variety of materials. Though DFT, cannot
describe ground state, non-equilibrium electronic transport processes. DFT can only de-
scribe finite, molecular or periodic systems. Clearly, conventional electronic structure
theory methods such as DFT are not suitable for the treatment of open boundary prob-
lems such as molecules coupled to source and drains electrodes. It will be shown later
in this section that the equilibrium ground state DFT method can be couple to advanced
non-equilibrium formalism for capturing the electronic transport process.

Before delving into the details of the theoretical treatment of relevant open boundary
problems, let us start with a discussion of different transport regimes [69]. In comparison
to the device length (L), defining the two characteristic lengths: i) mean free path (Lm),
which is the mean distance electron needs to travel before the original momenta is lost
and ii) phase relaxation length (Lφ), which is the mean distance electron needs to travel
before the original phase is lost. The classical ohmic behavior is usually observed for
scenarios when the device length, L >> Lm, Lφ.

1. Ballistic transport regime: L << Lm, Lφ. The electronic transport process is devoid
of scattering, and the geometry alone dictates the device conductance. Graphene
exhibits ballistic transport with conductivity quantized on the sub-micrometer scale
[70].

2. Elastic and coherent transport regime: L < Lm, Lφ. An incoming electron gets
elastically scattered at the metal-molecule junction resulting in reduction of trans-
mission with out involving energy or phase change. The resonant tunneling in
short molecules usually belongs to this transport regime. The problems discussed
in this thesis are in the context of this regime.

3. Inlastic and incoherent transport regime: L ≥ Lm, Lφ. The device length is suf-
ficiently long so that the incoming electron gets inelastically scattered by phonons
or other electrons, leading to energy loss or dephasing.

The Keldysh non-equilibrium Green’s function method (NEGF) provides a theoretical
framework for modeling all the three electronic transport regimes [71, 72]. since the
problems treated in this thesis belongs to the elastic transport regime, an overview of
the NEGF method coupled to DFT would be provided in the next section relevant to that
regime. Hence, enthusiastic readers are advised to consult the comprehensive literatures
already available in this field [73–75].

2with in the limitations of exchange-correlation functional
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2.3.1 Elastic Transport Regime

The localized NAO basis set discussed in section 2.2.3, offers the possibility to extend
stable numeric calculations to a system size of hundreds of atoms. This also means that a
numerically efficient implementation of DFT coupled to NEGF can model nanoscale de-
vices coupled to semi-infinite electrodes with different electrochemical potentials. DFT
is a natural choice for coupling to NEGF because charge density can be directly obtained
from NEGF as well. The only empirical term that goes in to these calculations are the
exchange-correlation functional, and the commonly used GGA functional flavor is found
to deliver reasonable insights in to the transport processes in devices considered in this
thesis.

Referring to the system set up discussed in Fig. 2.2a and related nomenclatures. The
discussion is within the framework of localized NAO basis sets, that vanish after finite
cut-off radius. Consequently all of the overlap or Hamiltonian matrix elements between
atoms sitting at two different electrodes will be zero. Hence, the two electrodes (L /
R) only interact with each other through the central device region (C). The first step
involves the construction of Hamiltonian, and the overlap matrices using DFT for the
device (C), and the semi-infinite electrodes (L/R) as follows:

H =

 HL HLC 0
HCL HC HCR

0 HRC HR


and

S =

 SL SLC 0
SCL SC SCR

0 SRC SR


The Hamiltonian is assumed to be converged to bulk values for the left (L), and right
electrode (R) regions. The Hamiltonian, and the overlap matrices vary from the bulk
values for the L-C, C and C-R regions. Self energy captures the readjustment of the
molecular energy level due to the contact effect, and also the semi-infinite nature of
leads. The self energy for the metal-molecular contact is given by:
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Σ(L/R)(E) = γ†
(L/R)(E)gr

(L/R)(E)γ(L/R)(E) (2.21)

where γL/R(E) = [HC(L/R) − ESC(L/R)] is the interaction between the respective leads,
and the molecule. gr

L/R(E) is the surface Green’s for the individual leads. Once the self
energies, and Hamiltonian are set up, the retarded Green’s functions can be constructed
according to:

G (E, Vb) = [E× S− H − ΣL (E)− ΣR (E)]−1 (2.22)

E and Vb correspond to the energy and the applied bias voltage, respectively.

The retarded Green’s function is directly related to the electron density by means of the
following two equation:

ρ(r) = ∑
αβ

DαβΦα(r)Φβ(r) (2.23)

and
D = − 1

π
=
∫
[G (E, Vb) f (E− µ)]dE (2.24)

where Φα/β(r) is the numeric atomic orbital. The density matrix element Dαβ = ∑i fic∗αicβi

with fi and cα/βi being the occupancy, and expansion coefficient for the Φα/β(r) of the
i-th state, respectively.

One can observe that the charge density is directly accessible from the retarded Green’s
function, but the Hamiltonian itself is in turn dependent on the electron density. Hence,
within the NEGF + DFT method, the charge density is calculated self-consistently using
Green’s functions, until convergence is achieved as shown in Fig. 2.2b. Accordingly, the
electronic transmission T(E) can be written as:

T (E, Vb) = Tr
[
ΓL (E, Vb) G (E, Vb) ΓR (E, Vb) G† (E, Vb)

]
, (2.25)

with the matrix Γ(L/R)(E) = i
[
Σ(L/R) − Σ†

(L/R)

]
. The transmission function T(E) repre-

sents the fraction of electrons transmitted from source electrode (L) to the drain electrode
(R) via the central device region (C). Further details on the theory and also the imple-
mentation can be found in the literature [76]. The last theoretical aspect raised here is
the Keldysh formalism leading to the local current or the current between two states M
and N as:

i (E)N→M = 4
e
h ∑

n ∈ N
m ∈ M

=
[{
G (E) ΓLG† (E)

}
mn

Hnm

]
(2.26)
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Here, the sum is performed over all orbitals m(n), associated with the sites M(N), respec-
tively. For a zero bias calculation, the local current maps the transmittance projection
between two states M and N.
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Part III

Results
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3 Investigation of bonding between
diamondoid molecules and
nucleobases

3.1 Introduction

DNA carries the genetic information of all living organisms. In this respect, a lot
of efforts have turned into novel biotechnological applications which could sense bio-
molecules, such as DNA, and read-out efficiently the information therein. One of the
promising candidate for a future label free DNA sequencing technology is a nanopore
based DNA sequencer [2, 19, 22]. In this technique a single-stranded DNA molecule
is translocated through a nanometer-sized pore by electric means. Transverse current
measurements can lead to the identification of the nucleotide sequence, for which the
signal-to-noise ratio is still too low. The biosensing properties of the nanopore, though,
could be enhanced through functionalization of the nanopore [2, 27]. The specific inter-
action of the functionalizing molecule (Fig. 1.4b) with the DNA units has the potential
to reduce the noise in the transport measurements [77]. It is thus important to search for
a molecule, which could specifically bond to each DNA nucleobase and lead to distinct
signals. These molecules should be comparable in size to the nucleobases and compati-
ble with electronics.

3.1.1 Diamondoids

Candidates for this purpose are diamondoids [38]. These are tiny hydrogen-terminated
diamond cage-like structures, which have shown strong potential for nanotechnologi-
cal [40, 48] and pharmaceutical applications [52, 78, 79]. Some of the derivatives of the
lower diamondoid, adamantane, such as amantadine, memantine, and rimantadine [80],



3.2 Computational Details 27

have found applications as anti-viral [81] and anti-Parkinsons agents [82]. Studies have
shown that the amine substituted lower diamondoids develop good conductance prop-
erties depending on their relative orientation between two electrodes [83] and have
good electron emission properties [42, 49, 84, 85]. Thiol groups have also been proposed
to be very good candidates for functionalizing diamondoids, in order to attach them to
nanoscale devices [46, 86].

The goal of our work is to exploit the hydrogen bonding possibility of diamondoids with
nucleobases, as well as the semiconducting properties of the diamondoid-nucleobase
complex along the hydrogen bonded orientations to enhance future tunneling current
measurements for sensing DNA. As a first step in studying the feasibility for a diamon-
doid to sense DNA, we seek the bonding characteristics of a diamondoid placed close
to a DNA nucleobase and investigate the strength of the resulting hydrogen bond, as
well as its dependence on the relative distance and orientation of the two molecules.
The choice of a diamondoid as a probe for sensing DNA is based on the variability in
sizes and the various modification possibilities it offers [40, 87], as well as the ease in
chemically attaching these onto the edge of nanopore, an issue we will discuss again in
the Conclusion Section.

3.2 Computational Details

We perform computer simulations for different diamondoid-DNA nucleobase complexes.
In this way, we probe the binding characteristics of these two entities, the diamondoid
and the nucleobase. Bonding of a diamondoid to all four nucleobases, adenine (A),
thymine (T), cytosine (C), and guanine (G) is studied. In order to promote bonding we
choose derivatives of the smallest diamondoid, adamantane [80]. We begin with three
derivatives of adamantane, amantadine (”ama”), memantine (”mem”), and rimantadine
(”rim”). The first two have one of their sites substituted by an amine group, while the
third one has one of its sites substituted by an ethanamine group. These are all sketched
in Table 3.1. The reason for these choices is first computational efficiency and second
that we would like to probe the biosensing possibilities of a small molecule relative in
size with the DNA nucleobases. We next combine each of the three diamondoid deriva-
tives with one of the four nucleobases. All the possible conformations for interaction
are chosen in a way that the amine group of the diamondoid acts as a hydrogen bond
acceptor for the nucleobases. Here, we scan a finite part of the conformational space of
these two entities, as it is not possible to include the whole conformational space in our
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quantum mechanical calculations. Our aim though is to present a proof of principles
regarding the binding possibilities of diamondoids and DNA nucleobases and not to
provide a thorough scan of their different conformations.

Table 3.1: Amine-derivatives of adamantane

memantine amantadine rimantadine
C12H21N C10H17N C12H21N

Our calculations are based on density functional theory (DFT) and have been performed
using the code SIESTA [88]. We use norm-conserving Troullier-Martin pseudopoten-
tials [89] and a split valence triple zeta polarized basis set [66]. A mesh cutoff parameter
(which corresponds to the fineness of the real space grid) of 250 Ry has been found to
be optimal for the calculations. We have been using the exchange-correlation functional
VDW-DF2 [3] which has the form:

Exc[ρ(r)] = EGGA
x [ρ(r)] + ELDA

c [ρ(r)] + Enl
c [ρ(r)], (3.1)

Enl
c [ρ(r)] =

∫
d3r

∫
d3r

′
ρ(r)φ(r, r

′
)ρ(r

′
) (3.2)

The Kernel φ is a given function of R f (r) and R f (r
′
) where R = |r − r

′ | and f (r) is
a function of ρ(r) and its gradient. The Exchange part is described by PW86R semi-
local exchange functional. Due to the explicit inclusion of a strictly non local correla-
tion term (Enl

c [ρ(r)]), this functional is found to describe dispersion interactions with
improved accuracy in comparison to a semi-local generalized-gradient-approximation
(GGA) functional [90]. The pseudopotentials, the basis set, and the VDW-DF2 func-
tional were benchmarked with respect to the geometry and binding energy of Adenine-
Thymine Watson-Crick base pairs [91]. The geometry optimization was performed using
the conjugate gradient algorithm and the structure was relaxed until the forces acting
on the atoms where lower than 0.04 eV/Å. The benchmarking results where in excellent
agreement with previous calculations [92]. The interaction energy is calculated as the
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difference between the total energy of the geometry-optimized hydrogen bonded com-
plex with that of isolated monomers in the gas phase. The results have been corrected
for the basis set superposition error (BSSE) [67] without a geometry distortion correction.
This choice was based on the comparison of our results to those of known nucleobase
complexes in the literature [91, 92].

3.3 Results and Discussion

We next present the main outcome of our investigation and begin our analysis by in-
vestigating the strength of the hydrogen bond. We should first note that for all the
diamondoid-nucleobase complexes we have studied, there is at least one non-negligible
hydrogen bond that forms and connects the two components, diamondoid and nucle-
obase.

3.3.1 Association Energy

The association energy for individual hydrogen bonded complexes is summarized in
Table 3.2. The association energy is the hydrogen bond energy denoting the strength
of the hydrogen bond. The association energy is defined as the total energy of the
complex substracted by the total energy of the two isolated components, nucleobase and
diamondoid. The total energy is the energy as obtained through the DFT calculations.
The bond-length and bond-angle for the geometry optimized structure is shown in Table
3.3 with respect to the amine group hydrogen bond acceptor site of the diamondoid.
The hydrogen bond-angle is usually in the range of 140− 180 deg.. At angles closer to
planar the interaction is expected to be electrostatic. At larger angles, the interaction
is dispersion driven. Note also that hydrogen bonding can be classified according to
the interaction strength, i.e. association energies (Eassoc) as [93, 94]: (i) strong [Eassoc >

15 kcal/mol(0.65 eV)], (b) moderate [Eassoc ≈ 4-15 kcal/mol(0.17-0.65 eV)], and weak
[Eassoc < 4 kcal/mol(0.17 eV)].

Inspection of Table 3.2, clearly reveals that all the hydrogen bonds of the diamondoid-
nucleobase complexes are of moderate strength and lie between 9− 12 (0.38-0.52)kcal/mol
(eV). It is also evident from Table 3.3, that for the hydrogen bonded complexes formed by
memantine and amantadine the hydrogen bond-angle is closer to planar. For the com-
plexes formed by rimantadine (except for the rimantadine-guanine complex) the bond
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Table 3.2: Association energy of hydrogen-bonded complexes.

Association energy Eassoc [kcal/mol, (eV)]
System memantine amantadine rimantadine
adenine −8.978(−0.3893) −9.306(−0.4035) −9.298(−0.4032)
thymine −10.228(−0.4435) −10.198(−0.4424) −9.972(−0.4324)
guanine −11.711(−0.5078) −11.719(−0.5082) −10.290(−0.4462)
cytosine −12.122(−0.5250) −11.609(−0.5034) −11.328(−0.4912)

angle is lower in comparison to the other complexes. We base this difference on the fact
that the hydrogen atoms in the amine group of rimantadine need to rearrange, so that
the amine group can act as a hydrogen bond acceptor. On the other hand, a minimal re-
arrangement is required in the case of the amantadine and memantadine complexes. As
can be inspected from Fig. 3.1 for the chosen initial configuration of these complexes, the
amine group readily accepts the hydrogen from the donor site of the adjacent nucleobase
resulting in angles close to planar. Note, that in all cases the hydrogen bond-lengths are
in the range of ≈ 3.0− 3.2 Å.

Table 3.3: Bond-length (donor-acceptor distance in Å) and bond-angle (donor-hydrogen-acceptor
angle in degrees) of the hydrogen-bonded complexes.

bond-length(bond-angle) Å(deg.)
System memantine amantadine rimantadine
adenine 3.080(169.6) 3.106(174.4) 2.996(147.8)
thymine 3.122(171.4) 2.993(174.23) 2.918(152.5)
guanine 3.190(175.6) 3.171(169.6) 3.200(169.7)
cytosine 3.061(179.2) 3.06(178.4) 3.071(146.5)

3.3.2 Orientation and Distance Dependence

An additional important indication of the hydrogen bond strength is its deviation with
respect to the diamondoid-nucleobase optimized geometry as predicted from the DFT
calculations. This we define as the optimized geometry and serves as a reference for
comparison. This reference is needed, as in real applications a nucleobase may ap-
proach the diamondoid at orientations and distances different from the ideal scenario,
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Figure 3.1: The N–N donor acceptor axis denotes the axis along which the geometry optimiza-
tion was done. The C–C axis denotes the propeller angle rotation axis (see text for
definitions). The conformations correspond to the initial configurations chosen for
our simulations for the (a) ama-A, (b) ama-T, (c) ama-G, and (d) ama-C complexes,
respectively.

which is studied using the DFT optimized geometry. In the following, we will character-
ize the distance and orientation dependence of the hydrogen bond for all diamondoid-
nucleobase complexes. For this we present our results with respect to the distance be-
tween the amine group hydrogen-bond donor of the diamondoid to the acceptor group
of the nucleobase (the distance is defined between the two N atoms involved in this
bond). The N–N donor-acceptor axis denotes the axis along which the geometry opti-
mization was done. We also define a propeller angle for the relative orientation of the
diamondoid with respect to the nucleobase. The propeller angle rotation axis is defined
by two carbon atoms. The one is the carbon atom on the nucleobase site which defines
one end of the propeller axis and has been chosen according to similar studies found
in the literature [92]. The second C atom on the diamondoid end has been chosen to
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belong to the rigid cage structure of diamondoid. It is the site of the diamondoid which
is in plane with the nucleobase and can be directly or through a thiol group be attached
on a surface of a biosensing device. The N–N and propeller (C–C) axes about which the
nucleobase was rotated with respect to a fixed diamondoid can be seen in Fig. 3.1 for the
amantadine-nucleobase complexes. These axes are exactly equivalent for the complexes
formed by the other two diamondoids.

We begin with an optimized geometry as a reference for which the propeller angle is
defined as 0 degrees. We then vary the distance between the two units of the complex,
the diamondoid and the nucleobase, and summarize the results in Fig. 3.2. This figure
shows the variation of the association energy (Eassoc) with respect to this distance for all
complexes studied in this work. It is obvious that all energies lie in the same moderate
range as mentioned previously for the optimized cases (see Table 3.2). For the same
nucleobase the association energy minimum corresponds to the same distance. This
does not hold only for the case of the memantine-T complex for which the minimum is
shifted towards higher distances compared to the other T-complexes. A further analysis
of this result has been done in one of the following section in which the frontier orbitals
of the complexes are analyzed.

We next take as the reference the optimized complexes, i.e. the ones who correspond to
the association energy minima in Fig. 3.2 in order to unveil the rotational dependence
of the hydrogen bonding in the diamondoid-nucleobase complexes. This dependence is
studied by rotating the nucleobase along the C–C axis shown in Fig. 3.1. The results can
be reviewed in Fig. 3.3 for all diamondoid-nucleobase complexes studied here. In this
graph, the deformation energy is shown, i.e. the energy difference between the complex
in which the nucleobase has been rotated and the optimized reference structure of the
same complex. It is clearly evident that when the donor group of the nucleobase ap-
proaches the amine acceptor group of the diamondoid at larger angles the dispersion
forces increase, thus the interaction and the deformation energy increases. An exception
was found in the case of the ama-T complex in which the interaction remains strong, i.e.
the deformation energy goes to zero even at large negative propeller angles. This is jus-
tified by the observation that for all negative propeller angles, a very small deviation in
the donor-hydrogen-acceptor angle was observed. Note, that for positive propeller an-
gles, the deformation energy again increases as in all other complexes. For these angles,
a change in the donor-hydrogen-acceptor angle is now evident. One interesting observa-
tion is that for the cytosine interaction with memantine, at larger angles, the interaction
becomes weak (the deformation energy increases) with respect to that of the geometry
optimized hydrogen bonded reference structure. In this case, as the absolute value of the
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Figure 3.2: Association energy (Eassoc) as a function of the diamondoid-nucleobase distance.

propeller angles increase, the conformation of the complex deviates significantly from
the reference, i.e. the conformation of stronger coupling between memantine and cyto-
sine. For all other cases, the interaction is found to be moderate again with respect to
the reference structure.

A comparison of all complexes reveals that the deviation from the optimized reference
geometry is non-monotonic. This behavior is based on the fact that the rotation along
the C–C axis in each complex is not symmetric for positive and negative propeller an-
gles. This occurs mainly because the hydrogen bond angles (shown in Table 3.3) are non
planar. Two exceptions occur for the mem-C and ama-C cases, which are almost sym-
metric, as the hydrogen bond angles of their reference conformations are almost planar.
Overall, no conclusion can be drawn whether this deviation is stronger for one of the di-
amondoids in any complex. This is again evident from Fig. 3.3 where the energy for the
mem-A complex shows a smaller increase compared to the mem-G case, which probably
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reflects larger deviations from the reference structure for larger angles for the latter case.
The behavior of the other complexes is similar. Note, that we have focused on the one
strong/moderate hydrogen bond that occurs between a diamondoid and a nucleobase,
for which the characteristics are given Table 3.3. This hydrogen bond is expected to lead
to enhanced nucleobase-specific tunneling currents in a sensing device. Nevertheless,
more than one weak hydrogen bonds have also been observed in all complexes, but for
these both the hydrogen bond and hydrogen bond angle are large enough, decreasing
significantly the association energy. Hence, the lifetime of these weak hydrogen bonds
is expected to be very short to be used in sensing the bases, and are thus not of high
interest in this work.

Figure 3.3: Deformation energy as a function of the propeller angle with respect to the optimized
geometry corresponding to the minimum for each diamondoid-nucleobase complex
in Fig. 3.2.
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3.3.3 Frontier Orbitals and Electronic Structure

At a final step, the electronic properties of the nucleobase-diamondoid complexes are an-
alyzed. We focus on their frontier orbitals - the highest occupied and lowest unoccupied
molecular orbitals, HOMO and LUMO, respectively - as well as their electronic struc-
ture as probed through the electronic density of states (eDOS) and the electronic band-
gap. We next always refer to the geometry optimized structure of each diamondoid-
nucleobase complex. We begin with the analysis on the frontier orbitals and show these
for the hydrogen bonded structure of amantadine with all nucleobases in Fig. 3.4. For
all ama-nucleobase complexes both the HOMO and LUMO states are located at the nu-
cleobase site. The HOMO and LUMO orbitals of the complex are associated with the
nucleobase only. For comparison, the HOMO and LUMO orbitals for isolated adenine
and amantadine molecules are shown in Fig. 3.5b and 3.5c respectively. Comparing the
lower panels in this figure with panel (a) from Fig. 3.4 reveals that the HOMO, LUMO
orbitals of adenine not only dominate in the complex, but are also not altered by the
presence of the adjacent adamantane. The HOMO, LUMO states of the isolated adenine
are indeed those that correspond to the HOMO and LUMO states of the ama-A complex,
respectively.

Similar are the features for some of the mem- and rim- hydrogen-bonded complexes,
shown in Fig. 3.6 and Fig. 3.7, respectively. The HOMO and LUMO states of the
complexes correspond to the HOMO and LUMO states of the nucleobase for the mem-
A, mem-G, and rim-G cases. We find a deviation from this observation for the other
memantadine and rimantadine complexes, namely rim-A, rim-T, mem-T, rim-C, and
mem-C. In these cases, the diamondoid is also associated with the HOMO state of the
complex. In the first three cases (i.e. rim-A, rim-T, and mem-T), two are the factors
that stabilize the complex, the repulsion between the HOMO state of the nucleobase
and that of the diamondoid, as well as the attraction of the LUMO state of the nucle-
obase with the HOMO state associated with the amine group site of the diamondoid.
In the previous section it was observed that the mem-T complex has its energy min-
ima shifted towards higher distances compared to other diamondoid-T complexes. The
origin of this comes from a possible compromise between the attractive and repulsive
interaction of the frontier orbitals, as well as the fact that the donor-hydrogen-acceptor
angles for mem-T are close to planar in comparison to rim-T. Accordingly, the repulsion
of the frontier orbitals is reduced by increasing the distance. In the last two cases (i.e.
rim-C and mem-C), the HOMO state of the complex is associated solely with that of
the diamondoid, while the LUMO state originates only from the nucleobase resulting in
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Figure 3.4: The frontier orbitals, HOMO (blue) and LUMO (red), for the four hydrogen bonded
amantadine-nucleobase complexes: (a) ama-A, (b) ama-T, (c) ama-G, and (d) ama-C.

hydrogen-bonded complexes which are stabilized by the attraction of these two states.
Note, that diamondoid levels which usually populate the HOMO are driven down in
about two third of the complexes studied here, and the HOMO and LUMO levels in
those cases are solely located on the nucleobase. A possible explanation of this could be
a charge transfer between the diamondoid and the nucleobase, which shifts the diamon-
doid HOMO levels towards lower energies. An additional study to shed more light into
this issue is further planned.
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Figure 3.5: a) Electronic density of states of an isolated amantadine and an isolated adenine. b)
Frontier orbitals . The HOMO orbitals are sketched in blue and the LUMO in red.

In order to understand this and also provide an insight on possible conductance mea-
surements along these complexes, we turn to the electronic density of states (eDOS) of
the complexes. These are summarized in Figs. 3.8, 3.9, 3.10, for the ama-, mem-, and rim-
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Figure 3.6: The frontier orbitals, HOMO (blue) and LUMO (red), for the four hydrogen bonded
memantine-nucleobase complexes: (a) mem-A, (b) mem-T, (c) mem-G, and (d) mem-
C.

nucleobase complexes, respectively. The eDOS for the isolated nucleobases and isolated
diamondoids are also given in each panel for comparison. The numbers on the graphs
denote the electronic band-gaps of the complexes and isolated nucleobases. The eDOS
are shifted with respect to the LUMO state of the isolated diamondoid in each case. This
choice was made because the isolated diamondoid is assumed to be the reference for
evaluating the electronic properties of the complexes. In a potential biosensing device,
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Figure 3.7: The frontier orbitals, HOMO (blue) and LUMO (red), for the four hydrogen bonded
rimantadine-nucleobase complexes: (a) rim-A, (b) rim-T, (c) rim-G, and (d) rim-C.

the diamondoid will be the sensing probe. It should be underlined, that we are aware
of the problem of DFT in calculating correct electronic band gaps. Here, though, we do
not care about absolute numbers, but rather aim in comparing the band-gaps for the
different complexes and the isolated diamondoids studied. The electronic band-gaps we
have obtained for the isolated diamondoids from our computations are 5.848 eV, 5.829
eV, and 5.719 eV, for amantadine, memantine, and rimantadine, respectively.

Inspection of the eDOS reveals, that in all complexes a part of the band gap region of
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Figure 3.8: The electronic density of states (eDOS) and band gap for the amantadine-nucleobases
complexes: (a) ama-A, (b) ama-T, (c) ama-G, and (d) ama-C. The eDOS in all cases are
shifted with respect to the LUMO state of amantadine which is placed at 0 eV.

the isolated diamondoids is filled by the states of the nucleobases. As a general remark,
the band-gaps of the hydrogen bonded complex are in comparable range to that of
the isolated nucleobases. For all the diamondoid-A complexes the band-gap difference
between the complex and the bare nucleobase (Fig. 3.11) is about 0.08-0.1 eV, for the
diamondoid-T complexes it is 0.03-0.06 eV, and for the diamondoid-G it is 0.06-0.09
eV. We see a large difference between the two diamondoid-C complexes the band-gap
differences mentioned above are about 0.12-0.13 eV, but for rim-C this difference rises to
0.36 eV. Similarly the corresponding band gap differences for the rim-T case are about
0.03-0.04 eV larger than in the ama-T and mem-T cases.

The first important implication of these results with respect to biosensing abilities of
small modified diamondoids is that rimantadine can be used to clearly distinguish
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Figure 3.9: The electronic density of states (eDOS) and band gap for the four hydrogen bonded
memantine-nucleobase complexes: (a) mem-A, (b) mem-T, (c) mem-G, and (d) mem-
C. The eDOS in all cases are shifted with respect to the LUMO state of memantine
which is placed at 0 eV.

cytosine among all the other nucleobases, and possibly also thymine. Differences in
the band-gaps could imply that variations in the transport properties along different
diamondoid-nucleobase complexes can potentially also be observed. According to the
eDOS data we present here, for a specific diamondoid, the band-gap differences of the
complex and the isolated nucleobase are small, but do differ. For example, these differ-
ences are 0.08 eV for ama-A, 0.03 eV for ama-T, 0.77 eV for ama-G, and 0.14 eV for ama-C,
and are non-negligible. Taking the isolated diamondoids as references will lead to the
following band-gap differences between the isolated diamondoids and the A-complexes.
These will be 2.09 eV, 2.06 eV, and 1.96 eV for the ama-A, mem-A, and rim-A cases re-
spectively. The respective differences between the band-gaps for isolated diamondoids
and the ama-T, mem-T, and rim-T complexes are 2.13 eV, 2.10 eV, and 2.0 eV. Some of
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Figure 3.10: The electronic density of states (eDOS) and band gap for the four hydrogen bonded
rimantadine-nucleobase complexes: (a) rim-A, (b) rim-T, (c) rim-G, and (d) rim-C.
The eDOS in all cases are shifted with respect to the LUMO state of rimantadine
which is placed at 0 eV.

these differences are within the error, but differences do exist. We should note here,
that in a biosensing device, either it is a nanopore or a surface on which a diamondoid
is attached and should sense DNA molecules, a salt solution will be present. In this
respect, the presence of other species would decrease the signal-to-noise ratio of the de-
vice making the energy differences given above smaller. As a possible solution which
we propose and are currently investigating are ways to further enhance the differences
in the electronic properties (and as a consequence in their transport properties) of the
different complexes by chemically modifying the diamondoids.
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Figure 3.11: The band-gap difference between the complex and the bare nucleobase

3.3.4 Mutated Nucleobase and Epigenetic Marker

It is very critical for a DNA sequencing technique to detect mutations [95] and epigenetic
markers [36]. Keeping this in mind, one would like to qualitatively understand if a
diamondoid functionalised nanopore would be able to distinguish between a mutated
group and a natural nucleobase. The differences in the electronic structure of these
molecules results in a distinguishable electronic tunnelling current [36]. We have tried
to understand the electronic properties of rimantadine interacting with mutations of
nucleobases and compare then with results presented in the previous sections. The
mutant groups used in this study are the following and can be seen in table 3.4.

• 5-methyl-cytosine [96] which is an epigenetic marker

• 8-oxoguanine [97] which is a mutation of guanine

The electronic denisty of states (eDOS) for the rimantadine-mutant and rimantadine-
nucleobase complex has been shown in figure 3.13 and figure. 3.7 respectively. By com-
paring the HOMO-LUMO gap from these figures, the following observation follows:
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Table 3.4: Mutants of nucleobases

8-oxoguanine 5-methyl-cytosine

8-OG 5-mC

Figure 3.12: The frontier orbitals, HOMO (blue) and LUMO (red), for a)rimantadine-5-methyl-
cytosine complex, and b) rimantadine-8-oxoguanine complex

• The HOMO-LUMO gap for rim-C and rim-5-mC are 3.164eV and 3.258eV respec-
tively.

– The difference of band gap between the rim-C and rim-5-mC is 0.094 eV .

• Similarly the HOMO-LUMO gap for rim-G and rim-8-OG are 3.808eV and 3.238eV.

– The difference of band gap between the rim-G and rim-8-OG is 0.57 eV .
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Figure 3.13: The electronic density of states (eDOS) for a)rimantadine-5-methyl-cytosine com-
plex, and b) rimantadine-8-oxoguanine complex. The eDOS in all cases are shifted
with respect to the LUMO state of rimantadine which is placed at 0 eV.
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• We may qualitatively argue that in a full transport calculation, this difference may
result in a distinguishable tunnelling current.

Similarly the frontier orbitals for rim-mutated nucleobase complex can be seen in figure
3.12. The rim-5-mC has been seen to be stabilised by the attraction between the HOMO
of the diamondoid with the LUMO of the of the methylated cytosine (5-mC). But in the
case of rim-8-OG, only the frontier orbital of the 8-oxoguanine seems to play a role in
the hydrogen bonding.

3.4 Summary and Conclusions

In summary, the aim of the current work was to investigate the bonding characteris-
tics of tiny diamond clusters, the diamondoids, with nucleobases in view of potential
biosensing applications. We have found, that in all cases the diamondoids tend to form
hydrogen bonds with the nucleobases. The strength of the bonds are moderate, but
measurable through electronic means. The bonding of the two units depends strongly
on their distance and relative orientation. We have unraveled the electronic structure
of the hydrogen-bonded complex by investigating the electronic band gaps, as well as
the frontier orbitals of the complexes. In most cases, the main contribution in these
orbitals arises from the nucleobases, while the diamondoids either do not contribute
at all or are related only to the HOMO states. The differences in the electronic band
gaps between the diamondoid-nucleobase complexes and the isolated nucleobases pro-
pose ways to distinguish between the nucleobases, as we have discussed in the text.
We should also note here, that a wide conformational scan will be needed to examine
the variation of the electronic properties for all the different distances and orientations
of the diamondoid-DNA complex. This was not possible with the computational tools
available in this work. It also remains to be shown how the surrounding environment in
a real biosensing device will also affect the strength of the hydrogen bonds between the
diamondoid-probe and the DNA molecule.

Our results are relevant to biosensing applications. We propose a biosensing device,
which consists of two electrodes that are functionalized by at least one diamondoid. Re-
garding this functionalization, the attachment of diamondoids on metallic surfaces has
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been experimentally done before through thiol groups [42]. To our knowledge, in the
case of graphene or graphene nanopores, there is no relevant study. The attachment
of the diamondoid on the graphene edge should depend on the terminations on the
nanopore edges. Attachment could be possible by removing at one site the terminating
atom and form a strong covalent C-C bond between the graphene and the diamondoid.
Another possibility would be to attach the functionalizing diamondoid directly to the
terminating atom, by forming a N-H bond or a C-H bond in the case of a N-terminated
or H-terminated graphene sheet, respectively. Nevertheless, the attachment of a diamon-
doid on graphene is not clear and would also depend on the graphene edges, whether
these are zig-zag or armchair ones. This issue goes beyond the scope of the thesis, hence
requires a dedicated investigation on its own.

Once the electrodes have been functionalized they are placed into a solution of bio-
molecules, single-stranded DNA as an example, and would potentially be able to recog-
nize the bases using an electric field along the electrodes. A specific application we had
in mind is the translocation of DNA through nanopores for ultra-fast DNA sequencing.
In this case, one or additional diamondoids should functionalize the nanopore. Some
of these can play the role of a backbone-grabber to instantly stall the biomolecule and the
others play the role of the nucleobase-reader and sense the nucleobase [2]. These diamon-
doids could potentially also alternate their roles throughout the process in order to assist
multiple measurements and decrease the read-out error. The choice of the size of the
diamondoids will depend on the nanopore diameter. The detection will be done using
transverse current measurements along the nanopore [36]. According, to the analysis
we presented on the electronic band gaps of the hydrogen bonded complexes, the differ-
ent complexes should give distinguishable electronic signatures. In order to realize this,
transport measurements are necessary. The use of modified diamondoids might also
enhance the electronic footprint of each nucleobase in the diamondoid-nucleobase hy-
drogen bonded complex. Finally, it also remains to be shown, how the presence of water
and ions, will affect the electronic signals and could lead to strongly distinguishable nu-
cleobases. Work along these directions of a diamondoid functionalized gold electrodes
will be addressed in chapter 4.
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4 Electronic transport across
diamondoid functionalised devices

Having explored the binding, and the electronic properties of the diamondoid-nucleobase
complexes in chapter 3, we further investigate the use of diamondoids in functionalizing
nanopores.

4.1 Introduction

Nanometer-sized pores opened in a material have shown a high potential as a cheap
and ultra-fast third generation sequencing technology [1, 18, 22, 30, 36, 100]. A nanopore
sequencer involves a single molecule technique. This does not require any labels or
amplification. Such a device can potentially sequence almost in real time. Nanopores
are of low cost and compatible with conventional electronics. They can be rendered into
a parallel high-throughput device for reading-out DNA and are able to support long
read lengths. Nanopores can electrophoretically translocate biomolecules (DNA, RNA,
and proteins) within a salt solution, giving rise to ionic current blockades. The ionic
signals can in turn be used to detect the translocation of the biopolymers [101].

Different sequencing protocols, that is ways to identify the bases along DNA have been
proposed. Among these, the use of transverse current signals across nanopores shows
a high promise in view of sequencing applications [1, 31]. Specifically, in a tunneling
recognition scheme a voltage bias which is applied across the electrodes is able to cap-
ture the translocating single stranded DNA (ssDNA) [27, 36, 102]. It involves a solid
state nanopore including break junction electrodes which can measure the transverse
tunneling current, detect the difference in the electronic structure of the translocating
nucleobases, and read out the genetic information (i.e. sequence the nucleobases). This
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method of sensing can be very efficient, but the distinctive coupling of the different nu-
cleotide species to the electrodes needs to be improved and a sufficient sampling in the
measurement of each nucleotide located between the electrodes [5, 103].

A possible improvement is to functionalize the electrodes with small molecules which
can form hydrogen bond bridges with the translocating nucleotides [77]. In this way, the
functionalizing molecule introduces molecular states in the electronic gap of the band
structure of the electrodes across which the electrons can hop enhancing the tunnel-
ing current [2]. We have seen in chapter 3, the potential of amine-derivatives of lower
diamondoids to be used as functionalization molecules in a nanogap [98, 99]. Diamon-
doids are tiny hydrogenated diamond cages, with tunable electronic properties and a
variety of potential applications [48]. The smallest diamondoids with a diameter up to
a few nanometers are commonly known as ’lower diamondoids’. The hydrogen bond-
ing between amine-modified diamondoids and DNA nucleobases was proven strong
enough to be detected, while a comparison of the electronic properties of the diamon-
doid/nucleobase complexes showed distinguishable characteristics [98]. This suggests
a possible electronic detection of the nucleobase identity, which needs to be confirmed
by inspection of the tunneling current signals. To this end, in this work, we perform
quantum transport simulations as a proof of concept on the ability of diamondoid-
functionalized electrodes to identify different types of DNA nucleotides. Note, that
nucleotides are the nucleobases attached to a sugar-phosphate group of the DNA back-
bone. In the following, a lower diamondoid, amantadine (ama), is used as the func-
tionalization molecule of gold electrodes. These electrodes can potentially be embedded
in a solid-state nanopore. In order to effectively attach the functionalizing molecule on
the gold surface of the electrode, one hydrogen atom of the diamondoid cage has been
replaced with a thiol group at the apical position [105]. Our investigation (as an exten-
sion to chapter 3) will involve the four nucleotides, as well as a mutated nucleotide, and
an epigenetic marker. We show, that diamondoid-functionalized gold electrodes can be
used to identify these molecules and differentiate between them.

4.2 Computational Details

We use the amantadine-functionalized gold electrodes to investigate the quantum trans-
port properties of four natural nucleotides: deoxyadenosine monophosphate (dAMP, in
the following abbreviated simply as A), deoxythymidine monophosphate (dAMT, in the
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Figure 4.1: The computational setup for the transport calculations along the Z direction is shown
in panels a) and b). Three outer layers of the Au(111) material on either side of the
nanogap form semi-infinite leads. The inner five layers of Au(111) on either side along
with the embedded molecules form the scatter region. c): Variation of the zero bias
conductance with the capacitor gap size d): Local current [104] across the nanogap
for two different capacitor gaps. In these panels, gold atoms are shown in yellow,
carbon in gray, nitrogen in blue, hydrogen in cyan, and sulfur in orange.

following abbreviated simply as T), deoxycytidine monophosphate (dAMC, in the fol-
lowing abbreviated simply as C) and deoxyguanosine monophosphate (dAMG, in the
following abbreviated simply as G). These are separately placed between the function-
alized electrodes. Here, we investigate only the single-functionalization case, that is
only the left electrode has been functionalized by a diamondoid. Only one diamondoid
(ama) will be used in this work, as a proof of concept. The choice of this diamondoid is
based on a broader analysis (to be published elsewhere) using additional diamondoids
as functionalization molecules. In addition to the analysis of the tunneling current sig-
nals arising from each nucleotide between the functionalized electrodes, we extend the
investigation to study the efficiency of such a functionalized-nanopore device in distin-
guishing natural nucleotides from mutations (the 8-oxodeoxyguanosine monophosphate
- 8-oxo-Gua, in the following abbreviated simply as d8oG [97]) and epigenetic markers
(the 5-methyl deoxycytidine monophosphate - 5-mdCMP, in the following abbreviated
simply as d5mc [96]) . The diamondoid is attached on a (111) gold surface. For the
calculations we have used semi-infinite electrodes.
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In this work, density functional theory based (DFT) [58,59] simulations as implemented
in the code SIESTA [88] were carried out. The use of quantum-mechanical calculations
has been proven very efficient in the field of nanopore sequencing [106]. We have used
the generalized gradient approximation of Perdew-Burke-Ernzerhof (PBE-GGA) [62],
and the norm-conserving Troullier-Martins pseudopotentials [89]. For expanding the
Kohn-Sham states, we have considered a double-ζ with polarization basis-set (DZP) for
the molecules, and a single-ζ with polarization (SZP), for the gold atoms (5d10, 6s1).
These basis sets have been proven efficient in simulating similar systems [77, 98]. An
energy shift of 0.01 Ry with a real space sampling grid (mesh cutoff) of 200 Ry, and
5× 5× 1 kpoints using the Monkhorst-Pack scheme were also used. The ionic relaxations
were performed until the net forces of each atomic component become smaller than 0.01
eV/Å. The gold (111) unit cell was fully relaxed and we obtained the lattice constant of
4.186 Å which compares well with the data reported in literature [107].

The electronic transport calculations are performed using DFT combined with the non-
equilibrium Green’s functions (NEGF) formalism, as implemented in the TranSIESTA
[76] code. Fig. 4.1a shows the electronic transport setup, composed of three parts: the
two electrodes (left and right) and the scattering region (device).

Fig. 4.1c) shows the zero bias conductance for different nanogap widths (d). We have
noticed a high conductance for distances smaller than 4.5 Å. For distances larger than 5
Å the conductance goes to zero. The local current is shown in Fig. 4.1d, for two nanogap
widths. For the smallest nanogap width of 3 Å, we have seen the highest conductance.
Since, no bias voltage was applied across the electrodes, this conductance can lead to the
projection of the transmittance and the tunneling current passing across the gap. For a
nanogap of 6 Å, the conductance is zero and the local current is observed to diminish.

For the device functionalization we have used a supercell of 14.8×14.8×40.8 Å. Five unit
cell repetitions in x and y direction, and ten perpendicular to the atomic planes in the
z direction with a gap of 19 Å between the gold capacitor were used and are shown
in Fig. 4.1b. A thiolated amantadine is placed close to the left gold layers and was
relaxed until the thiol group of the amantadine was bonded to the gold surface. Next, a
nucleotide was added close to amantadine with an orientation favoring the formation of
hydrogen bonds with the diamondoid. The nucleobase and the sugar-phosphate group
are pointing towards the right inner gold layer. The choice of the distance between the
gold layers is based on the condition that even the largest two nucleotides (A and G)
should fit inside the gap. These specific conformations are chosen for consistency to our
earlier studies [98].
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Figure 4.2: Fully relaxed geometries of diamondoid-functionalized electrodes including the nu-
cleotides. The transport calculations are performed for the systems shown in this
figure. The setups are generated for six nucleotide cases: the four natural ones, as
well as one methylated and one mutated nucleotide, as denoted by the labels. In these
panels, gold atoms are shown in yellow, carbon in gray, nitrogen in blue, hydrogen
in cyan, oxygen in red, phosphorus in purple, and sulfur in orange. The same color
coding is used throughout this work.

In real experiments, DNA is a charged molecule, which would react to a small bias
voltage across the device and would re-orient with respect to the applied bias direction.
Accordingly, a conformational scan would be necessary to capture the dynamics of the
nucleotides within the electrodes and include the conformational variability in the anal-
ysis. In this work, though, we aim to present a proof of principles on the bio-sensitivity
of a diamondoid-functionalized sequencing device and will not focus on the effect of
the nucleotide conformations on the transport properties. This should be the subject of
a separate study.
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Figure 4.3: Transmission curves plotted on a semi-log scale for the six geometries shown in Fig.
4.2. The shaded region is of interest for sensing (see text). The energy axis has been
shifted so as to align zero with the Fermi energy, EF.

4.3 Results

The geometries obtained after relaxation for all the natural nucleotides (A, C, T, G),
as well as for the two modified nucleotides (d5mC and d8oG) within the diamondoid-
functionalized gold electrodes are depicted in Fig.4.2. For all cases, the nucleobases are
pointing to the diamandoid side, while the phosphate groups are closer to the right
electrode. No covalent bonding occurs between the nucleotides and the electrodes. The
residual distances in each side are not larger than 2.5Å. The full relaxation of each geom-
etry gives the best coupling between the molecules and the device. These configurations
will be used further in evaluating the transport properties for all nucleotides.

The main challenge for the gold(111)-diamondoid functionalized device is to efficiently
distinguish the nucleotides using the tunneling current signals. To this end, Fig. 4.3
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Figure 4.4: The device sensitivity is plotted on a semi-log scale for different gating voltages cor-
responding to the transmission peaks of the reference nucleotides. The labels denote
the reference nucleotide and the respective gating voltage.
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shows the calculated transmission curves for all nucleotides. We observe sharp peaks
with T(E) ≈ 10−1, at different energies for each nucleotide in the transmission T(E)
spectra. The values for T(E) in the range 10−4 − 10−6 correspond to energies far from
the resonances. In order to evaluate the peak origin, we calculated the projected density
of states via Green’s functions, which were projected in three atomic groups: (i) gold
atoms, (ii) nucleotide, and (iii) diamondoid. We have found that the higher contribution
for each peak comes from the nucleotides (see Fig. A.1 in appendix A). These results
suggest that for specific energies, the transmittance spectra resonances lead to the nu-
cleotide fingerprints. The observed T(E) hierarchy at the Fermi level (G > C > A > T)
shows a difference up to one order of magnitude for the nucleotides compared to G. A
and T show a very similar transmission close to the Fermi level, which might result in
overlapping electronic signals, and a difficulty in distinguishing them from each other.
The sensing device proposed here shows better read-out possibilities than other types
of functionalizing devices. A qualitative comparison of the transmission peaks shown
in Fig.4.3 of the present paper to those obtained from cytosine-functionalized gold elec-
trodes (Fig.4 in Ref.77) reveals that in the former setup the peaks are energetically further
separated and hence more distinguishable than in the latter case.

In the following, we analyze the energy range (shaded region in Fig. 4.3), which includes
the resonance peaks for all nucleotides studied here, in order to propose a path to clearly
identify each nucleobase. Accordingly, we will tune the Fermi energy in a nucleotide-
specific way. In practice, in real experiments, this can be done by tuning the gating
voltage of an external gate. For example, if we are interested in identifying d8oG to
which the first peak in the right side of the shadow region corresponds to, we would
need to tune the Fermi energy to Vg = −0.76 eV. In order to generalize this analysis,
we will assume a similar definition of the gating conductance g (for a small bias) as a
function of the gate voltage, Vg [108]:

g(Vg) = G0T(µ) (4.1)

where µ = EF − eVg, T is the transmission function, and G0 = 2e2

h .

In order to sense DNA based on the formalism above, a reference system with a specific
conductance is needed. Based on this reference, the properties of each nucleotide can be
identified. For tunneling systems, the reference device conductance is zero for a large
capacitor distance, as was shown in Fig. 4.1c. Accordingly, another reference system
is needed. As a solution to this, we introduce the device sensitivity, considering one
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Figure 4.5: A comparison of four natural nucleotides at a gating voltage of Vg= -0.98 V which
corresponds to the first transmission peak for A below the Fermi level. The local cur-
rents are plotted in the top panel and the eigenchannel wavefunctions at the bottom
panel. For clarity all wavefunctions are plotted for the same isovalues, while positive
values of the wavefunctions are shown in purple and negative in blue. The imaginary
part is not clearly visible in most of the cases since its too small or below the cutoff.

nucleotide as a reference with respect to the sampling gating voltage Vg as:

S(Vg)[%] =

∣∣∣∣∣gre f − gx

gx

∣∣∣∣∣× 100 ,
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where gre f is the reference gating conductance, which corresponds to the transmission
peak of a specific nucleotide at a gating voltage Vg, and gx is the gating conductance,
at the same gate voltage (Vg) for any other nucleotide (excluding the reference nu-
cleotide).

From the sensitivity at a specific sampling gating voltage, it is possible to observe how
well resolved the conductance of the reference nucleotide will be with respect to other
nucleotides. The device sensitivity according to the definition above and for all nu-
cleotides is summarized in Fig.4.4. (Results for the modified nucleotides, d5mc and
d8oG, are shown only in panels c)-f), since for these the question is whether they can
be distinguished from their natural counterparts, C and G.) We begin the analysis with
the sensitivity for A (Fig.4.4a). For this, A is taken as the reference at a gating voltage
of Vg = −0.98 V. It is evident from this figure, that the sensitivity of the device in rec-
ognizing A is at least five orders of magnitude higher than its natural counterparts (T,
C, and G). Accordingly, we can infer that at this gating voltage, the device could clearly
identify A.

In order to understand the underlying physics in Fig.4.4a, the zero bias scattering state
eigenchannel wavefunctions (EWF) [109], at Vg = −0.98V, are shown in the lower panel
of Fig. 4.5. Both the real and imaginary contributions to the EWFs are shown. For
the reference A, the real part of EWF is localized over the whole scattering region. For
the non-reference nucleotides (T, C, and G) the EWF is mainly located at the diaman-
doid site, showing a small contribution on the nucleotides sites. For the non-reference
nucleotides, the EWFs clearly decay as we move from the left electrode to the right, re-
sulting in a smaller T(E). Inspection of the imaginary part of the EWFs for A, points to
states spreaded almost over the whole device, from the left, over the molecules, to the
right electrode. This behavior clearly denotes an enhancement of the electronic coupling
between the gold electrodes, the diamondoid, and A. Such a spreaded contribution is
not observed for the non-reference nucleotides. This effect of electronic coupling is re-
flected in the local currents [104], which are also sketched in the top panel of Fig. 4.5.
According to this figure and based on the above analysis, local currents are observed
mainly for the reference A and not for the non-reference nucleotides, for which the local
current is negligible. These results indicate that, based on the device sensitivity and the
local current measurements for a gating voltage of Vg = −0.98V, it is possible to identify
only A.

In Fig. 4.4 we observe that the device sensitivity spans a range of 102− 107 and note that
the gating voltage should be carefully chosen in order to identify the nucleotides. At a



58 4 Electronic transport across diamondoid functionalised devices

Figure 4.6: Derivative of the conductance with respect to the gating voltage plotted in the gating
window for the four natural nucleotides

gating voltage Vg = -1.3 V, the conductance of C is at least three orders of magnitude
more resolved compared to its natural non-reference counterparts (A, T, and G). At Vg =
-1.06 V, the gating conductance for G is at least four orders of magnitude more resolved
than that for the non-reference A, T, and C. For Vg = −0.98V or Vg = −1.06V, the
sensitivity distributions for the non-reference nucleotides are not considerably broad,
but differ only by one order of magnitude. On the other hand, taking C as a reference
for Vg = −1.30V, leads to a sensitivity in the range 103 − 105 (see Fig. 4.4c).

Fig. 4.4b shows the sensitivity histogram for T at Vg = −1.26 V, calculated from the trans-
mission curves in Fig. 4.3. In the latter figure, the transmittance peak for T is very sharp
and smaller than the peaks for the other nucleotides. It is clear that T shows at least one
order of magnitude difference in the transmission with respect to the relevant data for
A, G, d8oG, and d5mC, and about two orders of magnitude difference from the C case.
At this gating voltage, other nucleotides (A and C) have a much higher transmission
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than T. In order to evaluate the contribution of the nucleotides on the transmission, we
have calculated the projected density of state (PDOS). We have observed (see Fig. A.1b
in appendix A) that the transmission peak for T has at least two major contributions:
one from the diamondoid and one from the nucleotide T.

Up to this point, we have shown that it is possible to identify the nucleotides by choosing
the respective gating voltage. In the following, we consider another possibility to dis-
tinguish the nucleobases based on the respective differential conductance dG

dVg
. This can

resolve peaks of the nucleotides in cases when these are not easily distinguishable. This
can for example be the case for T, according to our previous analysis. The advantage
in using the differential conductance is that his quantity can lead to information on the
conductivity changes for a range of gating voltages Vg. Fig. 4.6 shows how well resolved
the conductance change for each natural nucleotide is. For A and C, the differential
conductance does not overlap with that for the other nucleotides in the range Vg < −1.3
V and −1.06 V ¡ Vg¡ −0.97 V. In the range Vg = −1.26± 0.01 V the differential conduc-
tance for T is highly resolved, as it is not overlapping with any of the other nucleotides.
This observation indicates the possibility to distinguish T for this gating voltage range.
The differential conductance for G is very broad and overlaps with A and C. Further
inspection of Fig. 4.6 reveals three ranges for the gating voltage, in which no overlap-
ping between the curve for G and those for the other nucleotides occurs. These results
point to the possibility to use the information arising from the differential conductance
in order to identify the natural nucleotides within a range of the gating voltage.

Another important issue in the field of DNA sequencing is the possibility to distinguish
pristine nucleotides (like C and G) from their modified forms (like d5mC and d8oG).
The transmission curves in Fig. 4.3 show defined peaks for these two modifications,
which are not overlapping with the curves for the pristine nucleotides. In Fig. 4.4c and
f, we show the sensitivity for pristine C and its mutant d5mC, and in Fig.4.4d and g the
data for dGMP and d8oG, respectively. At the chosen gating voltage values the modified
nucleotides can be easily distinguished from their pristine counterparts. The EWF and
local currents are shown in Fig.4.7. For a gating voltage Vg=-1.3 V, corresponding to
the peak for C in the transmission spectra, C can be distinguished from d5mC. For
d5mC and a gating voltage of Vg=-1.02 V, corresponding to the transmission peak for
this nucleotide, the sensitivity difference from the pristine C is about five orders of
magnitude. The respective EWFs for d5mC and C are presented in the left panels of
Fig. 4.7 for a gating voltage of Vg=-1.3 V. The real part of the EWFs is localized in both
cases. In the pristine C, though, a stronger coupling to the right electrode occurs. This



60 4 Electronic transport across diamondoid functionalised devices

Figure 4.7: A comparison of C vs d5mC can be seen on left the panels for Vg= -1.3 V (correspond-
ing to the second transmission peak below the Fermi level for C). A comparison of
G vs d8oG is made in the right panels for Vg= -1.06 V (corresponding to the second
transmission peak below the Fermi level for G). For each case, the local currents are
sketched in the top panel and the EWFs at the bottom panel. For clarity all wave-
functions are plotted for the same isovalue and are color coded according to their
positive (purple) and negative (blue) signs.

difference is mapped on the local currents, also shown, which are negligible for d5mC,
but are finite for C.
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Finally, by sampling at Vg=-1.06 V, the gating voltage corresponding to the transmission
peak for G, it is possible to distinguish G from the mutation d8oG. For Vg=-0.76 V, which
corresponds to the transmission peak for d8oG, the sensitivity for d8oG is seven orders
of magnitude higher than that for dGMP. Going back to Vg=-1.06 V, at this voltage, the
real part of the EWF is localized along the entire device for G and at the functionalized
left electrode for the d8oG case, as shown in the right panels of Fig. 4.7 for G and d8oG.
For this gating voltage, the electrodes in the pristine case (G) are coupled and there is
a respective local current. In the mutated nucleotide (d8oG) there is no current at this
gating voltage. These results again strongly indicate the possibility to distinguish the
pristine G over its mutation d8oG. Inspection of the EWFs for d8oG shows a significant
difference in the symmetry of the eigenchannel compared to that of G, which suggests a
larger asymmetry in the I-V curves for the case of d8oG with respect to G at a low ap-
plied bias [110]. This asymmetry indicates that d8oG can potentially reveal its rectifying
behaviour when the gating voltage is tuned so that the conduction due to these orbitals
moves closer to the Fermi level.

4.4 Conclusions

Using quantum-mechanical calculations, we were able to provide a proof of concept
regarding the feasibility of a bio-sensor based on amantadine-functionalized gold elec-
trodes. Our work has shown that such a device can detect the different nucleobase and
their modifications based on quantum tunneling measurements across the electrodes.
Different gating voltages can tune the sensitivity of the functionalized electrodes with
respect to specific nucleotides having a high transmission peak at these voltages. We
have also revealed the sensing mechanism for one of the pristine nucleotides (T) by ana-
lyzing the derivatives of the conductance with respect to the values of the gating voltage.
The sensitivity at different gating voltages is also related to the coupling or decoupling
of the functionalized electrodes, and the observation or lack of observation of local cur-
rents. In order to reveal the physics underlying the observed transport properties, the
scatter state wavefunctions at a higher transmission, as well as the local current plots
were presented and discussed.

Our results involve the zero bias voltage case, but can give an indication of the IV-
characteristics of the diamondoid-functionalized device at a small applied bias. The cur-
rent as a function of applied voltage in the low bias regime (up to 0.1 V) for d5mC and
d8oG should be significantly different compared to their respective natural nucleotides.
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Our data support this assumption, as a low applied bias should not prevent the pos-
sibility of distinguishing the different nucleotides based on their I-V response [111]. It
is not trivially clear how the transmission peaks would shift with respect to an applied
bias. However, Figs.4.5,4.7 indicate that the EWFs in all cases are more associated with
the same (left) electrode implying that the transmission peaks would shift towards the
same direction to more negative energies. Accordingly, at a low bias and for a moderate
coupling of the electrodes, we can assume that all the transmission peaks do not shift
too strongly and that the shift is similar in all cases. The sharp transmission peaks for
G and d8oG at -0.28 eV and -0.75 eV, respectively would then show a sharp rise in the
current for G between -0.2 V and -0.3 V. The sharp rise in the current for d8oG would
be expected at more negative bias voltages. For C and d5mC having their transmission
peaks below -1 eV, a bias of about -1 V beyond the low bias limit would be needed. At
such a high applied bias the situation is expected to change, as the peaks would shift
in a different way, possibly leading to overlapping and indistinguishable transmission
peaks. Overall, the amount of increase in the current for each nucleotide is related to
the gating voltage needed to shift the transmission peak closer to the Fermi energy and
the applied bias voltage. Note, that within our methodology, the calculations at a very
small bias are still possible as the system is still not out of equilibrium. The application
of a large bias, though could also lead to a breakdown of the system.

The focus of this work was to reveal the suitability of diamondoid-functionalized elec-
trodes as biosensors. There are of course many complex issues that have not been taken
into account at this point. Some of these involve the effect of conformational variability
and dynamics in the transport properties across the electrodes and the corresponding
sensitivity of the device. The effect of the surrounding medium, i.e. water and ions is
also expected to play a major role. The question is whether these factors will only shift
the transport spectra shown in this work or will make the whole picture more complex.
Some of these points we aim to address in follow-up studies in the near future. A con-
formational scan of the DNA orientation in the nanopore and the role of a solvent in
the pore can be unveiled in view of the electronic current signatures in diamondoid-
functionalized nanopores. The role of the solvent is expected to influence the transport
properties. Next in chapter 5, we turn our attention to the comparison of the perfor-
mance of different diamondoid derivatives as functionalization molecules in a nanopore
device, which is also expected to shed light onto pathways to enhance the sensitivity of
functionalized nanopores.
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5 Comparison of diamondoid
functionalised devices

As a follow up to the amantadine-functionalized devices discussed in detail in chapter 4,
we perform a detailed comparative investigation of different diamondoid-functionalized
electrodes in order to point to the functionalizing molecule with the most efficient sens-
ing properties. The remainder of this chapter is organized as follows: introduction, the
computational scheme and set-up of the functionalized sensing electrodes, and the com-
parative analysis of the results for different electrode functionalizations. In the end, we
discuss the impact of these results and conclude.

5.1 Introduction

Derivatives of diamondoids have been shown to form hydrogen bonds to DNA nucle-
obases [98, 112] and efficiently functionalize gold electrodes to sense DNA nucleobases
and their mutations [51, 98]. These functionalized electrodes can be embedded into
nanopores in order to produce DNA sequencing devices [1, 2, 77]. DNA molecules can
be electrophoretically driven through such nanopores giving rise to nucleobase trans-
verse current signals across the nanopores [36, 113]. Using a functionalization in the
nanopore has the potential to enhance these transverse signals [77, 114]. It is crucial to
find small molecules of the size of the nucleobases, which can functionalize nanopores
and indeed increase the signal-to-noise ratio in the electronic current measurements.
Such an increase is required to facilitate an almost error-free reading-out of the DNA
nucleotides and promote sequencing.

Work along these lines is carried out in view of choosing a molecule for efficient func-
tionalization of electrodes embedded in nanopores. The term ’efficient’ is here meant as
enabling a selective read-out of the nucleotides through these electrodes which lead to
distinguishable electronic signals for each nucleotides. To this aim, lower amine-doped
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diamondoids [80] are scanned and are attached to gold electrodes, which are in turn
investigated for their biosensing properties.

5.2 Computational Details

Figure 5.1: In the top row, a typical example of diamondoid-functionalized Au(111) electrodes
studied in this work are shown. A rimantadine molecule is shown to functional-
ize the electrodes. Electronic transport occurs along the z-direction. The four nu-
cleotides which will be placed between the electrodes are also shown in the middle
row: deoxyadenosine monophosphate (A), deoxythymidine monophosphate (T), de-
oxycytidine monophosphate (C), and deoxyguanosine monophosphate (G). In bottom
row, the three amine derivates of lower diamondoids, rimantadine (rim), amantadine
(ama), and memantine (mem) are respectively shown. The color coding in the right
panel will be used throughout this chapter.
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In order to assess the sensing efficiency of diamondoid-functionalized gold electrodes
such as the ones shown in Fig.5.1 (top row) we examine their electronic and transport
properties when DNA nucleobases are placed in the gap between them. The three dif-
ferent amine-modified diamondoid derivatives [80] shown in Fig.5.1 (bottom row), ri-
mantadine, amantadine, memantine are used for the functionalization of the electrodes.
These will be referred to as ’rim’, ’ama’, and ’mem’, respectively, in the following. The
four DNA nucleotides shown in Fig.5.1 (middle row), deoxyadenosine monophosphate,
deoxythymidine monophosphate, deoxycytidine monophosphate, and deoxyguanosine
monophosphate are placed in the electrode gap. We will refer to these simply as ’A’, ’T’,
’C’, and ’G’, respectively. Each nucleotide interacts with the functionalized electrodes
through hydrogen bonds with the functionalizing diamondoid. An extensive analysis
of amantadine-functionalized gold electrodes was carried out and presented in chap-
ter 4. Hence, results for the ama-functionalized electrodes has been reproduced solely
for comparison purpose alone.

The systems modeled include two Au(111) electrodes, left and right, and the scattering
region of gold. The three outer layers of Au(111) on either side of the electrodes form the
semi-infinite lead. The ten inner layers of Au(111) along with the embedded molecules
form the device region as sketched in Fig.5.1 (top row). A gap of a fixed distance d
separates the two electrodes. This gap is sufficiently large to include the functionalizing
diamondoid and a nucleotide. We have tested that for distances d > 4 Å, no tunneling
current exists [51]. Note, that we investigate only the single-functionalized case, in which
the diamondoid is chosen to functionalize only the left electrode. The right electrode re-
mains unmodified. The transport direction occurs from the left electrode to the right
one in the positive z-direction as shown in Fig.5.1 (top row). The nucleotides are initially
placed close to the diamondoid at distances which would lead to the formation of hy-
drogen bonds [51]. The functionalizing diamondoid and the nucleotide interact through
hydrogen bonds. In this binding, amantadine and memantine are always donors. In
the rimantadine case, though, the diamondoid can be a donor or an acceptor in the hy-
drogen bonding to the nucleotides depending on the relative arrangements of these two
molecules. For the rimantadine case, then, we need to account for the two different ar-
rangements in which rimantadine acts as (a) an acceptor (’rim-1’) or (b) a donor (’rim-2’)
to the hydrogen bonding. These two configurations are depicted in Fig.5.2.

A density functional theory (DFT) scheme as implemented in SIESTA [88] was used to
investigate the systems. The electronic transport calculations were carried out using the
non-equilibrium Green’s functions (NEGF) approach within TranSIESTA [76].
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Figure 5.2: The different arrangements of the diamondoids with respect to the nucleotides. (a)
rim-1, (b) rim-2, (c) ama, and (d) mem forming hydrogen bonds with the neighboring
nucleotide (shown here on the example of A). In (a), (c), and (d) the diamondoid is a
hydrogen acceptor to the binding, while in (b) it is a donor to the bond. For the color
coding, we refer the reader to the color bar in Fig.5.1.

The generalized gradient approximation of Perdew-Burke-Erzernhof (PBE-GGA) [62],
and the norm-conserving Troullier-Martins pseudopotentials [89] were used. For the
expansion of the Kohn-Sham states, a double-ζ polarized basis-set (DZP) for the nu-
cleotides, diamondoid derivatives and a single-ζ with polarized (SZP), with (5d10, 6s1)
orbital states for the gold atoms were considered. These basis sets have been proven ef-
ficient in simulating similar systems [51,77]. An energy shift of 0.01 Ry with a real space
sampling grid (mesh cutoff) of 200 Ry, and 5× 5× 1 k-points using the Monkhorst-Pack
scheme were also used. The ionic relaxations were performed until the net atomic forces
are smaller than 0.01 eV/Å. For the device functionalization, a supercell of 14.8× 14.8×
40.8 Å (14.8× 14.8× 39.8 Å) for rimantadine (memantine) was used. Five unit cells in the
x and y directions and ten along the z direction with a gap of 19Å(18Å) for rimatadine
(memantine) were repeated to build the supercell.
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For the two semi-infinite gold electrodes, the (111) surface was taken and were struc-
turally relaxed. A lattice constant of 4.186 Å was obtained from the relaxation and
compares well with literature data [107]. In the second step, a thiolated amine-modified
diamondoid (Fig.5.1 (middle row)) is placed close to the left gold layers and relaxed until
the thiol group of the diamondoid was bonded to the gold surface. Finally, a nucleotide
was added close to diamondoid with an orientation favoring the formation of hydro-
gen bonds with the diamondoid. The sugar-phosphate group are pointing towards the
right inner gold layer. The choice of the distance between the gold layers is based on
the condition that even the largest two nucleotides (A and G) could fit inside the elec-
trode gap. These specific conformations are chosen for consistency to our earlier studies
(chapter 3).

5.3 Results and Discussion

We begin our analysis with the electronic transmission curves for all cases. The calcu-
lated transmission for the rimantadine- (both acceptor and donor conformations) and
the memantine-functionalized electrodes are summarized in Fig.5.3. The data for all
four nucleotides are included in the graphs. In these, the shaded areas correspond to
a region including the most prominent peaks for the nucleotides. These areas are con-
sidered as the energy window for scanning the sensing properties of the diamondoid-
functionalized electrodes and will be used for the comparison of the efficiency of each
diamondoid.

Inspection of Fig.5.3 reveals that the transmission hierarchy at the Fermi energy, T(EF),
for rim-1 follows the trend G > A > C > T. The respective peaks are found in the range
10−2 − 100. On the other hand, for rim-2 and mem exhibit different T(EF) hierarchy,
including a much wider spread, namely C � G � T � A and C � G > T � A,
respectively. For rim-2 the values of the T(E) peaks differ and lie in the range 10−3 −
10−1. For mem, the T(E) peaks differ by one order of magnitude, but the T and G
peaks have similar values (Figure 5.3d). Note that the relevant hierarchy for amantadine
was found G � C � A > T with values for the peaks in T(E) in the range 10−3 −
10−1 ((Figure 5.3c). The fact that the peaks for all nucleotides in all functionalization
cases are clearly distinguishable points to efficient and device-specific sensing of the
nucleotides.

The zero bias conductance, which is the the transmission at the Fermi energy could give
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Figure 5.3: Transmission spectra plotted as a function of energy relative to the Fermi energy
(aligned with zero) on a semi-log scale for the different functionalized electrodes. In
these, a) rim-1, b) rim-2, c) ama, and d) mem are used as functionalizing molecules.
The shaded areas correspond to the scanning window (see text) for the sensing anal-
ysis.

another indication of whether sensing is efficient or not. It is necessary for the discrim-
ination of the nucleotides that the zero bias conductance for all cases is distinguishable.
The results in Fig.5.3 show that these are indeed distinguishable at the Fermi energy.
There is an overlap of the zero bias conductance values for T and G and the memantine
functionalization, as well as A and C in the rim-1 functionalization. In the amantadine
functionalization, the curves at the Fermi level for A and T are very close together, while
those for C and G are clearly distinguishable (Fig. 5.3c) [51]. In order to deal with sim-
ilar or overlapping signals for the zero bias conductance at the Fermi energy, we turn
to gating sensing. Accordingly, the resonant peaks for each nucleotide and the different
functionalizations were sampled. This is similar to the experimental case of tuning the
Fermi energy through gating in a specific energy region (the shaded regions in Fig.5.3)
where resonances arising from the different nucleotides occur. Nucleotide-specific trans-
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mission peaks are evident in the gating windows in all functionalized electrodes stud-
ied here. Our results suggest that it is possible to identify the nucleotides with the
functionalization diamondoids by tuning the Fermi energy in a nucleotide-specific way.
Overall, the memantine-functionalized electrodes seem to have the best potential for
sensing as the transmission peaks for the four nucleotides are clearly distinguishable
compared to the rim-1, rim-2, and ama cases. In the the rim-1, rim-2, and ama cases,
some peaks are very close to each other and would not allow a clear identification of
the respective nucleotides. In the following discussion, we focus on the analysis of the
mem-functionalization.

5.3.1 DNA Identification

As discussed before, the transmission peaks in the mem case in Fig.5.3c, are clearly
distinguishable. In the following, we illustrate the protocol to identify one particular
nucleotide of the four types, which we call the reference nucleotide, and distinguish it
from the other possible three nucleotides, which we refer to as non-reference nucleotides.
Accordingly, in order to identify for example G, which corresponds to the first peak
below the Fermi energy in the shaded region, a gating voltage of Vg = −0.46 V would
need to be applied in order to shift the Fermi level to that energy. In order to understand
the electronic characteristics of the mem-functionalized gold electrodes, we turn to the
zero-bias scattering state eigenchannel wavefunctions (EWF) [109]. At Vg = −0.46 V
these are shown in Fig. 5.4.

For the reference nucleotide G, the real part of EWF is delocalized over the whole scatter-
ing region. For the non-reference nucleotides (A, T, and C), the EWF are mainly located
at the diamondoid site and the functionalized side of the electrodes. In those cases, only
a small contribution on the nucleotides sites is seen. Accordingly, for G, there is a clear
and enhanced strong coupling of the left and right electrodes, memantine, and the G nu-
cleotide indicating higher probability of electrons flowing at this referred gate voltage.
For A, T, and C, though the EWF’s clearly decay as we move from the left electrode to
the right, resulting in negligible transmission.

This qualitative analysis can be quantified through the concept of sensitivity (introduced
in chapter 4), which reveals how well resolved the conductance of a reference nucleotide
will be with respect to other nucleotides:
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Figure 5.4: Eigenchannel wavefunctions for memantine functionalized gold(111) for the four nu-
cleotides at Vg= -0.46 V corresponding to the first transmission peak of G below the
Fermi level. For clarity all wavefunctions are plotted for the same isovalues, with
positive values of the wavefunctions in red and negative in blue. Both the real and
imaginary contributions to the EWFs are shown, but the imaginary part is either too
small or below the cutoff and is not clearly visible in most of the panels.For the color
coding of the atoms, we refer the reader to the color bar in Fig.5.1.

S(Vg)[%] =

∣∣∣∣∣gre f − gx

gx

∣∣∣∣∣× 100 ,

where gre f is the reference zero-bias conductance under application of a given gating
voltage, which corresponds to the transmission peak of a specific nucleotide at a gating
voltage Vg, and gx is the gating conductance, at the same gate voltage for any other nu-
cleotide (excluding the reference nucleotide). Following the discussion on the electronic
wavefunctions and the mem case, we begin the analysis with the sensitivity S(Vg) for
recognizing G. This was found to be at least six orders of magnitude higher than A, T,
and C as long as the gating voltage is very close to Vg = −0.46 V (the energy corre-
sponding to the first peak for G in the transmission graph in Fig.5.3d). The other two
nucleotides, T and C, would easily be recognized as long as the device is tuned at the
correct gating voltage. Within the same context and for the same device, using a gating
voltage of Vg = −1.12 V which corresponds to the transmission peak of A in (Fig.5.3d)
would resolve A by at least two orders of magnitude more than the other nucleotides T,
C, and G. Overall, the sensitivity of a memantine-functionalized nanogap (Fig. 5.6) was
found to be higher than the nanogap functionalized by other diamondoids investigated
as part of this study.
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Figure 5.5: The device sensitivity is plotted on a semi-log scale for the a) rim-1, b) rim-2, c) ama,
and d) mem diamondoid-functionalized nanogaps. The top panel shows the sensitiv-
ity in reading-out T, while the bottom panel shows the sensitivity in reading-out G.
The different gating voltages correspond to the transmission peaks of the reference
nucleotides in Fig.5.3 and in our previous study [?]. The labels denote the reference
nucleotide and the respective gating voltage.

The results for all diamondoid functionalizations are summarized in Fig.5.5. The best
and worst identified nucleotide from our analysis are taken (see Fig.5.3). These are G and
T, respectively. G has in all cases a well defined transmission peak, while the peak for T is
often almost overlapping with the peak of another nucleotide. In Fig.5.5, the gate voltage
corresponding to the transmission peak of T or G for each of the diamondoid cases is
shown. It becomes clear from the figure, that T is least distinguishable with the ama-
functionalized electrodes, as it is less than 2 orders of magnitude better resolved than C
(top panel in Fig.5.5c). Also, using the rim-2 setup, T can be 3 orders of magnitude better
resolved than A, C, and G, which at this gate voltage have a very similar conductance
and their peaks cannot be separated (top panel in Fig.5.5b). On the other hand, G can
be best identified with a mem-functionalized device and up to 8 orders of magnitude
better than A, 7 orders of magnitude better than T, and about 6 orders of magnitude
better than C (bottom panel in Fig.5.5d). With the ama-functionalization, which was
not very efficient for T (see the analysis in chapter 4), G can be 6 orders of magnitude
better identified than T at the gating voltage corresponding to the transmission peak
of G. Overall, the sensitivity analysis in Fig.5.5 clearly underlines the differences in an
efficient identification of the DNA nucleotides with the different diamondoid-based gold
electrodes. A good choice of the diamondoid is essential for a clear identification of the
nucleotides.
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Figure 5.6: The device sensitivity is plotted on a semi-log scale for different gating voltages cor-
responding to the transmission peaks of the reference nucleotides for the memantine-
functionalized device. The labels denote the reference nucleotide and the respective
gating voltage.
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5.4 Conclusions

In this chapter, we have presented a comparative analysis of diamondoid-functionalized
Au(111) electrodes. Specifically, we investigated different diamondoids functionalizing
the electrodes between which the four canonical nucleotides are inserted. In these setups,
the diamondoids act either as donors or acceptors in their binding to the nucleotides.
The choice of the diamondoids is based on the variability in sizes and modifications
these can assume. Chemical modification of the electrodes is expected to increase the
capture time of the nucleotides in the nanogap due to the formation of the hydrogen
bond bridges of the nucleotides with the functionalized electrodes. Stabilizing the DNA
within the functionalized gold nanogap is expected to also reduce the noise in the elec-
trical measurements. Note, that stabilization is needed as the DNA is very flexible and
is fluctuating in the nanogap. This work, though, has not accounted for these fluc-
tuations as the main focus has been the comparison of different functionalizations of
gold nanogaps based on the most prominent hydrogen bond bridges between the nu-
cleotide and the functionalizing diamondoid. It is also expected that the surrounding
environment should influence the transmission spectra. This aqueous environment was
not considered here, but will be the subject of a separate study. Note, that our work is
based on the suggestion that functionalized electrodes [22,23] have a high potential to
improve the read-out signal for DNA. Such electrodes can be efficiently embedded in a
silicon nitride nanopore. These kinds of nanopores are one among a variety of possible
approaches to electrical DNA sequencing.

The electronic transmission of the different diamondoid-functionalized gold nanogaps
were compared here. The diamondoid derivative known as ’memantine’ has shown
a higher nucleobase-specific hydrogen bonding, which lead to a better read-out of the
DNA nucleobases with the mem-functionalized device. The sensitivity of such a device
was also analyzed and revealed that a careful choice of the functionalizing diamon-
doid can resolve by up to 8 orders of magnitude a specific nucleotide with respect to
the other nucleotides. This is possible as long as the device operates at the respective
gating voltage for a given reference nucleotide. This voltage enhances significantly the
coupling of the left and right electrodes allowing the generation of a large transverse
tunneling current across the nanogap. This strong coupling was found in all devices
studied here, whenever the gating voltage corresponds to a transmission peak. It re-
mains to be shown in which way the observations made here will be altered when the
memantine-functionalized electrodes are inserted into a nanopore containing a salt so-
lution. Specifically, the longitudinal electric field which drags the DNA through such a
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nanopore [115] and the transverse electric field for measuring the transverse tunneling
current will introduce additional complex features into the read-out device. These fac-
tors should be further probed in order to realize a diamondoid-functionalized nanopore
for biosensing applications.
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6 Hybrid Metallic-Semiconductor MoS2

In this chapter, we move to second sequencing scheme namely, the current modulation
sensing. With this aim, we investigate a novel 2D material based on MoS2. We present
the structural, electronic, and electronic transport properties of this material. A point
defect analysis gives hints on the electrochemical pore opening in this material. In addi-
tion, relevance of our system to nanopore is discussed in Appendix B.

6.1 Introduction

Two-dimensional (2D) materials have attracted high interest in the last years. Start-
ing with graphene and its numerous potential applications, the research of 2D nano-
materials [117, 118] was followed by the intense investigations on 2D transition metal
dichalcogenides (TMDs) [119, 120]. TMDs (MX2, with M=V, Mo, W, etc., and X=S, Se,
etc.) are quasi two-dimensional layered materials with strong inter-layer ionic-covalent
bonding. 2D TMDs can be found in two phases, semiconducting (2H) and metallic (1T).
Liquid-phase exfoliation is the typical method to produce the monolayer TMDs from
their layered counterparts [121,122]. It was shown, that the transition from the 2H to the
1T phase of MoS2, MoSe2, WS2, and WSe2 during their chemical exfoliation depends on
the MX2 composition of these materials [123].

The most famous member of the 2D TMD family is MoS2, which has been used as a dry
lubricant for many decades in its bulk form. In the earlier studies, focus was given on
MoS2-based nanoparticles, such as MoS2 nested inorganic fullerenes, nanotubes [124],
and MoS2 nanoclusters [125] used as catalysts [126]. The investigations then turned to
MoS2 surfaces [127, 128] and their ability to adsorb hydrogen [129]. The research on
MoS2 has shown a four-fold increase since the year 2010 when the direct bandgap in
the single-layered structure was discovered [120, 130]. The coexistence of a metallic and
semiconducting phase has been reported in MoS2 in the past in a number of studies
[131–133]. This represents a distinct polymorphism in terms of structural and electronic
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properties; a marked deviation from graphene. The coexistence of the semiconducting
(2H) and metallic (1T) phase in MoS2 monolayers has been characterized [134–137]. In
principle, gliding only one S plane of MoS2 to the center of the hexagonal rings of
the semiconducting 2H phase will gradually transform the structure to the metallic 1T
phase [131]. During this transformation, while the size of the 1T part increases, three
different boundaries, α, β, and γ, emerge. The α boundary is related with the Mo-Mo
distance shrinking, the β boundary involves the Mo+S gliding, and the γ boundary is
based on the S gliding [131]. The recent development of controlled techniques to induce
2H to 1T phase transition [131,138] opens up promising routes for an atomically precise
fabrication of single-layered chemically homogeneous electronic devices. Lately, another
important achievement in the field was the formation of nanopores in MoS2 [139]. These
nanopores are formed using an electrochemical reaction method [140] and it has been
demonstrated that DNA can be translocated through them within a salt solution [141].
These nanopores are efficient in discriminating among DNA nucleotides [142] and can
lead to a novel sequencing technique [1, 2].

In this study, we focus on hybrid monolayers of MoS2. The term ’hybrid’ refers to the
combination of the two different phases (2H and 1T) composing the monolayer. It ac-
counts for the polymorphicity of MoS2 linking to materials with tunable functionalities.
The combination of different phases in constructing the hybrid structures offers addi-
tional pathways to electrons and are expected to enhance the electronic transport prop-
erties along the hybrid monolayers. This would be relevant to electronics applications,
but also for sequencing DNA using a hybrid MoS2 in which a nanopore can be opened.
Within a similar context, the capability of MoS2 monolayers to act as highly sensitive
and selective gas sensors have also been explored experimentally [143–146]. Accord-
ingly, the electronic current confinement on the entrenched 1T MoS2 nanoroad could
make a hybrid MoS2 device more sensitive to the electronic characteristics of possibly
adsorbed biomolecules than the single-phase MoS2 devices. This article is organized
as follows: we first present the methodology used and then proceed to the results on
the structural, electronic, and transport properties of hybrid MoS2 monolayers. Our re-
sults also include a point-defect analysis, which reveals the stability characteristics of
the hybrid monolayers. In the end, we discuss the implications of our results on novel
nano-bio-technological applications of hybrid MoS2 2D materials.
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6.2 Computational Details

Density functional theory (DFT) [58, 59] based simulations as implemented in the code
SIESTA [88] were carried out. We have used the generalized gradient approximation of
Perdew-Burke-Erzernhof (PBE-GGA) [62], and the norm-conserving Troullier-Martins
pseudopotentials [89]. For expanding the Kohn-Sham states, we have considered a
double-ζ with polarization basis-set (DZP). An energy shift of 0.01 Ry with a real space
sampling grid (mesh cutoff) of 200 Ry, and 10× 1× 12 k-points within the Monkhorst-
Pack scheme were used. This mesh was found suitable for the smallest unit in Fig.6.1a.
The geometry relaxations were performed until the net forces of each atomic component
become smaller than 0.01 eV/Å. The electronic transport calculations are performed us-
ing DFT combined with the non-equilibrium Green’s functions (NEGF) formalism, as
implemented in TranSIESTA [76].

We have first carried out benchmark calculations separately on both the pristine metallic
and semiconducting phases of MoS2. For the pristine 1T phase the lattice parameter of
3.23 Å and the Mo-S bond-length of 2.47 Å were found. Note that since the pristine
free-standing 1T phase is not very stable, there are no experimental data to compare to.
We also find that 2H MoS2 is a semiconductor with a direct bandgap, a lattice constant,
and a Mo-S bond-length of 1.64 eV, 3.23 Å, and 2.45 Å , respectively. These values are in
a very good agreement with previous theoretical results [147–149].

In this work, we study a monolayer hybrid MoS2 structure, which combines both the 1T
(metallic) and the 2H (semiconducting) phase of MoS2. More specifically, a 1T phase is
embedded in the 2H phase as evident from Fig.6.1e. In order to investigate the electronic
properties of the hybrid MoS2 system we have considered different supercell sizes. The
different unit-cells used to generate these super-cells are shown in Fig.6.1a-d. These
correspond to 36, 48, 60, and 66 atoms per unit cell, respectively. By going from the 36
up to 66 atoms unit cell system, the width of the embedded 1T nanoribbon is increased
from 4.7 Å to 20.5 Å. A kgrid of 60× 1× 90 was used for the Monkorst-pack sampling
of the density of states.

The setup for the transport calculations across the hybrid MoS2 monolayer is shown in
Fig.6.1e. The hybrid MoS2 device is composed of the two electrodes (left and right) and
the scattering region (device). Both parts, the leads and the scattering region are hybrid,
meaning that these are composed of both the 1T and 2H phases. With this setup, the
electronic transport occurs along the 1T ribbon. The structure shown in Fig.6.1d was
relaxed further up to a force tolerance of 0.001 eV/Å. The resulting relaxed structure
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Figure 6.1: Hybrid MoS2 structures for different widths of the metallic 1T ribbons. Four different
unit cells were modelled: a) a 36 atom unit cell with 1 unit of 1T embedded into 2H,
b) a 48 atom unit cell with 3 units of 1T embedded in 2H, c) a 60 atom unit cell with 5
units of 1T embedded in 2H, d) a 66 atom unit cell with 6 units of 1T embedded in 2H.
In e) the transport setup is depicted. Both the leads and the scattering region of the
device are shown. The leads are build from a single unit cell of 66 atoms in a structure
based on that as shown in panel d) but with relaxation of the atoms included. The
scattering region is composed of 4 repeated unit cells each containing 66 atoms, in the
same structure as in the leads. The electronic transport occurs along the z-direction.
The S atoms are shown in brown and the Mo atoms in cyan. The same color coding
will be used in the following.
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formed the lead for the transport set up. The device region was generated by replicating
four units of the leads along the z-direction. Finally, the transmission was computed
by coupling the device to semi-infinite leads. Due to the large size of the system, the
Brillouin zone sampling was restricted to the Γ-point. For the transport calculations,
finite structures rather than periodic supercells were considered.

6.3 Results and Discussion

6.3.1 Structural Characteristics and Defect Analysis

We have initially considered a hybrid structure with zig-zag edges along the interface
(Fig. 6.2). In this case, the fully relaxed atomic structure led to buckling, in agreement
with previous results [150]. Note, that this buckling did not lead to any significant
induced curvature outwards or inwards the hybrid structure. Theoretical studies have
shown that neither the armchair [151] or the zigzag [137] interfaces in hybrid MoS2

show out-of-plane distortion. Nevertheless, our findings demonstrate that the armchair
interface does not show inflection, but is the most stable against buckling. Accordingly,
the armchair interface will be the one considered herein (Fig. 6.1). We begin our analysis
with the structural details of the hybrid MoS2 monolayers. Representative fully relaxed
structures with varying 1T regions are shown in Fig.6.3. Inspection of the side view of
these reveals a planar system in which distorted bonds due to the interface are evident.
From a structural point of view, it is clearly visible from the top views in Fig.6.3 that the
interfaces are armchair-like and not symmetric.

Hence, we chose a non symmetric interface, which did not lead to buckling consistent
with the experimentally stable structures [135]. In order to generate this interface, the
β- and γ-phases of the interface were shifted by one unit cell in the ’bottom’ interface
with respect to the ’top’ one (’bottom’ and ’top’ refer to the interfaces clearly seen in
Fig.6.1) [151]. From Fig.6.3 it was verified that the 2H phase does not change, whereas the
1T phase presents a structural distortion induced by the interface. Each of the 1T phases
contains a Mo-Mo trimer unit. In the pristine 1T phase, all of the Mo-Mo distances
are equal to the lattice constant. In our hybrid model, the observed distortion in the
1T region (for all 1T sizes modeled here) can be quantified by the Mo-Mo distance
shortening along two of the Mo-Mo distance. These distances are in the range of 2.75
Å to 2.85 Å . The third Mo-Mo distance remains undistorted and its values are close
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Figure 6.2: Hybrid MoS2 with zig-zag edges along interface after structural relaxation.Top panel:
the in-plane view of the monolayer. Bottom panel: side view of the structure. Out of
plane buckling is clearly visible in the view.

to the lattice parameter (3.15 Å). Similar experimental results have been reported a Mo-
Mo distance of 2.9 Å [133, 152]. Such a partial distortion in the Mo-Mo trimer unit
of 1T remains as the number of 1T units increases. This can be confirmed also for the
smallest unit cell taken (36 atoms/unit cell in Fig.6.1a) in which the 1T region is very
thin and equal to about 4.7 Å. Further inspection of this in Fig.6.3 reveals the atomically
sharp interface in conjunction to the experiments [135]. It is worth noting that no atom
loss or affluence was observed in our hybrid monolayers, in accordance with previous
theoretical investigation [137].

In order to study the energetic stability of the hybrid system model, we have calculated
the formation energy of single sulfur vacancies. Aiming to identify the regions which
are energetically more favorable to form vacancies, we move along a sulfur line across
the armchair interface of the monolayer as shown in Fig.6.4 and remove one sulfur atom
(labeled and pointed by the arrows in the figure) leaving the monolayer with a single
vacancy. The stability is cast in form of the formation energy of the single point sulfur
defect in the monolayer. The calculation of the formation energy, E f orm, for a single
sulfur vacancy in hybrid MoS2 is based on the comparison of the total energies of the
monolayers with and without the vacancy on the chemical potential of a single sulfur
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Figure 6.3: Relaxed structures of the hybrid MoS2 monolayer for the smallest and largest unit
cells from Fig. 6.1(a,d). The upper panels show top views, while the lower panels
shows a side views of the relaxed structures. The gray rectangular regions in the top
panel indicate the three periodic unit cells in the structures.

atom as calculated through our simulations. Accordingly, the formation energy is given
through

E f orm = Ede f ect + µs − Epristine (6.1)

where Ede f ect is the total energy of the system with a single sulfur vacancy, Epristine is
the total energy of the pristine monolayer, and µs is the chemical potential of S atoms.
The µs is obtained from the stable S8 ring, which is very similar to the bulk value of
µs [153]. The sulphur vacancy formation is an endothermic process, meaning that the
more positive the formation energy, the more unlikely the formation of the vacancy. The
relative magnitudes of the thus calculated defect formation energies are shown in Fig.6.4.
The formation energy has its smallest value when sulfur atom number 9 is removed
from the monolayer. This S atom is located at the interface region. The variation in
single vacancy formation energy exhibits another local minimum corresponding to the
removal of sulfur atom number 5 slightly further away from the interface. This removal
corresponds to a defect formation energy which is about 0.5 eV higher than that for atom
number 9 at the interface mentioned above.

It is worth stressing that we have also investigated the sequential removal of sulfur atoms
along the two semiconductor-metallic interfaces in the hybrid MoS2 shown in Fig.6.4.
The results (not shown) confirm that most of these sulfur atoms have a defect formation
energy of about 1 eV similar to the lowest energy in Fig.6.4 denoting that indeed the
interface atoms should be easier to remove. Note, that we have only investigated the re-
moval of sulfur atoms since the formation energy of a molybdenum vacancy is expected
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to be much larger (by 4 eV) than to that for sulfur [154].

Figure 6.4: Single vacancy formation energies (E f orm) of sulfur sites located along a vertical line
crossing the 66 atom unit cell system . Each bar in the graph gives the formation
energy of a single S defect for the corresponding S atoms from the string of encircled
atoms below, as denoted by the respective arrow.

6.3.2 Electronic Properties

The precise fabrication of electronic devices built from hybrid materials such as the
1T/2H MoS2 monolayer consider here [131, 138] requires a deep understanding of how
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the electronic structure could be affected by changing the size, as well as the shape of
the 2H and 1T domains in the MoS2 heterostructure. We have therefore investigated
the influence of the width of the embedded 1T-MoS2 on the electronic properties of the
hybrid monolayer. Through the analysis of the electronic density of states (DOS) (shown
only for the largest width - see Fig.6.5), we find that for all the different widths of the 1T
ribbon considered here, the hybrid monolayer shows a metallic behavior.

The total electronic DOS of the largest hybrid MoS2 considered here (see Fig.6.3b) is
depicted in Fig.6.5a. Results are shown only for this structure, as the relevant properties
for the smaller structures are qualitatively similar. The top and bottom panels of this
graph also display the projected and partial DOS (PDOS) of the same system. From
Fig.6.5a it can be seen that in the vicinity of the Fermi level the largest contribution
comes from the 1T phase. In addition, a comparison of the Mo and S contributions
reveals that in both phases, the largest contribution originates from the Mo rather than
the S atoms. Regarding the different orbital contributions to the electronic structure, it
is known from the literature that in 2H MoS2 both valence and conducting bands are
mainly dominated by the 4d states of Mo with a slight contribution from the 3p states of
S [155]. For the single-phase metallic 1T-MoS2, the 4d states of Mo and the 3p states of S
contribute to the electronic states in the vicinity of the Fermi level [155]. The projected
DOS decomposition with respect to the 3p and 4d orbitals of the S and Mo atoms in
the upper graph of Fig.6.5a corroborate with previous observations. Indeed, around the
Fermi level (from −0.5 to +0.5 eV) the 4d orbitals of Mo and the 3p orbitals of S from
the 1T part of the monolayer dominate. The respective orbitals of the 2H phase become
more important further away from the Fermi level and are connected to the bandgap
edges of this phase.

An additional important feature is related to the interface. As mentioned previously, by
construction, the interfaces between the 2H and 1T phases in our hybrid MoS2 model
are not symmetric. This asymmetry prompted us to investigate the partial DOS (PDOS)
and the contributions of the Mo and S atoms of the 1T and 2H phases close to both
interfaces. The different atoms/regions included in the analysis are shown in Fig.6.5b.
The hybrid structure is divided into three regions, the 2H phase, the top 1T, and the
bottom 1T phase. The partial DOS of the Mo and S atoms in the different parts of the
hybrid monolayer on both sides of the two interfaces are given in the lower panel of
Fig.6.5a. It becomes clear that atoms from the ’top’ and ’down’ part of the 1T ribbon
make different contributions to the total DOS. From this figure, we note that the ’down’
part of the 1T region contributes more to the total DOS than the ’top’ part of 1T close
to the Fermi level, a clear confirmation of the interface asymmetry. The contributions of
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Figure 6.5: Density of states of the largest relaxed structure (66 atoms/unit cell) from Fig.6.1d. In
(a) The upper graph shows the total DOS and the projected DOS with the contribu-
tions from the 3p states in S and the 4d states in Mo in both 1T and 2H phases in the
hybrid MoS2. In the lower graph the partial DOS based on the contributions of the S
and Mo atoms of the 2H and 1T phases close to the two (’top’ and ’down’) interfaces
are given. The legends correspond to the structure in b), which shows two unit cells
of the largest structure in Fig.6.1d. The two dotted vertical lines in the lower graph
indicate the energy interval (from −0.64 eV to −0.22 eV) used for the analysis of the
local currents in Section 6.3.3. In all cases, the Fermi level ( EF) is aligned with zero
on the energy axis
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the Mo atoms in all parts of the system are higher than those from S, as expected. It is
also clear, that more states are associated with both Mo and S atoms of the ’down’ 1T
part than in the case of the ’top’ 1T part. In view of the transport properties , which
we will discuss next, this feature would relate to additional electronic pathways for the
movement of electrons along the ’down’ interface of the material compared to the ’top’
interface.

6.3.3 Electronic Transport

We next turn to the calculation of the electronic transport along the hybrid MoS2 mono-
layer. Previous theoretical studies only considered the coexistence of the 1T and 2H
phases within the same monolayer [135, 137]. But did not investigate a single 1T ribbon
embedded in the 2H phase which is more closely resembling the situation in experi-
mental studies [131] that aim for the realization of electronic transport devices. In fact,
the periodic boundary conditions used in the DFT calculations induce a potential re-
peating across the periodic images of the hybrid MoS2 structure. Within the transport
simulations, no such periodicity is assumed. Accordingly, the DOS from the transport
calculations reveals a small gap unlike the results from the periodic DFT simulations.

For the structure in Fig.6.1e, the calculated electronic transmission curves are drawn in
Fig.6.6a. No transmission of the electronic current is observed for the interval of about
±0.1 eV around the Fermi level, consistent with the gap in the total DOS in Fig.6.6b. The
transport calculations were performed also by considering leads and scattering region
larger than the ones shown in Fig.6.1e and have led to similar results. This successful
convergence test shows that the results presented here do not change when the electrode
would be made larger, as in a typical hybrid MoS2 electronic device. Overall, the trans-
mission profile close to the Fermi level, is well structured, having many peaks denoting
a large transmission at the respective energies. In the inset of Fig.6.6a the transmission
curves for the single-phase MoS2, both the 1T and the 2H, are given for comparison. A
clear metallic behavior for the 1T phase is shown, while the 2H phase shows zero trans-
mission between roughly −1.0 to 1.0 eV. The transmission function of the hybrid MoS2

shows a stepwise behavior indicating a ballistic transport. Although the transmission of
single-phase MoS2 shows a smoother behavior, the system is also ballistic. In the simula-
tions, increasing the number of k-points perpendicular to the transport direction, lead to
a decrease of the transmission steps became until these reached the limit of the smooth
curve. The length of the scattering region along the transport direction for the systems
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Figure 6.6: (a) The transmission spectra for the hybrid monolayer of Fig.6.1e. The vertical dotted
lines at -0.64 eV and -0.22 eV correspond to the energies used in the analysis of the
wavefunctions and the local currents below. The inset plots the transmission as a
function of energy (in units of eV) for the single-phase 1T and 2H MoS2 monolayer.
(b) The total DOS for the same material. All data shown in this figure were obtained
from the NEGF calculations.

studied here is much smaller (≈ 22Å ) than the electron mean free path in MoS2 [156].
Accordingly, one might expect a ballistic transport for these systems. A similar behavior
would be expected even if the device length would be increased by several factors.Note,
that the gap in the hybrid case is much smaller than in the 1T case. Similar to the small
DOS discrepancy between the periodic and the finite structures in Fig.6.5 and Fig.6.6b,
this might indicate that in the limit of a large width of the 1T phase, the gap in the
transmission T(E) might close.

In order to understand the transmission curves in Fig.6.6a and unveil the microscopic
mechanism behind them, the local currents transmitted across the hybrid system are
visualized for the energy values -0.64 eV (Fig.6.7a) and -0.22 eV (Fig.6.7b) . The local
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currents at zero bias essentially map the transmittance projection between two sites and
can be obtained from the non-equilibrium Greens functions and the transmission using a
Keldysh formalism [76]. Details on the full derivation of the local currents are described
elsewhere [104,109]. Comparison of the two energy values reveals a qualitative difference
in the electronic transmission across the hybrid MoS2. The energy value of -0.64 eV
corresponds to a higher transmission than at -0.22 eV ( referring to the dotted lines in
Fig.6.6a). The corresponding local currents for these two energies show also different
characteristics. Interestingly, current is not flowing along the whole 1T region as was
expected. The local currents are rather associated with specific parts in the 1T ribbon.
Fig.6.7a shows a significant current across the top interface and the top half of the 1T
region. The amount of local currents is less on the lower part of the 1T phase. This
is confirmed by the zero bias scattering state eigenchannel wavefunctions (EWFs) (not
shown). These wavefunctions are not equally spread across the metallic region along the
transport direction. At this energy, the different signs of the EWFs on the bottom 1T part
cancel out, so that there is only a small amount of local current in this region. At -0.64 eV,
there is current flowing across a different part of the metallic phase in the hybrid system
compared to the case at -0.22 eV. There is more current flowing across the upper half of
the metallic region and less current in the lower part at -0.64 eV. At -0.22 eV (Fig.6.7b), the
EWFs are spread out across the lower part of the 1T material and the bottom interface
supporting the finding that local currents are found at the bottom interface. The results
indicate that at both energies, both Mo and S atoms are involved in promoting the flow
of the electrons and that electron motion is indeed associated mainly with the metallic
region and the interface, while the 2H phase does virtually not participate. Note, that we
have chosen two energy values which link the electronic properties shown in Fig.6.5 to
the asymmetry in the structure and transport properties in Fig.6.7 and the EWFs. Other
energies should lead to different contributions in these properties.

One can observe that by construction the bottom and the top interface are not symmetric
to each other (see Figs.6.1, 6.5b) as mentioned in the section on the structural character-
istics of the hybrid MoS2. Accordingly, depending on the energy, only one of the two
interfaces is strongly related to the transport. Across that interface, a layer of Mo and S
atoms from the 2H region are involved in the transport. This is evident from the local
currents. Nevertheless, we have observed that the energy (or gating voltage) controls
which parts of the metallic regions are involved in the transmission. As a way to unveil
the mechanism which leads to a transmission along part of the metallic region, we turn
again to the partial DOS in the lower graph of Fig.6.5a. Due to the asymmetry of the
interface the ’down’ part of the 1T ribbon has shown a larger contribution to the PDOS
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Figure 6.7: Local currents for the setup shown in Fig. 6.1e are depicted. The results are shown
for two energies corresponding to the vicinity of transmission peaks (see Fig.6.6a) at
-0.64 eV (left panel) and -0.22 eV (right panel).
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close to the Fermi level than the ’top’ 1T part (green and orange lines in the lower graph
in Fig.6.5a. This observation can explain the non-homogeneous current flow through the
1T ribbon. In addition, the higher DOS at -0.64 eV compared to -0.22 eV justifies why the
currents are localized in the upper 1T part in the former case and the lower 1T part in the
latter case as visualized in Fig.6.7. Nevertheless, on the interface at each energy value
a current accumulation due to interface states has been observed. This analysis shows
the strong dependence of the electron transport along the hybrid MoS2 monolayer on its
PDOS and the available electronic states at different parts of the material. Accordingly,
these results suggest that a careful design of the hybrid interface would selectively tune
the electronic transport along the hybrid monolayer and control which part of the em-
bedded ribbon is involved in the transmission. Such a design would link to the exact
experimental gating voltages leading to the desired transmission pattern.

6.4 Summary

In this work, we have probed the structural, electronic, and transport properties, as well
as the stability of hybrid MoS2 monolayers. These hybrid systems are composed of a
1T metallic ribbon embedded in the 2H MoS2 phase forming an interface with armchair
edges. We have varied the size of the embedded metallic ribbon in order to assess its in-
fluence on the properties of the hybrid system and have obtained converged properties.
We have observed the formation of a stable, planar interface which includes atomic sites
of different stabilities. Following a single sulfur vacancy analysis along the heterostruc-
ture, we have identified the unstable regions of the hybrid system, which are located at
the armchair interface. The electronic properties of the hybrid monolayer showed a clear
metallic character, as the 1T part of the heterostructure introduces states in the electronic
bandgap of the 2H region. Clear electronic transmission signals across the structure,
which become negligible very close to the Fermi energy have been observed and are
attributed to the finite structures in the calculations. Extrapolation to a large periodic
hybrid MoS2 is expected to promote electron transmission also close to the Fermi level.
Visualization of the local currents at different energies clearly manifest the flow of elec-
trons across the metallic part and the interface of the material. The exact features vary
with the exact energy value and the asymmetry of the interface. The local currents have
verified the strong influence of interface states on the transmission spectra.

Interpretation of our results in view of the current high interest on 2D MoS2 and in
general on TMD structures would lead to 2D materials with tunable properties. This
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would be a special feature of 2D TMDs as opposed to graphene. Specifically, the vari-
able properties of hybrid MoS2 would allow for a selective design of electronic devices as
controlling the interface between the semiconducting and the embedded metallic phase
would lead to a modulation of the transmitted current. Tuning the interface would con-
trol not only the amount of current flowing along a device, but also the part of the device
that is conducting. A further thorough investigation of this polymorphicity, as proposed
through our work, would lead to new materials and novel applications in nanoelectron-
ics well beyond those based on graphene. Specifically, our point defect investigation
is highly relevant to the nanopore formation using an electrochemical reaction process
in MoS2 nanopores and the subsequent detection of translocating DNA [142]. Within
this concept, our analysis provides a deeper understanding on the earliest stages of the
nanopore formation process and a a qualitative insight at the direction of pore growth.
The results denote, that in order to begin a pore opening process in a hybrid MoS2 mono-
layer, first a sulfur atom at the interface needs to be missing. Using then an electrochem-
ical reaction process the pore opening can be initiated in the neighborhood of the single
point defect. We conclude that based on our results, the pore growth is therefore likely to
start at the interface and move favorably in the direction of the 1T phase/interface rather
than towards the 2H phase. A first view of the Hybrid MoS2 based nanopore (Fig. B.1)
generated along these lines can be seen in Appendix B. Accordingly, our work provides
important insights regarding the pathways for selectively opening a nanopore in hybrid
MoS2 leading to properties superior to those of single-phase MoS2. These results are
expected to have a large impact on the fabrication of novel nanopores, biosensors, and
tunable electronic devices.
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7 Summary and Outlook

The field of nanopore sequencing has evolved rapidly over the last three decades. The
first sequencers based on biological nanopores are commercially available now. Starting
from the beginning of last decade, attempts have been made to take advantage of the
huge progress achieved in the semiconductor process technologies. This has resulted in
the development of sequencing techniques based on solid state substrates and sensing
schemes beyond ionic current. However, miniaturization of such sensing schemes leads
to difficulties in the spatial confinement of translocating molecule in the vicinity of the
sensors and the nature of sensed signal itself subject to quantum mechanical effects. This
thesis aims to take on the aforementioned challenges from a computational modeling
perspective.

The main goal of this thesis was to improve the reading out features of nanopores by
using transverse electronic transport calculations. This was divided in to two parts. In
the first part, detection was made through tunneling sequencing scheme, while in the
second part a current modulation scheme is proposed for the detection of the nucle-
obases. Our proposal is a novel 2D material based on MoS2. The electronic transport
was modeled by the non-equilibrium Green’s function (NEGF) method coupled to den-
sity functional theory. In addition, the electronic structure calculation were performed
using density functional theory (DFT).

Tunneling sequencing involves reading out the DNA sequencing by means of metal elec-
trodes embedded in the nanopore as the biomolecules translocated through the pore.
The main challenges of the tunneling sequencing scheme is to improve the electronic
coupling between the translocating molecule and the metal electrodes. The experimen-
tally accessible tunneling current amplitudes show broad overlapping distribution, pos-
sibly arising from large number of molecular conformation in the nanogap. Diamon-
doids are a family of diamond caged molecules with hydrogen terminations. A large
number of chemical derivatives of diamondoids are also available, along with excellent
stability, and tunable electronic properties, making them ideal for nanotechnology ap-
plications. Our proposal in this thesis is to modify the metal electrode (via thiol group)
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with derivatives of diamondoid molecules. These molecules can form hydrogen bond
bridge with DNA nucleobases. The investigation in itself is divided into two steps.
The first step involves an investigation at the level of DFT to unravel the interaction of
isolated diamondoid derivatives with nucleobases. The hydrogen bonded complexes
formed between three nitrogen doped derivatives of amantadine with the four pristine,
one methylated, and one mutated nucleobases were investigated. The calculated interac-
tion energies were found to be of moderate strength, ideal for hydrogen bond bridge. In
addition, we also looked at the variation of hydrogen bonding subject to translation and
rotation along a reference axis. Finally, a qualitative analysis of electronic band gap was
presented to access the sensing potential of such molecules. The second step consisting
of investigating the electronic transport across single (diamondoid) functionalized gold
electrodes. The second step was performed in line with the isolated molecules chosen
in the first step. The calculated transmission curve, revealed that each of the nucleotides
has a distinct resonance peak below the Fermi level. We suggested a gating sensing
scheme to sample these distinct peak for the purpose of sensing. Consequently the con-
cept of device sensitivity was introduced to compare the effectiveness of the device at a
reference gating voltage in distinguishing the nucleotide’s. The device sensitivity plots
in turn revealed a clear pathway in discriminating the pristine nucleotides, methylation,
and mutation. Comparison of the device sensitivity for three difference diamondoid
functionalization revealed memantine to be the best functionalizing molecule. In the
next step, We will investigate electronic transport across double (memantine) function-
alized gold electrodes devices. This will unravel the effect of a second functionalization
i.e. the backbone grabber memantine electrode, towards discriminating the DNA nu-
cleotides. Issues such as a conformation scan, the influence of environment (water and
ions) etc. have not been investigated in this thesis. To tackle these issues, ab initio
molecular dynamics simulations of double functionalized devices interacting with short
polynucleotides along with the environment are expected to be performed in further
steps.

In the second part, we turned out attention to sensing scheme beyond electron tunneling.
We investigated 2D material beyond graphene, that can be a potential current modula-
tion sensor for DNA. The availability of structural polymorphism, and hydrophilic na-
ture of MoS2 made it an ideal candidate. For this purpose a hybrid monolayer consisting
of metallic 1T-MoS2 embedded in semi-conducting 2H-MoS2 was chosen. The structural,
interface (i.e. separating metal and semiconducting regions), electronic, and point de-
fect formation in this hybrid monolayer was investigated. Structural relaxation revealed
that the non-symmetric armchair interface to be stable, and distortion in the Mo-Mo dis-
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tances in the metallic region. Electronic transport calculations further revealed that the
non-symmetric nature of interface leads to asymmetry in the current flow across the two
interfaces by means of gating. The point defect analysis gave further hints to the initia-
tion of pore opening by electrochemical reaction. Further, a first view of the hybrid MoS2

based nanopore (Fig. B.1) is discussed in Appendix B. We have provided a preliminary
discussion on a nanopore opening on a hybrid MoS2 monolayer. A number of dangling
bond were observed on the pore edges. Work is under progress to chemically passivate
the pore edges. Different chemical groups will be considered for the passivation. Analy-
sis will be performed to understand their effects on the stability, and electronic property
of the nanopore. Once the nanopore formation, and edge passivation are characterized,
topics such as DNA sensing, conformation scan, inclusion of water and ions etc. are
expected to be taken up further.
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A Diamondoid Functionalised Devices

The projected density of states (PDOS) as computed through the DFT-NEGF formalism
are discussed in this appendix. Focus is given on the shaded energy interval [-1.40,-0.75]
eV (Fig. 4.3 in Chapter 4), which should be relevant for experiments. The calculations
were performed using the Inelastica package [157]. All the PDOS curves have been plot-
ted in the top panels of Fig. A.1a-A.1d corresponding to each nucleotide within the
amantadine functionalized electrodes (Fig. 4.1b). The transmission curves have been re-
produced in the bottom panels in these figures. The PDOS has been decomposed into
the electronic contributions coming from the diamondoid (‘ama’), the nucleotides (A,
T, C, G), and the gold (’Au’). As observed in Fig. 4.3, all transmission curves show a
resonance peak (in the energy interval) for each nucleotide. For example, in the case of
A (Fig. A.1a) the resonance peak in the transmission curve is clearly complemented by
an increase in PDOS occupancy at exactly the same energy (-0.98 eV). Inspection of all
PDOS curves reveal that the resonance peak in the transmission curves arises from the
nucleotide contribution. The other components of the ‘ama’ and ‘Au’, do not show the
same behavior in all the cases.

In Chapter 4), we had observed that T has a smaller resonance peak compared to all the
other nucleotides. On analyzing the PDOS curve (Fig. A.1b), it can be observed that there
is an increase in contribution from the T component at -1.26 eV. But this is significantly
lower in PDOS occupancy in comparison to other nucleotide cases, resulting in a smaller
resonance peak in the transmission curve for T. The bulk of the contribution towards the
transmission curve in the energy range seems to be arising from the contribution of
’ama’ component. In all the other cases, the nucleotide component seems to be the
highest contributor towards the PDOS at their respective resonance peaks. Notice that
for C (Fig. A.1c), there are two distinct resonance peaks in the energy interval. For the
analysis purpose the peak with larger transmission value (i.e. at -1.3eV) was chosen.
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Figure A.1: PDOS (top panel) and transmission curve (bottom panel) plotted on a semi-log scale
for amantine functionalized devices (Fig. 4.1b) : a) deoxyadenosine monophosphate
(A), b) deoxythymidine monophosphate (T) c)deoxycytidine monophosphate (C) and
d) deoxyguanosine monophosphate (G). The energy axis has been shifted so as to
align zero with the Fermi energy, EF.
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B Hybrid MoS2 Nanopore

As a preliminary study towards using a hybrid MoS2 for biosensing, we have investi-
gated the electronic properties of a hybrid MoS2 based nanopore. For this a hole was
opened in this material. The structure for the nanopore opening was generated by repli-
cating six units of the 66 atom armchair unit cell shown in Fig.6.1d. Starting from the
neighborhood of the identified point S vacancy at the interface from the analysis of
Fig. 6.4, a pore was formed in the metallic region of monolayer. The diameter (≈ 12.5Å)
of the pore was chosen from a geometric consideration so as to fit in the smallest nu-
cleotide. The resulting structure was fully relaxed with density functional theory. A
kgrid of 20×1×20 was used for the Monkorst-pack sampling of the density of states
(DOS).

Figure B.1: Left panel: Hybrid MoS2 based nanopore. Right panel: Density of states calculated for
the structure in left panel. In all cases, the Fermi level ( EF) is aligned with zero on
the energy axis.
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The the left panel of Fig. B.1 shows the relaxed structure of nanopore. Since the pore
opening was performed using geometric consideration as explained above, the pore
seems to have grown more towards the top interface. The DOS plot can be seen in the
right panel of Fig. B.1. Notice that similar to the DOS for the pristine monolayer (Fig. 6.5),
the structure with the nanopore also shows occupancy at the Fermi level suggesting a
metallic nature. Similar to the pristine monolayer case, the larger contribution towards
the DOS comes from Mo atoms. Notice that most of the pore edges are S atom ter-
minated as seen in the left panel of Fig. B.1. A number of dangling bonds can also be
observed along the pore edges. Atoms or chemical groups have to be introduced to pas-
sivate the pore edges. Previous studies on 2H-MoS2 monolayer based nanopore has not
looked in to the chemical passivation of pore edges [141]. A number of chemical groups
will be considered for chemical passivation of pore edges (e.g. hydrogen). The effect of
such chemical passivation in promoting the structural stability, and the electronic prop-
erties of the nanopore will be examined. The non-symmetric nature of the interface is
also expected to offer interesting biosensing perspectives by means of tunable current
flow by gating as observed in Chapter 6. These would be considered in our further
investigations.
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