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Abstract

DNA (Deoxyribonucleic Acid) is the blueprint of life as it encodes all genetic
information. In genetic disorder such as gene fusion, Copy Number Variation (CNV)
and single nucleotide polymorphism, Nucleic acids such as DNA bases detection and
analysis is used as the gold standard for successful diagnosis. Researchers have been
conducting rigorous studies to achieve genome sequence at low cost while maintaining
high accuracy and high throughput. Quick, accurate, and low cost DNA detection
approach would revolutionize medicine. Genome sequence helps to enhance people’s
perception of inheritance, disease, and individuality. This research aims to improve
DNA bases detection accuracy, efficiency, and reduce the production cost, thus novel
based sensors were developed to detect and identify the DNA bases. This work aims
at first to develop specialized field effect transistors which will acquire real time
detection for different concentration of DNA. The sensor was developed with a
channel of graphite oxide between gold electrodes on a substrate of silicon wafer using
Quantumwise Atomistix Toolkit (ATK) and its graphical user interface Virtual
Nanolab (VNL). The channel was decorated with trimetallic nanoclusters that include
gold, silver, and platinum which have high affinity to DNA. The developed sensor was
investigated by both simulation and experiment. The second aim of this research was
to analyze the tissue transcriptome through DNA bases detection, thus novel graphene-
based sensors with a nanopore were designed and developed to detect the different
DNA nucleobases (Adenine (A), Cytosine (C), Guanine (G), Thymine (T)). This
research focuses on the simulation of charge transport properties for the developed
sensors. This work includes experimental fabrication and software simulation studies
of the electronic properties and structural characteristics of the developed sensors.
Novel sensors were modeled using Quantumwise Atomistix Toolkit (ATK) and its
graphical user Interface Virtual Nanolab (VNL) where several electronic properties
were studied including transmission spectrum and electrical current of DNA bases
inside the sensor’s nanopore. The simulation study resulted in unique current for each
of the DNA bases within the nanopore. This work suggests that the developed sensors
could achieve DNA sequencing with high accuracy. The practical implementation of
this work represents the ability to predict and cure diseases from the genetic makeup

perspective.
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Chapter 1: Introduction

1.1 Overview

DNA Sequencing is one of the most important innovations during this decade.
That is why it is highly important to achieve cheap, reliable and fast DNA sequencing
approach. It is a vastly advancing technology to obtain the bases sequence in human
genome. This sequence information significantly affects the recognition and
medication of disease. Acquiring reliable, quick, and cheap DNA sequencing
facilitates personalized medicine procedure where right medication will be given to
patients. Each individual has his own unique DNA signature. Knowing this sequence
could potentially mean that people might know many of the diseases, they could face
during their lifetime. DNA Sequencing helps to interpret genetic data into clear
answers enabling people to make informed decisions based on their genetic
prepositions and risks. Analyzing DNA unlocks individual’s Genetic profile and helps

finding the genetic risk and common diseases.

Finding the DNA sequence will (i) identify individuals because each individual
has a unique genetic sequence, (ii) determine Gene Structure, (iii) find genetic

disorder, and (iv) develop personalized medicine to improve human health.

Several studies have been conducted by researches to fabricate sensors that will
achieve cheap genome sequencing with accurate and quick results. Recently,
nanotechnology-based methodologies such as nanopore sequencing approaches are
being deeply studied and established. VVarious nanopore methods have been developed,
explored, and studied to pave the way for successful and reliable sequencing. Due to

graphene unique properties and structure, a variety of graphene-based biosensors were
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proposed and studied theoretically and experimentally. There are various approaches
for DNA sequencing using graphene such as nanopores, nanoribbons, nanogaps, and
DNA physisorption in graphene (Heerema & Dekker, 2016; Wasfi, Awwad, & Ayesh,
2018). DNA sequencing using graphene nanopore and nanogap methodology will be

applied in this research.

1.2 Objectives

This work was aimed at first building a specialized Field Effect Transistor
(FET) that performs real-time detection of the concentration of the DNA in a biological
fluid sample. The second aim of this work was to analyze the cell/ tissue through DNA
bases detection. To achieve the second objective, a device based on nanoporous
material was designed and tested to identify the signatures of each nucleotide
(Adenine, Cytosine, Guanine, and Thymine). Moreover, this research work focuses on

the software simulation of charge transport properties of the above devices.

This work involves software simulation and fabrication experiments studies of
the electronic as well as structural properties of these sensing devices. The novel
devices designed in this work assist the international efforts that aim to determine the
DNA bases using sensitive, cheap, and reliable methods. The results obtained from
this work were analyzed and compared to the software simulation results based on

molecular dynamics, as well as the previous relevant studies.

1.3 Relevant Literature
In this section, the significance, history, advances, generations, applications,

methods, and potentials of DNA detection are reviewed.



1.3.1 DNA

DNA is made up of nucleotides. Each nucleotide consists of a sugar group, a
phosphate group and a nitrogen base. The four types of nucleobases are Adenine (A),
Thymine (T), Guanine (G) and Cytosine (C). The chemical structure of DNA is
displayed in Figure 1. The DNA sequence or the genetic code is determined by the
order of the four nucleobases. DNA sequencing is the process of reading off the
sequence of bases within a DNA molecule. It includes all techniques or methods used
in determining the order of the four bases A, G, C, and T in a DNA strand. DNA
sequencing has become substantial in biological research, and in various fields such as
biotechnology, medical diagnosis, forensic biology and medical systems. DNA
sequencing is a promising process that is why there has been a huge effort to develop
DNA sequencing techniques through the years. The advancement toward fast, reliable
and cheap sequencing has witnessed huge improvement since the Human Genome

Project in 2001 (Lander et al., 2001) .
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Figure 1: DNA Chemical Structure. (Wasfi et al., 2018)



1.3.2 History of DNA Sequencing

Over the last fifty years a huge number of DNA sequencing techniques were
established. This period of time witnessed a massive improvement in these techniques

from sequencing few DNA bases to millions of DNA bases such as a whole gene.

1.3.2.1 First-generation DNA Sequencing

In 1965, the first whole nucleic acid sequence was produced (Holley et al.,
1965) and a related technique was introduced during the same year by Fred Sanger
(Sanger, Brownlee, & Barrell, 1965). The first complete protein-coding gene was
sequenced in 1972 (Jou, Haegeman, Ysebaert, & Fiers, 1972). Few years later, a
complete nucleotide sequence of bacteriophage MS2 RNA was performed (Fiers et al.,
1976). During mid-1970s Sanger developed a new rapid technique ‘chain-termination’
to determine the sequence of nucleotide in single strand DNA and Maxam and Gilbert's
used chemical agents to break the DNA molecule to its bases in order to find out the
sequence (Maxam & Gilbert, 1977; Sanger & Coulson, 1975). Sanger and Maxam
techniques were adopted widely and considered as the birth of first generation DNA
sequencing. These first generation techniques provided a very short read length where

DNA is broken into short fragments before sequenced.

1.3.2.2 Second-generation DNA Sequencing

Second generation techniques differed from the previous ones in that they did
not affect nucleotide identity. These techniques started in 2005 with a report of parallel
pyrosequencing from 454 Life sciences (biotechnology company) (Margulies et al.,
2005). Sequencing machines produced by 454 Life sciences allowed the parallelization

of the sequencing reactions which increased the DNA amount that can be sequenced
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in one run (Margulies et al., 2005). Various parallel sequencing techniques were
established after the success of 454 Life sciences’ sequencing machines such as Solexa
technique (Voelkerding, Dames, & Durtschi, 2009). Another notable second
generation sequencing technique is “DNA nanoballs” which is based on sequence by
ligation (Drmanac et al., 2010). In 2011 one more remarkable technique called post-
light sequencing was developed by Jonathan Rothberg (Rothberg et al., 2011).
Illumina sequencing techniques which provides the lowest cost and highest throughput
is considered the most successful second generation sequencing technique (Greenleaf

& Sidow, 2014).

1.3.2.3 Third-generation DNA Sequencing

Third generation techniques are those capable of single molecule sequencing
without the need for amplification. These techniques will lead to cost reduction and
procedure simplification. One of the most widely used third generation techniques are
the single-molecule real-time sequencing techniques (Clarke et al., 2009). Nanopore
sequencing is the most promising third generation technique. Nanopore techniques
include biological, solid state and hybrid nanopores. Oxford Nanopore Technologies
(ONT) is one of the leading companies in nanopore technology (Clarke et al., 20009;
Eisenstein, 2012). Nanopore sequencing is based on the conductivity of the pore where
the ion currents change when the pore is blocked by a nucleobase. Each nucleobase
blocks the ionic current in a different way (Branton et al., 2008). Nanopore techniques
do not need polymerase chain reaction PCR amplification or other molecule
modification and promise cost reduction, speed increment of DNA sequencing, error
rate reduction and an increment in the read length of DNA fragments. The crucial

challenge with nanopore technique is slowing down the DNA translocation speed



through the nanopore.

1.3.3 Graphene for DNA Sequencing

Graphene-based DNA sequencing has grown tremendously because of
graphene unique structure and properties. Graphene or Graphene Oxide (GO) is a
unique material that provides novel opportunities and approaches for DNA
sequencing. Graphene is a one-layer carbon atoms that are bonded in a repeating
hexagon pattern. It is an extremely thin material that is considered two dimensional.
Graphene has a number of superb properties: it is (i) extremely thin, (ii) highly strong
because of the strong bonds between the carbon atoms, (iii) very flexible, (iv)
transparent, (v) conductive since it allows electrons to move quickly and (vi) cheaply
produced (Sheka, 2014). Graphene and its derivatives such as Graphene Oxide and
Graphite Oxide are unique materials that provide novel opportunities and approaches
for DNA detection. Graphene Oxide is an oxidized form of graphene, while Graphite
Oxide is multilayer of Graphene Oxide. There are various graphene-based DNA

sequencing approaches.

Graphene nanoribbons can be produced by cutting graphene through a method
called chirality vector. The two types of Graphene Nanoribbons (GNRs), based on
carbon atoms arrangement and edge termination, are: Zigzag Graphene Nanoribbons
(ZGNR) and Armchair Graphene Nanoribbons (AGNR) (Qiu, Nguyen, & Skafidas,
2014). AGNR behaves like a semiconductor or a metal depending on the number of
carbon chains within the width which is denoted by Na. For Na = 3p + 2, AGNR is
metallic, while for Na = 3p + 1 or Na = 3p, it is semiconducting, where p represents a

positive integer. Alternatively, ZGNR behaves like a metal (Qiu et al., 2014).



1.3.3.1 Graphene-Based DNA Sequencing Approaches
1.3.3.1.1 Graphene Nanopore for DNA Sequencing

The first approach is ionic current detection through a graphene nanopore
where DNA molecule bases block the ionic current passing through nanopore in a
graphene sheet as shown in Figure 2. The concept of DNA sequencing through
graphene nanopore is simple, where a single nanopore is created in a graphene
membrane immersed in an electrolyte solution. Nanopores are fabricated in graphene
membrane using Focused Electron Beam (FEB) or Focused lon Beam (FIB) drilling .
An ionic current will be induced through the pore after applying a voltage to the
membrane and ions will be driven through the pore. The graphene membrane has a
pore that is sandwiched between two compartments containing an electrolytic solution.
Then the voltage is applied across the graphene membrane. After that, the ionic current
is induced through the pore. DNA bases will pass through the pore and each base will
affect the ionic current differently. The duration of current blockage and variations in

its magnitude will provide an indicator to determine the sequence of the DNA bases.

Nanopores are categorized into three types: (i) Biological nanopores based on
proteins, (ii) solid state nanopore fabricated using solid substrates such as graphene
and (iii) hybrid which is a combination of both. In general, the channel constituting the
solid-state nanopores is considered to be very long compared to the DNA bases. It is
approximately 100 times the distance between two DNA bases which is a major
limitation (Schneider et al., 2010). Graphene provides an ideal solution for this issue
since graphene thickness is ~0.3 nm which is only one atomic layer (Novoselov et al.,
2004). This means that graphene thickness is the same as the distance between two

bases.
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Solid-state nanopores such graphene nanopores have many advantages: high
stability, lower sensitivity and well-suited for massive upscaling. On the other hand, it
has increased noise levels and lack of atomic control. The simulations revealed some
challenges with DNA sequencing via solid-state nanopores, as they showed that
sequencing errors occur since the bases move stochastically through the pore and

conformational fluctuations of the bases occur (Heerema & Dekker, 2016).
®

Figure 2: Schematic display for DNA sequencing through graphene nanopore.
(Heerema & Dekker, 2016).

1.3.3.1.2 Tunneling across a Graphene Nanogap

Figure 3 displays tunneling across a graphene nanogap approach where each
base within a nanogap leads to a different tunneling current through the gap since
different bases have different electronic level of structure. The idea is to measure the
conductance through two graphene electrodes and to control the current variations
when DNA bases go through the nanogap. When different DNA bases fall within the
voltage window of the two electrodes, a special and different current will be noticed

(Heerema & Dekker, 2016). The transverse conductance of the DNA passing through
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the graphene nanogap results in a nonlinear current-voltage characteristic where the
current changes by 5 orders of magnitude (the reference for the change is 10). This
will help in finding out the nucleobase type independently without being affected by
the width of the nanogap. The expected sequencing error is based on the nanogap
width. The nanogap sequencing can be done with a very small gap with a size ranging
from 1-2 nm (Prasongkit, Grigoriev, Pathak, Ahuja, & Scheicher, 2011) . Graphene
layers thickness is not critical when using this approach since the tunneling current is
sensitive to the distance between the nucleobase and the electrodes. In this approach,
the use of graphene layer as the membrane and electrodes resolves the issue of
fabricating nanoelectrodes aligned with the nanogap. (Arjmandi-Tash, Belyaeva, &

Schneider, 2015; Bayley, 2010; Heerema & Dekker, 2016).

Graphene nanogaps can be fabricated using various methods such as
nanolithography with an STM (Tapasztd, Dobrik, Lambin, & Bird, 2008),
electromigration (Venema et al., 1997), local anodic oxidation (Weng, Zhang, Chen,
& Rokhinson, 2008), TEM nanofabrication (Fischbein & Drndic, 2008), or catalytic
nanocutting (Ci et al., 2008; Datta, Strachan, Khamis, & Johnson, 2008). The optimal

nanogap width is 1-1.5 nm to achieve single stranded DNA (ssDNA) sequencing.

There are many theoretical studies for DNA detection using graphene
nanogaps, but till now there is no experiment on DNA sequencing. This approach is
promising, but unfortunately there are no experimental studies. The experimental
challenges for DNA detection using graphene nanogap are (i) the small tunneling
current, (ii) large fluctuations, (iii) the high DNA translocation speed and (iii) the high

noise rate (Heerema & Dekker, 2016).
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Figure 3: Schematic display of DNA sequencing using tunneling across graphene
nanogap. (Heerema & Dekker, 2016).

1.3.3.1.3 In-plane Transport of a Graphene Nanoribbon with a Nanopore

Figure 4 displays the third approach which is in-plane transport of graphene
nanoribbon where DNA bases modulate the ionic current passing through graphene
nanoribbon differently. This approach has an advantage over the previous one since
the current in the nanoribbons is larger. It is predicted that graphene nanoribbons will

provide better base recognition results (Heerema & Dekker, 2016).

The interactions between the nucleobases and the graphene pore modulate the
nanoribbon current. The different coupling strength of the nucleobases with the
graphene nanoribbon enabled the researchers to identify the base type and find the
DNA sequence (Heerema & Dekker, 2016). In this approach, the nucleobases pass
through the pore in graphene nanoribbon. The conductance spectra and the charge
densities were analyzed for each nucleobase in the graphene nanopore. The fabricated
device has enough sensitivity to distinguish between the different nucleobases. This

technique is helpful for developing fast and low-cost DNA sequencing (Nelson,
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Zhang, & Prezhdo, 2010). In 2013, the first experimental study for DNA sequencing
using DNA translocation through graphene nanoribbons with nanopores was reported
(Traversi et al., 2013). This study showed that graphene nanoribbon transistor can be
integrated with solid state nanopore to fabricate a DNA biosensor. This graphene
nanoribbon transistor consists of two gold electrodes connected through a graphene
nanoribbon channel where a nanopore is placed in the middle and a gate underneath
the channel. Using this sensor, DNA sequence is detected by measuring the ionic
current drops and the changes in the transistor local voltage. The fabricated device
measures the ionic current in real time to accomplish real time sequencing (Traversi et

al., 2013).

1
g

Figure 4: Schematic display of in-plane transport of a graphene nanoribbon with a
nanopore. (Heerema & Dekker, 2016). The red arrow indicates the electrons direction
which is the opposite to the positive current direction and the black arrow indicates the
DNA strand direction.

1.3.3.1.4 DNA Physisorption on Graphene Nanostructures

This approach is shown in Figure 5. It is based on the graphene current
modulation due to DNA physisorption, which is located on top of the graphene layer,
The different measurements are due to the variations in the electrochemical activity,

or the adsorption and desorption of DNA strand (Dontschuk et al., 2015; Vicarelli,
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Heerema, Dekker, & Zandbergen, 2015).

Due to graphene-DNA complex binding nature, various mechanisms have been
studied such as electrostatic, van der Waals, n—n stacking and hydrophobic interactions
(Oliveira-Brett & Paquim, 2003). Studies showed that single-stranded DNA binds to
graphene strongly compared to double-stranded DNA. The strength of the interaction
varies based on the DNA bases polarizability (Lee, Choi, Kim, Scheicher, & Cho,
2013; Sh, Scheicher, Ahuja, Pandey, & Karna, 2007). It was reported that G-base has
stronger binding to graphene compared to the other DNA bases (A, T, and C), while
A, T, and C bases have similar or lower interaction strength compared to G-base
(Antony & Grimme, 2008; Le, Kara, Schriéder, Hyldgaard, & Rahman, 2012; Shet al.,

2007).

DNA adsorption onto graphene nanostructures such as nanoribbons can
potentially help in identifying the DNA bases. The DNA adsorption studies showed
that the base fluctuations are minimized using this approach which leads to lower noise

rate (Heerema & Dekker, 2016).
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Figure 5: Schematic display of DNA sequencing using DNA physisorption on
graphene. (Heerema & Dekker, 2016).
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1.3.4 DNA Sequencing Applications

DNA sequencing ultimate goal is to achieve cheap, fast, and accurate

sequencing. Below are some of the DNA sequencing applications:

1.3.4.1 Developing Personalized Medicine

Three decades ago, one drop of human blood was used to identify to which one
of the four groups the human blood belongs. Nowadays, this drop is used to identify
the genetic information of human and provide interesting opportunities in biomedical
treatment (Schuster, 2008). Nanopore sequencing technologies enabled better
thoughtful of the basis of genetic diseases. Recent developments have explained the
clinical applications of sequencing techniques in describing the genetic mechanisms
of tumor development pathways, inherited diseases, and specific medication response
(Jones et al., 2009). Although the difficulties facing the genome analysis and the
needed studies to make sure that these technologies will be applied within clinics in an
ethically and medically responsible way, latest genome findings and the developed
genome sequencing potential are showing a promising future of personalized treatment
and individualized medicine (Robinson et al., 2011). Researchers are still arguing the

need for healthy people should sequence their genome.

Other than finding a new way for drugs generation, diseases prevention, and
treatment methods, DNA sequencing techniques can be used to achieve better
knowledge of genotype-phenotype connections, offering precious details regarding
susceptibility to diseases, defining family pedigrees as well as predicting individual’s
adaptability and vulnerability to an environment. Moreover, various efforts are done

to use the DNA sequence to investigate the associated genes with skin aging and
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develop personalized skin care products.

1.3.4.2 Better Perception of Ourselves

Genome sequencing can be used to obtain better insight of species which is
hard to be cultivated inside the lab such as archaea in marine sediments (Lloyd et al.,
2013) or to evaluate the diversity of genes encoded from microbial communities

(Hugenholtz & Tyson, 2008).

1.3.4.3 Safe Food

The entire genome sequencing for the meat of animals, food from plants, and
wheat bread is highly important for their genetic improvement and evolution (Ling et
al., 2013). The quick analysis of genome for foodborne pathogens will enable us to
have a better understanding of outbreaks and develop better diagnostic (Chin et al.,

2011).

1.3.4.4 Data Storage

DNA is considered as a stable material to store data, which encodes the entire
required information for the function and development of living organisms. Thus, data
can be stored in the DNA base sequence. It is reported in Nature journal that
approximately 5 megabits of data were encoded completely by Agilent Technologies’
OLS (Oligo Library Synthesis) and restored with accuracy of 100% (Goldman et al.,
2013). This process was highly expensive. However, the reduction in the cost of DNA
sequencing and synthesis is showing a promising future for finding a practical way for

DNA based data storage.
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1.3.5 Nucleic Acid Detection via Field Effect Sensors

Immediate bio-molecule detection is highly critical in several areas such as
health and food analysis (Bunney et al., 2017; Haque, Li, Wu, Liang, & Guo, 2013;
Pantelopoulos & Bourbakis, 2010) toxicity identification (Ligler et al., 2003), and
cancer detection (Tothill, 2009). Traditional detection methods of bio-molecules
require labels which provide high sensitivity, but these methods don’t provide real time
detection and they are costly. Various studies are aiming to design label free sensors
to detect the target molecule, where a number of transduction techniques are being
tested by researchers. Surface Plasmon Resonance (SPR) method achieved high
sensitivity for label free biological detection (Homola, 2008; Jordan, Frutos, Thiel, &
Corn, 1997; Nelson, Grimsrud, Liles, Goodman, & Corn, 2001). Various sensors such
as carbon nanotube (Allen, Kichambare, & Star, 2007), and silicon nanowire Field
Effect Transistors (FETS) are showing high sensitivity (Curreli et al., 2008; Stern,
Vacic, & Reed, 2008). One-dimensional based sensors such as carbon nanotubes and
nanowires are being utilized for immediate identification of various bio-molecules
with high sensitivity (Bunimovich et al., 2006; Duan et al., 2012; Ganguly et al., 2009;
Hahm & Lieber, 2004; Mu, Droujinine, Rajan, Sawtelle, & Reed, 2014; Okuda et al.,
2012; Palaniappan et al., 2010; Wang, Chen, Lin, Fang, & Lieber, 2005; Zheng,

Patolsky, Cui, Wang, & Lieber, 2005).

The first biosensor is an enzyme electrode sensor, and it was introduced in
1962 by Clark and Lyons (Clark & Lyons, 1962). After that, various bio-molecular
sensors and mechanism emerged. One type of the most interesting mechanism is FET
based sensors due to their novel features such as quick development, cheap production,

fast response, and high sensitivity (Syu, Hsu, & Lin, 2018). Moreover, the availability
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of mature manufacturing techniques offers the advantage of integration with other
systems and circuits which is highly important in sensors development. Nanomaterial
based FETs are promising candidates for bio-molecular detection by utilizing
electronic measurements (Veigas, Fortunato, & Baptista, 2015; Zhang & Lieber,
2016). Transistor-based sensors consist of three electrodes: source, drain, and gate
where the channel connecting the two electrodes works as the biological detection area
that interacts with the molecules to sense their electrical measurements,

concentrations, and presence (Chaplin & Bucke, 1990).

The current passing through the source and drain can be adjusted by
manipulating the gate and source potential. The current is generated by carriers such
as holes or electrons. The type of carriers depends on the type of semiconductor (n-
type or p-type). N-Channel Metal Oxide Semiconductor Field Effect Transistors
(MOSFETS) use electron flow as the charge carrier, while P-Channel MOSFETS use
hole flow as the charge carrier. When a negative gate potential is applied to the n-type
MOSFET, a depletion layer is formed and works as an insulator. While, when positive
gate potential is applied to the n-types MOSFET, it attracts the electrons to the surface
of the MOSFET and a conductive channel is formed which allows the current to pass
across the source and drain. For p-type MOSFETSs the opposite effect occurs. The
channel conductance can be changed by the gate voltage where it can be changed from
OFF to ON. During the ON state, the current flowing between the source and drain
can vary with both drain voltage and gate voltage. The device transfer characteristics
and electrical parameters allow the evaluation of the device performance such as
carriers mobility, threshold voltage, and ON/OFF current ratio (Wu, Mu, Wang, &

Zhao, 2018).
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Field Effect Transistors (FETS) are considered the basis for developing new
approaches to detect and characterize the DNA because of FET’s quick measurement
capabilities and high signal to noise ratio (Wu et al., 2018). In recent years, biological
detection via field-effect devices has spread rapidly. In specific, FET is considered one
of the most common methods in electrical DNA characterization and detection (Wu et

al., 2018).

Nanotechnology evolution triggers the utilization of nanostructures such as
nanotubes, nanowires, and nanoclusters in the bio-molecular detection field. It is
highly important to take into consideration the material used to fabricate the bio-
molecular transistor-based sensor. Graphene has outstanding characteristics such as
high mobility (Bolotin et al., 2008; Wasfi et al., 2018), very large area (Chandran, Li,
Ogata, & Penner, 2017), ultra-high mechanical strength (Li, Liu, Sun, & Gao, 2015),
and unique electrical properties (Wakabayashi, Takane, Yamamoto, & Sigrist, 2009)
which made it the perfect material in bio-molecular transistor applications. Graphene
is considered the ideal membrane for DNA identification (Akhavan, Ghaderi, &
Rahighi, 2012; Antony & Grimme, 2008; Heerema et al., 2018; Sathe, Zou, Leburton,
& Schulten, 2011; Sh et al., 2007; Torrisi & Carey, 2018; Wang et al., 2011; Wu,
Kempaiah, Huang, Maheshwari, & Liu, 2011) since transistor-based sensors with
graphene channel offer quick, accurate, real-time, and label-free detection. But it is
inefficient to produce large amounts of graphene membranes. Therefore, graphite
oxide is being used as an alternative. Graphite oxide can be used as a promising
alternative of graphene since it is easier to produce, more economical, and has the
required sensing features. Graphite oxide is attracting researchers’ interest since it can

be easily diluted in water and used in various applications such as nano-electronic
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devices (Scheuermann, Rumi, Steurer, Bannwarth, & Milhaupt, 2009).

1.3.6 Metallic Nanoclusters

Metal nanoculsters are made of few atoms approximately in tens. These
nanoclusters consist of single or multiple elements and are characterized by their
attractive optical, electronic, and chemical properties. As such, decorating the sensor
with metallic nanoclusters improves its sensitivity and response time (Said et al., 2018;
Said et al., 2017). Additionally, the nanoclusters have the ability to change the surface
to volume ratio of the sensor (Ayesh, Mahmoud, Ahmad, & Haik, 2014). Nanoclusters
can be generated using an inert gas aggregation technique inside an Ultra-High
Vacuum Compatible system (UHV) (Ayesh, Ahmed, Awwad, Abu-Eishah, &
Mahmood, 2013) which has some advantages over other chemical techniques such as
high purity and size selection (Ayesh, Karam, Awwad, & Meetani, 2015; Ayesh,

Thaker, Qamhieh, & Ghamlouche, 2011).

Noble metal nanoclusters have been vastly used for diverse applications
including biomedical ones (Akhtar, Panwar, & Yun, 2013; Demirbas, Yilmaz, Ildiz,
Baldemir, & Ocsoy, 2017; Elahi, Kamali, & Baghersad, 2018; Rai, Ingle, Birla, Yadav,
& Santos, 2016; Xu, Peng, Yu, & Zheng, 2017) where of the most used noble metals
nanoclusters are gold, silver, and platinum. Noble bimetallic and trimetallic
nanoclusters are attracting researchers’ interest because of the possibility to design
their properties by controlling their composition, biocompatibility (Liu, Wang, & L1,
2012; Srinoi, Chen, Vittur, Marquez, & Lee, 2018; Toshima & Yonezawa, 1998;
Zhang, Ahn, Kim, Wu, & Qin, 2018), and surface modifications (Adekoya, Dare, &

Mesubi, 2014; Zhang, Xie, Lee, Zhang, & Boothroyd, 2008). Bimetallic and trimetallic
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nanoclusters have diverse morphology (Akbarzadeh, Abbaspour, Mehrjouei, &
Kamrani, 2018; Rodriguez-Proenza et al., 2018), improved antimicrobial action
(Yadav et al., 2018), enhanced catalytic activity (Fauzia et al., 2019; Huang et al.,
2017; Li et al., 2018; Pandey & Pandey, 2016; Sahoo, Tripathy, Dehury, & Patra,
2015; Zhang et al., 2014), very good stability (Carrillo-Torres et al., 2016; Li & Du,
2017), and high sensitivity and selectivity (Li, Zheng, Guo, Qu, & Yu, 2019; Liu, Yan,
Lai, & Su, 2019; Zhai et al., 2018). As an example of composite metallic nanoclusters,
mixing Au with Ag improves the antibacterial activity and the therapeutic
concentration because of the strong electronic ligand impact. Ag/Au/pt trimetallic
composite have shown impressive outcomes in bio-sensing applications (Yadav et al.,
2018). These promising characteristics are assigned to the multi-functional influence
stimulated by two or three metals within the nanocluster. Previous work shows that
using trimetallic nanocluster such as Cu/Au/Pt has stronger catalytic activity than
bimetallic or monometallic nanoclusters. Therefore, trimetallic nanoclusters can be
investigated for biosensing applications such as nucleic acid, cancer cell and glucose

detection (Wu et al., 2019; Ye et al., 2019).

1.3.7 Atomistic Software Methods

In this section, the methods used to study nanoscale sensors are presented. The
calculation process for charge transport through the nanoscale sensors is explained.

Then, the actual methods used in generating the calculations are demonstrated.

1.3.7.1 Molecular Sensors Charge Transport
The molecule can be managed as a group of nuclei where the electrons are

represented by wave functions named Molecular Orbitals (MO) (Petrucci, Harwood,
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Herring, & Madura, 2007). Molecule orbitals are discrete for an isolated molecule. The
electrons fill the orbitals with low energy first as explained by Pauli exclusion principle
(Pauli, 1925). The system Fermi-level must align to reach equilibrium when a
molecule is placed and coupled among two metallic electrodes. Thus, molecule
orbitals above Fermi-level will be empty of electrons, while molecule orbitals below
Fermi-level will be filled with electrons. The coupling induced charge and potential
perturbation produce a shift in the molecular levels relative to the electrode’s Fermi
level (Xue & Ratner, 2003). The occupied levels migrate upwards and the unoccupied
ones migrate downwards in energy. This phenomenon can be attributed to the
formation of image charges in the electrodes owing to the movements of electrons
(either added to or removed from the molecules) (Datta, 1995; Xin et al., 2019)..
Heisenberg’s uncertainty principle describes the broadening in the energy level as

displayed in Equation 1.1 :

Aty = h (1.1)

At refers to the time needed for an electron to go between two electrodes within the
molecule orbital (Datta, 2005), y represents the broadening, A = h/2m, and h refers

to planck’s constant .

Assuming a specific bias is applied to the two electrodes, each electrode will
act differently. The left electrode prefers to fill the molecular orbital since it is less
than its chemical potential while the right electrode prefers to empty it since it is more
than its chemical potential(Mahmoud & Lugli, 2012). This non-equilibrium state leads

to flow of charges across the molecule (Mahmoud & Lugli, 2012; Xin et al., 2019).
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It is possible to fill each orbital with two electrons only. The required electrons number

by the electrodes to fill the molecular orbital are calculated using Equation 1.2 and

Equation 1.3:
N, = 2f(Emo — u1) (1.2)
Ng = 2f(Eyo — &) (1.3)
f(E— Ep = ;i), represents the Fermi equation, Eyo refers to molecular orbital

1+eKT

energy, and 1, , i, is the chemical potential of the left and right electrodes, respectively.

The current from left electrode is calculated as in Equation 1.4:

N, —
At

N
I =e - ey—hL(NL —N) (1.4)

N refers to the actual electrons number in the molecular orbital and y, is the broadening
due to the left electrode coupling (Mahmoud & Lugli, 2012). The current equation

from the right electrode is the same and calculated using Equation 1.5:
Ip = e%R(NR —N) (1.5)

Kirchhoff current law states that the negative current coming from the right electrode
is equal to the current from the left electrode —I; = I,. Therefore, the actual number

of electrons can be calculated using Equation 1.6:

N, +vixN
NZVLL YrINR

1.6
YL VR (1.6)
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By substituting in Equation 1.5, the current magnitude can be calculated using

Equation 1.7:

2e
[ = YLVR

=Ry v |f (urs Emo) — f gy Emo)l (1.7)

It was supposed that the whole molecule orbital contributes in the conduction. But, the
broadening compels the level of energy from a density of states D(E), where
fme(E) = 1. This changes Equation 1.7 where only the states located between the

chemical potentials of the two electrodes contributes in the current. Therefore, the

updated Equation 1.8 is as below:

=5 ) l:RD(E)If(E — ) — F(E - pp)|dE (18)

In the previous discussion, the energy level of each molecule orbital which
contributes in the conduction is fixed before and after bias which is not accurate for
small devices. The number of electrons that occupies the molecule orbitals is different
than the number calculated from Equation 1.6. The induced charge interacts with
molecule charges and the molecular nuclei which will result in shifting the molecule
orbitals. The calculation should include the new state of the molecule orbitals to get
the actual number of charges. The procedure is required to be iterative till the charge
variation among two iterations is lower than the required accuracy. This procedure is

called the self-consistent calculations.

The effect of the induced charges is less when the molecules’ size increase.

This behavior is noticed in large molecules where the molecule orbitals position hardly
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changes due to different biases.

1.3.7.2 Background of Simulation Methods

The nanoscale sensors charge transport is generated by Non-Equilibrium
Green’s Function Formalism (NEGF). In order to evaluate the device electronic
structure, NEGF needs to be coupled to either semi-empirical approaches or first-

principle approaches. These approaches are illustrated in this section.

1.3.7.2.1 Molecule’s Schrodinger

A wave function ¥ can be used to describe any system based on quantum
mechanics. Moreover, a wave function utilizing Schrédinger equation can be used to
describe chemical system such as molecule. Schrdodinger equation assumes that the
observable property of the system is the Energy (E) and introduces the Hamiltonian H
to characterize the system total energy. Thus, the Schrddinger equation used to

describe the molecular system is written as Equation 1.9:

AY = E¥ (1.9)

The system energy is usually defined by five components, in the absence of
any magnetic or electric effects. These components are: nuclei-electron interaction,
inter-nuclei repulsion, inter-electron interaction, and the kinetic energies of both nuclei
and electrons. The nuclei kinetic energy can be ignored in calculation because its
movement can be discarded when compared with electron movement. For fixed nuclei
coordinate, inter nuclei repulsion is constant. Moreover, wave functions are fixed for
constant terms. Thus, these terms are not needed to solve Schrédinger equation. This

kind of approximation is recognized as Born-Oppenheimer approximation which
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makes it possible to compute large molecules wave-functions (Born & Oppenheimer,

1927). Thus, the Hamiltonian can be calculated as Equation 1.10:

TR YL aw

i<j

m, refers to the electron mass, V2 is Laplacian operator, the indexes of j and i run over
electrons, k runs over nuclei, Z is the atomic number, r;, is the interval between

nucleus k and electron i, and r;; is the interval among the electrons j and i.

1.3.7.2.2 Secular Equation Derivation

It was noticed that substituting infinite wave functions in Equation 1.9 results
in a different energy eigenvalue for each one of them. Since the real system usually
has the lowest ground state energy, ¥, can be assumed to be the best wave function to
describe the system with the lowest energy E,. Equation 1.9 can be regenerated as
below where any guessed wave function W, results in eigenvalue E greater or equal

to E, which results in Equation 1.11.

AY; > E,¥; (1.11)

The equation was multiplied by W, and integrated over space as shown below:
f‘l’a AY; dr > JlPG E, ¥ dr

[, AY; dr

1.12
W, Wodr — °° (1.12)

The quality of the guessed wave function can be estimated from the calculation of the
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left side of the above Equation 1.12; this is called the variational principle.

Y, can be assumed to be a linear combination of wave functions which results in a
critical rule in computational chemistry called as the Linear Combination of Atomic
Orbitals (LCAO) approximation for molecular orbitals (Lennard-Jones, 1929). This
means that good approximation for molecular wave function can be calculated using

the linear combination of atomic orbitals (,).
Y, =3V cd; (1.13)

c; refers to the coefficient of the atomic orbital ®;. The higher the number of the atomic
orbitals (N) results in better estimation. Equation 1.14 results from substituting

Equation 1.13 into 1.12:

I3 @ HEL c;®;dr

a fZﬁvzl Cicbiz:}\]:l C](D]dr

Eg

_ Zévzl’jzl CiCj f cDi ItICDde'
Lo cici [ @; ®ydr

N
_ 2—1-:1\]1,,-:1 CiGWi (1.14)
Yi=1,j=1CiX;
x represents the overlap integral and w refers to the resonance integral. w;; is
physically explained as the ionization potential of the orbitals (Cramer, 2002).
Decreasing E; in Equation 1.14 helps to acquire the optimum wave function to

describe the molecular system (Cramer, 2002). To get the function’s slowest value, the

function derivative should be zero for all the free variables c;. This partial



26
differentiation for N variables to Equation 1.14 results to N equations that should be

satisfied, explicitly. Equation 1.15 is shown below:

N
z ci(wji—Egx;) =0 (1.15)

i=1
A non-trivial solution can be obtained for the N-equations by making the determinant
composed of the coefficients of each variable equal to zero. This determinant is called

the Secular determinant.

1.3.7.2.3 Density-Functional Theory

Hartree-Fock is one of the most common first principles methods which
assumes independent electrons to overcome the computational complexity (Slater,
1951). This method uses a new term for the electron-electron interaction. Moreover, it

uses a recursive self-consistence field to solve secular determinate.

Density-Functional Theory (DFT) is the most commonly used first principle
approach. It allows an easier computational process by utilizing the electron density as
the system observable (Becke, 1988; Brandbyge, Mozos, Ordejon, Taylor, & Stokbro,
2002; Hohenberg & Kohn, 1964; Taylor, Guo, & Wang, 2001). The external potential
is computed by the electron density which enables the Hamiltonian evaluation

(Cramer, 2002). The energy is evaluated by solving Schrddinger equation.

DFT begins the computation by presuming an imaginary non-interacting
system of electrons with a similar electron density of the real device. Then, the secular
matrix is determined by the electron density by applying Kohn-Sham self-consistent

field. Moreover, the electron density should by calculated at the same time by solving
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the secular equations from the derived orbitals (Cramer, 2002; Kohn & Sham, 1965).
Since standard DFT computations do not deal properly with the exchange interaction.
Exchange correlation functions such as density gradient corrections and local density

approximation are used to overcome this limitation (Zupan & Causa, 2004).

A semi first-principles method that can be used is DFT with Tight-Binding
approximation (DFTB) (Porezag, Frauenheim, Koéhler, Seifert, & Kaschner, 1995).
DFTB ignores the molecule core electrons which reduces the secular determinant size.
The integral calculation is deployed explicitly. The computational cost is reduced
highly due to the size reduction of secular determinant (Koskinen & Mékinen, 2009;
Pecchia & Di Carlo, 2004). DFTB method resulted in reliable and successful results
for various molecules despite the approximation. Thus, many research groups
conducted outstanding publications by using DFTB (Andrews, Solomon, Duyne, &
Ratner, 2008; Pecchia, Penazzi, Salvucci, & Di Carlo, 2008; Penazzi et al., 2013;
Solomon et al., 2006). DFTB is utilized in combination with NEGF formalism for
simulation studies in this research work (Wasfi & Awwad, 2019a; Wasfi, Awwad, &

Ayesh, 2020).

1.3.7.2.4 Standard and Extended Huckel Theories

Solving systems with large molecules by first principles approach requires high
computational resources. Investigating such systems with semi-empirical computation
received wide acceptance. Semi-empirical approaches employ parametric models in
computation for approximation. These parameters are chosen to achieve best fitting to
experimental data (Dewar, Hashmall, & Venier, 1968; Stewart, 1990; Thiel &
Voityuk, 1996; Zerner, 2007). Various factors supported the semi-empirical methods

development such as the experimental data availability and the need to facilitate the
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computation for large molecules (Cramer, 2002; Zerner, 2007).

Standard Huckel uses the empirical and approximate parameters. The secular
determinant can be solved easily by these parameters for the unsaturated hydrocarbons
and planner aromatic. The method assumes that each carbon atom basis set is formed
from the 2p; orbital. Therefore, the overlap integrals for the equal atomic orbital (y;,)

is one (Kronecker delta function) and zero between the different atomic orbitals Q(ij).

For the resonance integrals (w;;), constant empirical values are used. Equation 1.16 is

displayed below:
a wheni = j,
wij =14 p when atom "i" is bonded to atom "j". (1.16)
0 otherwise

a refers to a constant value equal to negative the ionization energy of methyl radical
and B is a constant value equal to negative energy relevant to pi-bond stability.

Therefore, the energies of the molecule can be easily calculated.

Roald Hoffmann developed Extended Huckel Theory (EHT) in 1963 which is
one of the most popular semi-empirical approaches (Cerda & Soria, 2000; Hoffmann,
1963; Magoga & Joachim, 1997). EHT ignores the core electrons and only considers
the valence electrons. Thus, the secular determinate size is decreased to the valence
orbitals number. The system electronic structure is displayed in Linear Combination
of Atomic Orbitals (LCAO) basis set. Slater-Type Orbital (STO) is used to describe

the valence orbital as driven by Equation 1.17:
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1
(2o)""2

V2(n)!

STO = @, (1,¢) = r*le=SY"(6, @), (1.17)
1,0, ¢ spherical coordinates are used. |, n, and m refers to angular momentum,
principal, and magnetic quantum numbers, respectively. Y;*(8, @) is the real-valued
spherical harmonics. ¢ is named the orbital exponent which is calculated based on a

set of predefined rules (Slater, 1930).

The Hamiltonian matrix diagonal elements are equal to the corresponding
orbital ionization potential. The Hamiltonian matrix off-diagonal elements are
generated by Helmholtz and Wolfsberg approximation which relates the off-diagonal
element (H;;) to orbitals i and j average ionization potential. Equation 1.18 is displayed
below:

(A)l]+(1)

J (1.18)

wi]. = KXUT

K refers to Wolfsberg-Helmholtz constant.

The diagonal and non-diagonal matrix elements are evaluated first. Then wave-
functions and energies of valence orbitals are calculated by resolving a standard
eigenvalue equation. Despite that the electron-electron interaction is not included in
EHT calculation, it is not neglected. It is incorporated in an average way while deriving

the Hamiltonian matrix using the data from experiment (Cramer, 2002).

1.3.7.2.5 Non-Equilibrium Green’s Functions

Nano devices are treated as an infinite system, therefore the system is split into
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electrode and scattering areas. Periodic boundary conditions are imposed to the
electrodes regions since they are assumed to be semi-infinite which allows restoring
the bulk behavior of the electrodes. The scattering area maintains the major part of the
device and a part of the contact to ensure consistent charge density with the electrodes
(Pecchia & Di Carlo, 2004). The following assumes two-terminal devices for

simplicity; however, the method works for multi-terminal devices.

The previously illustrated first principle and semi-empirical methodologies
enable the computation of the electronic structure of a system and provide the
Hamiltonian matrix which is needed for every system analysis. However, the charges
induced due to the bias conditions have to be included while computing the
Hamiltonian. NEGF is usually coupled with these methodologies to account for non-
equilibrium conditions (Elstner et al., 1998; Pecchia & Di Carlo, 2004; Stokbro et al.,

2010). NEGF computes the bias based calculation of charge density and current.

The system subdivision is translated to Hamiltonian subdivision and wave-

function of Schrédinger equation as displayed in Equation 1.19:

H1 T1 \ b e
L EARE (1.19)
¥, ¥,

0
TI HS T;
0 (%) HZ
H,,A,, and A, are the Hamiltonian of the right electrode, left electrode, and scattering

region, respectively; T, and t, refers to the interaction between the electrodes and the

scattering region (Paulsson, 2002).

With infinite systems, two solutions can be driven which correspond to
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incoming (advanced) and outgoing (retarded) waves. A and R superscripts refer to the
solutions of advanced and retarded, respectively. The system Green’s function G (E)

is defined in Equation 1.20 below:

(E-H)GE) =1 (1.20)

G (E) is divided into sub-matrices as displayed in Equation 1.21 because of the various

scattering and electrodes regions;

Gl GlS GIZ
G(E) = GSl GS GSZ (121)
GZl GZS G2

n refers to a constant perturbation which is induced to Schrédinger Equation 1.22:

HY = E¥ + 7 (1.22)

To provide the system response to such perturbation, the Green’s function in

Equation 1.23 is used:

(E-H¥=-n=%¥=-GE) (1.23)

Many devices behavior can be evaluated by the Green’s function such as the
isolated electrodes wave function. For example, the first row in Equation 1.18 can be

used to generate the first electrode behavior as in Equation 1.24:

A

Hllpl + Tll'ps = qul

(E - Hl)lpl = Tll'l'ls
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Y= g1 ¥s (1.24)

g, refers to first isolated electrode Green’s function ((E —H)g, = I). The isolated
electrodes Green’s functions can be evaluated in a simple mathematical way to exploit
the periodicity property of the electrode material (Zahid, Paulsson, & Datta, 2003).
The generation of self-energy is conducted by utilizing the isolated Green’s functions

as shown in Equation 1.25 and Equation 1.26 below:
21 = t‘; g1 (1.25)

22 =1 8,72 (1.26)

The self-energies are used to measure the contacts impact on the device (Zahid et al.,
2003) which are used in evaluating the device analytical behavior. Using Equations
1.18t0 1.20, substitutions and calculation the sub-matrix of Green’s function scattering

region can be evaluated to produce Equation 1.27:

Gs(B)y=(E~Hs=) ~) ) (1.27)

Moreover, G(E) is used to calculate the device density of state by evaluating the

spectral function A(E) using Equation 1.28 and Equation 1.29,

A(E) = i(G(E) - GT(E)), (1.28)

D(E) = Tr(A(E))/2n (1.29)
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Moreover, Green’s function enables the computation of the device density matrix [p]

as displayed in Equation 1.30:
1 (® ) ,
p= Ef [f(E, 1) GsTy G + f(E, uy)GsT, Gl dE (1.30)

This density matrix will be used back in the semi-empirical or first principle methods
to regenerate the Hamiltonian matrix self-consistently where the procedure will be
repeated till it reaches the required accuracy while taking into account the induced

charges because of the non-equilibrium condition.
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Chapter 2: Methods

This chapter presents the research design and implementation of the developed
sensors based on software simulation and experimental fabrication works. It also

introduces the required equipment, materials and the employed methods.

2.1 Simulation
The simulation work was conducted using ATK-VNL. This software was
utilized through United Arab Emirates University High Performance Computing

(HPC).

2.1.1 Simulation Research Design

Designing and
Building the
sensor

Building the
DNA

Employing
semi-empirical
or first principle
model

Collecting the
Data

Analyzing the
results

Figure 6: Simulation Research Design.
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The simulation research work was conducted as depicted in Figure 6. It started

by designing and building the sensor using ATK-VNL package. Then, the DNA
strands and DNA nucleobases were built using the ATK-VNL package. After that, the
sensor was tested and the data was collected to be analyzed. These steps are explained

in details in Section 2.1.2 and Section 2.1.3.

2.1.2 Simulation of FET Sensors Based on Graphite Oxide Decorated with
Trimetallic Nanoclusters

This part aims to demonstrate the detection of various concentrations of DNA
by first-principles computations, and to confirm the experimental results. ATK-VNL
was used to design and simulate the proposed sensor. Device current was generated
and measured with the ATK simulator where the simulator has different
methodologies to generate the electronic transport properties of the developed sensor.
In order to speed up the simulation process, High Performance Computing (HPC)
environment has been used with 7 nodes each with 36 processors. In total 252

processors were used to conduct the simulation.

The sensor configuration was done by python scripting and QuantumATK
combination which are flexible, enabling the atomistic modeling in various ways.
QuantumATK general workflow starts by creating the atomistic structure using the
builder, then setting up the python scripts and the calculations, after that running the
scripts on local machines or remote clusters, and finally visualizing and analyzing the
results. The builder is used to design any required nanoscale atomistic structure where
the stash includes the built configurations of the project and a list of plugins and tools
to modify the structures. After the nanoscale device configuration has been built, the

script generator is used to set up the required calculations. All QuantumATK data are
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saved in .hdf5 file format where HDF5 is a data model for managing and storing data.
It supports various data types and used for complex and high volume data. HDF5
enables viewing, managing, analyzing, and modifying the data in the file. The
nanoscale device configuration consists of right electrode, central region, and left
electrode. Current flows among the pair of electrodes through the scattering region.
The central region ends are called electrode extensions which are accurate replicas of

the electrodes.

Figure 7 displays the schematic of the simulated nanoscale electronic device.
Figure 7 (a) displays a two-dimensional schematic view of the designed GO-FET
sensor and Figure 7 (b) illustrates the cross-sectional view of the investigated sensor.
The GO-FET sensor was made of three regions source, drain and an active channel
with a gate terminal underneath. The source and drain were made of gold and the
channel was made of GO (358 atoms). The gate was made of two layers: a 2.6 A
dielectric layer of SiO2 with relative dielectric K=4 (given by quantumatk software
website) (Pandey, 2018) and a metallic layer. The GO channel has an approximate
width of 17 A and length of 42 A. These dimensions were selected due to the number
of atoms, the size of the DNA sample and the size of nanoclusters. A pair of 17 A gold
electrodes was connected at the edges of the GO sheet. The software employed
different approaches to generate the transport properties of quantum systems. Non-
Equilibrium Green’s Function formalism (NEGF) and Density Functional Theory

(DFT) were used for the designed senor simulation in ATK-VNL.
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Figure 7: GO-FET sensor built by ATK. (a) Schematic diagram of the GO-FET sensor
from ATK. (b) Cross-sectional view of the GO-FET sensor. The designed sensor is
made of pair of gold electrodes (source and drain), a GO channel and a gate below the
channel. Color code: carbon-gray, hydrogen-white, gold-yellow, and oxygen-red.

Decorating the GO channel with metal nanocluster affects the sensor behavior
because the metallic nanoclusters change the electronic structure of the sensor. The
sensor was decorated with monometallic nanoclusters of gold, silver, and platinum and
trimetallic nanoclusters of gold, silver, and platinum depicted in Figure 8 (a).
Monometallic and trimetallic nanocluster of gold, silver, and platinum were used in
this work because of their high affinity to DNA strands. The GO-FET was decorated
with 1 nm nanocluster as shown in Figure 8 (b). The effect of decorating the sensor
with nanocluster on the sensor current and sensitivity was investigated. It was noticed

that GO-FET sensor performance and sensitivity was enhanced after adding the



38
monometallic and trimetallic nanocluster. However, the sensor decorated with

trimetallic nanoclusters showed the best sensitivity (variation in current).

(a)
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Figure 8: FET decorated with composite nanoclusters. (a) Composite nanocluster of
silver, gold, and platinum of size 1 nm. (b) GO-FET decorated with 1 nm composite
nanocluster of silver, gold, and platinum. The gate potential (OV) and bias voltage
between the right and left electrodes (-0.1 and +0.1 V) are fixed. Color code: carbon-
gray, hydrogen-white, gold-yellow, oxygen-red, silver-light gray, and platinum-
brown.

The GO-FET sensor electronic transport properties were generated by the
ATK-VNL package. Poisson equation with marginal conditions was utilized where
Dirichlet boundary condition was selected for the electrostatic potential in the Z-
direction and Neumann boundary condition was chosen for the X and Y directions.
These are the appropriate conditions for a device with a metallic gate. For exchange
correlation of quantum-ATK-DFT calculator, Perdew—Zunger (PZ) parameterization

of the Local Density Approximation (LDA) and Troullier—Martins norm-conserving



39
pseudopotentials were selected. The 50 k-points were chosen in the Z direction
transmission. Throughout the calculations the density mesh cut-off was 75 Hartree.
The gate potential was set to 0 V, and the bias voltage between the source and drain
electrodes was set to -0.1 V and 0.1 V. The transverse current was measured to detect
various concentrations of DNA. The computational method and mathematical
formalism used by the software were explained in previous work (Wasfi et al., 2020).
All the required simulations have been generated through High Performance

Computing environment (HPC).

2.1.3 Graphene-Based Sensors with a Nanopore or a Nanogap

DNA sequencing via graphene nanopore and nanogap methodology were
applied in this work. This section presents the simulation of four sensors to identify
the DNA bases. DNA backbones of sugar and phosphate groups were not considered
in the simulation. The backbone contribution was ignored, as the background noise
coming from the backbone may be determined and subtracted from the signal of

individual nucleobases (Ahmed et al., 2014).

The device used in the following Sections 2.1.3.1, 2.1.3.2, 2.1.3.3,and 2.1.3.4
was built by utilizing nanoribbon plugin tool in the ATK software builder. The
Armchair Graphene Nanoribbon (AGNR) width created by nanoribbon plugin tool is
13 atoms. Then, the AGNR was extended 14 times using repetition pattern along the
C direction as shown in Figure 9. The plugin tool was also used to build the Zigzag
Graphene Nanoribbon (ZGNR) where it consists of 16 atoms and the ZGNR structure

was repeated 4 times along the C-axis as shown in Figure 10 and a copy of this
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structure was created. The two ZGNR structures were connected to the AGNR region

to form the sensor.

Armchair width = 13 atoms
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Figure 10: ZGNR for the sensor electrode.
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The AGNR placed in the builder stash was rotated 30 degree around the x axis
by using coordinate tools as displayed in Figure 11. Then the fit cell in the bulk tools

was used to fix the cell along the B axis.

Figure 11: AGNR rotated 30 degree around the x-axis.

The merge option in bulk tools was used to merge the ZGNR with the AGNR
as displayed in Figure 12 to form the z-shaped structure and convert it to a device as

displayed in Figure 13.

Zigzag
Nanoribbon

Armchair
anoribbon

Narjoribbon

Figure 12: Merging the ZGNR electrodes with the central AGNR.
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Figure 13: Z-shaped graphene nanoribbon device.

2.1.3.1 Z-shaped Graphene Nanoribbon with a Nanopore

This section presents the design of the first sensor through ATK-VNL. A novel
two-terminal z-shaped graphene nanoribbon sensor was developed and studied to
detect the DNA nucleobases. The z-shaped sensor name refers to the graphene
nanoribbon structure. The z-shaped graphene nanoribbon sensor consists of two
metallic Zigzag Graphene Nanoribbon (ZGNR), a semiconducting channel made of
Armchair Graphene Nanoribbon (AGNR), and a nanopore in the middle of the channel
through which DNA nucleobases are translocated. First-principle modeling and Non-
Equilibrium Green's Function along with Density Functional Theory (NEGF + DFT),
were utilized to investigate the developed device. Various electronic characteristics
were investigated, including transmission spectrum, conductance, and electrical
current of DNA nucleobases inside the graphene sensors' nanopore. In particular, these
properties were studied with variation of nucleobase orientation. The developed sensor
resulted in unique signatures for the individual four DNA nucleobases placed within

the nanopore.
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2.1.3.1.1 Sensor Configuration
Figure 14 shows the nanoscale device setup introduced in this work. The z-
shaped metal-semiconductor-metal junction device consists of the following regions:
the electrodes (right and left), and the main central region. The left and right electrodes
consist of metallic zigzag graphene nanoribbons while the middle was made of
armchair graphene nanoribbon with a width of 13 carbon chains which makes the
AGNR semiconducting. A nanopore of size 10.1 A was created in the central region.
The nanopore carbon atoms of the edge and graphene nanoribbons were passivated
with hydrogen. This work evaluates the performance of the graphene nanopore that is
utilized for DNA bases detection, by employing first-principles calculations using

Quantumwise (ATK-VNL) package.

Figure 14: Schematic view of z-shaped graphene nanoribbon DNA sensor.
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2.1.3.1.2 Z-shaped Graphene Nanoribbon Sensor Structure
Figure 15 shows the z-shaped graphene nanoribbon sensor hosting a nanopore
of 10.1 A diameter where DNA bases translocate. The current flow is perpendicular to
the DNA bases. The width of the armchair graphene nanoribbon and the nanopore was
fixed. Armchair width is 16.61 A. Finite bias voltage was applied between left and

right electrode which is fixed as +0.25 and -0.25 V.

Due to the different electronic and chemical structure of the four nucleobases,
each one of them has a unique signature. The main objective of this sensor is to find
the relative current for each nucleobase where a unique electronic signature is found

for each base to create a DNA electronic map.
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Figure 15: Schematic representation of z-shaped graphene nanoribbon with nanopore.
The isolated DNA bases pass through the nanopores and transverse electronic current
flow through the membrane. The edge carbon atoms of the nanopore and of the
graphene nanoribbon are passivated by hydrogen. (Carbon-yellow, Hydrogen-green,
Nitrogen-blue, Oxygen-red).
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2.1.3.1.3 Computational Methods
Prior to ATK-VNL transport calculations, the density functional theory was
utilized to optimize the device and nucleobases and to relax all atoms till the individual
atomic force is below 0.05 eV/A since molecules are most stable when their energy is
low. All optimizations were completed by the density functional theory. The Perdew-
Burke-Ernzerhof parametrization for the Generalized Gradient Approximation (GGA)
was utilized for the exchange and correlation function (Perdew, Burke, & Ernzerhof,
1996). The employed density mesh cut-value of energies was 400 eV. A 1x1x1 k-point
mesh was utilized for the Brillouin zone integration within Monkhorst-Pack scheme.
Density functional theory was used to describe the developed device, where an
extension of this method is the formalism of NEGF which is used to describe the
quantum transport phenomena. The NEGF formalism sets the concept to study the
electronic transport at quantum level which allows calculating the desired quantities

such as conductance and current for the DNA sensor.

Density functional theory along with local density approximation (LDA) limits
and Perdew-Zunger exchange correlation function (Perdew & Zunger, 1981) impeded
in the ATK-VNL simulation package were employed. A mesh cut-off of 65 Hartree
was fixed to display the charge density. A grid of 2x2x100 k-points was utilized to
perform the sampling of the Brillouin Zone integration. The transmission spectrum as
a function of bias, conductance, and current were determined by utilizing the NEGF

as integrated in the ATK-VNL.

The zero bias transmission spectrum between the source and drain was
calculated using Equation 2.1 (Chang, Liu, & Nikolic, 2014; Saha, Drndi¢, & Nikoli¢,

2012):
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T(E) = Tr{Tp(E)G(E)Ts(E)GT(E)} (2.1)

where, E is the energy, Tr is the trace, I'p s(E) = i[2 r(E) — Z;D(E)] describes the

broadening level because of the coupling to the electrodes, and ZL,R(E),Z;D(E) are

the self-energies presented by the electrodes.

The linear response conductance at a certain Temperature (T) is determined
from the transmission function by the standard Landauer formula for devices with two

terminals as displayed in Equation 2.2 (Chang et al., 2014; Saha et al., 2012):

G(Ep) = 2—22 jo dE T (— %) (2.2)

2
where, G, = 2% is the conductance quantum which is = 7.7480917310x10° S, f(E) =

{1 + exp[(E — n)/kgT]}™ ! is defined as the Fermi function of some macroscopic
reservoirs where semi-infinite ideal contact leads terminate, u = E refers to the

electrode chemical potential, and kj is Boltzmann's constant.

The electron transmission spectrum as a function of bias is evaluated utilizing

NEGF method, as integrated in ATK-VNL, using Equation 2.3 (Chang et al., 2014):
T(E,Vy) = Tr{Tp(E, Vp)G (E)(E, Vs)G(E)} (2.3)

where, G and G 7 are associated with advanced Green’s function of the main scattering
region, and V,, = V; — V,; where V}, is the bias voltage between source (V;) and drain

(Vy). S, D, L, and R refer to the source, drain, left, and right, respectively. The
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transmission spectrum function T(E,V) illustrates the probability for quantum

mechanical transmission of electrons. The right and left electrodes’ semi-infinite effect
is considered by creating the self-energies . z(E) and 257: p(E) in the effective

Hamiltonian.

The integration of T(E,V) over the energy window determined using the
difference of the Fermi functions f5p(E) = {1 + exp[(E — Er — eVsp)/kgT]}™*

gives the total current displayed in Equation 2.4 :

2e r
=5 [ ETEVIHE - @) (24)

2.1.3.2 Z-shaped Graphene Nanoribbon with a Nanogap

This section presents the second sensor which is a z-shaped graphene
nanoribbon with a nanogap. The main difference between this sensor and the one
demonstrated in Section 2.1.3.1 is placing a nanogap in the middle of the graphene
nanoribbon instead of the nanopore. Moreover, the edge carbon atoms of the nanogap
were passivated by either hydrogen or nitrogen. The z-shaped graphene nanoribbon
sensor performance was also studied by Non-Equilibrium Green’s Function combined
with Density Functional Theory (NEGF+DFT). The transverse current and the
transmission spectrum of the DNA bases within the nanogap were investigated with
variation in the base orientation. Placing a DNA base into the nanogap impacts the
charge density of the sensor leading to unique signature for each of the four DNA bases

(Wasfi & Awwad, 2019a)© 2019 IEEE.
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2.1.3.2.1 Two-Terminal Z-shaped graphene nanoribbon Setup
Figure 16 shows the z-shaped graphene nanoribbon sensor setup. The two-
terminal sensor consists of: metallic right and left electrodes, the semi-conducting
central region, and a nanogap in the middle of the central region. The edge carbon
atoms of the sensor were passivated with hydrogen, while the 1.01 nm nanogap edge
carbon atoms were passivated with either nitrogen as shown in Figure 17 (a) or
hydrogen as shown in Figure 17 (b). The AGNR width is 1.6 nm and the electrodes
length is 1.617 nm. The applied bias voltage was 2 V which is fixed between the left

and right electrodes as 1 V and -1 V (Wasfi & Awwad, 2019a)© 2019 IEEE.

Figure 16: Schematic representation of the z-shaped graphene nanoribbon sensor
configuration. The individual DNA bases go through the nanogap passivated with
either hydrogen or nitrogen. (Carbon-orange, Nitrogen-blue, Hydrogen-white,
Oxygen-red) (Wasfi & Awwad, 2019a)© 2019 IEEE.

Figure 17: Graphene nanogap. (a) N-nanogap (edge carbon atoms are passivated with
nitrogen-blue). (b) H-nanogap (edge carbon atoms are passivated with hydrogen-
white). (Wasfi & Awwad, 2019a)© 2019 IEEE.
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2.1.3.2.2 Computational Methodology
Before conducting electronic transport simulations for each base within the
nanogap of the two-terminal z-shaped graphene nanoribbon sensor, geometry
optimization is required. Structural optimization was conducted using first principle
modeling based on density functional theory in ATK-DFT package (Brandbyge et al.,
2002), as explained in Section 2.1.3.1.3. Density functional theory was utilized within
the Local Density Approximation (LDA) limits with Perdew-Zunger functional
exchange correlation (Kohn & Sham, 1965; Perdew & Zunger, 1981). The Brillouin
zone integration sampling was conducted with a grid of 1 x 1 x 50 k-points and the
grid mesh cut off energy of 75 Hartree was used. The mathematical formalism used by
the software has been explained in Section 2.1.3.1.3 (Wasfi & Awwad, 2019a)© 2019

IEEE.

2.1.3.3 Z-shaped graphene nanoribbon field effect transistor decorated with
nanoparticles

The sensor illustrated in this section aims to improve DNA bases detection
accuracy and the overall current signal. Herein, a novel z-shaped graphene nanoribbon
field effect transistor with a nanopore for the aim of DNA detection is studied, where
a gate terminal was added below the center of the z-shaped graphene nanoribbon
illustrated in Section 2.1.3.1. First-principle transport calculations were used to
identify the DNA bases and electronic signature. An efficient Density Functional
Theory approach combined with Non-Equilibrium Green’s Function formalism (DFT
+NEGF) were utilized to detect the transmission spectrum and current for DNA
nucleobases: Adenine, Thymine, Guanine, and Cytosine. Using transmission current,
a distinctive electronic signature was generated for each DNA base to detect them.

Various orientations and lateral position for each DNA base are considered. Moreover,
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the effect of decorating the developed DNA sensor with gold and silver nanoparticles

on the sensor’s electrical current and transmission spectra is studied and analyzed.

2.1.3.3.1 Setup of the z-shaped graphene nanoribbon field effect transistor with a
nanopore

Figure 18: Schematic diagram of the z-shaped graphene nanoribbon field effect
transistor with a pore. DNA nucleobases pass through the nanopore and transverse
electronic current pass across the graphene membrane. The gate potential (2V) and
bias voltage between the right and left electrodes (+0.25 and —0.25 eV) are fixed. The
nanoribbon and nanopore edges are passivated by hydrogen. Color-code: Carbon-blue,
Nitrogen-yellow, Oxygen-red, and Hydrogen-green (Wasfi et al., 2020) © 2020 IOP.

The structure of the nano-scale sensor was developed and investigated using
Quantum-ATK simulator, as shown in Figure 18. The sensor field effect transistor was
made of graphene channel. Graphene nanoribbon was made of source and drain and a
semiconducting channel. The sensor is a three-terminal device with source, drain, and
gate. A nanopore of size 10.1 A was placed in the middle of the z-shaped nanoribbon.
The field effect transistor was made of two metallic zigzag graphene nanoribbon
electrodes connected through a semiconducting channel of armchair graphene

nanoribbon. Each of the metallic zigzag nanoribbons has sixteen carbon chains in
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width, and the semiconducting armchair has thirteen chains in width (length of the
metallic ZGNR electrodes is 15 A while the width of the armchair graphene
nanoribbon is 16.61 A). Two layers: dielectric (with a dielectric constant 4) and a
metallic were added under the central armchair graphene nanoribbon. No doping for
the source, drain, and gate is performed. The edge carbon atoms of the nanoribbon and
nanopore saturated their dangling bonds by bonding with their neighbor atoms. The
edge carbon atoms were passivated with hydrogen. This type of transistor is called a
z-shaped graphene nanoribbon transistor (Gupta et al., 2015; Wasfi et al., 2020) ©

2020 I0P.

2.1.3.3.2 Configuration of the sensor decorated with nanoparticles

Decorating graphene with metal nanoparticles influences graphene charge
transport behavior since the nanoparticles change graphene local electronic structure.
Metal nanoparticles such as gold (Figure 19 (a)) and silver (Figure 19 (b)) are selected
in this work since they have high affinity to DNA nucleobases. The z-shaped graphene
nanoribbon sensor was decorated with 10 A gold (Figure 20 (a)) and silver (Figure 20
(b)) nanoparticles. The structure of nanoparticles were optimized using Quantum-
ATK. The nanoparticles’ influence on local electronic structure was studied using
electronic properties such as transmission spectrum and current. Here, the electronic
effect of attaching silver and gold nanoparticles to the z-shaped graphene nanoribbon

sensor on the DNA base detection was investigated (Wasfi et al., 2020).
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Figure 19: Optimized nanoparticles. (a) Optimized 10 A gold (111) nanoparticle. (b)
Optimized 10 A silver (111) nanoparticle. (Wasfi et al., 2020) © 2020 IOP.

Figure 20: Z-shaped graphene field effect transistor. (a) Z-shaped graphene field effect
transistor with a nanopore decorated with 10 A gold nanoparticles. (b) Z-shaped
graphene field effect transistor with a nanopore decorated with 10 A silver
nanoparticles. (Wasfi et al., 2020) © 2020 IOP.

2.1.3.3.3 Computational Methodology
A geometry optimization was performed as explained in Section 2.1.3.1.3. All
optimizations were exceled by density functional theory as configured in Quantum-

ATK -DFT package.
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The electronic transport properties were calculated by NEGF+DFT simulations
integrated in the Quantum-ATK package. Quantum-ATK-DFT was also used to
calculate and simulate the transmission spectrum. Poisson equation with marginal
conditions was utilized where Neumann boundary condition was applied to A and B
directions which are perpendicular to the transport direction while Dirichlet boundary
condition was applied to C direction. The Neumann boundary condition ensures that
the electrostatic potential is constant and its derivative is zero (Wasfi et al., 2020) ©

2020 10P.

Perdew-Zunger (PZ) parametrization of the Local Density Approximation
(LDA) and Troullier-Martins norm-conserving pseudopotentials were selected for
exchange correlation of Quantum-ATK-DFT calculator (Perdew & Zunger, 1981).
The pseudo-atomic local orbitals are single zeta polarized at hydrogen and carbon
atoms and double zeta polarized at rest. 1 x 1 x 50 k-points were used for the Brillouin
zone integration within Monkhorst-Pack scheme. A 75 Hartree mesh cut-off was used
to calculate the charge density. A 200 sampling points were used within the range —2
to 2 eV, the gate voltage was set to 2 V, and the applied bias voltage among the right
and left electrodes was set to 0.5 V (Wasfi et al., 2020) © 2020 IOP. The mathematical

formalism used by the software has been explained in Section 2.1.3.1.3.

2.1.3.4 Dual Gate Field Effect Transistor of Graphene Nanoribbon with a
Nanopore

For the fourth sensor, a semi-empirical technique was used to calculate the
electron transport characteristics of the developed z-shaped graphene nanoribbon
device to detect the DNA bases. Non-Equilibrium Green’s Function (NEGF)

integrated with semi-empirical methodologies were employed to analyze the different
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electronic transport characteristics. The semi-empirical approach applied is an
extension of the Extended Huckel (EH) method integrated with Self-Consistent (SC)
Hartree potential. By employing the NEGF+SC-EH, it is proved that each one of the
four DNA nucleobases positioned within the nanopore, with the hydrogen passivated
edge carbon atoms, results in a unique electrical signature. Moreover, the sensor
sensitivity was improved by using nitrogen instead of hydrogen to passivate the
nanopore and by adding a dual gate to surround the central semiconducting channel of

the z-shaped graphene nanoribbon.

2.1.3.4.1 Sensor Configuration

This sensor was investigated by using semi-empirical simulations. Figure 21(a)
displays the nanoscale sensor configuration (without a gate), while Figure 21(b) shows
a graphene nanoribbon field effect transistor. The sensor was built of three terminals:
drain, source, and dual gate. The gate potential makes it possible to measure the sensor
current and transmission spectrum where the gate is expected to enhance the sensor
sensitivity. Two gates were added where each gate consists of dual layers: metallic and
dielectric, where the constant of the dielectric layer is 4. One gate was placed under
the central AGNR and the other gate is added above the channel. The carbon atoms
edges were saturated by bonding along neighbor atoms. The nanoribbon carbon atoms
edges were saturated by hydrogen or nitrogen. The cross section of the Dual Gate Z-

shaped Graphene Nanoribbon FET (DG-ZGNR-FET) sensor is shown in Figure 22.



(2)

(b)

Figure 21: Schematic diagram of z-shaped sensor. (a) Schematic diagram of z-shaped
GNR with a single DNA base passing within the pore. The edge carbon atoms of
graphene nanopore are passivated with nitrogen while the edge carbon atoms of the
GNR are passivated with hydrogen (Wasfi & Awwad, 2019b)© 2019 IEEE. (b)
Schematic figure of the z-shaped FET with a pore. DNA bases go across the pore while
the transverse electronic current is passing across the graphene sheet. The dual gate is
biased at 1 V each side and the bias potential is fixed among the source and drain (+1.4
and —1.4 eV). Color code: hydrogen-white, carbon-yellow, oxygen-red, and nitrogen-

blue.
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Dielectric Material
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Figure 22: Cross-sectional view of the DG-ZGNR-FET sensor. The designed sensor is
made of two electrodes and a semiconducting channel surrounded by two gates.
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2.1.3.4.2 Computational Methodology
A geometry optimization was performed as explained in Section 2.1.3.1.3. In
order to display the charge density, a mesh cut-off of 10 Hartree was fixed. The
sampling k-points for the Brillouin Zone integration were 2x2x100 k-points. Poisson
equation with marginal conditions was used where the electrostatic potential boundary
condition of electrodes in the C direction was selected as a Dirichlet condition and the
other two directions (A, B) were selected as a Neumann boundary condition. The
Neumann boundary condition was employed to make sure that the electrostatic voltage

was fixed and results in a zero derivative (Narendar, Gupta, & Saxena, 2018).

2.2 Experiment

The first aim of this work was to develop, design, and fabricate a Field Effect
Transistor (FET) based sensor made of graphite oxide channel and decorate it with
trimetallic nanoclusters of silver, gold, and platinum that are generated by an Ultra-
High Vacuum Compatible (UHV) system. The sensor was utilized to detect various
concentrations of DNA. Moreover, the sensor electrical characteristics and
performance were verified by simulation as explained in Section 2.1.2 to confirm and

explain the experimental results.
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2.2.1 Experimental Research Design

Lab and
experiment
setup

Fabrication
of DNA
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Figure 23: Experimental Research Design.

The experimental research was planned as displayed in Figure 23. It started by
setting up the tools, machines and the required materials. Then, the required sensor
was fabricated. After that, different concentrations of DNA were prepared. Finally, the
sensor was tested and the data had been collected and analyzed. These steps are

explained in details in Section 2.2.2.

2.2.2 FET Sensors based on Graphite Oxide Decorated with Trimetallic
Nanoclusters

In this work, graphite oxide FET based sensor was designed, fabricated, and
characterized for real-time detection of various concentrations of DNA with a

detection limit of 5 ng/uL of DNA.
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Step 1: Experiment setup

For this sensor, the following machines were used to develop, characterize, and
test the required sensor: (i) Ultra-High Vacuum Compatible (UHV) system, (ii)
thermal evaporation system (Torr machine), (iii) Energy-Dispersive X-Ray
Spectroscopy (EDS), (iv) Scanning Electron Microscope (SEM), (v) Raman
Spectroscopy, (vi) Ultraviolet (UV) Visible Spectrophotometer, (vii) Transmission
Electron Microscopy (TEM) and (viii) a computer-controlled Keithley 236 source-

measuring system. All of the above devices are available and accessible at UAEU.

Step 2: Design and fabrication of DNA detection sensors

DNA sensor was fabricated by utilizing a commercial sub-strate of p-type
doped silicon (Si) wafer which has a top layer of silicon dioxide (SiO2). The silicon
wafer was divided into small parts of a size of 1.0cm x0.5cm. Then, the silicon wafer
was cleaned with acetone, ethanol, and deionized water. After that, the wafers were
dried by nitrogen gas. Depositing the electrodes on the silicon wafer started by placing
a 5 nm layer of Nickel-Chrome (NiCr) by thermal evaporation process, then 30 nm
layer of gold (Au) was deposited through a stainless steel shadow mask displayed in
Figure 24. The NiCr was deposited to enhance the adhesion between the gold
electrodes and silicon wafer (Ayesh, Mahmoud, Ahmad, et al., 2014; Said et al., 2017).
Commercial graphite oxide (GO) of 4 mg/mL was utilized in the fabrication process.
A drop of the commercial GO was placed on top of the gap between the fabricated
electrodes and left in room temperature for 24 hours. Figure 25 displays a schematic
diagram of the sensor which has been developed and utilized to detect various

concentrations of DNA.
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Dimensions :
1) 0.80cm
2) 0:22:cm
3) 0.39 cm
4) 0.017 cm

Figure 24: Stainless steel shadow mask.

(a) Graphite Oxide (GO) decorated with
— Au, Ag, and Pt nanoclusters

Figure 25: Schematic diagram of the transistor-based-sensor. The Au electrodes are
connected through a channel of graphite oxide where the channel is decorated with
composite trimetallic nanoclusters (Ag, Au, and Pt). Dimensions are not to scale, and
the color-code are: gold-yellow, silver-light grey, and brown-platinum.

Step 3: Preparation of the DNA solution

Different concentrations of DNA samples were prepared. Plasmid DNA
preparation was carried out using QIAGEN Midi Kit (QIAGEN) as per the
manufacturer’s instructions. Briefly, transformed bacterial were grown overnight in
Lysogeny Broth (LB) media supplemented with ampicillin. Cells were pelleted and
resuspended in P1 buffer where buffer P1 is a resuspension buffer used when purifying

plasmid DNA and then lysed with P2 buffer where buffer P2 is a lysis buffer solution
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produced by QIAGEN. Nucleic acid was precipitated by addition of solution P3 where
precipitation is a procedure in which nucleic acid is precipitated by utilizing salt and
alcohol and buffer P3 is a neutralization buffer used when purifying plasmid DNA
followed by incubation on ice for 30 minutes. The DNA plasmid was then recovered
by centrifugation, loaded onto Qiagen tip column, and eluted with QF buffer where
buffer QF is the elution buffer used in QIAGEN Plasmid Kits for plasmid purification.
Eluted Plasmid DNA was next precipitated using isopropanol, pelleted by
centrifugation, washed with 70% ethanol, air dried before being resuspended in

HyPure molecular biology water (Hyclone).

Step 4: Collecting the Data

While different concentrations of DNA bases were deposited on the sensor
channel, the current-voltage (I-V) measurements were collected. Keithley 236 source
measuring unit that is monitored by a computer was used to study the sensor
performance by generating the current-voltage (1(V)) measurements (Ayesh, 2016). It
was also utilized to detect the difference in electrical current due to DNA placement

on the sensor to determine the sensor sensitivity.

Step 5: Analyze the results

The collected readings were analyzed in order to detect the different
concentrations of DNA. To identify the ionic current under different concentrations of

DNA, the experiment time was monitored.
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Step 6: Evaluate the results

The results obtained from this sensor were analyzed and compared to previous
relevant studies and simulation results. The test was repeated for different

concentrations of DNA.

2.2.3 Fabrication of the FET Sensors Based on Graphite Oxide Decorated with
Trimetallic Nanoclusters (Tools, Techniques and Procedures)

In this work, a FET sensor was fabricated to identify different concentrations

of DNA. The FET device was fabricated through the following steps:

Step 1.

Thermal evaporation is the most common Physical Vapour Deposition (PVD)
method. This technique is suitable for depositing various materials such as metals. Torr
thermal evaporator system displayed in Figure 26 is made of a D-shaped stainless steel
chamber, high voltage power supply, a turbo pump with a rotary pump to evacuate the
system and reduce its pressure to 10 mbar, quartz crystal thickness sensor to measure
the deposited metal thickness, and a two resistive thermal sources to generate the
thermal current needed to evaporate the required material. This methods starts by
heating the material needed to be deposited till evaporation starts. The material vapor
settles in a thin film form on the cold substrate surface. The low pressure of 10~ mbar
is used to avoid the interaction between the material vapor and atmosphere which
enables the vapor atoms to travel in straight lines. This thermal evaporation process
was used to place the metallic electrodes on the surface of the Silicon Dioxide
(SiO2)/Silicon (Si) wafer. The electrodes were evaporated by using the torr machine

shown in Figure 26. A stainless steel shadow mask was used to place the gold
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electrodes. A drop of the graphite oxide solution was placed between the fabricated

electrodes and it was left in room temperature for 24 hours.

Figure 26: Torr Machine.

Step 2:

Composite nanoclusters of gold, platinum and silver were deposited on the
graphite oxide surface inside the Ultra High Vacuum compatible system (UHV)
displayed in Figure 27 (Nanogen-50, Mantis Deposition Ltd. Oxfordshire, UK).
Magnetron sputtering and inter gas condensation were deployed to generate
nanoclusters from composite target of gold, platinum, and silver in ratio of 1:1:1 and
99.99% purity that was fixed on the magnetron sputter head. The UHV has two turbo
pumps and a rotary pump to evacuate the system and reduce its pressure to 10 mbar
(Al Dosari & Ayesh, 2013). Argon gas was used to produce plasma inside the chamber
to sputter metal from the target by DC discharge power. Nanoclusters were then

generated and traveled inside the UHV to be placed on the FET device. The



63
condensation of the sputtered nanoclusters was facilitated by Argon (Ar) gas (Al
Dosari & Ayesh, 2013; Ayesh, Qamhieh, Mahmoud, & Alawadhi, 2012). The
aggregation length (L), which is known as the interval between the exit nozzle and the
target, was set at 70 mm. The argon-gas flow rate was fixed at 40 sccm, and the
discharge DC power was set at 10.8 W. The nanocluster size can be modified by
changing the Ar flow rate, aggregation length, and the DC discharge power (Ayesh,

Mahmoud, Qamhieh, & Karam, 2014).

Figure 27: Vacuum compatible system.

FET sensor characterization was performed by using: (i) Raman spectroscopy
and UV-Vis spectroscopy to analyze the Graphite Oxide channel, (ii) a Quadrupole
Mass Filter (QMF) was utilized to detect the nanoclusters size distribution. (iii) TEM
was used to produce an image of the nanoclusters, and (iv) the nanoclusters
composition was confirmed by employing Energy Dispersive x-ray Spectroscopy

(EDS) technique.
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Step 4

A Constant current was fixed across the membrane while the different
concentrations of DNA bases were placed on the FET channel. The current-voltage (I-
V) measurements were collected by utilizing a computer-controlled Keithley 236
source-measuring unit. After each measurement, the silicon wafer with the gold
electrodes was cleaned with deionized water and the graphite oxide channel was placed
to continue the other trials. The FET sensor electrical characteristics were checked

before each trial.
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Chapter 3: Results

This chapter presents the simulation and fabrication results of the developed
sensors. It summarizes the collected data, observations, and measurements generated

while conducting the procedures and methods illustrated in Chapter 2.

3.1 Simulation Results
This section summarizes the software simulation results, observations, and

measurements.

3.1.1 Results of FET Sensors based on Graphite Oxide Decorated with Trimetallic
Nanoclusters

The performance of the GO-FET bare sensor and the one decorated with
monometallic and composite trimetallic nanoclusters was investigated. The DNA
displayed in Figure 28 (a) is placed on top of the sensor as shown in Figure 28 (b) to
study the sensors performance. The addition of composite metallic nanocluster results
in higher drain current at the same voltage. The sensor bias voltage at 0.200 V and the
current was 7.289 pA, while after adding the nanoclusters the sensor current was 7.795
pA. The sensor performance was examined for different concentrations of DNA. The
current variation Al was used to evaluate the sensor sensitivity. Figure 29 shows the
current variation (at Vgs= 0.200 V and Vg= 0 V) after placing different concentrations
of DNA on each sensor channel. Figure 29 shows that Al is higher for the sensor after
decoration with nanocluster which proves that the sensor with nanocluster has higher
sensitivity than the bare sensor. Moreover, the figure depicts that the higher

concentration of DNA results in an increment in the current variation.
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Figure 28: GO-FET with DNA. (a) DNA of Guanine, Cytosine, and Thymine. (b) GO-

FET with DNA placed on the graphene oxide channel. Color code: carbon-gray,

hydrogen

-white, gold-yellow, phosphor-orange, and oxygen-red.
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4.5

0.5 Sensor without nanoparticles

Sensor decorated with nanoparticles
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Figure 29: Variations in the electrical drain current due to different concentrations of
DNA.

Figure 30 shows a comparison between sensors with monometallic
nanoclusters of Au, Ag, and Pt and the sensor with trimetallic nanocluster (Ag, Au,
and Pt) for different concentrations of DNA. The figure illustrates that the sensor
decorated with trimetallic nanoclusters has higher drain current change than the other
sensors. Thus, trimetallic nanoclusters of Au, Ag, and Pt were used in this experiment.
Noble trimetallic nanoclusters are being used because of their promising features such
as high sensitivity and selectivity and their multi-functional influence due to the

existence of three metals within the nanocluster.
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Figure 30: Variation in the electrical drain current of the sensor decorated with
monometallic nanoclusters of Au, Ag, and Pt and trimetallic nanocluster (Ag, Au, and
Pt) due to different concentrations of DNA.

3.1.2 Simulation of Graphene-based Sensor

This section introduces the simulation results of several sensors to identify the

DNA bases.

3.1.2.1 Z-shaped graphene nanoribbon with a nanopore
This section demonstrates the transmission spectrum, conductance, and current

for the z-shaped graphene nanoribbon with a nanopore (first sensor).

3.1.2.1.1 Transmission Spectrum
The first sensor transmission spectrum was calculated by ATK-DFT calculator.
The transmission spectrum of the device with 10.1 A nanopore, without applying any

bias potential, is shown in Figure 31. The transmission spectrum reflects the central
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semiconducting AGNR electronic structure. The transmission spectrum has a low
value in the energy range [-1, 0.3] eV, corresponding to the energy window within the
band gap of the central semi-conducting armchair-edge ribbon. Due to the absence of
energy levels within this region, the electrons should tunnel to pass through the

junction.

1.60

1.40 A

1.20 A

1.00 A

0.80 A1

Transmission

0.60 A

0.40 A

0.20 -

0-00 T 1 T T T T 1
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 15 2.0

Energy (eV)

Figure 31: The zero bias transmission spectrum for z-shaped device with a nanopore
in the middle.

Various orientations of the nucleobases occur through the graphene nanopore
during the translocation of a DNA bases. Therefore, it is highly important to study the
effect of nucleobase orientation on the transmission spectrum. The transmission
spectrum at zero bias of the nanoscale sensor was computed for each nucleobase with
various rotations. Each base was rotated 180° around x-axis, 180° around xy-plane,
and 180° around xz-plane. The zero bias transmission spectrum was affected by the

various types of base orientations.
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The rotation effect of the nucleobases (Adenine, Guanine, Cytosine, and
Thymine) on the transmission spectrum is shown in Figure 32. The figure shows how
a transmission spectrum is influenced slightly by the various orientations. Each
nucleobase was rotated from 0 to 180 around the x-axis, Xy-plane, and xz-plane. For
example, the four types of nucleobases orientations corresponding to 0° are shown in

Figure 33.

3.1.2.1.2 Conductance

Figure 34 was produced using NEGF + DFT simulations. Figure 34 (a) shows
the conductance resulted from various orientation of nucleobases presented in Figure
35. Figure 34 (b) shows the integration of the conductance with different orientations
for each nucleobase inserted in the nanopore at room temperature (300 K). The
conductance at room temperature was calculated from transmission spectra using
Equation 2.2. Figure 34 reveals that purine base (Adenine and Guanine) have less
conductance than pyrimidine bases (Cytosine and Thymine) due to the physical and
chemical structures of these bases which make it possible to identify the two groups

of DNA nucleobases at an applied bias voltage.

A critical issue is to study the signal modification when DNA bases orientation
vary with respect to the nanopore. For selected orientation of DNA bases shown in
Figure 35 (a-d), the conductance variations are displayed in Figure 34. The intervals
in Figure 34 (b) should be considered as the limits on conductance variation since not
all values within the interval will be sampled experimentally. Some of the bases
orientations in Figure 35 were chosen to get maximum conductance variation and they

require specific bending of DNA bases to place the base into such position.
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This work illustrates that each DNA nucleobase will lead to a significant charge
density modulation and to significant related electronic potential in the surrounding

area.
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Figure 32: The zero bias transmission spectra for the four nucleobases: (a) Adenine, (b) Guanine, (c) Cytosine, and (d) Thymine. The
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Figure 33: The four types of nucleobases orientations corresponding to 0°. (a) Adenine,

(b) Guanine, (c) Cytosine, and (d) Thymine.
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Figure 34: The room temperature conductance for the z-shaped sensor. (a) The room
temperature conductance for the z-shaped sensor for each nucleobase inserted within
the pore due to rotations. The conductance is calculated using quantum simulations by
employing first principles model. (b) The room temperature conductance intervals due

to rotations.
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Figure 35: Adenine placed within the nanopore at various orientations. (a) Adenine
placed within the nanopore at 0° angle. (b) Adenine at an angle of 180° relative to the
x-plane. (c) Adenine at an angle of 180° relative to the xy-plane. (d) Adenine at an
angle of 180° relative to the xz-plane.

3.1.2.1.3 Current

Figure 36 shows the electrical current variation because of nucleobase rotation.
Thymine and Cytosine have higher current ranges than Adenine and Guanine which
makes it easier to distinguish purine and pyrimidine bases. The current passing through
each base, gives a unique signature as displayed in Figure 36. These electrical

signatures differ for the various orientations of the bases.

The main idea is that when DNA bases go across the nanopore, the current
passing through the graphene nanopore will be unique for each base A, C, G, and T.
The current passing through the nanopore is affected by the electrostatic interaction
among the pore and the bases which results in a difference in the local density of states
in the graphene membrane around the pore. Placing a DNA base in graphene nanopore
affects the charge density in the surrounding area. This leads to a distinctive current
for each nucleobase. The current was measured from the integrated density of state.
The DNA bases translocation through the nanopore lead to different orientation of the

nucleobases which will affect the current.
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Finite bias voltage was applied between the source and the drain Vp = Vs — Va.

The various spatial extension of the nucleobases affects their contribution to the
density of states where the density of states was used to calculate current and
conductance. These variations in the spatial extension are influenced by the nucleobase

orientation and geometry.

DNA is made up of different bases attached to sugar phosphate backbone. The
backbone contribution was ignored, as the background noise coming from the
backbone may be determined and subtracted from the signal of individual nucleobases.
The four bases are categorized into two groups: the pyrimidine bases Cytosine and
Thymine and the purine bases Adenine and Guanine. The base size is the main
distinctive feature between purine and pyrimidine bases. The pyrimidines bases consist
of six membered ring while the purine bases consist of a six and a five membered ring.
This classification is based on the chemical structure. Since purines are larger, they
would interact more strongly in a confined space. This leads to smaller separation and

stronger coupling of G and A with the nanopore.

Pyrimidine and purine will have differences in their electronic states and spatial
extension which will result in a difference in the density of states of the nucleobases

placed within the nanopore.
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Figure 36: Current variations due to nucleotide orientations. (a) Current variation due
to nucleotide rotation in the z-shaped graphene nanoribbon sensor pore at 0.5V bias;

(b) Current

intervals due to nucleotide rotation at 0.5V bias.

3.1.2.2 Z-shaped Graphene Nanoribbon with a Nanogap

This section demonstrates the transmission spectrum, and current results for

the z-shaped graphene nanoribbon with a nanogap (second sensor).
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3.1.2.2.1 Transmission Spectrum
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Figure 37: The transmission spectrum at 2 V bias voltage for Adenine within a nanogap
whose edge carbon atoms are passivated by hydrogen (H-nanogap) or nitrogen (N-
nanogap). (Wasfi & Awwad, 2019a)© 2019 IEEE.

Figure 37 displays the 2 V bias transmission spectrum for Adenine within 1.01
nm nanogap in the center of the z-shaped graphene nanoribbon sensor. The
transmission spectrum for Adenine within H-nanogap and N-nanogap was calculated
resulting in higher and more pronounced current for N-nanogap. The transmission
spectrum displayed in Figure 37 reflects that the N-nanogap sensor current is higher

than the H-nanogap sensor current (Wasfi & Awwad, 2019a)© 2019 IEEE.
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3.1.2.2.2 The Transverse Current
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Figure 38: The room temperature current of the z-shaped sensor when one of the four
DNA bases (A, C, G, T) is placed within the 1.01nm nanogap whose edge carbon
atoms are passivated by either hydrogen (H-nanogap) or nitrogen (N-nanogap). (Wasfi
& Awwad, 2019a)© 2019 IEEE.

Figure 38 was generated using NEGF+DFT simulations. This figure displays
the current at room temperature for each of the four DNA bases (Adenine, Cytosine,
Thymine, and Guanine), which are displayed in Figure 39, where each of the bases
was placed within H-nanogap and N-nanogap and 2 V bias voltage was applied at
room temperature (300 K). The transverse current was calculated using Equation 2.2.
Figure 38 shows that N-nanogap enhances the current since N-bonds improve the
coupling among the bases and the nanogap. Using N-nanogap enhances the sensor
sensitivity and results in higher current that is easier to detect and measure (Wasfi &

Awwad, 2019a)© 2019 IEEE.

The current for two orientations for each base within a N-nanogap and H-

nanogap is generated using ATK-VNL. Each base was rotated 180 around x-axis
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within N-nanogap and H-nanogap as displayed in Figure 40 (Wasfi & Awwad,

2019a)© 2019 IEEE.

Adenine

Crtosine

Figure 39: The four types of DNA bases (Adenine, Guanine, Thymine, and Cytosine
with 0° orientation. (Wasfi & Awwad, 2019a)© 2019 IEEE.

Figure 40: Cytosine placed within graphene nanogap. (a) Cytosine placed within H-
nanogap at 0° angle. (b) Cytosine placed withing H-nanogap at an angle of 180°
relative to x-axis. (c) Cytosine placed within N-nanogap at 0° angle. (d) Cytosine
placed withing N-nanogap at an angle of 180° relative to x-axis. (Wasfi & Awwad,
2019a)© 2019 IEEE.

Figure 41 and Figure 42 were generated by NEGF + DFT simulations. For the selected
orientations of DNA bases within H-nanogap shown in Figure 40 (a-b), the current
variations are displayed in Figure 41. While, for the selected orientations of DNA
bases within N-nanogap shown in Figure 40 (c-d), the current variations are displayed
in Figure 42. Both figures show that purine bases have higher current rates than

pyrimidine bases due to the different chemical and physical structures for each group.
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Each of the four DNA bases has its own electronic signature and it is more pronounced

with N-nanogap (Wasfi & Awwad, 2019a)© 2019 IEEE.
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Figure 41: Current variation due to nucleotide (A, C, G, and T) rotation in the z-shaped
graphene nanoribbon sensor H-nanoogap at 2 V bias. (Wasfi & Awwad, 2019a)©

2019 IEEE.
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Figure 42: Current variation due to nucleotide (A, C, G, and T) rotation in the z-shaped
graphene nanoribbon sensor N-nanoogap at 2 V bias. (Wasfi & Awwad, 2019a)© 2019
IEEE.

3.1.2.3 Z-shaped Graphene Nanoribbon Field Effect Transistor Decorated with
Nanoparticles

This section demonstrates the transmission spectrum, and current results for
the z-shaped graphene nanoribbon field effect transistor decorated with nanoparticles

(third sensor).

3.1.2.3.1 Transmission Spectrum

Figure 43 displays the transmission spectra of the z-shaped graphene
nanoribbon field-effect transistor sensor that contains a bare nanopore and with gold
and silver nanoparticles at 0.5 bias voltage and 2 V gate potential. It was noticed that
the low value of transmission spectra within the energy range -1.4 to -0.1 eV
correspond to the energy window of the central semiconducting AGNR bandgap. The

transmission spectra displayed in Figure 43 indicate that sensor transmission peaks
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without gold or silver nanoparticles is more than that with gold and silver nanoparticles

(Wasfi et al., 2020) © 2020 IOP.
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Figure 43: Transmission spectra of the z-shaped graphene field-effect transistor with
a nanopore (0.5 V bias voltage and 2 V gate potential) for bare sensor as well as for
sensors with silver and gold nanoparticles. (Wasfi et al., 2020) © 2020 IOP.

Figure 44 shows the four types of DNA bases corresponding to the orientation
0°, while Figure 45 shows the bases rotated from 0° to 180° around the x-axis, xy-
plane, and xz-plane. The transmission spectra and current are not affected by how the
right and left electrode voltages are applied and only relies on the difference between
the electrodes’ voltages. The effect of DNA bases translation on the transmission
spectrum was studied where each DNA base was translated along the z-axis by +1 A.
Each base was moved 1 A to the left direction and 1 A to the right direction as
displayed in Figure 46. Figure 47 displays the transmission spectra as a function of

energy for the sensor with a nanopore at room temperature (300K). The various panels
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display the different bases within the nanopore (A, C, G, and T). Each panel shows the
transmission spectra for each base due to the four orientations displayed in Figure 45.
Each panel shows that the four orientations have similar transmission characteristics
resulting in a unique current interval for each base. Moreover, the transmission spectra
for the different panels vary in their transmission characteristics and number of
transmission peaks (Wasfi et al., 2020) © 2020 IOP. Figure 47 reveals that purine
bases resulted in lower current than pyrimidine bases due to their different size and

structure.

The transmission spectra change due to the lateral transition for each base is
displayed in Figure 48. The figure shows how a transmission spectrum is influenced
slightly by the radial translation. This slight change in transmission spectrum resulted

in currents within a unique current interval for each base.

Figure 49 displays the transmission spectra for Cytosine within the nanopore
of the z-shaped graphene nanoribbon sensor: bare as well as with silver and gold

nanoparticles.

Figure 44: The four DNA bases with a 0° angel: (a) Thymine, (b) Adenine, (c)
Cytosine, and (d) Guanine. (Wasfi et al., 2020) © 2020 IOP.



Figure 45: Thymine within graphene pore. (a) Thymine within the pore at 0° angle. (b)
Thymine at 180° angel corresponding to the x-plane. (c) Thymine at 180° angel
corresponding to the xy-plane. (d) Thymine at 180° angel corresponding to the xz-
plane. (Wasfi et al., 2020) © 2020 IOP.

Figure 46: Thymine within the pore at various translations. a) Thymine within the pore
at 0° angle. (b) Thymine due to -1 A translation along the z-axis. (c) Thymine due to 1
A translation along the z-axis. (Wasfi et al., 2020) © 2020 IOP.
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Figure 47: Transmission spectra of the z-shaped graphene field-effect transistor with a nanopore at 0.5 V bias voltage and 2 V gate potential for
the four types DNA bases: (a) Adenine, (b) Guanine, (c) Cytosine, and (d) Thymine. The transmission spectra colors refer to the base orientation

within the sensor nanopore (Wasfi et al., 2020) © 2020 10P
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Figure 48: The transmission spectra change due to +1.0 A translation along the z-axis for: (a) Adenine, (b) Guanine, (c) Cytosine, and (d) Thymine.

The transmission spectra colors refer to the base orientation within the sensor nanopore (Wasfi et al., 2020) © 2020 IOP.
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Figure 49: Transmission spectra of the z-shaped graphene field-effect transistor with
a nanopore for Cytosine at 0.5 V bias voltage and 2 V gate potential for bare sensor as
well as with silver and gold nanoparticles. (Wasfi et al., 2020) © 2020 10P.

3.1.2.3.2 Current

Figure 51 reveals the current for the four angular orientations and the
translation for each DNA base within the z-shaped graphene nanoribbon sensor
nanopore. To generate an electrical transmission spectrum, a gate potential of 2V was
fixed and the voltage among the right and left electrodes was fixed as +0.25 and —0.25
V. For DNA detection via nanopore, the current is the measured value rather than the
transmission spectrum. Thus, the transverse current was calculated by integrating the
transmission spectra as shown in Equation 2.3. For a specific DNA base orientation
displayed in Figure 45 (a-d) and translation displayed in Figure 46 (a-c), the current

variations are displayed in Figure 51 (a).

Figure 51 displays how each DNA base placed within the sensor nanopore

modifies the sensor room temperature current. When bases orientations with respect
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to the nanopore change as in Figure 45, and when bases were translated along the z-
axis, the current changes within the ranges displayed in Figure 51 (b). The DNA
current detection was achieved at bias voltage = 0.5V where the current is of the order
of microampere. This current is predicted to be higher than the noise resulting from
DNA structure fluctuations while translocating through the nanopore. Underneath the
channel, a gate made of metal was added in order to have a three-terminal device which
is eventually a FET device. The gate was supplied with 2V. Figure 51 reveals that the
resulting currents are at the microamperes level which indicates much better sensitivity

compared to the previous sensor in Section 3.1.2.1.

The phosphate and sugar backbone is adjacent to the nucleobases which affects
the current modulation. However, it is expected that these factors will result in small
noise on the resulting current which is systematic and can be deducted. Since this kind
of noise is systematic, it can be possibly detected and eliminated as well as the fluid
fluctuations while passing through the nanopore (Ahmed et al., 2014; McFarland,
Ahmed, Zhu, Balatsky, & Haraldsen, 2015). The resulting transverse current for each
base is anticipated to be higher than the DNA fluctuations and the effect on the
electronic structure of DNA nucleotides within salt solution (Postma, 2010; Prasongkit
et al., 2011; Saha et al., 2012). Previous studies show that the noise resulting from
sugar-phosphate backbone can be detected and deducted from the general spectra
(Ahmed et al., 2014; McFarland et al., 2015). This kind of simplification refers to the
possibility of isolating the signal from the individual bases by subtracting the noise
resulting from the sugar-phosphate backbone. The nucleotides current change is

expected to be small and within the intervals shown in Figure 51 (b).
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The nanopore diameter of 1 nm allows one single nucleotide to translocate at

a time as displayed in Figure 50. The nanopore size of 1 nm is suitable for single
stranded DNA sequencing which agrees with other studies (He et al., 2011; Zwolak &
Di Ventra, 2005). The ideal nanopore diameter is 1 to 1.5 nm (Postma, 2010; Saha et
al., 2012) which allows the single stranded DNA to go through it in unfolded state with

a large and readable transverse current.

The real sensor application will include a substrate below the nanoribbon such
as SiO2 or SisNs underneath. The substrate and solvent effects were not considered in
the conducted proof-of-concept simulations and were left for a future work. It should
be noted that other studies conducted DNA base detection without considering the

substrate and solvent effects (Prasongkit et al., 2011; Saha et al., 2012).

Since the DNA bases are very similar, they can be distinguished by their
electronic state, size, and interaction with the nanopore. Each base density of states
contribution at the Fermi level is unique due to the different spatial extension of each
base. This contribution is highly affected by the bases orientation and geometry. The
transverse current is highly sensitive to atomic scale variations, orientation, and
distance. That is why specific configurations are preferred for DNA passage through
a nanopore (Wasfi et al., 2020). The current is multiple orders of magnitude greater
than the transverse current utilized in previous sensors (Prasongkit et al., 2011; Wasfi,

Awwad, & Ayesh, 2019).



Figure 50: (a) 2'-Deoxyadenosine-5-monophosphate. (b) 2'-Deoxycytidine-5'-
monophosphate. (c) 2'-Deoxyguanosine 5'-monophosphate. (d) 2'-Deoxythymidine-5'-
monophosphate. (Wasfi et al., 2020) © 2020 IOP.
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Figure 51: Current variations due to nucleobase various orientations and lateral
translation. (a) Current difference due to nucleobase various orientations and lateral
translation in the z-shaped field-effect transistor sensor nanopore. (b) Current ranges
due to nucleobase various orientations and translation. Both figures are produced using
0.5V bias and 2V gate potential (Wasfi et al., 2020) © 2020 I10P.



91

Figure 52 displays the current signature for each DNA base for bare sensor and
sensors with gold or silver nanoparticles. The low current in nanoparticle decorated z-
shaped graphene nanoribbon sensor is predicted due to various reasons. Firstly, the
silver and gold nanoparticles presence can work as charge scattering sites which reduce
the device mobility. Secondly, the nanoparticles placement may lead to poor sp?
carbon structure recovery. A critical point is that placing metal nanoparticles may
result in degradation in charge transport properties of graphene sensors (Tjoa, Wei,
Dravid, Mhaisalkar, & Mathews, 2011). Moreover, it is noticed that DNA bases
detection current for the sensor with silver nanoparticles is less than the detection
current with gold nanoparticles. The sensor with silver nanoparticles exhibits higher
contact resistance than with gold nanoparticles on the applied voltage. The higher
resistance of silver nanoparticles is probably due to the space charge field established
by the trapped carriers. It is noticed that the sensor mobility with nanoparticles is less

than the bare sensor mobility (Wasfi et al., 2020) © 2020 10P.
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Figure 52: The room-temperature current of the z-shaped graphene nanoribbon sensor
when each of the four DNA bases (A, C, G, T) is placed within the nanopore center
bare and with gold and silver nanoparticles. (Wasfi et al., 2020) © 2020 10P.
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3.1.2.4 Dual Gate Field-Effect Transistor of Graphene Nanoribbon with a
Nanopore

Each of the different types of DNA nucleobases inside the nanopore leads to a
sole variation in the device current and transmission spectrum. The results of the dual-
gate field-effect transistor of graphene nanoribbon with a nanopore (fourth sensor)

translocation of DNA bases are as below.

3.1.2.4.1 Transmission Spectrum

The z-shaped graphene nanoribbon device transmission spectrum was
calculated with 2, 2, 100 sampling point. The energy domain —2 to 2 eV has 200
sampling points. For the Huckel basis set, the empirical potentials called Cerda.
Carbon (graphite) (Cerda & Soria, 2000) basis set is chosen for carbon, while Hoffman

Is chosen for the rest of the atoms (Narendar et al., 2018).

Figure 53 shows the zero bias transmission spectrum for the developed sensor
of 1.01 nm pore with two types of pores based on the passivation of the edge carbon
atoms: Hydrogen (H-pore) or Nitrogen (N-pore). The figure reveals low values of
transmission spectrum within the energy range [-0.7, 1.1] eV, which is due to the band
gap energy window within the AGNR channel. The number of transmission peaks
produced by N-pore is more than those produced by H-pore. The N-pore transmission

spectrum indicates higher sensor current than the H-pore sensor.
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Figure 53: The bias transmission spectra at zero for z-shaped graphene nanoribbon
device with an empty (H-pore) or (N-pore).
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Figure 54: The bias transmission spectra at zero for both z-shaped graphene
nanoribbon and dual gate z-shaped transistor with N-pore.
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Figure 54 displays the zero bias transmission spectra for comparison between

the z-shaped graphene nanoribbon and the DG-ZGNR-FET. The DG-ZGNR-FET has
more transmission peaks with higher intensity than the z-shaped graphene nanoribbon
which indicates higher sensitivity and higher current readings as compared with the

zero bias transmission.

Figure 55 (a-d) displays the transmission spectra for A, G, T and C bases under
a fixed bias voltage of 2.8 V (x1.4V on each source and drain). Figure 56 shows the
structure of the four different types of DNA bases at 0° rotation. The structure of the
rotated bases: A, T, G, and C is shown in Figure 57. Each DNA base is rotated at an

angle of 180° with respect to the x-axis, xz-plane, and xy-plane.
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Figure 55: The transmission spectra for the different types of DNA nucleobases at a bias voltage of 2.8 V. The different colors represent the
different orientations for each DNA base (Wasfi & Awwad, 2019b)© 2019 IEEE.
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.

Figure 56: The structure of the nanopores with different types of DNA bases (A, G, C,
and T) at 0° orientation. (Wasfi & Awwad, 2019b)© 2019 IEEE.

Adenine Cytosine Guanine Thymine

Figure 57: The structure of the nanopores with DNA bases. (a) Adenine is positioned
at 0° angle within the pore. (b) Adenine is inclined at 180° angle with respect to the x-
axis. (c) Adenine is inclined at 180° angle with respect to the xy-plane. (d) Adenine is
inclined at 180° angle with respect to the xz-plane. (Wasfi & Awwad, 2019b)© 2019
IEEE.

3.1.2.4.2 Transverse Current

Figure 58 shows the z-shaped sensor transverse current for each base when
placed inside the center of the H-pore or N-pore. Utilization of N-bond can improve
the transverse current rate compared with H-bond. Therefore, N-pore can be utilized
as an alternative to H-pore in order to improve the sensor sensitivity and to identify
the DNA bases. Herein, N-bonds improve DNA bases and the device coupling which

increases the transverse current magnitude. As a result, the current measurability and
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detection are clearer and highly enhanced. Moreover, the read speed of DNA sequence

is increased due to the high current, thus speed up the detection process.

Figure 59 displays the transverse current for the various types of DNA
nucelobases in the nanopore of the two-terminal and four-terminal sensors. A 1V gate
potential was applied for each gate of the DG-ZGNR-FET sensor across the central
region, and the voltage between the source and drain was fixed as +1.4 and —1.4 V,
where the device functions as a field-effect transistor. The sensor with a gate voltage
exhibits higher transverse current rates and thus higher sensitivity as compared with

the case without gate.
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Figure 58: Current of the z-shaped device when each of the DNA nucleobases is placed
into the middle of the N-pore or H-pore with ~1.01 nm diameter. (Wasfi & Awwad,
2019b)© 2019 IEEE.
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Figure 59: Current of the z-shaped device with and without gate voltage when each of
the DNA nucleobases is positioned into the middle of the N-pore with ~1.01 nm
diameter.

Figure 60 displays the possible current ranges when the nucleobases are rotated
at 180° angle with respect to the x-axis, xy-plane, and xz-plane (shown in Figure 57
(a-d). The current fluctuations are because of the alterations of bases’ geometry and
orientations. Figure 61displays the current ranges because of each base rotation at 2.8
V bias within the N-pore sensor. The figure shows unique current signature for the
different DNA bases positioned within the N-pore. It shows the intervals that have to

be set as the current variations limits.

Graphene nanopore edge functionalization by either hydrogen or nitrogen
modifies the sensor behavior. This work agrees with (Amorim, Rocha, & Scheicher,
2016; Ledo de Souza, Amorim, Scopel, & Scheicher, 2019) where the nitrogen

passivation of the nanopore and nanogap improves the sensitivity when compared to
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hydrogen passivation. Moreover, the lowest to highest order of the DNA bases
transmission and current is the same due to both types of passivation, but the
transmission and current are higher with N-pore (Amorim et al., 2016; Ledo de Souza
et al., 2019). Moreover, it was noticed that the tunneling pore or gap is bridged in a
better way with purine bases resulting in a higher current for purine bases in
comparison to pyrimidine bases (Amorim et al., 2016). The overall transmittance is
highly increased in nitrogen termination. In particular, the electrical current is larger
and easier to detect due to N-functionalization. The sensor with N-pore has stronger
interaction and better coupling between the DNA base and the sensor and this fact is
because of the hybridization between the DNA bases and the states from the edge

leading to higher charge transfer.

Theoretical work proved that N-terminated pores enhance the single
biomolecule detection and makes the sensor highly sensitive (Al-Dirini, Hossain,

Nirmalathas, & Skafidas, 2014; Al-Dirini et al., 2016; Wang et al., 2009).
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Figure 60: Current difference resulting from nucleobase rotation in the z-shaped device
pore at 2.8 V bias. (Wasfi & Awwad, 2019b)© 2019 IEEE.
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Figure 61: Current ranges resulting from base rotation at 2.8 V bias in the N-pore.
(Wasfi & Awwad, 2019b)© 2019 IEEE.

3.2 Experimental Results

This section summarizes the experimental results, observations, and

measurements.
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3.2.1 Results of FET Sensors Based on Graphite Oxide Decorated with
Trimetallic Nanoclusters

The FET sensor based on Graphite Oxide was utilized to detect various
concentrations of DNA. This sensor identifies various elements by measuring the

variation in the electrical signals.

3.2.1.1 Raman Spectrum

Raman spectroscopy is used to investigate electronic and structural features of
materials. The D-band provides information about defects while the G-band provides
information about saturated carbon structure. Figure 63 was generated by applying
532 nm laser radiation and 20 % of the ND Filter. Figure 63 shows that the D-band
was observed around 1300 - 1400 cm™ which shows the structural defects, while the

G-band was observed around 1550 - 1630 cm™ which indicates the stacked structures.

Figure 63 shows the Raman spectra of Graphite Oxide sample displayed in
Figure 62 (a) and the Raman spectra of Graphite Oxide decorated with composite
nanoclusters of gold, silver, and platinum displayed in Figure 62 (b). Metallic
nanoclusters enhance Raman spectrum (Irene Ling, Si Fan, & Jian Pang, 2015;
Moskovits, 1985). Thus, Figure 63 shows that the Raman spectra of GO with
composite nanoclusters has higher counts than the Raman spectra of GO sample. This
difference is due to the intrinsic characteristics of metallic nanoclusters leading to

different ionization energies (Irene Ling et al., 2015).
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Figure 62: Samples for Raman Spectra. (a) Sample of Graphite Oxide. (b) Sample of
Graphite Oxide with composite metallic nanoclusters of gold, silver, and platinum.
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Figure 63: Raman spectra of Graphite Oxide and Graphite Oxide with composites
metallic nanocluster of gold, silver, and platinum under the radiation of 532 nm laser
line.

3.2.1.2 Ultraviolet-Visible Spectroscopy
Ultraviolet—Visible Spectroscopy was used to identify the graphite oxide peak.
Figure 64 displays the ultraviolet-visible spectra of graphite oxide. The graphite oxide

has an absorption peak at 230 nm which is attributed to the = — r* plasmon peak.
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Figure 64: UV-vis spectra of Graphite Oxide.

3.2.1.3 Size Distribution of Nanoclusters

800.0

The nanocluster size distribution is displayed in Figure 65 for a sputtering

discharge power of 10.8 W, inert gas flow rate of 40 sccm, and aggregation length of

70 mm. Figure 65 shows the size distribution for the trimetallic nanocluster of silver,

gold, and platinum as measured using the QMF where the average diameter size is 36-

37A.
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Figure 65: Size distribution of composite trimetallic (Au, Ag, and Pt) nanoclusters
measured using QMF where the average diameter size is 3.64 + 0.18 nm.

3.2.1.4 Nanoclusters Characterization
Figure 66 shows TEM image of trimetallic nanoclusters of gold, silver, and platinum
which were fabricated at aggregation length L = 70 mm with argon flow rate Ar= 40

sccm. The nanoclusters are singular or agglomerations of nanoclusters. The dark

spheres refer to the agglomerations of nanoclusters.

Figure 66: TEM image of trimetallic nanoclusters of gold, silver, and platinum.
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Commercial glass slides were placed on the sample holder with the sensor

while the nanoclusters were being deposited to confirm the existence and composition
of the nanoclusters. Figure 67 shows the EDS spectrum which confirms the existence
of the composite nanoclusters of gold, silver, and platinum. The figure displays the
amount of mass percentage for each of the different nanoclusters where the mass
percentage for silver was 0.54%, while the mass percentage for gold was 1.02%, and
the mass percentage for platinum was 0.21%. The difference in atomic percentage
between the nanoclusters and the target can be assigned to the variation in sputtering
yield of the various elements. The existence of other elements such as carbon, silicon,
and oxygen is because the composite nanoclusters were sputtered on glass substrates
for the EDS analysis. The various atoms with the nanoclusters (Ag, Au, and Pt) have
high affinity to DNA which enhances the sensor performance (Song, Lu, Yang, &

Zheng, 2005).
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Figure 67: EDS spectrum of composite nanoclusters. The composite nanoclusters
consist of silver, gold, and platinum with mass percentage of 0.54% for silver, 1.02%
for gold, and 0.21% for platinum. The existence of other elements such as calcium
(Ca), sodium (Na), silicon (Si), and Oxygen (O) is due to the glass substrate.

3.2.1.5 FET Characteristics

The sensor electrical characteristics were measured at room temperature.

Figure 68 shows the drain current (l4) versus drain—source voltage (Vas) characteristics

for the sensor without nanoclusters and with nanoclusters. The Vgs varies from -0.6 VV

to 0.6 V at room temperature. The figure displays a linear dependence between I4 and

Vs Where lg increases with increasing Vgs. The fabricated sensor has n-type transistor

behavior where applying a positive gate voltage leads to an increment of the

conducting electrons within the transistor channel which improves the channel

conductivity and increases the drain current. On the other hand, a non-linear curve is

observed for the sensor based on graphite oxide only, due to the graphite oxide channel

that is considered semiconducting material (Kang, Kulkarni, Stankovich, Ruoff, &
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Baik, 2009). The addition of metallic nanoclusters resulted in higher drain current at
the same applied voltage because trimetallic nanoclusters of gold, silver and platinum

exhibit higher conductivity as compared with graphite oxide.
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Figure 68: 1d-Vds characteristics profile for both GO sensors: with and without
trimetallic nanoclusters.

3.2.1.6 Sensor Testing

The sensor was tested for different concentrations of DNA. Figure 69 (a) shows the
variation in the current (at Vgs= 0.2 V and Vg= 0 V) when the graphite oxide channel
sensor was exposed to 2 uL of DNA of 50 ng/uL concentration. The sensor current
started at Imax = 3.76 x 10* A and when the DNA solution was dropped on the sensor
channel at time t= 34 s, the current I drop was observed and reached Imin = 3.55 x 10
4 A. The variation in the current Iq was used to evaluate the sensor sensitivity since the
values of Imax and Imin are device dependent. The change in the current was calculated
as Al = Imax — Imin. Figure 69 (b) shows the current variation for the sensor decorated

with the trimetallic nanoclusters. The sensor current started at Imax = 4.07 x 10 A and
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when the DNA solution was dropped on the sensor channel at time t= 34 s, the current
la drop was observed and reached Imin = 3.76 x 10 A. It was noticed that the sensor
starting current with nanoclusters is higher than the sensor starting current without
nanoclusters and Al for the sensor with nanoclusters was 31 uA while Al for the sensor
without nanoclusters was 21 pA. This indicates that sensor sensitivity is improved after

adding the nanoclusters.
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Figure 69: Variation in the drain current due to a 2 uL drop of 50 ng/uL of DNA for
(a) sensor without nanoclusters, and (b) sensor with alloy nanoclusters.
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The drop in the drain current of graphite oxide sensor after placing DNA
droplet is due to the DNA negatively charged triphosphate group which induces excess
hole carriers (Ohno, Okamoto, Maehashi, & Matsumoto, 2013; Tian et al., 2018; Xu,
Zhan, et al., 2017). Several studies reported that graphite oxide or graphene adsorbs
the DNA molecules through n-7 interaction (Dong, Shi, Huang, Chen, & Li, 2010;
Mohanty & Berry, 2008; Wang et al., 2011; Wen et al., 2010; Yin et al., 2011). The
adsorption of the DNA ions (negative charge) by the channel of graphite oxide or
graphite oxide with nanoclusters reduces the current. The more significant reduction
of drain current for the sensor decorated with nanoclusters confirms the more
adsorption of DNA (Yin et al., 2011). The holes concentration increases compared to
the electrons where the holes trap the electrons leading to an increment of the sensor
electrical resistance which results in decreasing the lq current. These results are in good
agreement with other people work (Ohno et al., 2013; Tang et al., 2006; Tian et al.,
2018; Xu, Zhan, et al., 2017). The difference in Is was more when the sensor was
decorated with the trimetallic nanoclusters since these metals has high affinity to DNA

(Song et al., 2005; Yin et al., 2011).

The variation of the electrical current was measured for both sensors due to
placing various concentration of DNA solution. Figure 70 shows the variation in the
current due to different concentrations of DNA which ranges from 5 ng/pL to 100
ng/uL. The figure depicts that the Al increases due to higher concentrations of DNA
in both sensors. Also, the figure indicates that GO-nanoclusters sensor results in higher
sensitivity for the various concentrations of DNA. This is due to the existence of
composite trimetallic nanoclusters which have high affinity to DNA, which causes

more adsorption and interaction for the DNA with the sensor. Moreover, all three
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metals gold, silver, and platinum are good conductors which increase the current
signal. The physical and chemical properties of the trimetallic composite nanoclusters
enhance the absorption and the interaction of the materials on the surface of the sensor
such as DNA. These observations are in good agreement with the simulation results

illustrated in Section 3.1.1.
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Figure 70: variations in the electrical drain current due to different concentrations of
DNA.
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Chapter 4: Discussion

This chapter describes and interprets the findings and the significance of this
research work. Each one of the developed sensors’ findings is discussed, interpreted

and compared to previous work.

4.1 FET Sensors Based on Graphite Oxide Decorated with Trimetallic
Nanoclusters

This section discusses the FET sensor based on graphite oxide and decorated
with trimetallic nanoclusters. For this sensor, the findings are illustrated in Section
3.1.1 and Section 3.2.1 where the experimental performance is confirmed by
simulation. Both simulation and experimental results reveal a promising sensor for real
time DNA detection. The results generated from simulation and experiment indicates
that exposing the sensor channel to various concentrations of DNA decreases the
current which is explained due to adsorption difference of DNA molecules by the bare
graphite oxide channel and the graphite oxide channel with trimetallic nanoclusters.
The addition of DNA to the channel increases the holes concentration which traps the
electrons and increases the resistance leading to current decrement (Tian et al., 2018).
The current decrease due to DNA adsorption results are in good agreement with
previous research work that confirmed increasing the holes concentration upon
adsorption of DNA (Dong et al., 2010; Tang et al., 2006; Yin et al., 2011). Also, the
current variation increases due to higher concentrations of DNA which indicates the
higher adsorption due to higher concentration. This work results agree with previous
work where the current decreases due to the increment of the DNA concentration
(Dong et al., 2010; Yin et al., 2011). Moreover, both simulation and experiment

indicate higher sensitivity due to the presence of trimetallic nanoclusters on the sensor
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channel as compared with the bare channel. The higher sensitivity was due to the high
affinity to DNA of the trimetallic nanoclusters as explained by pervious research work
(Dong et al., 2010; Song et al., 2005; Yadav et al., 2018). The various metal ions show
diverse DNA binding affinities. Platinum ions have high affinity to DNA (Song et al.,
2005). The adsorption intensity of DNA increases due to the addition of gold or silver
ions. The increment in the absorptivity of DNA is due to the binding of gold or silver
ion to the DNA phosphate group and leaving the pyrimidine and purine bases of DNA
exposed (Song et al., 2005). The DNA binding constant to gold is higher than that to

platinum and silver (Song et al., 2005).

4.2 Z-shaped Graphene Nanoribbon with a Nanopore

The z-shaped graphene nanoribbon with a nanopore sensor findings are
discussed here. Intensive studies have been performed on transverse current of various
electrode-nucleotide coupling (Krems, Zwolak, Pershin, & Di Ventra, 2009;
Lagerqvist, Zwolak, & Di Ventra, 2007; Meunier & Krstic, 2008). However, most of
these studies faced the issue of interference between adjacent nucleobases since DNA
bases length is = 0.32 nm which is much less than the thickness of most used
electrodes’ material such as gold. This makes it difficult to differentiate the
neighboring bases (He et al., 2010; Lagerqvist, Zwolak, & Di Ventra, 2006). An
alternative technique is the transverse electronic based sensors with a nanogap
(Postma, 2010). This sensor is based on graphene, which is one atom thick, where the
nanopore thickness is similar to the DNA nucleobases dimensions. Moreover, single
and multilayer graphene experiments based on measuring the vertical ionic current of
passing DNA, didn’t provide adequate resolution to identify the different nucleobases

(Branton et al., 2008; Healy, Schiedt, & Morrison, 2008) Various experimental (Huang
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et al., 2010; Tsutsui, Taniguchi, Yokota, & Kawai, 2010) and theoretical (Chen,
Rungger, Pemmaraju, Schwingenschlégl, & Sanvito, 2012; Zwolak & Di Ventra,
2007) studies on nanogaps were conducted, but resulted in very small current of
picoampere (Prasongkit et al., 2011). First-principle studies based on two metallic
graphene nanoribbon hosting a nanogap resulted in current variations for the different
nucleobases inside the gap, a major drawback was the low conductance (He et al.,
2011). Moreover, a nanogap may permit several DNA bases to translocate through the
gap simultaneously that results in signal interference problem. As nanopore has low
dimension size in contrast with a nanogap, thus, this sensor did avoid the simultaneous
DNA sequence issue. Moreover, the results in (McFarland et al., 2015) showed that at
0.5 V purine bases (Adenin and Guanine) have less current than pyrimidine bases
(Cytosine and Thymine) which is consistent with the results of this sensor. On the
other hand, at 1 V purine bases have more current than pyrimidine bases (Lagerqvist

et al., 2006; Prasongkit et al., 2011).

Due to the different electronic and chemical structure of the four nucleobases,
each one of them has a unique signature. The main objective of this sensor was to find
the relative current for each nucleobase where a unique electronic signature was found
for each base to create a DNA electronic map. The electronic and chemical structure
effect of the DNA bases in charge transport was studied. Also, it was found that
nucleotides’ orientations affect the electronic signature. This sensor was able to
discriminate the four bases by providing a unique current and conductance range for
each base. This sensor suggests that graphene-based sensor promise successful and
fast method for DNA sequencing. It provides strong motivation for the development

of a new class of nanopore sequencing devices.
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4.3 Z-shaped Graphene Nanoribbon with a Nanogap
The second sensor is interpreted here. NEGF+DFT were used to generate the
transmission spectrum and transverse current as a function of voltage bias for Adenine
(A), Cytosine (C), Guanine (G), and Thymine (T) translocating through the sensor
nanogap. Through the analysis of the bases current, it was found that DNA bases can
be identified at 2 V bias voltage. The N-nanogap enhanced the current and sensitivity
due to the improved coupling between the nanogap and the DNA bases which is

consistent with previous work (Saha et al., 2012).

Graphene nanogap techniques have the potential to detect DNA base sequence,
where a single stranded DNA (ssDNA) passes through a nanogap in a conductive
material and the variations in the electronic properties such as conductance can be
utilized to detect the DNA bases (Prasongkit et al., 2011). The main idea is that the
DNA bases passing through a nanogap in a solid state membrane will modify the
tunneling current passing through the nanogap resulting in unique signature for the
four DNA bases (Lagerqvist et al., 2006). But, this technique faces the problem of
interference of adjacent bases if they are in the nanogap simultaneously. Moreover, a
main drawback of this method is the low current which makes it difficult to read and

detect the signal (Prasongkit et al., 2011). (Wasfi & Awwad, 2019a)© 2019 IEEE.

4.4 Z-shaped Graphene Nanoribbon Field-Effect Transistor Decorated with
Nanoparticles

Theoretical studies to enhance the current across nanogaps (Postma, 2010;
Tsutsui et al., 2010) or nanopores (Nelson et al., 2010; Qiu et al., 2014; Wasfi et al.,
2019) offer moderate improvement. Moreover, applying high bias to obtain high

current signal may lead to DNA backbone attraction, or breakdown the sensor at high
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electric field. Unlike other recent sensors based on transverse electronic properties
which use small current across a nanopore or a nanogap resulting in low signal, the
third sensor enhances electrical current results from nanoampere to microampere
(Wasfi et al., 2019) thus makes it easier to detect, measure, and read. Placing a DNA
base within the pore affects the charge density resulting in a unique current for each
base. This sensor provides high readable currents when small bias voltage is applied.
This may remove the need to reduce the DNA translocation speed since the speed to
measure the current may be high which reduces the Brownian fluctuations in blurring
the signal. The present sensors, bare and decorated with nanoparticles, exhibit higher
sensitivity in comparison with the previous work (Wasfi et al., 2019). It was found that
the bare sensor has the highest sensitivity for DNA bases detection and outperforms
the ones decorated with gold and silver nanoparticles. Moreover, the sensor decorated
with gold nanoparticles has higher sensitivity than the one decorated with silver
nanoparticles. The current difference was due to the variation in the sensors mobility
where the bare sensor has the highest mobility, then the sensor with gold nanoparticles,

and the least mobility was for the sensor with silver nanoparticles.

Previous studies (Avdoshenko et al., 2013) showed that although the signal of
undoped ZGNRs can be influenced by the DNA existence within the pore, it is still
hard to differentiate between the different DNA bases. Adding a gate terminal can
improve the results by shifting the Fermi energy from the charge neutrality point. Both
nanogap and nanopore based sensors lose their efficiency in distinguishing the DNA
bases if their sizes increase (Chen et al., 2012). The current z-shaped FET nanopore
diameter is 10.1 A which is effective to identify the different DNA bases. The utilized

nanopore diameter is comparable to the nanogap diameter (11 A) used by Scheicher et
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al (Heetal., 2011). Moreover, the sensor nanopore edge carbon atoms were passivated
with hydrogen which reduces the DNA translocation speed and enhance the
measurement accuracy for DNA sequencing (He et al., 2011). Hydrogen prevents the
DNA bases from bonding with the graphene membrane and the nanopore. The present
observations are in a good agreement with McFarland et al. (McFarland et al., 2015)
and the previous work (Wasfi et al., 2019) where the results indicate that the
pyrimidine bases within the pore result in higher current than purine bases at 0.5 V
bias voltage. Each DNA base has its unique chemical and electronic structure that

result in its unique current signature (Wasfi et al., 2020) © 2020 10P.

4.5 Dual Gate Z-shaped Graphene Nanoribbon Field-Effect Transistor

Moderate improvements were offered by various theoretical studies to enhance
the electrical current of DNA in nanogaps (He et al., 2011; Postma, 2010; Tsutsui et
al., 2010) and nanopores (Nelson et al., 2010; Qiu et al., 2014; Wasfi et al., 2019). The
fourth sensor is enhanced by using nitrogen instead of hydrogen to passivate the edge
carbon atoms. The edge termination of graphene nanoribbons by nitrogen is noticed to
be rich of electrons leading to n-type transistor behavior (Kienle, Bevan, et al., 2006;
Kienle, Cerda, & Ghosh, 2006). The edge structure and chemical termination is critical
to get the desired device characteristics. It is noticed that nitrogen passivated graphene
pore sensors are very sensitive to intramolecular electrostatics (Al-Dirini et al., 2016).
Previous work (Al-Dirini et al., 2014) confirms the improved sensitivity of nitrogen
passivation in comparison to hydrogen passivation. The transverse current magnitude
of the sensor was enhanced since the nitrogen bonds enhance the coupling between the
sensor and the DNA bases. De Souza et al. designed a novel sensor using a hybrid

sheet of graphene and hexagonal boron nitride with a nanopore to distinguish among
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the different DNA bases where each DNA base with distinct dipole modifies that
charge uniquely and results in a unique current (de Souza, Amorim, Scopel, &
Scheicher, 2017). His work showed significant mechanism to sense DNA that relies
on shifting the chemical potential of the sensor by applying a specific gate potential
(de Souzaetal., 2017). The sensor sensitivity is associated with the gate potential value
and the applied bias voltage (de Souza et al., 2017; Ledo de Souza et al., 2019; Pandey,
2018). Gate potential controls the local current path within the sensor (Ledo de Souza
et al., 2019). The results of the fourth sensor indicate that the designed sensor is
required to be set to specific gate potential and bias voltage to get unique signature for
the four DNA bases with high sensitivity. In the designed z-shaped sensor, the optimal
results were generated when the dual gate is biased at 1 V each side and the bias
potential is fixed among the two electrodes (+1.4 and —1.4 eV). Optimal results were
generated based on the gate voltage and biased voltage that results in unique signature

for the DNA bases without interference among there signals.

Moreover, adding a gate and applying a gate voltage to the z-shaped
nanoribbon improves the sensor sensitivity and gives higher transverse current by
shifting the Fermi energy towards the conduction band from the charge neutrality
point. The gate electrode was placed very close to the semiconducting channel so that
the applied electric charge affects the channel. The gate can control the carriers flow
(holes or electrons) passing between source and drain. Applying a gate voltage
increases the number of carriers within the semiconducting channel, which leads to
higher current between source and drain. The utilization of N-pore and adding a gate

terminal makes it feasible to measure, detect, and read the electrical properties of DNA
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bases. Each DNA base affects the charge density in a unique way resulting in a

significant electronic signature.

To steer a string of DNA through the nanopore or nanogap to acquire the
experimental measurements, a nanotube microfluidic channel can be used. Moreover,
intrinsic stepwise translocation for single stranded DNA (ssDNA) through a graphene
pore can be used to improve the signal readings to identify the DNA nucleotides (Luan
etal., 2010; Luan etal., 2012; Qiu, Sarathy, Leburton, & Schulten, 2015; Qiu, Sarathy,
Leburton, & Schulten, 2016). The stepwise translocation can be accomplished by
stretching the ssDNA mechanically while passing through the graphene pore (Qiu et
al., 2015; Qiu et al., 2016). Qiu et al. found that ssDNA stepwise motion can be
accomplished and helps to accurately identify the DNA nucleotides’ passing through
graphene pore. A harmonic spring was moved at a fixed velocity while the other end
was attached to all phosphorus atoms which helps in preventing the tension between
neighboring nucleotides (Qiu et al., 2015). The force applied to the spring varies due
to the adhesive interaction among the DNA bases and graphene membrane. Moreover,

mechanical stretching of DNA can prevent backward movement of DNA.
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Chapter 5: Conclusion

In this work, various graphene-based sensors were designed, developed,

studied, and tested by simulation for the purpose of nucleic acids detection.

The first aim of this research was to detect various concentrations of DNA
using graphene-based sensors which were fabricated based on a Field-Effect Transistor
(FET) structure on Si/SiO2 wafer. The channel material was either bare graphite oxide
or graphite oxide decorated with trimetallic nanoclusters. The two source and drain
electrodes were made by thermal evaporation of gold metal (Au). Trimetallic
composite nanoclusters of silver, gold, and platinum were deposited on the graphite
oxide to serve as a channel. The nanoclusters were fabricated by sputtering and inert
gas condensation technique inside an ultra-high compatible system. The sensor was
also simulated to confirm the experimental results using Density Functional Theory
(DFT) along with Non-equilibrium Green’s Function formalism (NEGF) calculations.
The results indicate that the sensors decorated with nanoclusters exhibit better
performance than the bare sensors due to the high affinity of the trimetallic
nanoclusters to DNA. The simulation results were in agreement with the experimental
results. The sensor fabrication method was simple, effective, and showed great
possibility for mass-production of transistor based sensors for the purpose of DNA

detection at a low cost.

Graphene Oxide Field Effect Transistor (GO-FET) DNA sensor decorated with
trimetallic nanoclusters of Au, Ag, and Pt was fabricated. Although monometallic gold

and platinum nanoclusters have been previously presented and discussed in the GFET
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sensor literature, trimetallic nanoclusters in this work are novel and resulted in higher

sensitivity than the monometallic nanoclusters.

The second aim of this work was to detect the four types of DNA bases. Thus,
four novel graphene-based sensors with a nanopore or a nanogap were built to detect
the DNA nucleobases using Quantumwise Atomistix Toolkit (ATK) and its graphical
user interface Virtual Nanolab (VNL). Simulation of structural characteristics and
charge transport properties such as transmission spectrum and current were conducted
for the developed sensors by Non-Equilibrium Green’s function (NEGF) coupled to
either semi-empirical approaches or first-principle approaches. This software was
utilized through United Arab Emirates University High Performance Computing

(HPC).

The first sensor was a two-terminal z-shaped nanostructured sensor consisting
of two metallic electrodes connected through a semiconducting channel with a
nanopore in the middle. Four DNA nucleobases were inserted in a hydrogen passivated
nanopore, leading to unique differences in device transmission spectrum, current, and
conductance. First-principle transport simulations were conducted for a novel
nanopore graphene-based sensor to achieve an accurate DNA sequencing. The results
showed that each base generates a unique signature of conductance and current at 0.5
bias voltage. The interaction of the main nucleobases: Adenine, Thymine, Cytosine,
and Guanine with the graphene nanopore indicates that the sensor conductance and
current are sufficiently sensitive to distinguish different nucleobases. Moreover, it is
found that the nucleobase orientation within the nanopore affect current and

conductance.
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This work suggests that nanopore-based graphene sensor provides a robust
technology for DNA sequencing and gives a strong motivation for new nanopore
sequencing device development. It reveals a unique electronic signature for each of
the four nucleobases which provides us with DNA electronic map. The presented
sensor expounds potential to develop accurate, fast, and affordable technique for next

generation DNA sequencing and detection.

The second sensor was a z-shaped graphene nanoribbon with a nanogap.
Transport simulation is used to study the transmission spectrum and current for the
different DNA bases within the nanogap of the z-shaped sensor where the nanogap is
passivated with either hydrogen or nitrogen. Non-Equilibrium Green’s Function
combined with Density Functional Theory (NEGF+DFT) was used to detect the bases’
effect within the nanogap. It is found that each of the DNA bases results in a unique
current signature due to its unigque electronic and chemical structure. Moreover, it was
noticed that purine bases have higher current than pyrimidine bases. Using N-nanogap
results in higher currents compared to H-nanogap which makes it easier to detect and
measure. This work demonstrate significant distinction among the four DNA bases

(Wasfi & Awwad, 2019a)© 2019 IEEE.

The third sensor is a novel z-shaped field-effect transistor with a nanopore.
Transport simulations based on density functional theory combined with Non-
Equilibrium Green’s Function formalism (DFT+NEGF) were utilized to investigate
the sensor performance. The study illustrated that each DNA nucleobase results in a
distinctive modulation of transmission spectrum and current. The sensor has the
advantage of large signal microampere at low bias voltage which allows for the

detection of DNA sequence. Moreover, this work explored the effect of decorating the
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sensor with gold and silver nanoparticles, which are known to have high affinity to
DNA bases. It is observed that the bare sensor produced higher electronic current than
the sensor decorated with gold and silver nanoparticles. Moreover, the sensor
decorated with gold nanoparticles had higher electronic current than the sensor with
silver nanoparticles. The mobility of bare sensor was the highest, then the sensor
decorated with gold nanoparticles, and finally the one decorated with silver

nanoparticles (Wasfi et al., 2020) © 2020 10P.

The fourth sensor was also based on nanopore. Electronic transport simulations
were generated using SC-EH+NEGF formalism to study the bases’ signal within a
pore hosted by the developed z-shaped graphene nanoribbon device. Each DNA base
generated a specific signature because of its unique electronic and chemical structure.
Pyrimidine nucleobases resulted in lower current than purine nucleobases. The current
modifications due to the bases’ orientation were studied at fixed bias voltage. Despite
the current changes because of the base orientations, a unique signal for each DNA
base was possible. These signals or signatures change slightly because of the bases’

orientations within a pore.

The sensor sensitivity was enhanced by using nitrogen instead of hydrogen to
passivate the pore edge carbon atoms. Passivation can be accomplished by nitrogen or
hydrogen, where the nitrogen passivation resulted in a sensor with excess free
electrons working as an n-type device. Moreover, adding a dual gate terminal to z-
shaped nanoribbon and applying a gate potential improved the sensor reading and

signal.
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It is noticed that nanopore-based sensors results in higher current than
nanogap-based sensors which makes it easier to read. Moreover, adding a gate terminal
enhances the sensor performance significantly. Also, the nitrogen passivation and

decorating the sensors with nanoclusters improved their performance and sensitivity.

Future work may include electronic transport calculations for nucleotides in a
salt solution. Moreover, Future work will utilize the simulated sensors design to
fabricate a graphene- based sensor with a nanopore that will identify the signatures of
each DNA and RNA base (Adenine, Cytosine, Guanine, Uracil and Thymine)
experimentally and then test the combination of bases for a known biological sample

for verification purposes.
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