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Abstract

This work proposes and demonstrates a biosensor with reduced Graphene Oxide (rGO)
based Field Effect Transistor (FET) for rapid and selective detection of Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). The main objective of this thesis
is to detect the SARS-CoV-2 spike protein antigen on spot selectively and rapidly. The
rGO channel is coated with the spike protein antibodies to achieve selectivity. Moreover,
the biosensing performance and specificity are governed by decorating the sensor’s
channel with Metal Nanoparticles (MNPSs) such as, copper, and silver. The designed
sensor successfully detects the SARS-CoV-2 spike protein and shows singular electrical
behavior for detection. The rGO-FET biosensor electronic transport characteristics such
as transmission spectrum, electronic current, and transfer curves are studied by using
semiempirical modeling combined with a nonequilibrium Green’s function. The
transmission spectrum, 1-V and transfer curves are investigated to spot the performance
alteration caused by detecting the target molecule. The sensor is also tested against
another virus, namely Rabies virus, and showed no detection reaction towards it. The
introduced sensor is 8.2 nm long and 6.1 nm wide which makes it a perfect candidate for
easy handling and transporting. RGO FET-based biosensor is developed and tested to
take the advantage of the unique electronic properties of the rGO channel and offer a
quick, rapid, easy, and accurate detection method for SARS-CoV-2 virus. The
semiempirical study, along with the simulations results are in agreement with the

previous literature studies and provide an excellent pathway for practical fabrication.

Keywords: Semiempirical, FET, rGO, MNPs, biosensor, COVID-19, SARS-CoV-2.
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Chapter 1: Introduction

1.1 Overview

Viral pandemics have always been one of the most feared events to occur due to their
huge impacts on our mental and physical health, economy, education, and even social
lives. Spread area, symptoms, incubation period, rapid and accurate infection detection,
therapeutics, and disease’s severity are the key factors to be focused on when trying to
control such pandemics. Since the identification and spread of SARS-CoV-2 our lives
have changed, it’s now the ultimate goal for many researchers and medical field staff to
find the needed tools to detect, contain, treat and even vaccinate against the viral

infection.

1.2 Statement of the Problem

With the recent spread of the new emerging Coronavirus disease 2019 (COVID-19) and
due to its highly contagious nature, World Health Organization (WHO) has announced it
as a worldwide pandemic. Owing to this, the need for rapid, accurate, and point-of-care
detection and screening tools is arising. Until now many detection tools have been
proposed in this matter however, none has been approved or confirmed to introduce the
best performance in terms of sensitivity, accuracy, and speed. Hence in this work, a
point-of-care Field Effect Transistor (FET)-based biosensor will be simulated and

studied to serve this matter.

1.3 Research Objectives

This research aims to develop a point-of-care rapid and accurate SARS-CoV-2 sensor.
The sensor’s electrical properties such as transmission spectrum and electrical current
will be studied and analyzed to provide a comprehensive understanding of the sensor’s

working principles.

Also, it is the purpose of this work to participate and introduce solutions to worldwide

pandemics, it is with these intentions in mind the idea of this study was originated.



1.4 Thesis Organization

Chapter 1 introduces a general overview, problem statement, research objectives and
thesis outline.

In Chapter 2 the literature which is related to this study is discussed and presented as
follows, COVID-19 pandemic, virus structure, SARS-CoV-2 detection techniques,
biosensors for viral detection, biosensors for SARS-CoV-2 detection, graphene, bandgap
engineering in graphene and finally rGO features and applications.

Chapter 3 presents the sensor’s design process in details, the used viruses, the employed
software, and the system’s requirements, the chapter sections are: FET design, metal
nanoparticles, viruses, COVID-19 spike protein, device testing, electrode-channel
interface, and semiempirical model.

Results are presented, compared, illustrated, and discussed in chapter 4. The chapter is
sectioned as follows: channel’s performance and FET-based biosensor’s performance.

Finally, chapter 5 states the conclusion and some relevant challenges.



Chapter 2: Literature Review

2.1 COVID-19 Pandemic

SARS-CoV-2 or what’s known as “severe acute respiratory syndrome coronavirus 2”
was and still the center of extensive research since its outbreak two years ago
specifically in early December 2019. The disease was officially first reported in Wuhan
City in China, when a group of suspected pneumonia, with unidentified symptoms, cases
were disclosed to the World Health Organization, in a matter of days the cases rose up to
282 where four of them were spread across South Korea, Thailand and Japan. Computed
Tomography (CT) accompanied with Polymerase Chain Reaction (PCR) tests showed
negative results for pneumonia, further tests revealed a genome matching percentages of
~80%, ~50%, ~96% to SARS-CoV, Middle East Respiratory Syndrome Virus (MERS-
CoV) and bat coronavirus RaTG13, respectively [1]. Some investigators suspected that
the viral infection was originated in a traditional food market in the city since the initial
tests of the market surroundings showed corona-virus positive results. As many thoughts
that this might be a lab constructed virus the theory was quickly eliminated after
confirmation of its animal-origin (bats) backed by the very similar genomic structure of
it to the known Coronaviruses i.e., SARS-Cov-1 and MERS-Cov [1-3]. Another
compelling evidence was the studies predictions of the imperfection of the binding event
between the viral cells and human receptors [4]. Until now seven coronaviruses have
been recognized in humans namely, HKU1, HCoV-OC43, HCoV-229E, HCov-NL63,
MERS-CoV, SARS-CoV and finally SARS-CoV-2 with the last three being responsible
of epidemics [5]. Human to human is the viral transmission method through droplets
spread [6], however, in early March 2020 a study has confirmed that SARS-CoV-2
which is originated in bats can be transmitted to humans by pangolin [7] yet more
research is still needed to identify other possible hosts. Until the moment no approved
therapeutics for SARS-CoV-2 has been found therefore, rapid detection of the virus

plays major role in controlling the virus spread and minimizing its consequences.

2.2 Virus Structure

The Corona virus which is a spherical structure with a diameter of 120 nm [8], has

a single strand of positive RNA, almost 3000 nucleotides and an arrange of four



structural, 16 nonstructural and five to eight accessory proteins [9]. The random
scattering of spikes on its surface revealed a Sun-Corona-like appearance giving it the
name of Coronavirus. The virus structure is displayed in Figure 1. Nucleocapsid (N),
Membrane (M), Spike (S) and Envelop (E) are the four structural encoded proteins in
SARS-CoV-2. With spike protein, which is almost 150 kDa, being the center of many
studies because of its vital role in the infection process. It consists of two major subunits
S1 and S2. Firstly, S1-subunit attaches to the human receptor enzyme known as
Angiotensin Converting Enzyme 2 (ACE2) which are surface structure found on most of

the human cells. Then S2-subunit facilitates the human-viral membranes fusion [9-11].

SARS-CoV 2 Structure

Spike (S1 & S2)

Nucleocapsid (N)

Membrane (M)

Envelope (E) ———

ssRNA
(+ sense, ~30kb in length)

Figure 1: SARS-CoV-2 structure [12]

2.3 Coronavirus Detection Techniques

Since the virus outbreak the medical and research fields have been in a blast to primarily
detect and diagnose the virus and then find a vaccine. Different symptoms from fever,
cough, breath shortness and fatigue have been detected in SARS-CoV-2 patients,
however, these symptoms are not compelling and are very similar to number of other

viral infections, hence accurate diagnosing techniques are much needed. Reverse



Transcription Polymerase Chain Reaction (RT-PCR), radiologic photography, chest CT
and Atrtificial Intelligence (Al) were all employed to serve this target, with the molecular
approaches having the upper hand since they show more accurate results in targeting
specific genomes. According to Udugama’s team, the successful production of molecular
methods basically depends on understanding firstly, the pathogenic structure and
secondly, the alteration in the genes sequences caused by the infection [1]. RT-PCR
which is a molecular technique used to target some genes or pathogens in a molecule
[13], was firstly used in diagnosis, it can be done either in one or two steps, although the
former is faster and can offer reproducible outcomes the latter is more accurate,
however, the low sensitivity of this method 60-70% necessitates the use of additional
diagnostic tools to support its results [1], [14-15]. On the other hand, chest CTs which
play a big role in early detection (especially for questionable RT-PCR results), disease
progress monitoring and determining infection severity offered better sensitivity
performance compared to chest radiography [16], however, it is still lacking in the early
stages of infection owing to its inability to detect Ground-Glass Opacity (GGO) [17-19].
Moreover, since the CT results are not evident, many medical societies have advised to
not use it as a diagnostic tool owing to the increased infection-spread risks that may
unfold when moving the suspected patients around the hospital for a CT scan [20-21]. In
a trial to overcome the mentioned shortages, a collaboration between different
affiliations in China and Netherlands conducted a study to correlate the chest CT with
the RT-PCR results on 1014 patients the outcome of the study was, chest CT sensitivity
for detecting COVID-19 were better compared to RT-PCR nevertheless, many studies
recommend using both approaches to increase the detection accuracy and support the
results [15], [22]. As the infected numbers surged noticeably, the manual classification
of the RT-PCR tests and CT scans results became a tedious and time consuming task, the
use of more efficient, accurate and rapid approach was a necessity hence Acrtificial
Intelligence (Al) was employed to help tackle this pandemic. Artificial intelligence was
used in several occasions such as forecasting virus spread, contact tracking, SARS-CoV-
2 cases monitoring, and early diagnosis to help the medical staff [23]. Al accompanied
with radiological photography was proposed, a binary (with positive, no findings classes)

and multiclass (with positive, no findings, Pneumonia categories) classification with



accuracies of 98.08% and 87.02%, respectively, was achieved by Tulin Ozturk’s team
[24]. In [25], Hemdan’s group with the use of seven convolutional neural network
models developed deep learning network using 50 radiographic images with 25 of them
are confirmed COVID-19 cases. Detection of GGO in X-rays using deep learning
network called nCOVnet was introduced, the possibility of data leakage in this network
was eliminated during training so the results were unbiased, the overall accuracy reached
up to 88.1% [26]. Another promising diagnosing technique named as “Reverse
Transcription Loop-Mediated Isothermal Amplification” RT-LAMP was introduced by
Zhu’s team [27], the newly emerging technique showed a superior specificity compared
to RT-PCR (assay’s specificity and SARS-CoV-2 analytical sensitivity is 100%), a
collection of primer sets, opening reading frame and SARS-CoV-2 N genes were
amplified in a single tube reaction to finally be diagnosed by a lateral flow biosensor, the
whole diagnostic process takes up to 1 hr, however the number of samples in the study
was small and the method was not evaluated for other types of clinical samples.
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR-Cas), a pending-
clinical-validation technique that was previously used to detect bacteria, microRNAs,
and cancer mutations, has been tried for SARS-CoV-2 diagnosing. With a time span less
than 40 minutes, 95% positive predictive agreement, 100% negative predictive
agreement, and clinical samples validated results the approach provides a good, accurate
and rapid alternative to RT-PCR [28]. Summary of techniques and their merits &

demerits is found in Table 1.

Table 1: Summary of COVID-19 detection techniques

Ref. Used Technique | Advantages Disadvantages
[1], [14-15] RT-PCR One step: rapid and reproducible | One step: lower accuracy
results Two steps: time consuming
Two steps: better accuracy Both: expensive Kits
[17-19] Chest CT High sensibility, availability of | Low sensibility in early
tools stages
[23-26] Al accompanied Rapid, simple, reduce the still didn’t reach 100%
with RT-PCR and | number of needed radiologists, classification accuracy
chest CT save time
[27] RT-LAMP High specificity, rapid (1 hr) Tested on few samples and
wasn’t evaluated for
different clinical samples
[28] CRISPR-Cas Rapid (less than 40 mins) Pending clinical validation




2.4 Biosensors for Viral Detection

The battle between human and viruses has always been ongoing, several different viruses
such as Marburg, Ebola, HIV, Smallpox, and many others have threatened the human
race throughout the decades. Researchers have used different diagnostic techniques to
eliminate and minimize the effect of such outbreaks. One of the most commonly used
devices are electromechanical biosensors. Reduced accuracy, sample treatment, time
consuming, the need for experienced staff and higher costs are all shortages introduced
by conventional methods such as Lateral Flow Assay and ELISA that can be overcome
by using such sensors [29]. Electromechanical biosensors fall mainly into four categories
namely: nucleic acid-based, antibody-based, aptamer-based, and antigen-based. Sensors
basically consists of receptors and transducer, when a specific target (protein, nucleic-
acid or antibody) is detected by the receptor a reaction occurs resulting in a signal that
can be processed by the transducer [30]. Basically, a DNA-based biosensor recognizes a
complementary DNA sequence by hybridization due to a single stranded restrained
probe on its transducer surface. Its low cost, suitability for large-scale fabrication, and
rapid response attracted a lot of attention to it [31]. In [32] a DNA based biosensor was
introduced to detect the Ebola virus where the biosensor has remarkable sensitivity due
to the enzyme-amplified recognition used in it. The sensor has gold electrodes and
employs a sole DNA strand as the probe. DNA hybridization was again introduced by
Manzano M. et.al but this time the target was hepatitis A virus. The label free FET was
tested against different viral and bacterial specimens using nested RT-PCR technique. It
achieved a Limit Of Detection (LOD) of 6.4 fg/ul [33]. Antibody-based or
immunosensor which is another type of electrochemical biosensors depends on the
binding event between antibody and antigen which results in a signal that can be sensed
by the transducer however its stability and reproducibility still needs enhancing [34-35].
Ebola virus was also the center of Chen et al. work [36], where a reduced Graphene
Oxide (rGO) based Field Effect Transistor (FET) was designed to detect the Ebola
antigen. The rGO sheet was sprayed with gold nanoparticles for antibodies anchoring,
and the limit of detection reached up to 1 ng/ml. Anik et al. [37] detected influenza A
virus. The designed sensor utilized composite graphene-Au electrode to measure the

neuraminidase activity with LOD of 10-8 U/ml [37]. Aptamers, the product of



Systematic Evolution of Ligands by Exponential Enrichment (SELEX) method, are
oligonucleotides that are short and single-stranded. Their most appealing feature is the
noticeable affinity and sensibility against targets which makes them excellent to use in
biosensors [38-39]. In [40], Lum et al. targeted Avian Influenza (AlIV H5N1) virus. They
designed an impedance aptasensor with a detection time of 30 minutes. The electrodes
were coated with gold and then altered with streptavidin. The binding event of the virus
causes an impedance increase which is proportional to the virus concentration [40].
H1N1 virus which is the cause of influenza A was targeted in this paper [41]. An EIS
aptamer-based sensor was introduced. The sensor with gold electrodes showed high
affinity toward H1N1 virus. The sensor was also tested against influenza B and
parainfluenza viruses. Moving on to the final type of biosensors namely antigen
Immunosensor. These particular sensors have antigen-treated electrodes to detect
flowing antibodies [30]. Enzyme-linked immunosorbent assay or what’s known as
ELISA was, for recent years, the golden technique when targeting viral antibodies,
however this technique suffers from several disadvantages such as the need for big,
expensive, fully equipped laboratories as well as trained staff to run the process.
Moreover, its sensitivity and antibody’s stability are questionable [42-43]. Capacitive
highly sensitive biosensor for the detection of Zika Virus (ZIKV) was the product of this
research. The mentioned sensor consists of ZIKV’s antigen-treated nanowire which can
detect up to 10 antibodies in 30 uLL specimen. Different antibodies were employed to
validate the sensor’s performance. The experiments showed a change in the capacitance
against the target, while no noticeable change was observed against other antibodies.
This change was confirmed to be proportional to the target’s concentration [44].
Hantavirus was targeted in [45], where Jeferson’s team created a gold surface modified
with the virus protein via self-assembled monolayer formation which can insure the
presence of target’s antibodies in human serum. Coupling of the mentioned protein was
achieved by immersing the electrodes in an antigen suspension. Good sensibility against
the virus antibodies was reached [45]. Table 2 compares the different categories of

biosensors and their uses.



Table 2: Biosensors categories

Ref. Sensor’s Category Detected Virus Advantages

[32] Nucleic-based Ebola Rapid response, cost friendly, suitable for

[33] Hepatitis A large-scale production

[36] Antibody-based Ebola High affinity, high sensitivity.

[37] Influenza A

[40] Aptamer-based Avian Influenza Low cost, low toxicity, reproducibility,

[41] Influenza A easy & quick to fabricate, high
sensitivity, stability

[44] Antigen-base Zika High affinity, high sensitivity

[45] Hanta

2.5 Biosensors for SARS-CoV-2 Detection

As the virus spread is still exacerbating, efforts continue to be channeled into finding the
best path to control the recent global situation. Medical authorities are making huge
efforts in supporting any potential detection-tools, therapeutics, and vaccines
productions. Basically, three vital factors are not to be tolerated when detecting SARS-
CoV-2 namely identification targets, detection methods, and measured signal’s
amplification and transducing [46]. The viral infection can be spotted by detecting one of
the following: complete virus, viral RNA/DNA, and antibody/antigen [9]. In 1986 Gerd
Binnig and Heinrich Rohrer were able to introduce a major nanoscience technology
known as “‘scanning probe microscopy’” which made it possible to perform experiments
and studies on the nano-scale level [47], on such tiny scales most of known physics
become invalid that’s where nano-science comes in. As the electrodes’ size reduction
continues to happen, the common behaviors and properties becomes harder to predict.
The electrodes at the nano range can be treated as 1D devices owing to the electrons’
travel distance between two scattering events being greater than the atomic size and as a
result the resistivity and hence the conductivity becomes independent of the electrodes’
length [48], this has to be taken into consideration when designing any Field Effect
Transistor’s (FET) electrodes. FET with the help of 2D semiconducting materials were
utilized to detect SARS-CoV-2, depending on the easily altered electronic nature of such
materials and their sensitivity. It can offer a rapid detection solution. The group used
SARS-CoV-2-antibody functionalized semiconducting Transition Metal Dichalcogenide
(TMDC) WSe2 monolayers as the detection platform and reached a LOD of 25 fg/uL in
0.01X Phosphate-Buffered Saline (PBS) [49]. Graphene based FETs was also employed




to detect the virus. After preparation of the graphene layer Au/Cr electrodes were etched
using thermal evaporation and lift-off methods. Then, the graphene channel was coated
with antibodies against the viral spike protein. The sensor’s performance was tested and
validated and it reached a LOD’s of 1.6 x 101 pfu//mL and 2.42 x 102 copies/mL in
culture medium and clinical samples respectively [50]. Nanomaterials based sensors and
assays also played a major role in the detection race. Huang et al. designed a AuNPs
decorated lateral flow strips to detect the produced IgM antibodies against SARS-CoV-2
[51]. A configuration of an anti-human IgM-AuNP was the sensing probe. Blood serum
from infected and healthy controls were utilized to test the assay’s suitability which
reached a 100% and 93.3% sensitivity and specificity, respectively. Again, AUNPs were
employed in this research with SARS-CoV-2 spike protein antigen (SARS-CoV-2 Ag)
being the detection target. Mahari’s group [50] designed a AuNPs decorated, fluorine
doped and nCovid-19 monoclonal antibody (SARS-CoV-2 Ab) coated tin oxide
electrode (FTO) as a potentiostat sensor to sense any change in electrical conductivity,
and then compared its performance with an in-house built eCovSens potentiostat. Both
sensors displayed high sensitivity in early stages of detection. LOD’s of 90 fM and 120
fM for eCovSens and potentiostat, respectively, were recorded [52]. The applicability of
another interesting nanomaterial named Quantum Dots (QDs) was evaluated for SARS-
CoV-2 diagnosing. Quantum Dots (QDs) which are nanometer sized semiconductor
particles with attractive properties [53] are very promising candidates that yet to be
utilized in the diagnosing and detection of SARS-CoV-2 field according to Sultan et al.’s
review [54]. Plasmonic Photothermal (PPT) effect along with Localized Surface
Plasmon Resonance (LSPR) was suggested. The production of PPT heat on the
complementary DNA functionalized, nano-sized gold islands give rise to the in-situ
hybridization temperature and leads the specific differentiation between couple of
similar genetic sequences. This technique is very sensitive, rapid and reach a LOD of
0.22 pM [55]. Surface-Enhanced Raman Scattering (SERS) concept was recently
employed. Zhang et al. proposed a SERS based biosensor to detect SARS-CoV-2 in
untreated saliva. The sensitivity and reproducibility were guaranteed by using three-
phase (oil/water/oil) liquid-liquid system which make up two layers of AuNPs. The

interaction between the viral spike antibody, spike antigen protein and Raman silver
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nanoparticles was the focus of the sensing event. with no need for any sample
preparations the sensor can sense infection at concentrations of 6.07 fg mL-1 in
untreated saliva [56]. Technologies used in SARS-CoV-2 detection are depicted in

Figure 2.

SARS-CoV-2 detection
technologies

FET based Nanomaterials PPT & LSPR based SERS based
biosensors based biosensors biosensors biosensors
TMDC WSe2 based Nanoparticles
FET based
Graphene based Quantum dots

FET based

Figure 2: SARS-CoV-2 detection technologies

2.6 Graphene

Carbon which is the primary material of all living structures can be found in different
arrangements around us, for example it can be spherical forming fullerenes, or rolled
along specific direction giving carbon nanotubes. It can also be in a three-dimensional
structure producing weakly bonded graphene layers known as graphite and it may be
found in a honeycomb-like arrangement revealing graphene [57]. Graphene which was
firstly discovered in 2004 [58] is a single layered, 2D with hexagonal lattice structure
material. Since its discovery, graphene has become the center of numerous research
work because of its attracting electrical, mechanical and optical properties. Owing to its
perfection as a 2D material it has earned the description of “ultimate flatland” [59].
Basically, the honeycomb lattice comprises of two inter-bonded sublattices A and B as
depicted in Figure 3. Therefore, a single unit cell has two carbon atoms. Each carbon
atom in the lattice has a total of four bonds (one s and three p orbitals). Three are ¢ (one
s and two p orbitals) which don’t have any contribution to the graphene conductivity

since they are well covalently bonded to the graphene hexagonal lattice, and one is a
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perpendicular z-directed © bond (one p orbital) which then all = bonds together forms
what’s known as the & (valence) and n* (conduction) bands, with these bands being
responsible for most of the unique graphene electronic properties [57], [59-61]. From a
band structure point-of-view graphene is a gapless semiconductor since its conduction
and valence bands are touching as displayed in Figure 4. These touching points are
called Dirac points (K & K’). Unlike most of semiconductors which focus on the zero-
momentum point I' when studying electronic properties, K and K’ points are the focus
for graphene. This is not the only difference between graphene and conventional
semiconductors, there are a number of interesting differences to be mentioned. Firstly,
energy band gap, graphene is gapless while other semiconductors have finite gaps.
Secondly, graphene has a chiral, linear dispersion relation, however semiconductors have
quadratic one. Thirdly graphene is much thinner compared to 2D electron gas, in fact it
is the thinnest material found until now. Finally, graphene has finite minimum
conductivity, irrespective of diminishing fermi energy, which is a key point to be noted
when designing FETSs [60]. To further understand the graphene’s electronic behavior,
Geim and MacDonald [59] have employed massless, relativistic particles as a reference
since both graphene and mentioned particles own a similar Hamiltonians. Klein paradox
for these particles implies that the transformation of them into virtual antiparticles leads
to the penetration of any-size potential barrier. This paradox has never been witnessed in
particle physics until graphene which explain its extraordinary conductivity. This
fascinating phenomenon could be understood by comprehending the Hamiltonian, which
for graphene allows simultaneously the positive and negative energy states leading to a
perfect transmission (no reflection) for infinite barrier [62]. When comparing the
particles’ interactions in graphene to those of fermions in Quantum Electrodynamics
(QED) one can find that graphene ones are noticeably stronger owing to the weaker

mutual screening of electrons and the lower coupling constant [59], [61].
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Figure 3: The graphene honeycomb lattice [59]

Figure 4: Graphene band structure [60]

2.7 Bandgap Engineering in Graphene

Graphene with its extraordinary features may be at its raw state not suitable for
electronics applications. The gapless nature of graphene prevents it from being used as a
channel material in FETs. The presence of two identical carbon atoms within the unit
cell causes the absence of any energy gap. Thus, to open a bandgap the planar symmetry
should be broken by structural or chemical modifications [63]. The first attempt to
engineer a bandgap in a semiconducting material with the intention to tailor a device
properties is dated back to 1957 by Professor Herbert Kroemer [64]. According to Frank,

until 2010 three ways had been investigated to open a bandgap in graphene. The first one
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is by introducing graphene nanoribbons [65]. The size constraints that are applied on
them apparently open a bandgap that is inversely proportional to their width. However,
fabrication imperfections limit this approach from being commercially adopted.
Secondly, applying a vertical electrical field on bilayer graphene opens a bandgap that
can reach up to 200-250 meV with increasing displacement electrical fields [66-67]. And
thirdly, simulations have proved that strain can be a mean of bandgap engineering in
graphene [68] nevertheless, the applicability of this method is still under question. In
2011, an approach combining two of the above mentioned methods were designed [69],
where uniaxial strain was applied on graphene nanoribbons. The study revealed that the
energy gap was more affected by compression than tensile deformation. VVagdevi’s team
noticed that instead of applying a high electrical fields to Bilayer Graphene (BLG), the
use of single-side metal adsorption leads to breaking the bond symmetry which
eventually opens a bandgap in graphene. SnCls metal was physisorped by BLG causing a
band gap opening and a shift in fermi level [70]. Graphene’s fermi level is sensitive to
any contact, which paved the way for fermi level tuning that causes a change in charge
carrier concentrations. The process of altering graphene’s lattice structure by replacing
or adding atoms is known as doping which is a mean of tailoring graphene’s electronic
structure. As reported by Lee et al. doping can be introduced by two methods 1) carbon
atoms exchange with heteroatoms 2) the addition of chemically or physically surface
adsorbed atoms [71]. The two approaches and the alternating electrical chemical
environment were investigated in a density functional theory study which showed that,
although a bandgap opening is achievable by surface bonding, it negatively affects the
linear dispersion relation of the band structure. Moreover, isoelectronic co-doping and
the alternating environment didn’t offer a much superior behavior in terms of mobility
and compared to conventional semiconductors [72]. The literature has many examples of
elements that have been used as adsorbents to tailor graphene electronic properties
namely, phosphorous [73], chromium [74], oxygen and nitrogen [75], and boron [76].
Even water molecules were added as dopants to graphene [77]. The addition and
removal of oxygen by oxidation and reduction also played a major role in this regard.
Oxidation of graphene leads to the introduction of its oxide “Graphene Oxide” (GO) and
then the reduction of it produces “reduced Graphene Oxide” (rGO). Studies and
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observations on these materials prove that the latter is a perfect candidate to be used as a
FET channel material since the introduction of oxygen functional groups opens a
bandgap in graphene therefore a tuning of electrical and structural properties including
bandgap can be achieved by controlling the level of reduction [78-80]. In [80], the effect
of a single and many functional groups in addition to other possible formed structures
have been studied. The study revealed that epoxy and hydroxyl groups prefer to
aggregate together. The addition of a single functional group can induce some bound
states which may lead to altered transport properties and open significant band gaps that
can be tuned with controlled oxidation process. Yigian’s team has also performed an
experimental study on graphene’s bandgap tuning by the addition of nitric acid HNOs
during the oxidation process. Their experiment showed that with an increasing
concentration of HNOg, the surface epoxides linearly increased without introducing any
inter-planar defects causing the bandgap to change from 0.264 to 0.786 eV [79]. The
relationship between the epoxies and hydroxyls and bandgap tuning was also confirmed
in earlier work [81-82]. Figure 5 summarizes the bandgap engineering methods in

graphene.

Bandgap engineering
methods in graphene

Graphene Bilayer
nanoribbons | graphene |

Reduction of
GO

Doping Strain

Figure 5: Bandgap engineering methods in graphene

2.8 RGO Features and Applications

Reduced Graphene Oxide (rGO) as a derivative of graphene enjoys several unique
electrical properties. The existing functional groups on its surface pave the way for
increased control and tuning of its electronic behavior. For example, it was proved that
the reduction of GO in hydroiodic acid, the productivity undergoes a noticeable
improvement with a resistivity reduction factor of 103 reaching a minimum value of

0.003 Q.cm [83]. Hydroiodic acid was again used by Wei and Giorgio to tune the rGO’s
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oxygen content from concentrations of 0.06 to 0.95 mol L-1 resulting in electronic
properties tailoring [84]. Moreover, as mentioned previously controlling the degree of
reduction is also a mean of bandgap tuning [78-82]. Literature has also investigated the
dependence of transparency and conductivity on the GO degree of reduction and its
films” thickness [85]. The degree of oxygen functional groups elimination was again the
reason of decreasing the rGO interlayers spacing’s which eventually means altered
electronic features [86]. In addition to the aforementioned benefits offered by oxygen
functional groups, they are also considered as active binding sites for the desired
molecules such as nanoparticles or antibodies which allow further engineering of rGO
sheets [84-85]. Figure 6 illustrates the advantages offered by controlling the amount of
oxygen functional groups in rGO. RGO has been extensively utilized in several FETs
biosensors. In the work done by Yu et al. [88] two micropatterned solution gated rGO
FETs were designed to detect nucleoside triphosphates. Both sensors showed similar
ambipolar field effect behavior. Their investigation reached the conclusion of the
modification of the FET by bis-pyrenyl derivative can enhance its sensitivity to reach a
LOD of 400 nM. Solution gated rGO FET was also used for pH sensing where a series

of enzymatic reactions produce protons (H+) that can be detected by the rGO channel

which was decorated with a nerve-system’s neurotransmitter [89]. Additionally, proteins
[88-89]. Viruses [36], [90-91], gases [94], PNA-DNA hybridization [95] and bacteria
[96] have all been discriminated and detected by rGO FET based sensors.

Resistivity &
conductivity

Transparency
Electronic
properties

tailoring
Energy bandgap
Interlayers’
spacing

Active binding
sites

Antlbodles

Oxygen

functional
groups

Figure 6: Oxygen functional groups roles in rGO
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Chapter 3: Semi-Empirical Modelling and Simulation Settings

3.1 Introduction

In this chapter a simulation-based research on the molecular scale is conducted using
Quantumwise (ATK-VNL) package [97]. The study focuses on the FET-based sensor’s
electronic transport properties including transmission spectrum, conductance, and
electrical current. The sensor’s performance was investigated by utilizing a semi-

empirical approach along with non-equilibrium Green’s function.

3.2 FET Design

According to Clemens et al. study Field Effect-Based Biosensors (BioFETSs) suffer from
two major challenges. First, getting an accurate accepted results is based on the self-
consistent calculations that must include all the charges of the system. Second, BioFETSs
arrangements have multi-scale nature i.e., the biomolecules are on the Angstrom scale
while the device can reach to micrometer range [98]. It was indeed a big challenge for
this research to overcome these challenges since the used software had to deal with a
large system (>6000 atom). FET basically consists of two electrodes, semiconducting
channel, and a gate where the whole arrangement is placed on a dielectric layer (in this
case Silicon wafer covered with SiO> dielectric) to prevent any unwanted electrical
interactions. The gate is connected to an external circuit to control its voltage which is
eventually used to alter the conductance of the channel. When the FET is operational a
bias is applied between its electrodes, known as the drain and source, the bias can be in
the range of 2-3 V. To comprehensively describe a FET performance several metrics are
of interest such as channel’s conductance, current, transconductance (ability to translate
the smallest voltage change into a noticeable current change), and Dirac point or Charge
Neutrality Point voltage (CNP) behavior [99]. The rGO-FET based biosensor
performance was investigated by generating gate voltage (V) versus drain-source
current (las) curve and drain-source voltage (Vas) versus drain-source current (lgs) curve.
The upcoming sections illustrate our FET design process using the Quantumwise ATK

software.
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3.2.1 Electrodes

Following the literature mentioned previously that electrodes at nano-size can be treated
as 1D object [47-48], here in our design we have kept in mind the size requirements
(being as small as possible) with the intention of speeding up the simulation process. The
electrodes’ size’s compatibility was further confirmed from the convergence of the
software simulations, moreover the selected dimensions showed the optimum behavior.
The simulated electrodes are golden, with a length and width of 11.89 A and 60.56 A
(1.189 nm, 6.056 nm) respectively as shown in Figure 7. Dirichlet condition along C
direction and Neumann boundary condition along A and B directions were applied on

the electrodes when studying the device’s performance.

Figure 7: Electrodes dimensions and geometry

3.2.2 Channel

When designing our reduced Graphene Oxide (rGO) channel the below points were

followed:

- Graphene nanoribbons falls into two main categories depending on their edges
shape namely, zigzag and armchair as shown in Figure 8. The former one has
metallic nature and hence can’t be used as a channel material while the latter can

be either metallic or semiconducting based on the width, however since the
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channel here is narrower than 10 nm it can be considered as semiconductor [100-
101]. This conclusion was further investigated by Quantumwise ATK software
and the results are discussed in the coming sections.

Oxygen functional groups spread on the surface of rGO randomly, actually this is
one of the challenges when dealing with graphene, each sample has its unique
structure therefore, it is difficult to produce identical samples with the exact same
electronic behavior [102]. Studies have found four types of oxygen containing
groups in graphene namely, hydroxyl (C-OH), epoxide (C-O-C), carboxyl
(COOH), and carbonyl (C7~O) with the former two being located at the basal
plane and are responsible for most of the graphene’s unique electronic properties
while the latter ones were found on the edges [103-107]. The channel designed
here contains only hydroxyl and epoxide groups since carbonyl are not stable and
converts into epoxide whereas carboxyl is only stable on defects sites which is not
presented in our channel [79].

Channel dimensions were mainly selected based on the viral spike protein size the
channel is 6.124 nm long, 5.896 nm wide as illustrated in Figure 9 below. It is
expected that the energy band gap would get significantly smaller or even
diminishes if the channel’s width is further increased according to Poljak’s study
[108]. Moreover, it is anticipated that any further increase in the channel’s width
will also reduce the transmission which will definitely result in a current reduction
this is attributed to the increased contact resistance caused by the channel’s width
increment [108]. However, similar trend in terms of transmission and drain
current variation is foreseen for changed size, these variations are caused by the
binding event between the antibodies and the spike protein. While no detectable
change in transmission and current will appear in case of other viruses since no
binding event is expected.

Channel functionalization basically constitute of three main components namely,
MNPs, bio-recognition molecules and edges passivated with hydrogen.

MNPs are employed here for two major reasons. First, since the surface of
graphene is not chemically suitable for direct immobilization of biomolecules,

Metal Nanoparticles (MNPs) are often used on rGO to enhance its bio-sensing
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performance and specificity. Biocompatibility, surface-biomolecules
immobilization and selectivity were all proved to be enhanced when employing
MNPs [109-111].

- Secondly, another reason for using MNPs is to avoid the immediate interaction
between the rGO channel and the biomolecules, this is so important since the
antibodies’ immobilization can impact the electronic structure of the rGO such as
conductance and electrons distribution [112]. It is worth mentioning that the
electrons’ alteration generated by such immediate interaction is undesirable since
it introduces Negative Differential Resistance (NDR) behavior which was proved
in our study and will be discussed in later sections

- Bio-recognition molecules are used to further enhance the selectivity of the sensor
and amplify its affinity. The rGO channel was coated with COVID-19 antibodies
which are specific against the viral spike protein and known as probes. The
antigen-antibody binding event is responsible for the channel’s altered electrical
properties and considered as detection evidence [91], [113].

- The rGO channel edges were passivated with hydrogen. This step is crucial to
saturate the dangling bonds, increase the edge-carbon stability, and effectively
open a bandgap [114-115].

Figure 8: Nanoribbons structures a) Zigzag nanoribbon b) armchair nanoribbon [116]

20



o

e { {
X Ao o

S
e, v, )
TR E A e

Figure 9: Designed rGO channel (Color code: oxygen-red, hydrogen-white, and carbon-
grey)

3.2.3 Gate

According to literature the gate electrode can be placed either on top, back or top and
back (dual structure) of the channel. Top gate structure is useful for high frequency
applications since it provides a precise control of the graphene channel, on the other
hand back gate installation is more suitable for bio-sensing and photo-detection
applications because it allows the graphene channel to be in full contact with the
detection medium. Another structure which is a combination of the above mentioned
structures is the dual gated. Dirac point control can be achieved by the dual gate
structure which has a wide range of applications [117-118]. When the rGO channel is
exposed to the detection medium, its properties are altered. This alteration in the
channel’s charge carriers’ is measured as the density and conductivity. The gate for the
designed sensor is placed at the back of the channel but not touching it. The gate
thickness is 1A and it consists of two layers: a dielectric layer of silicon dioxide with a
relative dielectric K = 3.9 and a metallic layer. Top and side views of the full FET device

is shown in Figure 10.
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Figure 10: Full FET device a) top view b) side view

3.3 Metal Nanoparticles

As mentioned previously in the literature review chapter, oxygen functional groups act
as binding sites for nanoparticles, coming from this all MNPs here will be placed on
hydroxyls or epoxies [87]. Graphene/MNPs structures are very interesting, the
outstanding conductivity of graphene along with the MNPs noticeable reactivity paves
the way for several applications such as, controlling the spatial localization of the surface
plasmon resonance of the metal particles, graphene surface’s light absorption boosting,
catalytic activity enhancement and the addition of bio recognition molecules [109].
Within the scope of this study different MNPs will be added on the sensor’s GO channel
namely, copper and silver, the sensor’s performance, bare and MNPs decorated, in terms
of electrical current and selectivity will be compared and investigated. A special plug-in
builder known as Wulff Constructor in the Quantumatk software was used to build the
MNP’s, the builder provides two building options whether to provide the nanoparticles’
radii and cut-planes’ surface energies or ready structures can be inserted from the
database. The radii of the added MNPs is 5A, figure 11 below shows the used

nanoparticles structures.
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Figure 11: The added MNPs with 5A radii a) copper b) silver

3.4 Viruses
3.4.1 COVID-19 Spike Protein

As stated earlier, COVID-19 spike protein is the target to be detected by the designed
sensor. In this research the spike protein was imported from an online protein data bank
named RCSB Protein Data Bank [118, 119]. The PDB ID of (Spike protein) is 21IEQ
[121], while the PDB ID of (COVID-19 virus spike receptor- binding domain complexed
with a neutralizing antibody) is 7BZ5 [122]. Additionally, Rabies virus was also
imported to test the sensor selectivity, the virus’s PDB ID is 7C20 [122]. The COVID-19
spike protein is shown in Figure 12. It is evident from the figure that the spike protein
has a large size (~5000 atom) which was a big challenge for this study in terms of
simulation time, and available computing nodes. Moreover, the spike protein was placed
on the MNP’s as discussed earlier. Figure 13 shows the biosensor conjugated with

MNPs, bio molecules, and spike protein.

3.4.2 Device Testing

Another virus was tested via Quantumwise ATK software. This step is essential to test
the biosensor’s selectivity. The sensor is expected to show no significant change in the
transmission spectrum when exposed to the other viruse, since the employed sensing
probes are SARS-CoV-2 antibodies. The virus used here is the Rabies [124] which is
shown in Figure 12b. It was chosen based on its small size (~1000 atom) to reduce the

computational load and time. The sensor was coated with bio molecules as sensing
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probes, in this case anti SARS-CoV-2 human neutralizing antibody was employed [125]
as shown in Figure 12c. Figure 14 demonstrates the structure with the antibody, MNPs

and Rabies virus.

Figure 12: Different structures imported into the Quantumatk software a) the imported
viral spike protein b) Rabies virus c) anti SARS-CoV-2 human neutralizing antibody
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Figure 13: Different views of the sensor a) side and b) top views of the sensor with Cu
MNPs, COVID-19 antibody and COVID-19 spike protein
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Figure 14: Different views of the sensor a) side and b) top views of the sensor with
SARS-CoV-2 human neutralizing antibody, Cu MNPs and Rabies virus

3.5 Electrode-Channel Interface

A special plugin in the Quantum ATK software was used to create a stress free (relaxed)
interfaces for our FET. It is crucial to have relaxed interfaces to build the design to avoid
any effects on the electronic structures [126]. In this design we have two interfaces one

on each side namely, golden left/right electrode — rGO channel. To understand the nature
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of these interfaces and how ideal they are, the transmission spectrum figures for the
mentioned interfaces were generated. It was confirmed that due to the continuous
graphene nanoribbons down-sizing the contact resistance can dominate. This was
attributed to the decreased number of available conduction modes [108]. However, to
reduce this effect, end-contacted electrodes have been employed for the rGO-FET
biosensor. Yuki’s group [127] have shown that by using end contacted electrodes the
resistance can be reduced by a factor reaching to ~7000. Another remarkable point is the
interaction nature that occurs between the rGO channel and the metal electrode. This can
go in two directions either physisorption or chemisorption, where the former doesn’t
introduce major electronic alteration, the latter does. Hence, gold was utilized as the

electrode material in this design since it belongs to the physisorption family [63].

3.6 Semi-Empirical Model

Single atoms interactions are key points in having accurate results, thus it is very
important to include these in the system’s calculations. Recently, there have been several
methods which are combined with the Nonequilibrium Green’s Function (NEGF)
formalism to perform these atomic scale calculations namely, ab initio approaches and
Semi-Empirical (SE) approaches. Ab initio approach utilizes first principles such as
Density Functional Theory (DFT) and have the advantage of predictive power with good
results accuracy especially when there is no previous experimental data. Nevertheless,
Kohn-Sham equations and one-particle states can introduce many issues in terms of
insufficient description of the unoccupied energy levels and the need for parallel
computers to perform the demanding calculations. Semi-Empirical approach is more
suitable for our design since it has lower computational cost, can be fitted to
experimental data and may also offer more accurate results. The NEGF formalism is
employed in Quantumwise ATK software to carry out the non-equilibrium electron
density calculations. The density matrix is divided into two terms namely, left and right

as in below Equation:
D = D! + DR [128] (1)
The contribution of the left density matrix is found by employing the NEGF using the

following Equation:
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where the spectral density matrix is illustrated below:

ph(e) = 5-G(AI*()G* () 3)

And the fermi function, electron temperature, retarded Green’s function and left
electrode’s broadening function are shown as f, T}, G, I'" respectively. Of course, a
similar approach is followed for the right term as well [128]. Another interesting value
known as the self energy which is a description of the impact the electrode states has on
the central region’s electronic structure, is calculated by the software, basically four
methods are available namely, direct self energy [129], recursion self energy [130],
Krylov self energy [131-132] and finally sparse recursion self energy which is employed

in our design owing to its efficiency with large size systems [130].

There are several semiempirical transport models such as methods depending on Slater
Koster (SK) tight-binding parameters and Extended Huckel (EH) parameters [133-135].
In the Self-Consistent (SC), SE designs in Quantumwise ATK the electron density
causes a rise in the Hartree potential V,; which is included in the Hamiltonian as an

additional term as shown in the following Equation:
HSCT =~ (Vu(R) + Vu(R;))S;; [133] (4)
Additionally, the occupied eigen functions are used to find the electron density as:

n() = XafalpeMI* [133]  (5)

where, a, f,, Y, are the level, occupation of the level and eigenstate respectively.

In this work Extended Huckel (EH) parameters accompanied with Self-Consistent (SC)
Hartree potential were used to carry out the system’s study. Since a charge density needs
to be generated a 10 Hartree mesh cut-off was fixed along all the device’s calculations
also a k-points grid of 3x3x68 for the Brillouin Zone is used. In order to have a zero
derivative fixed electrostatic voltage, Poisson equation with conditional margins on the
electrodes were employed such as, Dirichlet condition along C direction and Neumann

boundary condition along A and B directions this was proved to be effective when
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having a metal gate [136]. A combination of Hoffman and Cerda basis sets were applied
on the carbon atoms in the system to reduce the computation time as possible while
keeping a good accuracy. Hoffman basis set were applied on all other atoms [137]. The
transmission spectrum was calculated in an energy range from -2 to 2 with 201 sampling
points. To calculate the transmission between two electrodes (drain and source) under a

certain applied voltage the following Equation was used:
T(E,V) = Tr[I'L(E,V)G(E,V)I'r(E,V)G(E,V)] [138-139] (6)

where, the left and right electrodes coupling matrices are represented by I'L(E,V) and
I'r(E,V) respectively and G(E,V) is the device’s active region Green’s function.
Moreover, transfer and output curves were generated from the final results in order to
evaluate and study the sensor’s performance. Additional information about graphene
based FET sensor building and design in Quantumatk software can be found in this
reference [140]. All simulations and studies have been conducted using Quantumwise
Atomistix Tool Kit (ATK) with Virtual NanoLab package. The software allows the
nano-scale studies by providing a graphical user interface known as Virtual Nano Lab

(VNL). All simulations and runs was carried out with the help of a High Performance

Computing environment (HPC) which has 232 high power computing machines. Each of

these machines has 24 processing units and a memory of 48 GB. In this study, 2

computing nodes each with 36 cores were utilized in all of the simulations.

29



Chapter 4: Results and Discussions

In this chapter a study of the designed rGO-FET biosensor behavior is conducted. The
change in the sensor’s environment is reflected in its electrical measurements. Herein,
we study the effects of these changes and how these can be used as detection evidence.
The noticed alteration in the drain-source (lgs) current at different bias (Vas) voltages
(0.1v, 0.2v, 0.3v) were used as inputs to draw output curves. Channel’s transmission
spectrum and its significance with regards to the channel’s semiconducting nature is
studied. Moreover, transfer curves of the bare sensor, the sensor with virus, and the
sensor decorated with MNP’s and virus are compared. Additionally, transmission
spectrum with varied bias voltage (Vas) are also presented and discussed. Finally, the

sensor’s output curves are generated with an overall performance evaluation.

4.1 Channel’s Performance

The channel semiconducting nature was further confirmed from its zero bias
transmission spectrum, the test was done on an energy interval of -2 to 2 with 201 energy
points. The left and right electrodes were 8.42A wide while the remaining 42.12A were
left for the central region (scattering region) as shown in Figure 15. It is evident from the
rGO channel’s transmission spectrum in Figure 16 that it has semiconducting properties
due to the obvious 0.4 transmission bandgap below the fermi level (Es). It can also be
observed that the figure is asymmetric in the positive and negative regimes. This is
because of the unique structure of the rGO which makes it non uniform since the oxygen
functional groups are randomly scattered within it. This randomness can also cause an
increased back scattering leading to a suppressed conductance [141]. Specifically,
epoxies are the main reason of the broken symmetry between the holes and electrons
close to the Dirac point [142]. Moreover, the covalent bonds between the graphene and
the oxygen functional groups have a noticeable impact on the transmission spectrum
which is apparent as conductance dips in the graph. It was proved that the sp?
hybridization can be transformed into sp® hybridization as a result of covalent
functionalization however this approach offers higher stability [99], [141]. Additionally,
it can be noticed that there is a suppression in the valence band compared to the

conduction band. This was attributed to the oxygen functional groups near the graphene
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ribbon edges since their near-edge location leads to magnify the back scattering [141].
This suppression is expected to significantly increase when adding the metal electrodes

owing to the interface’s contact resistance.

Figure 15: rGO channel testing structure
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Figure 16: rGO channel's transmission spectrum



4.2 FET-Based Biosensor Performance

In this section, different electrical metrics are presented and used to study the biosensor’s
performance. Firstly, transmission spectrum of the whole system and the effect of adding
the gold electrodes to our designed rGO channel is investigated. Secondly, the
biosensors 1-V characteristics curves are presented. Finally, the output curves are
generated and compared (before and after the addition of the target molecules) for
overall performance’s evaluation. Most of the studies in literature has used changes in
transfer curve as a target detection evidence, namely, change in CNP [90], [96],
transconductance [143-144] (which is linear’s section slope of the p- or n- branch in the
transfer curve) and channel current [145]. Additionally, output curves were also
employed to serve this matter just as presented in [91] and [139]. Herein, we keep an eye
on transmission spectrums, transfer and output curve’s changes and try to reach a unified

conclusions on our design.

4.2.1 Biosensor’s Characterization

The output (las-Vas) and transfer (las-Vg) curves of the bare sensor are generated. It can
be observed from the below output characteristic (Figure 17) that almost a linear relation
in the biasing voltage range from 0 to 0.3 v at a gate voltage of 1 V is evidential, this
apparent nonlinearity in the biosensor’s behavior was attributed to the semiconductor
(rGO channel) material which would result in a nonlinear I-V curve and hence a
resistance nonlinearity [142-144]. Figure 17 shows that an ohmic contact between the
rGO channel and the gold electrodes is obtained. Moreover, the drain source voltage was
fixed at 0.05 v while sweeping the gate voltage between 0 and 0.4 v, the resulting
transfer curve is shown in Figure 18. The curve exhibits an obvious v-shaped, ambipolar
field effect transistor trend. The voltage at the minimum current value known as Dirac
point is almost 0.2 v, this slightly positive shift in the Dirac point was attributed to some
trapped impurities in the SiO2 wafer below the rGO channel which causes intrinsic p-

doping impact on the graphene [150].
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4.2.2 Biosensor’s Transmission Spectrum

Transmission spectrum figures for the bare, virus, MNP’s, and virus decorated sensor
were produced for the bias voltages (Vs) of 0.1, 0.2 and 0.3 volts. The spectrums are
shown in Figures 19-22 below. At first glance, it can be seen that all of the spectrums
exhibit an overall similar behavior that is suppressed valence band, multiple
nonsymmetrical oscillations taking over most of the schemes, reduced transmission and

diminishing, and moveable transport gap. Additionally, looking more closely at the
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conduction band peak amplitude, we can notice that it slowly decreases with increasing
applied voltage as follows, from 9 to 8 for bare sensor, from 8.6 to 8.1 for the virus-
bound sensor, from 10.3 to 8.1 for the Cu MNPs decorated virus-bound sensor and from
7.9 to 7.2 for the Ag MNPs decorated virus-bound sensor. We have previously expected
that transmission spectrum of the whole system will have a significant suppression in its
valence band until reaching a full suppression in some positions. This demeanor can
mainly be attributed to two main reasons: first, the near-edge positions of the functional
oxygen groups which magnifies the back scattering and states’ localization [141] and
second, the addition of the gold electrodes or Metal Contacts (MC) that introduces an
added contact resistance resulting in a decreased conductance. Contact resistance is
actually one of the biggest challenges when designing a device based on a 2D material
since a great portion of the applied bias is wasted by the parasitic resistance [108]. This
phenomenon which is known as metallization can easily be spotted here. Regardless of
the rising bias voltage there is no noticeable increase in transmission. Metallization
effect caused by the gold MCs also introduces additional three major observations in our
readings, primarily, the several little peaks that are apparent in each reading are normally
a direct outcome of metallization. These peaks are known as Lorentzians [108].
According to Lorentz the force between an electron and atom’s nucleus follows Hooke’s
law, also known as spring force. The existence of such force obliges the electrons to bear
multiple oscillations caused by the electric field changes [151]. These oscillations are
seen here as several little peaks. Secondly, metallization can also be observed from the
unmistakably reduced transmission compared to the channel’s before adding the MCs
(from 16 to almost 9). The occurrence of Lorentzians and reduced conductance has been
specifically attributed to the destructive interference impact on the travelling electrons
along the FET which is the result of the constant broadening nature of the MCs [152].
Finally, transport gap is also affected by the MCs, as can be concluded from the
spectrums, the gap has diminished, got significantly smaller (transmission less than 0.1)
or changed its position in most of the cases. Poljak’s group has related this manner to the
rGO ribbon dimensions. They have concluded that the transport gap is strongly affected
by the graphene ribbon width and length, while increasing the former leads to

diminished gap, stretching the latter results in a broader one [108]. Apparently, from our
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graphs it is obvious that the channel’s width impact has dominated. Although the
produced transmission figures reveal a similar pattern in general, they are also different,
each one of them is unique and shows a singular response which will naturally lead to
distinct current value for every case. This can be used as a detection evidence which will

be further discussed in coming sections.
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Figure 19: Transmission spectrum of the bare, virus bound, and MNPs decorated sensor
at 0.0 bias voltage
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Figure 20: Transmission spectrum of the bare, virus bound, and MNPs decorated sensor
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Figure 21: Transmission spectrum of the bare, virus bound, and MNPs decorated sensor
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Figure 22: Transmission spectrum of the bare, virus bound, and MNPs decorated sensor
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4.2.3 Biosensor’s Output Curves

The biosensor’s bias voltage (Vas) versus the channel’s current (las) were plotted at a
fixed gate voltage (Vg) of 1V to further study the sensor’s performance. Figure 23

depicts the output curves of bare sensor, sensor with virus, and sensor decorated with
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MNPs and virus. It is noticeable that the bare and virus and MNPs (Cu and Ag)
functionalized cases show an almost linear relationship indicating an ohmic contact
between the MCs and the rGO channel [36], [50]. On the contrary, the virus bound
sensor shows a distinct Negative Differential Resistance (NDR) behavior, this result was
anticipated for the reason that, MNPs’ channel decoration was employed here to avoid
the direct contact between the bio-target and the rGO channel since that can lead to
altering the electronic structure of the rGO which eventually result in a distorted
electrons distribution [112]. In Serhan’s work, the NDR phenomenon was also linked to
the coverage ratio, which is the percentage of carbon atoms having bonds with Oxygen
functional groups in a specimen. He has concluded that rGO sheets with coverage ratios
of 6.25 and 12.5% exhibit NDR behavior [153]. It is worth mentioning that our rGO
channel has a coverage ratio of 11.2% which is very close to the ratios in the mentioned
research. Obviously, functionalizing the rGO channel with MNPs has helped to eliminate
NDR effect and enhance the sensor’s bio-sensing performance. This definitely can be
added to the list of advantages for using MNPs. Moreover, introducing Cu and Ag
nanoparticles has firmly affected the sensor’s I-V curve, the bare sensor had a current
range between 1.293 — 4.585 pA at Vgs ranging from 0 to 0.3 V and VVgof 1 V refer to
blue line in the graph, while utilizing Cu atoms has lowered this range from 0.9713 to
3.290 pA (grey line) with same previous biasing and gate voltages conditions. Adding
Ag atoms has unquestionably raised it to be from 1.581 to 7.880 pA (yellow line)
keeping the same Vgs and V. These opposing trends were attributed to the charge
carriers’ movement between the introduced MNPs and the rGO sheet. It can be noticed
that the movement was from the device’s channel to the MNPs in the Cu atoms case
while it was in the opposite direction in the Ag atoms situation. MNPs can either be
acceptors (Cu in our case) or donors (Ag here) of charge carriers affecting the current
value in the device [94]. These dramatic changes in the output curve from the reference
case (bare sensor) can absolutely be used as a detection signal of our bio-target. Another
important metric that can be used to measure the sensor’s sensitivity is the current
variation. Figure 24 depicts the current variations at different sensor’s states. It can be
seen that the current variation was the highest in the case of Ag MNP’s decorated sensor.

This leads to a very important conclusion which is, the silver nanoparticles show the best
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performance and selectivity, since it introduces the largest variation in the drain current
[147]. This exceptional behavior created by the Ag MNP’s can be attributed to its
interaction nature with the rGO channel as they act as charge carriers donors which

eventually lead to electrical current increment [94].
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Figure 24: Current variation of the sensor with virus and MNP’s decorated sensor

4.2.4 Biosensor’s Selectivity

The sensor’s specificity against other viruses such as Rabies virus was also tested. It can
be noticed from Figure 25 below that no detectable change was spotted on the

transmission spectrum by the software since the Rabies virus didn’t bind to the
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COVID-19 spike antibody. The spectrums here follow the same previously discussed
trend with suppressed valence band and transmission reaching to maximum of 10. This
work is a proof of concept that the designed rGO-FET biosensor could be used as a
sensor for COVID-19 virus detection. The COVID-19 spike antibody was used to ensure
the sensor accuracy and selectivity to the COVID-19 spike antigen. It is expected that the
target molecules of COVID-19 spike antigen would bind to the COVID-19 spike
antibodies, whereas the other viruses would not bind to the antibodies. A comparison of

our design against other FET-based biosensors is illustrated in Table 3 below.
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Figure 25: Transmission spectrums of SARS-CoV-2 human neutralizing antibody
decorated sensors before and after addition of Rabies virus
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Table 3: Comparison of our work and other rGO FETs biosensors.

Reference Size Target to be Detected Channel Material
This work 8.274 x 6.124 nm? COVID-19 spike protein rGO
(simulation

based)

[95] 6 x 4.5 mm? PNA-DNA hybridization rGO
(fabrication)

[50] Sensing area= 100 x 100 | COVID-19 spike protein rco
(fabrication) um?

[154] Sensing area= 100 x 100 | Escherichia coli bacteria graphene
(simulation um?

based)

[89] Sensing area= 20 x 400 | PH sensing rco
(fabrication) um?

[147] Sensing area= 7.5 x 5.7 | COVID-19 spike protein Silicon
(simulation nm?

based)
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Chapter 5: Conclusion and Future Works

In this thesis, we designed, studied and simulated an rGO Field Effect Transistor based
biosensor to rapidly and accurately detect COVID-19 virus. The rGO was employed here
as the detection site. The rGO channel was passivated with hydrogen at the edges.
Moreover, the channel was decorated with metallic nanoparticles (copper and silver) and
functionalized with SARS-CoV-2 human neutralizing antibody. All of these channel’s
preparation steps were very necessary to guarantee that the detection area is at its
optimum detecting state and is suitable for bio-sensing applications. The rGO sheet was
connected to gold electrodes to finally form the FET based biosensor. Gold was chosen
since it doesn’t introduce any major electronic alteration on the rGO channel. The whole
arrangement was then tested using non-equilibrium Green’s function method along with
semiempirical approach namely, Extended Huckle. The self-consistent calculations
revealed that the sensor is able to exhibit distinct results in each case. Various electronic
transport characteristics such as: current, transmission spectrums and output curves were
studied for the biosensor before and after viral exposure situations. The variations in the
electronic characteristics due to the addition of the target molecule can be used as the
bio-target detection signals. This work is a proof of concept that the designed rGO-FET
biosensor could be used as a sensor for COVID-19 virus detection. The results indicated
that the sensor showed a variation in current due to the COVID-19 spike protein in
comparison to Rabies virus which didn’t show any detection evidence. However, the
fabrication process of such bio-sensors is expected to face some challenges such as the

following:

- Fabrication of end contacted electrodes is a complex, time consuming and
expensive process, however many researchers are studying alternative more
efficient lithography approaches [1].

- Choosing the suitable molecular precursors to control the graphene nanoribbons
structure since until recently it was a challenge to controllably fabricate graphene
nanoribbons wider than n=7 [2].

- RGO unified mass production has always been a challenge, since each sample of

rGO has a unique electronic structure because oxygen functional groups scatters
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randomly on the graphene surface meaning that no 100% identical samples can be
produced which can affect the response of the sensor [3].
- Usage of real viral samples may affect the biosensor’s sensitivity since it may

cause many non-specific interactions [3].

In conclusion, this work is expected to aid in the on-going COVID-19 worldwide
pandemic as it proposes an efficient, rapid, cost effective, and precise viral detection

alternative.
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