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ABSTRACT

DNA sequencing witnessed significant research efforts to improve its efficiency and to reduce the production
cost. Successful DNA sequencing of quick and low cost techniques associate with the personalized medicine as
well as procedures and the different genetics subfields of applications. In this article, a novel two-terminal z-
shaped sensor is developed and studied to detect the sequence of DNA nucleobases. The z-shaped 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 trans-
located. First-principle modeling and non-equilibrium Green's function along with density functional theory
(NEGF + DFT), are utilized to investigate the developed device. Various electronic characteristics are in-
vestigated, including transmission spectrum, conductance, and electrical current of DNA nucleobases inside the
graphene sensors' nanopore. In particular, these properties are studied with variation of nucleobase orientation.
The developed sensor resulted in unique signatures for the individual four DNA nucleobases placed within the

nanopore.

1. Introduction

Recent progress in the biomedical field resulted in an increasing
need to design inexpensive and efficient DNA sequencing methods. In
1990, the first attempt by Human Genome, was established by the US
government with the aim to detect human genome sequence success-
fully (International Human Genome Sequencing, 2004). In 2003,
Human Genome's project was completed successfully with a total cost
of $2.7 billion (Hood and Rowen, 2013). During that period of time,
Sanger method was utilized to sequence DNA. This method relies on
various reagents that are time consuming and costly (Sanger et al.,
1977). Due to the high need to understand genes, it is highly critical to
develop a low cost method to sequence DNA. Achieving affordable and
quick DNA sequencing will offer a map for the entire human genome.
This means that people can sequence their genome to find predisposi-
tion to diseases, find their weaknesses, and get personalized medicine
according to their metabolism. In order to promote the affordability of
DNA sequencing, it is estimated that the cost should not exceed $100
per genome cost (International Human Genome Sequencing, 2004).
However, more sophisticated sequencing techniques are required to
achieve this goal. Methods based on nanopore sequencing (Branton
et al., 2008; Venkatesan and Bashir, 2011) and scanning tunneling
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microscopy (Rajan et al., 2014; Tanaka and Kawai, 2009) provide po-
tential alternatives for the Sanger method (Sanger et al., 1977), espe-
cially for detecting single DNA bases by utilizing transverse con-
ductance (Lagerqvist et al., 2006; Zwolak and Di Ventra, 2005).
Nanopore sequencing is a main focus of the third-generation sequen-
cing techniques. Biological and solid state nanopores are being utilized
(Kim et al., 2019), however solid-state nanopores have become very
attractive because they have better stability and easy to control (Wasfi
et al., 2018). The main drawback of solid-state nanopores membrane is
its thickness which is around 100 times thicker than the distance be-
tween two DNA nucleobases. Researchers were motivated to investigate
new materials (Liang et al., 2017) such as graphene as it is considered
the 21st century magical material. Graphene is a material with two-
dimensional arrangement of carbon atoms and extraordinary mechan-
ical and electrical characteristics. Graphene is a unique material since it
is highly firm, has a high electrical conductance, high atomic density,
high mechanical solidity, and high thermal and electrical conductance.
Therefore, graphene is attracting researchers' interests to utilize its
unique properties in various applications (Sheka, 2014). Moreover,
Graphene oxide (GO) can be utilized as an inexpensive substitute to
graphene (Ayesh and Awwad, 2012). Furthermore, hybrid sheet that
consists of graphene embedded in hexagonal boron nitride (h-BN)

Received 1 February 2019; Received in revised form 16 March 2019; Accepted 21 March 2019

Available online 04 April 2019

2590-1370/ © 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/BY-NC-ND/4.0/).


http://www.sciencedirect.com/science/journal/25901370
https://www.journals.elsevier.com/biosensors-and-bioelectronics-x
https://doi.org/10.1016/j.biosx.2019.100011
https://doi.org/10.1016/j.biosx.2019.100011
mailto:f_awwad@uaeu.ac.ae
https://doi.org/10.1016/j.biosx.2019.100011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biosx.2019.100011&domain=pdf

A. Wasfi, et al.

provides great potential to distinguish different DNA nucleotides (de
Souza et al., 2017). 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 (ZGNR) and armchair (AGNR) (Qiu
et al., 2014). AGNR behaves like a semiconductor or a metal depending
on the number of carbon chains within the width which is denoted by
N.. For N, = 3p + 2, AGNR is metallic, while for N, = 3p + 1 or
N, = 3p, it is semiconducting, where p represents a positive integer.
Alternatively, ZGNR behaves like a metal (Qiu et al., 2014). The geo-
metry of graphene nanopore affects the DNA sequencing procedure
(Zhang et al., 2014). Graphene monolayer thickness is = 0.3 nm; that is
similar to the distance between DNA nucleobases, hence, graphene
nanopore devices are promising to achieve successful DNA sequencing.
Theoretical studies of DNA sequencing through graphene nanopore
have proved the possibility of single-base resolution (Al-Dirini et al.,
2016; Chang et al., 2014; Comer and Aksimentiev, 2012; Nelson et al.,
2010; Prasongkit et al., 2018; Saha et al., 2012; Sarathy et al., 2017).
Experimental studies utilizing single or multilayer graphene were pre-
formed (Garaj et al., 2010; Merchant et al., 2010) to measure the ver-
tical ionic current passing through the DNA bases. A number of ex-
perimental (Huang et al., 2010; Tsutsui et al., 2010) and theoretical
proposals (Chen et al., 2012; Zwolak and Di Ventra, 2007) adapted the
transverse current approach which relied on first-principle approaches
to analyze the tunneling current for DNA bases translocating through a
nanogap between two metallic electrode of ZGNR structure (He et al.,
2011; Prasongkit et al., 2011), or through a nanopore within AGNR
semiconducting armchair graphene nanoribbons (Nelson et al., 2010).

Numerous nanotechnology based sensors have been fabricated and
studied for DNA sequencing since they are amplification free, label free,
and can be improved to acquire high throughput analysis. Various
techniques employed graphene, which include the passage of DNA
through graphene nanogaps, nanopores, nanoribbons, and the DNA
physisorption on graphene membranes (Heerema and Dekker, 2016).
The key techniques for DNA sequencing using graphene nanostructures
are: (i) Ionic current identification through a pore in graphene mem-
brane where a graphene membrane with a nanopore is placed in an
electrolytic solution. DNA strand passes through the pore because of the
electric field. As the DNA bases pass through the pore, it blocks the
ionic current applied to the membrane. Each base results in a unique
current blockage due to the nucleobase shape and size. (ii) DNA se-
quencing using tunneling through graphene nanogap. The idea here is
to measure the conductance of the bases passing through two graphene
electrodes. A unique tunneling conductance will result for each of the
bases. In this approach, graphene represent both the electrodes and the
membrane making the sensor fabrication process easy. (iii) DNA de-
tection due to current differences through graphene nanoribbon where
nanostructured graphene is utilized to detect the sequence by mea-
suring the current of DNA bases passing through a pore in a graphene
nanoribbon. Zigzag and armchair graphene nanoribbons provide pro-
mising results for DNA detection. (iv) DNA bases physisorption onto
graphene membrane results in current change. The DNA bases’ inter-
action with graphene membrane results in current variations and var-
ious interaction strengths. Graphene nanopore offers a proper tech-
nique for single and double stranded DNA detection because of its
scalable production, cost, and process speed. Noise is one of the main
issues of graphene based sensors however noise can be lowered by
employing multilayered graphene and by reducing the freestanding
graphene (Garaj et al., 2013). Also, DNA adsorption approach reduces
the noise levels (Heerema and Dekker, 2016). Graphene nanoribbon
approach allows higher bandwidths measurements which will enable
measuring the sequence at higher speed (Heerema and Dekker, 2016).

Nowadays, it is becoming substantially important to study single
atom effect in device simulations since the electronic devices feature
size is emulating the atomic scale. Various simulators were developed
using non-equilibrium Green's function (NEGF) (Haug and Jauho,
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2008). Molecular simulations have a great importance in the nanopore
research field (Kim and Kim, 2015). These simulations are utilized to
interpret the actual results (Aksimentiev, 2010). The techniques can be
categorized into two groups: semi-empirical techniques which include
methods based on extended Hiickel and SlaterKoster tight-binding, and
ab-initio techniques which are found on the density functional theory
(Stokbro et al., 2010). Semi-empirical computational methods' cost is
less than the ab-initio methods. However, ab initio methods (compu-
tational methods that describe the properties of materials based on
basic laws without previous knowledge or assumptions) provide more
predictive power and reasonable results without prior experimental
data. In this article, our device is studied using the first-principle
modeling non-equilibrium Green's function along with density func-
tional theory (NEGF + DFT). Furthermore, simulation of electronic
transport is conducted by employing first-principle calculations uti-
lizing NEGF + DFT. The atomistic structure of the z-shaped sensor is
displayed, and the computational method utilized to optimize the de-
vice and calculate the various electronic properties are illustrated.
Moreover, the device's zero bias transmission spectrum for each nu-
cleobase within the graphene nanopore at different orientations, the
conductance, and the electrical current at 0.5 V bias voltage at room
temperature are discussed.

2. Z-shaped sensor configuration

Fig. 1 represents 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 is made of armchair graphene nanor-
ibbon with a width of 13 carbon chains which makes the AGNR semi-
conducting. A nanopore of size 10.1 A is created in the central region.
The nanopore carbon atoms of the edge and graphene nanoribbons are
passivated with hydrogen. This study evaluates the performance of the
graphene nanopore that is utilized for DNA sequencing, by employing
first-principles calculations using Quantumwise (ATK-VNL) package.
First-principles ATK-VNL simulation which is built on non-equilibrium
NEGF + DFT are used to investigate the transmission spectrum, con-
ductance, and current of DNA nucleobases inside the graphene nano-
pore. All these characteristics are studied with variation in nucleobase
orientation. DNA backbones of sugar and phosphate groups are not
considered in the simulation. The backbone contribution is ignored, as
the background noise coming from the backbone may be determined
and subtracted from the signal of individual nucleobases (Ahmed et al.,

Fig. 1. Schematic view of z-shaped DNA sensor.
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Fig. 2. Schematic representation of z-shaped graphene nanoribbon with na-
nopore where isolated DNA bases move inside 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).

2014).
2.1. Z-shaped sensor structure

Fig. 2 shows the z-shaped sensor hosting a nanopore of 10.1 A
diameter where DNA bases translocate. The current flow is perpendi-
cular to the DNA bases. The width of the armchair graphene nanor-
ibbon and the nanopore is fixed. Armchair width is 16.61 A, while the
nanopore size is 10.1 A. Finite bias voltage is applied between left and
right electrode which is fixed as +0.25 and —0.25 V.

Because of the different chemical and electronic structure of the
four nucleobases, each one of them has a unique signature. Our main
objective in this study is to find the relative current for each nucleotide
where we seek to find a unique electronic signature for each base to
create a DNA electronic map. In this article, we study the effect of the
electronic and chemical structure of the DNA bases in charge transport.

3. Computational methods

Prior to ATK-VNL transport calculations, the density functional
theory is utilized to optimize the device and nucleobases and to relax all
atoms until the individual atomic force is below 0.05eV/A. All opti-
mizations are completed by the density functional theory. The Perdew-
Burke-Ernzerhof parametrization for the generalized gradient approx-
imation (GGA) is utilized for the exchange and correlation function (P.
Perdew et al., 1996). The employed density mesh cut-value of energies
is 400eV. A1 x 1 x 1 k-point mesh is utilized for the Brillouin zone
integration within Monkorst-Pack scheme. The density functional
theory is used to describe our 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 to calculate the desired
quantities such as conductance and current for the DNA sensor.

Density functional theory along with local density approximation
(LDA) limits and Perdew Zungar exchange correlation function (Perdew
et al., 1981) impeded in the ATK-VNL simulation package are em-
ployed. The ZGNR and AGNR of the left and right electrodes are clas-
sified by the ribbon width. A mesh cut-off of 65 Hartree is fixed to
display the charge density. A grid of 2 x 2 x 100 k-points is utilized to
perform the sampling of the Brilloin Zone integration. The transmission
spectrum as a function of bias, conductance, and current are de-
termined by utilizing the NEGF as integrated in the ATK-VNL.

The zero bias transmission spectrum between the source and drain is
calculated as (Chang et al., 2014; Saha et al., 2012):

T(E) = Tr{lp(E)G (E)I:(E)GT(B)} @

where, E is the energy, Tr is the trace, Tp, s(B) = i[ Y, () - 22,9(5)]
describes the broadening level because of the coupling to the electrodes,
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i refers to iteration, and ZL‘ r E)s 27; p (E) are the self-energies pre-
sented 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 (Chang et al., 2014; Saha et al.,
2012):

_2 _of
G == ‘_/o‘odET( 6E) .

where, Go = 22—2 is the conductance quantum which
is =~ 7.7480917310 x 10°°S, f(E) = {1 + exp[(E — w)/kgT1}™" is de-
fined as the Fermi function of some macroscopic reservoirs where semi-
infinite ideal contact leads terminate, u = Er refers to the electrode
chemical potential, and kg is Boltzmann's constant.

The electron transmission spectrum as a function of bias is eval-
uated utilizing NEGF method, as integrated in ATK-VNL, using (Chang
et al., 2014):

T(E, V) = Tr{In(E, Vp)G(E)I(E, Vs)G'(E)} 3

where, G and G are associated with advanced Green's function of the
main scattering region, and where Vj, is the bias voltage between source
(V;) and drain (V). S, D, L, and R refer to the source, drain, left, and
right. The transmission spectrum function T(E,V) illustrates the prob-
ability for quantum mechanical transmission of electrons. The right and
left electrodes' semi-infinite effect is considered by creating the self-
energies ZL, r Band Z; p (E) in the effective Hamiltonian.

The integration of T(E, V) over the energy window deter-
mined wusing the difference of the Fermi functions
fs,pE)={1 + exp[(E — Er — eVs,p)/kgT]}~! gives the total current (Chang
et al., 2014):

2e
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4. Results and discussion
4.1. Transmission spectrum

The developed sensor transmission spectrum is calculated by
ATK-DFT calculator using Troullier-Martins norm-conserving pseu-
dopotentials, local density approximation with Perdew-Zungar (PZ)
parametrization chosen for the exchange correlation function of DFT,
and the pseudoatomic local orbitals for carbon and hydrogen atoms
which are single zeta polarized. The mesh within Mokhorst-Pack
scheme in the Brillouin zone integration is 2 X 2 X 100 k-point. The
sampling points in the energy range —2 to 2 eV are 200. The trans-
mission spectrum of the device with 1.1 A nanopore without any
applied bias potential is shown in Fig. 3 The transmission spectrum
reflects the central semiconducting AGNR electronic structure. The
low transmission in the —1 to 0.3 eV energy range is due to the band
gap region of the central device. Due to the absence of energy levels
within this region, the electrons should tunnel to pass through the
junction.

Various orientations of the nucleobases occur through the graphene
nanopore during the translocation of a single stranded of DNA.
Therefore, it is highly important to study the effect of nucleobase or-
ientation on the transmission spectrum. The transmission spectrum at
zero bias of the nanoscale sensor is computed for each nucleobase with
various rotations. Each base is rotated 180° around x-axis, 180° around
xy-plane, and 180° around xz-plane. The zero bias transmission spec-
trum is affected by the various types of base orientations. The nucleo-
bases are divided into two groups: purine bases that contain Adenine
and Guanine, and pyrimidine bases that contain Cytosine and Thymine.
The base size is the main distinctive feature between purine and pyr-
imidine bases.



A. Wasfi, et al.

Fig. 3. The zero bias transmission spectrum for z-shaped device with a nano-
pore in the middle.

The rotation effect of the nucleobases (Adenine, Guanine, Cytosine,
and Thymine) on the transmission spectrum is shown in Fig. 4. Each
nucleobase is rotated from O to 180 around the x-axis, xy-plane, and xz-
plane. For example, the four types of nucleobases orientations corre-
sponding to 0° are shown in Fig. 5.

4.2. Conductance

Fig. 6 is produced using NEGF + DFT simulations. Fig. 6 (a) shows
the conductance resulting from various orientation of nucleobases
presented in Fig. 7. Fig. 6 (b) shows the integration of the conductance
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with different orientations for each nucleobase inserted in the nanopore
at room temperature (300 K). The conductance at room temperature is
calculated from transmission spectra using equation (2). Fig. 6 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 inside the nanopore. For selected orientation of DNA
bases shown in Fig. 7(a—d), the conductance variations are displayed in
Fig. 6. The intervals in Fig. 6 (b) are the limits of conductance change
because not all values inside the interval can be sampled experimen-
tally. Some of the bases orientations in Fig. 7 are chosen to get max-
imum conductance change and they involve specific bending of DNA
bases to place the base into such position.

Our study illustrate that each DNA nucleobase will lead to a sig-
nificant charge density modulation and to significant related electronic
potential in the surrounding area.

4.3. Current

The electrical current is also measured since it is detected in ex-
perimental work. Fig. 8 shows the electrical current variation because
of nucleotide 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 Fig. 8. These electrical sig-
natures differ for the various orientations of the bases.

The main idea is that when DNA strands go across the nanopore, the
current passing through the graphene nanopore will be unique for each

Fig. 4. The zero bias transmission spectra for the four nucleobases: (a) Adenine, (b) Guanine, (c) Cytosine, and (d) Thymine. The transmission curves respective

colors indicate the nucleobase orientation within the pore.
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Fig. 5. The four types of nucleobases orientations corresponding to 0°: (a) Adenin, (b) Guanine, (c) Cytosine, and (d) Thymine.

base A, C, G, and T. The current passing through the nanopore is in-
fluenced by the electrostatic interaction among the pore and the bases
which results in a difference in the local density of states in the gra-
phene membrane around the pore. Placing a DNA base in graphene
nanopore influences the charge density within the surrounding area.
This leads to a distinctive current for each nucleobase. The current is
measured from the integrated density of state. The DNA bases’ trans-
location through the nanopore leads to different orientation of the
nucleobases which will affect the current.

Finite bias voltage is applied between the source and drain V},, = V,
— Vg4. The various spatial extension of the nucleobases affect their in-
fluence to the density of states where the density of states is used to
calculate current and conductance. These variations in the spatial ex-
tension are influenced by the nucleobase orientation and geometry.

Pyrimidine and purine will have differences in their electronic states
and spatial extension which will result in a difference in the density of
states for the nucleobases placed within the nanopore. DNA is made up

of diverse bases connected to sugar phosphate backbone. The four bases
that build up polymers are categorized into two groups: the pyrimidine
bases C and T and the purine bases A and G. The pyrimidines bases
comprise of six membered ring while the purine bases comprise of a six
and a five membered ring. This classification is based on the chemical
structure. Since purines are larger, they would have stronger interaction
in a confined space. This causes reduced separation but stronger cou-
pling of G and A with the nanopore compared with C and T.

5. Comparative analysis

Intensive studies have been performed on transverse current of
various electrode-nucleotide coupling (Krems et al., 2009; Lagerqvist
et al., 2007; Meunier and 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 smaller than the thickness of
most electrodes' material such as gold. This makes it difficult to

Fig. 6. (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 change of the spatial
orientations of nucleobases with respect to the pore.
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Fig. 7. (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.

differentiate the neighboring bases (He et al., 2010; Lagerqvist et al.,
2006). An alternative technique is the transverse electronic based
sensors with a nanogap (Postma, 2010). The present 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 et al., 2008)
Various experimental (Huang et al., 2010; Tsutsui et al., 2010) and
theoretical (Chen et al., 2012; Zwolak and Di Ventra, 2007) studies on
nanogaps were conducted, but resulted in very small current of pi-
coampere (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 draw-
back was the low conductance (He et al., 2011). Moreover, a nanogap
may permit several DNA bases to translocate through the gap

simultaneously resulting in signal interference problem. As nanopore
has low dimension size in contrast with a nanogap, thus, our developed
sensor did avoid the simultaneous DNA sequence issue. Moreover, the
results in (McFarland et al., 2015) showed that at 0.5V purine bases
(Adenin and Guanine) have less current than pyrimidine bases (Cyto-
sine and Thymine) which is consistent with our work. On the other
hand, at 1V purine bases have more current than pyrimidine bases
(Lagerqvist et al., 2006; Prasongkit et al., 2011).

Since the four nucleobases exhibit different chemical and electronic
structure, each one of them has a unique signature. Our main objective
in this study is to determine the relative current for each nucleotide
where we seek to find a unique electronic signature for each base to
create a DNA electronic map. We studied the effect of the electronic and
chemical structure of the DNA bases in charge transport. Also, it was
found that the nuleotides’ orientations affect the electronic signature.
Our sensor was able to discriminate the four bases by providing a

Fig. 8. (a) Current variation due to nucleotide rotation in the z-shaped sensor pore at 0.5V bias; (b) Current intervals due to nucleotide rotation at 0.5V bias.
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unique current and conductance range for each base. Our study sug-
gests that our graphene bases sensor promise successful and fast method
for DNA sequencing. It delivers great motivation for the advance of
novel class devices for nanopore sequencing.

6. Conclusion

In summary, a two terminal z-shaped nanostructured sensor that
consists of two metallic electrodes connected through a semiconducting
channel with a nanopore in the middle is investigated in this work. The
four DNA nucleobases are inserted in a hydrogen passivated nanopore,
leading to unique differences in the device transmission spectrum,
current, and conductance. First-principle transport simulations are
conducted for a novel nanopore graphene based sensor to achieve an
accurate DNA sequencing. The results show that each base generates a
unique signature of conductance and current at 0.5 bias voltage. The
main nucleobases: Adenine, Thymine, Cytosine, and Guanine interac-
tions with the graphene nanopore results indicate that the sensor con-
ductance and current are sufficiently sensitive to distinguish the dif-
ferent nucleobases. Moreover, it is found that the nucleobase
orientation within the nanopore affect the current and conductance.

Our work suggests that nanopore based graphene sensor provides a
robust technology for DNA sequencing and gives a strong motivation
for new nanopore sequencing devices 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.
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