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Abstract—DNA sequencing techniques are critical in 
order to investigate genes’ functions. Obtaining fast, 
accurate, and affordable DNA bases detection makes it 
possible to acquire personalized medicine. In this article, a 
semi-empirical technique is used to calculate the electron 
transport characteristics of the developed z-shaped 
graphene device to detect the DNA bases. The z-shaped 
transistor consists of a pair of zigzag graphene 
nanoribbon (ZGNR) connected through an armchair 
graphene nanoribbon (AGNR) channel with a nanopore 
where the DNA nucleobases are positioned. Non-
equilibrium Green’s function (NEGF) integrated with semi-
empirical methodologies are employed to analyze the 
different electronic transport characteristics. The semi-
empirical approach applied is an extension of the 
extended Hückel (EH) method integrated with self-
consistent (SC) Hartree potential. By employing the 
NEGF+SC-EH, it is proved that each one of the four DNA 
nucleobases positioned within the nanopore, with the 
hydrogen passivated edge carbon atoms, results in a 
unique electrical signature. Both electrical current signal 
and transmission spectrum measurements of DNA 
nucleobases inside the device’s pore are studied for the 
different bases with modification of their orientation and 
lateral translation. Moreover, the electronic noise effect of 
various factors is studied. The sensor sensitivity is 
improved by using nitrogen instead of hydrogen to 
passivate the nanopore and by adding a dual gate to 
surround the central semiconducting channel of the z-
shaped graphene nanoribbon. 

 
Index Terms— DNA sequencing, electronic transports, 

graphene nanoribbon, nanopore, quantum transport. 
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I. INTRODUCTION 

NA sequencing is an essential technology with the 

general goal to discover and cure diseases [1]. The DNA 

signature or sequence is unique for each individual. Detecting 

the DNA sequence makes it possible to find out the cause and 

cure the diseases people could have in their future. Sequencing 

the DNA helps translate genetic data into clear answers and 

thereby which enables people to make clear decisions built on 

their genetic prepositions and risks. Therefore, cheap, reliable, 

and fast DNA sequencing approaches leads to different 

applications in personalized medicine and genetics subfields. 

Various research works have been generated by researchers to 

develop sensors that can acquire DNA sequence accurately 

and cheaply. DNA sequence and structure design can be 

facilitated by software named DNA shop which provides a 

better idea about the designed DNA sequence before the time 

consuming laboratory experiments [2]. 

Several nanopore techniques have been initiated and studied to 

acquire reliable and successful DNA sequencing [3]. 

Nanopore-based sequencing applications were initiated in 

1995 [4]. The nanopore techniques have the potential to 

achieve low cost and fast DNA sequencing by removing the 

necessity for enzyme dependent amplification and fluorescent 

labeling. Two essential categories of the pores are utilized for 

the third generation devices to detect the DNA sequence: (i) 

solid-state pores, and (ii) protein pores [5].  

Previous theoretical works showed that transverse tunneling 

current passing through the electrodes on the nanopore helps 

to differentiate between the DNA bases due to the variation of 

the bases electronic structure [6-9]. Lindsay’s experimental 

work resulted in an enhancement in DNA bases detection [10, 

11]. One of the DNA detection techniques Lindsay used relies 

on using two gold electrodes with a DNA base placed between 

them where the current passing through the nucleotides is used 

to identify the sequence [12]. Lindsay’s group recognition 

tunneling method depends on using a pair of electrodes where 

one of the electrodes has sensing chemicals and the other has 

the target nucleotide to be detected. In this method, each one 

of the DNA nucleobases generates unique tunneling current 

signature which makes it possible to identify the DNA 

sequence [11, 12]. However, this technique might face the 

problem of interference of adjacent bases if they are in 

between the electrodes simultaneously where more than one 
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type of bases contributes to the signal. It was noticed that 

functionalizing the pore-edge improves the sensitivity of 

graphene monolayer with a pore. Paulechka et al. found that 

graphene nanopore functionalized with cytosine enhances 

guanine identification accuracy by 90% [13].  

Choosing the material for nanopore based sensor fabrication 

to detect DNA bases has critical considerations. Because of 

graphene’s unique structure and characteristics [14], various 

graphene based sensors were developed and studied both 

experimentally and theoretically [15]. Graphene electron 

transport properties are attracting researchers’ interest [16-18].  

Graphene layer depth is similar to the dimensions of DNA 

nucleobases’ [14].  

Graphene nanoribbons (GNR) are categorized into two 

types based on their cut pattern such as AGNR and ZGNR. 

ZGNR is metallic whilst AGNR can be either metallic or 

semiconducting according to the number of carbon chains 

[19]. AGNR that has a number of atoms of Na=(3n+2) width 

where n is a positive integer is metallic [19]. The GNR is 

considered a better choice than graphene junctions for 

transport requirements due to its properties [19]. ZGNR is less 

sensitive to nanopore shape than AGNR. 

Graphene is considered an ideal membrane for nanopore-

based DNA detection due to its structure and thinness. 

Different approaches utilize graphene’s special properties to 

find out the DNA sequence [15]. The main methods for DNA 

detection based on graphene are: (i) measuring the current 

alteration within a pore in a graphene layer, (ii) measuring the 

modulation in tunneling current through a nanogap between a 

pair of graphene electrodes, (iii) in-plane alteration in current 

for a graphene nanoribbon, and (iv) variation in graphene 

current due to DNA nucleobases physisorption onto graphene 

[15]. Graphene-based nanopore sensors are promising for 

DNA detection. Using a multilayer grapahene nanopore has 

some advantages. For example, bilayer graphene was utilized 

to find out the DNA bases which resulted in less fluctuation of 

the DNA bases within the nanopore [20]. Nanopore-based 

sensors were used by various groups of researchers to find out 

the DNA sequence experimentally where the pore supporting 

membrane was graphene [21-23]. Moreover, DNA current can 

be detected to find out the sequence by using transverse 

electrodes of graphene [24]. However, using a nanogap of 

graphene enables multiple bases of DNA to go through which 

will result in interference in the readings of ionic current of the 

bases. Thus, graphene nanopores are better than graphene 

nanogaps. 

The electric field effect for graphene sheets can be enhanced 

by placing a gate potential which enhances the sheet mobility. 

Graphene nanoribbons are very promising and can be used in 

multi-terminal devices. Various graphene based devices are 

configured such as: patterned graphene devices and gating 

devices [25].The electron density of state is critical in 

measuring the optical and electrical characteristics of these 

devices [25]. Graphene has various unique mechanical, 

optoelectronic, electrical characteristics. The nanoribbon size, 

shape, and spectral broadening play an important role in these 

characteristics [26] . Graphene is being highly used for field 

effect transistor (FET) fabrication due to its great mobility of 

both holes and electrons as well as distinctive band structure 

[27] . Its electrical conductance provides electrical reaction 

signal to DNA nucleobase translocations [28], where 

theoretical investigations revealed that each nucleobase 

interaction with the material of graphene results in a sole 

electrostatic voltage signal [29]. Furthermore, the high 

conductance of graphene enables high current as compared 

with ionic current [28, 30, 31]. Therefore, graphene based 

FETs are anticipated to offer high signal to noise ratio and fast 

sequencing [28, 32]. 

Recently, it is becoming highly important to study the 

single atom effect of electronic devices by using simulation 

tools. Different electron transport simulators models which are 

based on NEGF are developed. These models are divided into 

two categories: ab-initio methodologies [33, 34], and semi-

empirical methodologies [35, 36]. An essential feature of the 

semi-empirical methodologies are their lower computational 

expenses [37].  

In this paper, the electron transport properties and the 

interactions among the Z-shaped device and the DNA bases 

are studied using NEGF integrated with SC-EH. Every 

individual DNA base is positioned within a pore with the 

passivation of its edge carbon atoms using hydrogen (H-pore) 

or nitrogen (N-pore) to generate the transport characteristics of 

the DNA nucleobases. Our work reveals that each one of the 

four bases leads to a specific current range which helps in 

differentiating among the different DNA bases. The transport 

characteristics of the DNA nucleobases inside the pore are 

studied after adding a dual gat to surround the center of the z-

shaped nanoribbon. The sensor sensitivity is improved by 

adding the dual gate. This study extends the work in [38] by 

adding a dual gate terminal to surround the semiconducting 

channel to improve the sensor signal. The sensor’s current and 

transmission spectrum for each DNA base at room 

temperature are analyzed. The sensor sensitivity in this work 

is also improved by using nitrogen instead of hydrogen to 

passivate the nanopore edge carbon atoms in the z-shaped 

graphene nanoribbon in previous work [39]. Moreover, 

various noise factors such as DNA backbone, solution, nearest 

neighbor are studied. 

II. SENSOR CONFIGURATION 

This study investigates the z-shaped device behavior in 

detecting the DNA bases, by using semi-empirical 

simulations. Figure 1(a) displays the nanoscale sensor 

configuration (without a gate), while Figure 1(b) shows a 

graphene nanoribbon field effect transistor. The sensor is built 

of three terminals: drain, source, and dual gate. The gate 

potential makes it possible to measure the sensor current and 

transmission spectrum where the gate is expected to enhance 

the sensor sensitivity. A 10.1 Å nanopore is initiated in the 

center of the sensor channel. The z-shaped transistor consists 

of a pair of electrodes made of metallic ZGNR connected with 

a semiconducting AGNR channel. Thirteen carbon chains are 

used to build the AGNR channel in width and sixteen carbon 

chains are used to build each of the ZGNR electrodes. (Width 
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of the AGNR channel is 16.6 Å while the ZGNR electrodes 

length is 15 Å). Two gates are added where each gate consists 

of dual layers: metallic and dielectric where the constant of the 

dielectric layer is 4. One gate is placed under the central 

AGNR and the other gate is added above the channel. The 

carbon atoms edges are saturated by bonding along neighbor 

atoms. The nanoribbon carbon atoms edges are saturated by 

hydrogen or nitrogen. The cross section of the dual gate z-

shaped graphene nanoribbon FET (DG-ZGNR-FET) sensor is 

shown in Figure 2. 

 

(a) 

 

 
 

(b) 

 

 
Figure 1. (a) Schematic diagram of z-shaped GNR with a single DNA base 

passing within the pore. The edge carbon atoms of graphene nanopore are 

passivated with nitrogen while the edge carbon atoms of the GNR are 

passivated with hydrogen. (b) Schematic figure of the z-shaped FET with a 

pore. DNA bases go across the pore while the transverse electronic current is 

passing across the graphene sheet. The dual gate is biased at 1 V each side and 

the bias potential is fixed among the source and drain (+1.4 and −1.4 eV). 

Color code: hydrogen-white, carbon-yellow, oxygen-red, and nitrogen-blue. 

 
Figure 2. Cross-sectional view of the DG-ZGNR-FET sensor. The designed 

sensor is made of two electrodes and a semiconducting channel surrounded by 

two gates. 

This study is a proof of concept that the designed z-shaped 

GNR transistor can be used for DNA bases detection. This 

work includes four major enhancements over the previous 

work [39]. The first improvement is utilizing semi-empirical 

model as an alternative of first principles model. The semi-

empirical approach is presented to calculate the atomic scale 

electron transport properties. It was demonstrated by Stokbro 

et al. [37] that semi-empirical model measurements are in 

closer consent with experiments than first principles approach. 

Moreover, semi-empirical model can be used in parallel with 

experiment where the model can be fitted to get accurate 

results. The primary advantage of using semi-empirical model 

is the less computational expenses. Moreover, for many 

systems the unoccupied levels’ energies are poorly modeled 

within DFT and require large number of parallel computers to 

perform the computation which is unfeasible. Stokbro et al. 

illustrates that semi-empirical model can give accurate results 

for a wide range of nanoscale sensors including z-shaped 

graphene transistor with the advantage of the high 

computational speed and the less cost [37, 40]. Also, semi-

empirical models are more flexible and generate good 

description of molecular conduction while first principles are 

not flexible to handle the uncertainties of electronic structure 

or the complicated three terminal devices [41, 42]. The second 

enhancement is the addition of dual gate which enhances the 

graphene nanoribbon sensor mobility [40]. The gate controls 

the current flow across the transistor based sensor where a 

small gate potential amplifies and controls the device current. 

The gate potential modulates the semiconducting channel 

charge density and enhances the flowing current through the 

transistor. The higher sensor current is expected to enhance 

the sensor sensitivity for DNA detection [28]. The third 

improvement is using nitrogen to saturate the nanopore instead 

of hydrogen. The nitrogen is considered as n-type donor. The 

nitrogen passivation was proofed to be electron rich resulting 

in n-type transistor behavior [43, 44]. The nitrogen passivation 

results in excess free electrons which results in higher sensor 

current and better sensor performance. Nitrogen passivation 

makes the sensor highly sensitive to the single molecule and to 

the intramolecular electrostatics within the molecule [43-45]. 

The fourth enhancement is studying the effect of noise factors 

such as sugar-phosphate backbone, nucleobases’ translation, 

solution, and the neighboring nucleotides. 

ATK-VNL simulator provides ATK-semi-empirical which 

is used to analyze the transmission spectrum and electrical 

current of the different DNA bases within the graphene 

nanopore. Transport characteristics for the various bases are 

investigated with variation in their orientation and lateral 

translation. The main interest in this study is to find out the 

relevant current for each DNA nucleobase to get a specific 

signature to identify the DNA bases.  

III. COMPUTATIONAL METHODOLOGY 

Before generating the electronic transport measurements, 

the z-shaped device and nucleobases were optimized and 

relaxed using the density functional theory until the separate 

atomic force was lower than 0.05 eV/Å. The cut off energy is 

fixed at 400 eV to expand the orbitals of Kohn-Sham (KS). 

Perdew-Burke-Ernzerhof parametrization was utilized for the 

exchange correlation function [46] . The different electronic 
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characteristics including transmission spectrum and current 

were investigated using NEGF combined with semi-empirical 

modeling.  

In order to generate the charge density, a 10 Hartree mesh 

cut-off was fixed. The sampling k-points for the Brillouin 

Zone integration are 2x2x100 k-points. Poisson equation with 

marginal conditions was used where the electrostatic potential 

boundary condition of electrodes in the C direction was 

selected as a Dirichlet condition and the other two directions 

(A, B) were selected as a Neumann boundary condition. The 

Neumann boundary condition was employed to make sure that 

the electrostatic voltage was fixed and results in a zero 

derivative. This was a proper boundary condition whenever 

the transistor had a gate made of metal [47].  

 The sensor transverse current was generated from the 

transmission spectrum by NEGF technique [48]. During the 

single stranded DNA translocation across the sensor’s pore, 

different DNA bases’ orientations were employed. Therefore, 

it was highly important to take into account the bases’ 

orientation influence on the current and transmission 

spectrum. 

Calculation of the zero bias transmission spectrum between 

the electrodes (source and drain) was carried by the following 

equation [30, 49]: 

 
where,  represents the energy,  refers to the trace, 

represents the 

broadening level resulting from the source and drain coupling, 

and are the self-energies produced by the 

drain and source. The bias transmission spectra was measured 

by NEGF approach, as integrated in ATK-VNL, using [49]: 

 

where, G and  are correlated to the major scattering region 

advanced Green’s function, and where  

refers to the bias voltage among drain and source. D, S, R, L 

represents drain, source, right, and left respectively. The semi-

infinite influence of the source and drain was calculated by 

establishing the self-energies  in the 

effective Hamiltonian. 

The T(E,V) integration through the energy window was 

measured by utilizing the variation of the Fermi functions 

 

that gave the overall current [49] : 

 

IV. RESULTS AND DISCUSSION 

Each of the different types of DNA nucleobases inside the 

nanopore leads to a sole variation in the device current and 

transmission spectrum. The results of translocation of DNA 

bases are as below. 

A. Transmission Spectrum 

The z-shaped device transmission spectrum is calculated 

with 2, 2, 100 sampling point. The energy domain −2 to 2 eV 

has 200 sampling points. Cerda. Carbon (graphite) basis set is 

chosen for carbon, while Hoffman is chosen for the rest of the 

atoms [47] . 

Figure 3 shows the zero bias transmission spectrum for the 

developed sensor of 1.01 nm pore with two types of pores 

based on the passivation of the edge carbon atoms: hydrogen 

(H-pore) or nitrogen (N-pore). The figure reveals low values 

of transmission spectrum within the energy range [-0.7, 1.1] 

eV, which is due to the band gap energy window within the 

AGNR channel. The number of transmission peaks produced 

by N-pore is more than those produced by H-pore. The N-pore 

transmission spectrum indicates higher sensor current than the 

H-pore sensor.  

 
Figure 3. The bias transmission spectra at zero for z-shaped device with an 

empty (H-pore) or (N-pore). 

 

 
Figure 4. The bias transmission spectra at zero for both z-shaped graphene 
nanoribbon and dual gate z-shaped transistor with N-pore. 

 

Figure 4 displays the zero bias transmission spectra for 

comparison between the z-shaped graphene nanoribbon and 

the DG-ZGNR-FET. The DG-ZGNR-FET has more 

transmission peaks with higher intensity than the z-shaped 

graphene nanoribbon which indicates higher sensitivity and 

higher current readings as compared with the zero bias 

transmission. 

Figures 5(a)-5(d) display the transmission spectra for T, C, 

G and A bases under a fixed bias voltage of 2.8 V (±1.4V on 

each source and drain). These figures reveal that each base has 

a unique transmission spectra leading to a unique current. 

Each panel reveals the transmission spectrum for four 
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orientations for each base. This reveals that there is a slight 

difference in the transmission spectrum for every base due the 

various orientations which results in a slight difference in the 

current value. Figure 6 shows the structure of the four 

different types of DNA bases at 0° rotation. The structure of 

the rotated Adenine base is shown in Figure 7. Each DNA 

base is rotated at an angle of 180° with respect to the x-axis, 

xz-plane, and xy-plane.  

There are two categories of DNA bases: pyrimidine bases 

including cytosine and thymine and purine bases including 

guanine and adenine. The main distinction among pyrimidine 

and purine nucleobases is their size. One can understand from 

the transmission spectra of the various bases, that the 

differences in the chemical and physical structure of purine 

and pyrimidine bases influence the sensor transport 

characteristics differently, which make it possible to 

distinguish the two different DNA groups due to fixed bias 

voltage. Purine base has two carbon-nitrogen rings, while 

pyrimidine has one carbon-nitrogen ring which result in higher 

current for purines. 

 

B. Transverse Current 

Each DNA base local electronic densities of states is unique 

and can be used to differentiate between them when 

translocated across the pore. Figure 8 shows the z-shaped 

sensor transverse current for each base when placed inside the 

center of the H-pore or N-pore. Utilization of N-bond can 

improve the transverse current rate compared with H-bond. 

Therefore, N-pore can be utilized as an alternative of H-pore 

to improve the sensor sensitivity to identify the DNA bases. 

Herein, N-bonds improve DNA bases and the device coupling 

which increases the transverse current magnitude. As a result, 

the current measurability and detection are clearer and highly 

enhanced. Moreover, the read speed of DNA sequence is 

increased due to the high current, thus speed up the detection 

process. 

Figure 9 displays the transverse current for the various types 

of DNA nucleobases in the nanopore of the two terminal and 

three terminal sensors. A 1 V gate potential is applied for each 

gate of the DG-ZGNR-FET sensor across the central region, 

and the voltage between the source and drain is fixed as +1.4 

and −1.4 V, where the device functions as a field effect 

transistor. The sensor with a gate voltage exhibits higher 

transverse current rates and thus higher sensitivity as 

compared with the case without gate. Figure 9 shows the result 

for one orientation (0° angle) for each base within z-shaped 

graphene nanoribbon pore and the DG-ZGNR-FET pore. The 

higher sensitivity is referred to the higher current reading 

which is expected to be higher than the noise and leads to 

faster sequencing speeds. 

Figure 10 displays the possible current ranges when the 

nucleobases are rotated at 180° angle with respect to the x-

axis, xy-plane, and xz-plane (shown in Figure 7 (a-d)). The 

current fluctuations are because of the alterations of bases’ 

geometry and orientations, and lateral translation. The figure 

displays the current for nitrogen passivated nanopore at 300 K. 

Equation (3) is used to calculate the current by integrating the 

transmission spectra. Figure 11 displays the current ranges 

because of each base rotation at 2.8 V bias within the N-pore 

sensor. The figure shows unique current signature for the 

different DNA bases positioned within the N-pore. It shows 

the intervals that have to be set as the current variations limits. 

The work shows that each DNA base has a unique signature 

Moreover, the figure shows that pyrimidine bases have lower 

current than purine bases because of the physical and chemical 

structures of the DNA bases which makes it possible to 

identify the two different categories of DNA nucleobases at a 

fixed bias voltage. The reason for the higher current of purine 

bases compared with pyrimidine is that purine consists of two 

hydrogen-carbon rings and four nitrogen atoms, while 

pyrimidines consist of one hydrogen-carbon ring and two 

nitrogen atoms. Graphene nanopore edge functionalization 

modifies the sensor behavior.  Our work agrees with [50, 51] 

where the nitrogen passivation of the nanopore and nanogap 

improves the sensitivity when compared to hydrogen 

passivation. Moreover, the lowest to highest order of the DNA 

bases transmission and current is the same due to both types of 

passivation, but the transmission and current are higher with 

N-pore [50, 51]. Also, it was noticed that the tunneling pore or 

gap is bridged in a better way with purine bases resulting in a 

higher current for purine bases in comparison to pyrimidine 

bases [51]. The overall transmittance is highly increased in 

nitrogen termination. In particular, the electrical current is 

larger and easier to detect due to N-functionalization. The 

sensor with N-pore has stronger interaction and better 

coupling between the DNA base and the sensor and this fact is 

because of the hybridization between the DNA bases and the 

states from the edge leading to higher charge transfer. 

In experiment, the DNA strand will be pulled through the 

nanopore within the graphene nanoribbon while a voltage will 

be applied between the left and right electrodes. Each of the 

different DNA bases is expected to modify the current in a 

unique way which makes it possible to differentiate the DNA 

bases. The designed sensor should be able to detect the 

sequence, but this means that the speed of DNA passing 

through the pore should be controlled precisely. 

Theoretical work proofed that N-terminated pores enhance 

the single biomolecule detection and makes the sensor highly 

sensitive [43-45]. Most of the theoretical work conducted with 

nanoribbons was generated with simple model systems where 

the effect of solvent and ions are not considered [30, 50, 52]. 

The generated transverse current for each DNA base is 

expected to be higher than the effect of the solvent [11, 50, 

52]. 

The variation in current for the DNA bases is more 

pronounced when the pore is terminated by nitrogen. The 

nitrogen passivation results in higher current readings and 

higher variations in the current between the different DNA 

bases, as shown in Figure 8, which enhances the sensor 

sensitivity [30]. Such current is expected to be higher than the 

resulting electronic noise caused by DNA fluctuations during 

translocation [30]. Moreover, the large operating current may 

remove the necessity for slowing down the DNA translocation 

since the speed of measuring the current is expected to be high 

enough to avoid Brownian fluctuations from blurring the 

signal. 
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Figure 5. The transmission spectra for the different types of DNA nucleobases at a bias voltage of 2.8 V. The different colors represent the different orientations 
for each DNA base. 

 

 
Figure 6. The structure of the nanopores with different types of DNA bases (A, G, C, and T) at 0° orientation. 

 

 
Figure 7. The structure of the nanopores with: (a) Adenine is positioned at 0° angle within the pore. (b) Adenine is inclined at 180° angle with respect to the x-

axis. (c) Adenine is inclined at 180° angle with respect to the xy-plane. (d) Adenine is inclined at 180° angle with respect to the xz-plane. 
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Figure 8. Current of the z-shaped device when each of the DNA nucleobases is placed into the middle of the N-pore or H-pore with ∼1.01 nm diameter. 

 

     
Figure 9. Current of the z-shaped device with and without gate voltage when each of the DNA nucleobases is positioned into the middle of the N-pore with 

∼1.01 nm diameter. 

 

Figure 10. Current difference due to nucleobase various orientations, lateral translation, and addition of DNA backbone in the z-shaped sensor nanopore. 
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Figure 11. Current ranges resulting from Neuclobases’ orientations, translations, and addition sugar-phosphate backbone at 2.8 V bias in the N-pore. 

 

Intrinsic stepwise translocation for single stranded DNA 

(ssDNA) through a graphene pore can be used to improve the 

signal readings to identify the DNA nucleotides [53-56]. The 

stepwise translocation can be accomplished by stretching the 

ssDNA mechanically while passing through the graphene pore 

[53, 54]. Qiu et al. found that ssDNA stepwise motion can be 

accomplished and helps to accurately identify the DNA 

nucleotides’ passing through graphene pore. A harmonic 

spring was moved at a fixed velocity while the other end was 

attached to all phosphorus atoms which helps in preventing the 

tension between neighboring nucleotides [53]. The force 

applied to the spring varies due to the adhesive interaction 

among the DNA bases and graphene membrane. Moreover, 

mechanical stretching of DNA can prevent backward 

movement of DNA. 

In our study, graphene was considered as a rigid structure 

and DNA passed through the pore with various orientations 

and lateral translation. This can be achieved in experiment by 

applying a force to pull DNA backbone to overcome 

hydrophobic interactions between graphene and DNA 

nucleotides. The mechanical stepwise technique is promising 

and helps to enhance the signal, slow down the translocation, 

reduce noise, and stabilize the DNA bases [53]. 

C. Noise factors  

Various factors may cause electronic noise that affects the 

possibility of differentiating the DNA bases. These factors are 

anticipated to result in small noise on top of the large current 

of the z-shaped sensor. This is confirmed by studying some of 

these factors effect on transmission spectrum and current: 

 
1) DNA backbone of sugar and phosphate group 

 

The DNA backbone consisting of sugar and phosphate 

group is attached to the DNA nucleobases which impacts 

the current modulation. However, this effect is expected to 

be small as shown in Figure 12 and enclosed by the 

intervals displayed in Figure 11. 

 
Figure 12: Comparison of the z-shaped sensor current for each DNA base 

positioned in the middle of the N-pore and for the DNA bases after they 

are attached to sugar-phosphate backbone. 

 

The sugar-phosphate backbone can be processed as 

systematic noise that can be identified and removed as 

confirmed by previous studies [57, 58]. This simplification 

is due to the possibility of separating the DNA bases 

signal from noise by deducting the noise generated from 

the DNA backbone. 

 

2) DNA Nucleobases’ translation  

It is important to estimate the cases where the positions of 

the DNA bases are changed in the radial direction of the 

pore, which usually happens in real experiments. The 

transmission spectrum due to the DNA bases translation 

effect is displayed in Figure 14 where each base is 

translated 1 Å to the right direction and 1 Å to the left 

direction as displayed in Figure 13. 

(a)                       (b)                      (c) 

 
Figure13: (a) Thymine within the pore at 0° angle. (b) Thymine due to -1 

Å translation along the z-axis. (c) Thymine due to 1 Å translation along 

the z-axis. 
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Figure 14: The transmission spectra change due to ±1.0 Å translation 

along the z-axis for: (a) Adenine, (b) Guanine, (c) Cytosine, and (d) 

Thymine.  The transmission spectra colors refer to the base orientation 

within the sensor nanopore 

 

The effect of lateral translation of each nucleobase is 

displayed in Figure 10. The transmission spectrum is 

slightly affected by the translation which resulted in slight 

changes in the current within the current intervals 

displayed in Figure 11. 

 

3) Nearest Neighbor 

Figure 15 shows the nearest neighbor effect on the current 

of deoxycytidine monophosphate (dCMP) where a second 

nucleotide such as deoxycytidine monophosphate (dCMP) 

or deoxythymidine monophosphate (dTMP) was placed on 

top of the first one. The current is generated when dCMP 

has another dCMP on top of it and when dCMP has dTMP 

on top of it. The distance between each two nucleotides is 

3 Å. The variations in current are small as shown in Figure 

15 and within the intervals of Figure 11. A spatial 

separation of more than 2 Å between the nanopore and the 

second nucleotide is enough to remove its direct 

contributions from the nucleotide molecular orbitals to the 

sensor current as confirmed by previous studies [59]. 

 

Figure 15: Comparison of the z-shaped sensor current for (dCMP) in the 

middle of the N-pore and when dCMP has another dCMP on top of it or 

dCMP has dTMP on top of it. 

4) Solution 

 

Figure 16 illustrates how the presence of a water molecule 

affects the sensor current. The change in current is slight 

approximately 0.3 µA. The transverse current is expected to 

be much larger than the dynamical environment effect on the 

neuclotides electronic structure in solution [30, 52, 60]. 

 

 
Figure 16: The z-shaped sensor current when the N-pore is empty and when a 
water molecule is placed within the pore. 

Thus, all the previously mentioned noise factors are 

encompassed by the intervals’ boundaries in Figure 11. 

Moreover, it is worth noting that QuantumATK doesn’t supply 

computational details for DNA translocation within pores [30, 

52, 59]. Di Ventra et al. [61] found that the electronic noise 

such as DNA motion and fluctuations while measuring the 

transverse tunneling current would likely result in small noise. 

This noise will not affect the current distributions of the 

different DNA nucleotides and the ability to identify each 

base. 

V. DISCUSSION 

Intensive research work was conducted using transverse 

current DNA sensors with a nanopore and nanogap where 

nucleobases (or nucleotides) were placed in a pore or gap and 

rotated by up to 180 degrees to study their range of current 

response [30, 52]. These researches resulted in unique current 

for the different DNA bases. However, these studies resulted 

in small current and conductance. Moderate improvements 

were offered by various theoretical studies to enhance the 

electrical current of DNA in nanogaps [24, 62, 63] and 

nanopores [19, 39, 59]. The designed sensor is enhanced by 

using nitrogen instead of hydrogen to passivate edge carbon 

atoms. The edge termination of graphene nanoribbons by 

nitrogen is noticed to be rich of electrons leading to n-type 

transistor behavior [43]. The edge structure and chemical 

termination is critical to get the desired device characteristics. 

It is noticed that nitrogen passivated graphene pore sensors are 

very sensitive to intramolecular electrostatics [43] . Previous 

work [45] confirms the improved sensitivity of nitrogen 
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passivation in comparison to hydrogen passivation. The 

transverse current magnitude of the sensor is enhanced since 

the nitrogen bonds enhance the coupling between the sensor 

and the DNA bases. De Souza et al. designed a novel sensor 

using a hybrid sheet of graphene and hexagonal boron nitride 

with a nanopore to distinguish among the different DNA bases 

where each DNA base with distinct dipole modifies that 

charge uniquely and results in a unique current [64]. His work 

showed significant mechanism to sense DNA that relies on 

shifting the chemical potential of the sensor by applying a 

specific gate potential [64]. The sensor sensitivity is associated 

with the gate potential value and the applied bias voltage [40, 

50, 64]. Gate potential controls the local current path within 

the sensor [50]. Our current work indicates that the designed 

sensor is required to be set to specific gate potential and bias 

voltage to get unique signature for the four DNA bases with 

high sensitivity. In the designed z-shaped sensor, the optimal 

results were generated when the dual gate was biased at 1 V 

each side and the bias potential was fixed among the two 

electrodes (+1.4 and −1.4 eV). 

Moreover, adding a gate and applying a gate voltage to the 

z-shaped nanoribbon improves the sensor sensitivity and gives 

higher transverse current by shifting the Fermi energy towards 

the conduction band from the charge neutrality point. The gate 

electrode is placed very close to the semiconducting channel 

so that the applied electric charge affects the channel. The gate 

can control the carriers flow (holes or electrons) passing 

between source and drain. Applying a gate voltage increases 

the number of carriers within the semiconducting channel, 

which leads to higher current between source and drain. The 

utilization of N-pore and adding a gate terminal makes it 

feasible to measure, detect, and read the electrical properties 

of DNA bases. Each DNA base affects the charge density in a 

unique way resulting in a significant electronic signature. 

VI. CONCLUSION  

Sensors based on nanopore are promising in the 

identification of the DNA sequence inexpensively and rapidly 

without the necessity for amplification or labeling. Electronic 

transport simulations are generated using SC-EH+NEGF 

formalism to study the bases’ signal within a pore hosted by 

the developed z-shaped graphene nanoribbon device.  

This study shows a theoretical analysis of electronic 

transport in the developed transistor with a pore based on the 

various DNA nucleobases. Each DNA base generates a 

specific signature because of its unique electronic and 

chemical structure. Pyrimidine nucleobases result in lower 

current than purine nucleobases. The current modifications 

due to the bases’ orientation are studied at fixed bias voltage. 

Despite the current changes because of the base orientations, a 

unique signal for each DNA base is possible. These signals or 

signatures change slightly because of the bases’ orientations 

within a pore.  

The sensor sensitivity is enhanced by using nitrogen instead 

of hydrogen to passivate the pore edge carbon atoms. 

Passivation can be accomplished by nitrogen or hydrogen, 

where the nitrogen passivation results in a sensor with excess 

free electrons working as an n-type device. Moreover, adding 

a dual gate terminal to z-shaped nanoribbon and applying a 

gate potential improved the sensor reading and signal. 
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