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Recently synthesized topological line defects in graphene containing octagonal and a pair of pentagonal
structures open up new research directions for nano-sized electronic device applications. In this study,
using consistent-exchange van der Waals density functional (vdW-DF-cx) calculations, we investigated
an extended line defects (ELDs)-based graphene nano-device for individual identification of all four DNA
nucleobases. The electronic transport properties of the ELDs in graphene and the conductance caused
by adsorption of all four nucleobases on the ELDs in graphene were investigated to understand the
capability for individual identification of all four DNA nucleobases using the non-equilibrium Green's
function (NEGF) method. Our results show that the m—rn interaction is very much responsible for the
Fano resonance characteristics and such an ELDs graphene-based nano-device may detect the four
nucleobases better than a graphene-based nano-device without line defects. Also, the results of the -V
characteristics indicate that a specific voltage window is required for individual identification of all four
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nucleobases. Thus, we believe that a one-dimensional ELDs graphene-based nano-device is promising
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1. Introduction

Nano-electronics based techniques have been found to be very
promising for next-generation DNA sequencing.">° Theoretical
and experimental attempts have been made to model
nanochannel-,"* " nanopore-," ®*°*® and nanogap-'>*""**
based nano-electronic devices for DNA sequencing. Such nano-
gap/pore-based devices, through which single-strand DNA
(ssDNA) can be translocated, were identified as a low-cost
technique to sequence the whole genome.' 2% Therefore,
the development of fast and controlled DNA sequencing meth-
ods has progressed much over the past decades. However, DNA
sequencing through a gap/pore could be challenging due to
various issues. Controlling the DNA nucleotide translocation
speed, suppressing stochastic nucleotide motions, and deter-
mining the signal overlaps between different nucleotides are
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some of the major problems for the developing gap/pore-based
DNA sequencing techniques to achieve single-nucleobase
resolution at the molecular level.?*?*>** Therefore, it would be
useful to develop a nano-sized device that could hold each nucleo-
base firmly while the nucleobase is being identified.**""*°
Understanding the interactions of DNA nucleobases with
the inert surfaces of low-dimensional materials is a theme of
interest because of its importance for single-molecule
detection.™'*17183537 Indeed, both experimental and theo-
retical reports of the adsorption of DNA nucleobases on two-
dimensional (2D) and one-dimensional (1D) surfaces have been
explored for this purpose.*******3 guch works have been done
to understand the binding strength, adsorption and desorption
processes, and binding mechanisms of the nucleobases.'®**
So far, several 2D and 1D materials have been proposed for
nucleobase recognition, including graphene,*#*>* silicene,**
boron nitride (BN),"®** phosphorene,' dichalcogenides,> and so
on. Such studies allow the scientific community to understand the
nature of the interaction, which is helpful for the molecular
recognition process. Moreover, the interactions of nucleobase
molecules with 2D and 1D graphene surfaces have been exten-
sively studied.'**®2>™** For example, Kim et al. theoretically
demonstrated the possibility of four-nucleobase detection
using an ultrafast and highly sensitive graphene nanoribbon
(GNR)-embedded nanochannel device that can electrically
distinguish all four nucleobases."**® They claimed that such a
nano-sized device can effectively control the motion of DNA
nucleobases through n—r interaction and can decipher the highly

This journal is © The Royal Society of Chemistry 2020
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sensitive characteristic Fano resonance driven conductance of
each nucleobase. Further, in 2014, Thomas et al. theoretically
demonstrated that individual nucleobase detection could be
possible through conductance measurements using narrow
size semiconducting based nanoribbons (graphene, MoS,, sili-
cene, and hexagonal BN) which give dips in the conductance
curve when stacked with the nucleobases.'® Similarly, Amorim
et al. computationally designed a 2D silicene-based device that
could be used as an electrical biosensor.**

Furthermore, Heerema et al. revealed that the adsorption of
DNA nucleobases on highly sensitive GNR is very helpful in
collecting DNA-nucleobase-specific information.* Moreover,
fluctuation (position/angles) of the DNA nucleobases is mini-
mized, which in turn lowers the noise. Therefore, all these
studies establish that the adsorption phenomenon is very
promising for the detection of DNA nucleobases. While low
dimensional materials have been found to be promising for
such applications, a key factor in single-molecule recognition
remains challenging: a low signal to noise ratio,¢:731734:46:47
This, in fact, has hindered device fabrication with such materi-
als for their practical use in DNA sequencing.’® Graphene
combines the features of an atomically thin membrane with
strong carbon-carbon (C-C) bonds.***° However, scientists/
researchers are continually searching for comparatively more
sensitive materials for DNA sequencing applications.

In this regard, extended line defects (ELDs), like grain
boundaries in graphene, formed by a combination of octagons
and pentagons (0-p) can improve the sensitivity of graphene.”' >
Lahiri and co-workers have synthesized 1D extended topologi-
cal defect lines in graphene, containing octagonal and paired
pentagonal sp>-hybridized C rings.’® The recent synthesis of
such extended 1D topological line defects in a graphene sheet
gives the possibility of the fabrication of graphene-based
devices with line defects that can be utilized as quasi-1D
metallic nanowire-based nano-device structures.’>*** Further-
more, such ELDs induce charge redistribution in their
surroundings.>** These ELDs act as conducting quasi-1D
metallic wires embedded in a graphene sheet.>® Certainly,
reducing the dimensionality is a promising path towards
improving sensitivity. Moreover, the perfectly defined atomic
structure of the o-p line defect embedded in a thick graphene
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sheet may help to practically solve one of the significant
tasks of nano-electronics: the realization of precisely controlled
contacts at the atomic level.”® This is immediately required for
the advance of molecular nano-electronics and single-molecule
sensing nano-devices. Such ELDs may truly improve the sensi-
tivity and quantum transport properties of the graphene-based
device. Therefore, it would be interesting to understand the
conductance properties when each nucleobase is n-stacked to
the ELDs in the graphene sheet (ELDs graphene). Moreover, the
n-n interaction must be adequately robust to sustain the
stacking structures for conductance and current (I) measure-
ments, while being weak enough to permit the ssDNA to be
translocated by an external driving force.

Motivated by all these reports, we introduce ELDs into a
graphene sheet to improve the performance of the ELDs
graphene-based nano-sized DNA nucleobase sensors. This
proposed ELDs graphene device will interact with each nucleo-
base through n-m interaction. In this work, we use first-
principles based density functional theory (DFT) calculations
to investigate the structural, adsorption, and electronic proper-
ties of the ELDs graphene and ELDs graphene + nucleobase
systems. Further, the electronic transport properties of the
ELDs graphene and the electric conductance caused by adsorp-
tion of all four nucleobase molecules on the ELDs graphene
were examined to understand its capability for individual
identification of all four DNA nucleobases. We compute the
zero-bias transmission function [T(E)], conductance sensitivity
(8%), and current-voltage (I-V) characteristics of the ELDs
graphene + nucleobase systems using a combination of DFT
with a non-equilibrium Green’s functions (NEGF) approach.

2. Model and computational methods

The atomic structure of the extended topological 1D line defects
in graphene considered in this work is shown in Fig. 1. It consists
of a graphene device containing octagonal and paired pentagonal
line defects extending along the entire setup in the transport
direction. The ELDs graphene device is periodic in the x- and
z-directions, as shown in Fig. 1. We considered all four DNA
nucleobases on the ELDs graphene device for our calculations.

Buffer R Lead R

Fig. 1 Schematic view of the modelled ELDs graphene nano-sized device (top and side views) consisting of two semi-infinite leads [left (L) and right (R)],

buffer region, and the device region. Atom color code: C (grey).
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The four nucleobases are adenine (A), guanine (G), thymine (T),
and cytosine (C).

First, we investigated the adsorption phenomenon of all four
DNA nucleobases on ELDs graphene. For the calculations, we
consider a single nucleobase at a time on the ELDs graphene.
First, we relaxed the isolated nucleobase molecules using the
B3LYP/6-311++G** basis sets as implemented in Gaussian 09
code.”® Taking the relaxed geometries of the nucleobase mole-
cules, we adsorbed each nucleobase molecule on the surface of
the ELDs graphene. After that, all the ELDs graphene + nucleo-
base system configurations were fully optimized using the GGA-
PBE method as implemented in the SIESTA code.””>° We used
the GGA-PBE for exchange and correlation functionals, in
which valence electrons are described using the double-{
polarized basis sets for all atoms.”® The consistent-exchange
van der Waals density functional (vdW-DF-cx) method implemen-
ted in the SIESTA code was used to treat the weak dispersion
interaction.®® Troullier-Martins norm-conserving pseudopotentials
were used to model the atomic core electrons.®® We employed a
Monkhorst k-space grid of 5 x 1 x 3 and a mesh cut-off energy
value of 200 Ry. For all the systems, a vacuum distance of 32 A was
used, which is sufficient to avoid spurious interactions between
repeated images.

The adsorption energies (E.qgs) are calculated on the ELDs
graphene surface using the following equation

(Enuc]eobase + Egrps graphene)]

(1)

where Egips graphene+nucleobase F€presents the total energy of the
fully relaxed ELDs graphene + nucleobase systems and Egps
graphene aNd Enycieobase are the single point energies of the
isolated ELDs graphene and nucleobase, respectively.

The electronic charge density difference (Ap(r)) is plotted to
understand the nature of the interaction for all four DNA
nucleobases on the ELD graphene surface and is calculated
using the following equation

Eaas = [EELDs graphene+nucleobase —

AP(") = [pELDs graphene+nucleobase(r) - (pELDs g‘raphene(r)
+ Pnucleobase(r))] (2)

where perps graphene+nucleobase(r’) T€presents the total charge den-
sity on the ELDs graphene surface in the presence of an
adsorbed DNA nucleobase molecule, ppipsgraphene(r) is the
charge density on the isolated ELDs graphene surface, and
Pnucleobase(?) 1s the charge density of the isolated DNA nucleo-
base molecule.

The first principles DFT calculation is combined with the
NEGF approach to obtain the electronic transport properties by
employing the TranSIESTA code.?”®* The electronic transport
properties are based on the Landauer-Biittiker approach. The
schematic of the proposed transport setup is shown in Fig. 1. It
consists of left and right leads, buffer regions, and a central
scattering region (device region). The basis sets used in the
electronic transport calculation are the same as those used in
the optimization and 8 x 1 x 1 k-points are used to define the
real-space-grid. Further, the T(E) and I-V characteristics are
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calculated by considering only the gamma-centered k-points for
Brillouin zone sampling employing the TBTrans code.®®> The
T(E) is calculated using the equation

T(E)=Tv(E,V)GE,V)IR(E, V)G (E,V) (3)

where the coupling-matrices are defined as I’ =

i[Z LR —2 1L R and the NEGFs for the device region are defined

as G(E,V)=[E x S, — Hlp] — ZL(E, V) — Zr(E, V)]”', where
Ss is the overlap-matrix and Hg is the Hamiltonian-matrix,
2R = Vs, SLRVL/RS is the self-interaction energy, 2y is a lead

(electrode) that takes into account the L/R leads onto the
device region, g, is the surface Green’s function (L/R) and

Vijrs = V;L/R is the coupling-matrix between the leads (L/R)

and the device region.®®
Moreover, the integration of T(E) delivers the electric

current (I) given by the equation

1
103) = 5| TERIE - ) -1E - mdE @
R

where T(E,V}) is the transmission function of the electrons
entering at energy (E) from L to R lead under applied bias
voltage (Vy,), f(E — pir) denotes the Fermi-Dirac distribution
function of electrons in the L/R leads and py,x is the chemical
potential where pp, g = Er £ V3,/2 are stimulated correspondingly
up/down according to the Fermi-energy Er.%>%

3. Results and discussion

3.1. ELDs graphene device

The optimized geometry of the line defect structure, with bond
angles (°) and bond lengths (A), is shown in Fig. 2a. Fig. 2a
shows the topological line defect graphene sheet consisting of a
pair of pentagonals (p) and one octagonal (o), which is periodi-
cally repeated along the dislocation line. In this geometry, the
bond lengths (~1.39 to 1.46 A) and bond angles (112 to 136°)
are similar to those of sp” hybridized carbon.> Fig. 2b shows
the T(E) and density of states (DOS) of the ELDs graphene
device. The ELDs graphene has a step-like transmission curve
because of the gamma point calculation. Further, the transmis-
sion curve indicates that there are several conducting channels
available for transport around the Fermi-level. Both the T(E)
and DOS results show that ELDs graphene can work as a
metallic nanowire embedded in the graphene sheet. Consider-
ing the outcomes above, we turn our attention to the use of this
potential nano-device for DNA sequencing applications.

3.2. Physisorption of nucleobases

We studied the adsorption behavior of all four nucleobase
molecules (A, G, T, and C) on the ELDs graphene sheet. For
this, we systematically studied the adsorption phenomenon of
all four nucleobase molecules at five different possible adsorp-
tion sites (A1, A2, A3, A4, and A5) on the ELDs graphene sheet,
as shown in Fig. S1 [ESIt]. The initial distance between the

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) The relaxed geometry of the defected structure with bond lengths (A) and bond angles (°). (b) The electronic T(E) and DOS characteristics of

the ELDs graphene device.

nucleobase and the sheet was kept at around 2.8 A. The center
of the hexagonal ring of each DNA nucleobase molecule is
positioned on the hollow [octagon (A1), pentagon (A2), hexagon (A4)]
and bridge [pentagon-octagon (A3) and octagon-hexagon (A5)]
sites of the ELDs graphene sheet as shown in Fig. S2 and S3
(ESIT). Fig. S2 and S3 (ESI+) shows the initial (before optimization)
and final configurations (after optimization) for all four nucleo-
bases on the ELDs graphene sheet. We find that all four
nucleobases slightly shift from their original (initial) position
after optimization. The computed relative energy values are
shown in Table S1 (ESIt). The A3 configuration [bridge site
(pentagon-octagon)] is the most energetically stable adsorption
site for the A nucleobase, whereas the G, T, and C nucleobases
prefer to adsorb at the A5 site [bridge site (octagon-hexagon)].
The most energetically stable configurations of all four nucleo-
bases are shown in Fig. 3(a-d).

The most energetically stable configurations of adsorbed A,
G, T, and C on the ELDs graphene sheet were obtained using
the GGA+PBE and vdW-DF-cx levels of theories. In the support-
ing information file, we have made a vis-a-vis comparison of the
calculated results using the GGA+PBE and vdW-DF-cx level of
theories. Herein, we mainly discuss the results obtained using
the vdW-DF-cx level of theories. Table 1 shows the adsorption
height (%) and adsorption energies between the nucleobase
and the ELDs graphene sheet. The ‘7’ is the shortest vertical
distance between the substrate and molecule. In the case of
ELDs graphene + A, the adsorption height is the shortest
distance, as shown in Fig. 3. Table 1 shows that the E,4s order
of all four nucleobases is G > A > C > T. It is found that
the vdW-DF-cx-calculated E,4s values are larger than those
calculated at the GGA+PBE level of theory (Table S2, ESIT).
This is because the vdW-DF-cx includes nonlocal corrections

Fig. 3

(a—d) Top and side views of the most energetically stable configurations of (a) ELDs graphene + adenine, (b) ELDs graphene + guanine, (c) ELDs

graphene + thymine, and (d) ELDs graphene + cytosine systems. The adsorption heights (h, in A) between the nucleobase molecule and the ELDs
graphene sheet are shown in (a—d). Atom color code: O (red), N (blue), C (grey), and H (light white). (e—h) Charge density difference plots (top and side
views, iso-surface value: 0.003 e A=%) for ELDs graphene + nucleobase systems. The green iso-surface represents an electron loss, while the red one
indicates an electron gain.
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Table 1 Computed adsorption energy values (E,gs, in €V), and adsorption
heights (h, in A) of the ELDs graphene + nucleobase systems at a vdW-DF-
cx level of theory

Nucleobase Eaqs (eV) h (A)
Adenine —1.55 2.98
Guanine —1.72 2.71
Thymine -1.39 2.72
Cytosine —1.50 2.65

from the first-principles DFT calculations. The GGA+PBE gives
relatively lower E,qs values and larger adsorption heights
(Table S2, ESIY), indicating that it does not correctly describe
the important n-n interaction between the nucleobase and the
ELDs graphene sheet. To further understand the nature of the
interaction between the target DNA molecule and the ELDs
graphene, we computed the total charge density difference
(Ap(r)). Practically, Ap(r) illustrates the charge accumulation/
depletion in the ELDs graphene + nucleobase system from
which we can calculate the total charge transfer. Our Ap(r)
results are shown in Fig. 3(e-h) and were calculated using
eqn (2) for all four nucleobase molecules on the ELDs graphene
surface. A significant charge density redistribution is found for
all four nucleobases with gain (red) and loss (green) of electro-
nic charge. Based on Mulliken charge, we found that the net
charges on the adsorbed nucleobases (in units of |e|) are 0.09,
0.11, 0.07, and 0.06 for A, G, T, and C, respectively. This
suggests that there is a favourable interaction between the
ELDs graphene surface and the target nucleobase molecule.
However, Ap(r) results do not show a strong overlap between
ELDs graphene and nucleobases. Thus, looking into the E,qs
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Fig. 4
(E — Ep) is set to zero.
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values, adsorption heights, and Mulliken charges of all four
nucleobases on the ELDs graphene sheet, we find that the
nature of the interaction is weak but enough for detection.
Further, we study the effect of nucleobase molecule adsorp-
tion on the electronic structure of the ELDs graphene using
vdW-DF-cx geometries. Fig. 4 shows the calculated electronic
DOS of the ELDs graphene and the ELDs graphene + nucleo-
base systems along with the projected DOS (PDOS) of all four
nucleobases. The adsorption of nucleobase molecules leads to
changes in the electronic DOS of the ELDs graphene. In the
given energy window (—4 to 4 eV), we find that the nucleobase
molecule introduces several strong states near the Fermi-level
of the ELDs graphene. The adsorption of all four nucleobase
molecules maintains the metallic nature of the ELDs graphene
sheet with several strong states in the Fermi-level. Fig. 4 shows
that the G nucleobase has the maximum number of electronic
DOS states in the —4 to 0 eV energy window, while the T
nucleobase has the least number of electronic DOS states in
the given energy window. However, we find that there are a
significant number of electronic DOS states available for all
four nucleobase molecules, which indicates that the four
nucleobase molecules couple well with the ELDs graphene
sheet. Thus, to understand the action of the ELDs graphene
as a DNA sequencing device, the combined NEGF+DFT method
is used to study the electronic transport properties of all four
nucleobases on the ELDs graphene nano-sized device.

3.3. Electronic transport properties

We investigated the T(E) of the ELDs graphene-based device for
individual identification of all four nucleobases. Fig. 5a shows
the zero-bias T(E) curves of the ELDs graphene and ELDs

b) 60 v T T T g T

~ ELDs graphene
ELDs graphene+G |
—G

N
(=]

PDOS (a.u.)
)
=}

0
E-EF (eV)
T Y T
—— ELDs graphene
— ELDs graphene+C |
—

d

A —a
D
o

PDOS (a.u.)

0
E-EF (eV)

(a—d) Electronic DOS of the ELDs graphene and ELDs graphene + nucleobase systems and the PDOS for each nucleobase. The Fermi level
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(a) The zero-bias transmission functions of the ELDs graphene and ELDs graphene + nucleobase systems showing the characteristics dips of each

nucleobase. (b) Electronic density of states. (c—f) MOs for the ELDs graphene + nucleobase systems responsible for transmission dips.

graphene + nucleobase systems as a function of energy (E). The
ELDs (pristine) graphene has integer 7(E) values corresponding
to the number of conduction-channels. However, the ELDs
graphene with a stacked nucleobase molecule presents a 7(E)
figure with sharp drops (dips). We understand that this could
be due to the orbital overlap between the target nucleobase
molecule and the ELDs graphene device, which causes dips in
the T(E) of the ELDs graphene Fermi-energy level (E — Ex) which
can be controlled through the application of gate voltage. The
T(E) curves of ELDs graphene + nucleobase systems (A/G/T/C)
each show a nearly symmetric dip at different energy values,
marked by coloured arrows in Fig. 5a. Interestingly, in other
reports, it has been demonstrated that Fano resonance is
the ruling mechanism of T(E) reduction in the molecule +
graphene system."* '®®* Therefore, the origin of the dips (sharp
dips marked in Fig. 5a) appearing in the T(E) of the ELDs
graphene + nucleobase molecule transport system could be due
to Fano resonance. Fig. S4 (ESIt) shows the projected DOS of
the ELD graphene + nucleobases. We find that px + py orbitals
are interacting and the resulting n-n interactions may be the
reason for the Fano resonance (Fig. 5a and b). Furthermore, we
note that the size of the Fano resonance dip is affected by
geometrical changes, for example, by increasing adsorption

This journal is © The Royal Society of Chemistry 2020

height and rotation of the DNA nucleobases with respect to
the y-axis perpendicular to the ELDs graphene in the xz-plane
(Fig. S5-S7; details in ESIf). This could be because of the
different coupling or overlapping between the MOs of the
nucleobase molecules and the ELDs graphene for a given
stable-stacking configuration. The strong Fano resonance dip
position varies with geometrical changes; however, it can still
be used for individual identification of each nucleobase mole-
cule on the ELDs graphene device. Herein, we discuss the most
characteristic strong Fano resonance dips (i.e., those indicated
by the coloured arrows in Fig. 5a). Interestingly, we found that
at the energy level of the most characteristics sharp dips,
strongly mixed MOs between the ELDs graphene and base
molecules are found whose base part well corresponds to the
frontier molecular orbitals, as shown in Fig. 5¢c-f. For example,
if we look at the 7(E) curve of the ELDs graphene + G, we find that
the dip for G (at E — Er = —0.52 eV) shows strong resonance between
G MOs and the ELDs graphene + G MOs which partially blocks the
ballistic conductance-channels of the ELDs graphene device, as
shown in Fig. 5a and c. The mixed orbital at the dip position
has a strong resemblance to the G HOMO (highest occupied
molecular orbital). Similarly, if we look at the transmission
spectra of ELDs graphene + A and ELDs graphene + C, we find

Mater. Adv., 2020, 1,2908-2916 | 2913
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that the dip positions are at E — Ep = —0.78 eV (Fig. 5a). Both the
nucleobases (A and C) show that the highly mixed orbitals at
the dip position are the HOMOs, as shown in Fig. 5d and e. In
the case of ELDs graphene + T, the HOMO is nearly degenerate
to the HOMO—1, with an energy difference of about 0.08 eV
(Fig. 5a). Fig. 5a shows two dips around —1.21 eV. Both the dips
are near matches with the energy difference between the
HOMO and the HOMO-1. Fig. 5f shows only MOs corres-
ponding to the right dip at £ — Er = —1.21 eV; however, those
corresponding to the left dips were also found. Thus, we have seen
in all four systems that each strong resonance dip in the 7(E)
curve has a corresponding MO of the base molecules, which may
be playing the role of a resonator.

Further, to verify that the strong dips result from the Fano
resonance, we studied the 7T(E) and DOS of the ELDs graphene +
nucleobase systems at increasing adsorption heights, as shown
in Fig. S6 (details in ESIf). As the distance between target
nucleobase molecules and the ELDs graphene increases, the
resulting coupling reduces the dip width of the T(E), although
the coupling strength does not change considerably for
adsorbed nucleobases at a stacking height (2 = 3.5 A) due to
the strong n-m interaction. Therefore, it is noted that the
position of Fano resonance dips is sensitive to the interaction
strength. Additionally, all four nucleobases were rotated
around the y-axis from 0° to 180° in steps of 30° (Fig. S7, details
in ESIT). We observed some changes in the dip position and
width of the T(E), though not significant, which could be due to
a similar environment. Hence, the ultra-sensitive ELDs
graphene-based device can be utilized for DNA sequencing.

Next, from the experimental point of view, we investigated
the conductance sensitivity of the ELDs graphene device
with all four nucleobases. In general, sensitivity is dependent
on the conductance changes of the device induced by the
DNA molecule adsorption. The conductance sensitivity (S%)
can be defined as S(%) = |Gy — G/Gy|, where G, and G are the
transmissions of the ELDs graphene and the ELDs graphene +
nucleobase system, respectively. The conductance sensitivity
(at ~0.04 eV, Fig. S8, ESIT) plot for all four nucleobases is
shown in Fig. 6a, measured during experimental realization
using a gate voltage of ~0.04 V. We noted the S% values are

A
1 Il G
_ 60 —R
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= ]
-
320
0 — T
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(2)

Fig. 6
(b) I-V characteristics of all four ELDs graphene + nucleobase systems.
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about 29%, 76%, 59%, and 52% for A, G, T, and C, respectively.
The maximum $% values follow the sequence G > T > C > A.
Such high S% values are significant for the individual identifi-
cation of all four DNA nucleobases. Note that the results in
Fig. 6a are given as a function of the relevant E,4qs in eV.
Consequently, it is not the influence of the strength of the
interaction, but rather the different type of DNA nucleobase
molecules that controls the conductance sensitivity. Kim et al.
revealed that the orbital interaction (coupling) order can match
the E,qs values.'® However, in our study, we have four different
types of DNA nucleobase molecules and the coupling need not
be in the same order as their E,q values. Thus, our results
indicate that the ELDs graphene-based device possesses highly
sensitive conductance resolution for the electrical detection of
each nucleobase at a specific gate voltage.

Further, we note that the conduction reductions for C and A
overlap (Fig. 5a). However, the overall transmission function is
different for each nucleobase (C and A). This is because they are
two different types of nucleobases: (i) purine (A and G) and (ii)
pyrimidine (C and T). The pyrimidine-based nucleobases are
smaller in size than the purine-based nucleobases and the
number of hydrogens available for interactions are also differ-
ent in these two cases. This is one of the reasons for the
different coupling of C and A nucleobases with ELDs graphene
electrodes. Consequently, the overall transmission function is
different for nucleobases C and A. Furthermore, we note that
conductance sensitivity (S%) values are about 29% and 52% for
A and C (Fig. 6a), respectively. The maximum S$% values also
follow the order C > A. Such high $% values are significant for
the individual identification of these two nucleobases. More-
over, the calculated unique electric current (I) signal can also be
utilized to detect these two nucleobases (Fig. 6b). Hence, we
find that it is possible to distinguish between these two
nucleobases on the ELDs graphene nanosensor.

3.4. Current-voltage (I-V) characteristics

We computed the I-V characteristics for the detection of all four
nucleobases on the ELDs graphene device. Fig. 6b depicts
the I-V curve for the ELDs graphene + nucleobase systems.
We found that probing the A nucleobase results in an electric

3:5

—— ELDs graphene+A
| —— ELDs graphene+G
——— ELDs graphene+T

2 3.0 raphene+C

=

5

g 25F

=

O 74<_/”/

20 " 1 A 1 2 1 n 1 2 1 1 1
03 04 0.5
Bias (V)

(b)

(a) The conductance sensitivity vs. adsorption energy plot at a specific energy of —0.042 eV for all four ELDs graphene + nucleobase systems.
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current (I) which is significantly higher than those for the other
three nucleobases in the given bias window (0.1-0.8 V). The
current signal for the T nucleobase is smaller than that of the A
nucleobase and, at 0.8 V bias, there is a considerable difference
between these two nucleobases. In the case of G and C,
although they mostly run parallel to each other, still one can
see that there is a constant difference between these two
nucleobases. Hence, it may be possible to distinguish between
G and C nucleobases in the given bias window (0.1-0.8 V). The
I-V curve of the ELDs graphene + G system gradually increases.
However, in the ELDs graphene + T system, we find a reduction
of the I-V curve compared to the other three nucleobases (A, G,
and C) in the same bias window. This may be because of the
negative differential resistance (NDR) and coupling strength.?
The orbital interaction (coupling between ELDs graphene +
nucleobase) is not necessarily in the same order for all the
nucleobases in the same bias window. Furthermore, it is noted
that we have four different types of DNA nucleobases and the
orbital interactions (coupling strength between ELDs graphene
+ nucleobase) are not necessarily in the same order as their
E.qs values.'® Thus, change in current signals with respect
to applied bias voltage depends on the coupling between
electrode + nucleobase orbitals. Once the system is in the
non-equilibrium state, the movement of the HOMO/LUMO
peaks associated with the nucleobase molecules plays a very
important role in current signals with changes in applied bias
voltage.'>*** We, therefore, put forward that the voltage
window of 0.3-0.8 V may be required for individual identifi-
cation of all four nucleobases on the ELDs graphene device.
More precisely, A and T nucleobases can be identified based on
the higher and lower current values, respectively, while G and C
can be identified between the other two nucleobases. There-
fore, the I-V curves reflect that varying bias voltage may allow
all four nucleobases to be identified. Thus, based on our
results, it may be possible to distinguish the four nucleobases
using the ELDs graphene device.

4. Conclusions

In conclusion, we demonstrated that using one-dimensional
extended topological line defects in graphene may be useful for
DNA sequencing applications. Using the DFT approach, we
studied the interaction strengths between ELDs graphene
and all four DNA nucleobases. DNA nucleobases are likely to
be physisorbed on the ELDs graphene device in stable stacking-
like configurations, with adsorption energy values in the fol-
lowing sequence: G > A > C > T. Furthermore, using
DFT+NEGF formalism, we have shown that the individual
identification of all four DNA nucleobases is, in principle,
possible through electronic transmission function, conduc-
tance sensitivity (S%), and I-V characteristics measurements.
We show that the m-m interaction is responsible for the
interaction between the nucleobase molecule and the ELDs
graphene surface; the resulting coupling gives a strong Fano
resonance in the transmission functions of ELDs + nucleobases.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Materials Advances

The computed molecular orbitals at specific energy values
show that there is strong orbital overlapping between the ELD
graphene and nucleobase molecules. Such features of the
nucleobase molecules occur due to characteristic molecular
orbital coupling dips. Moreover, we demonstrated that the
sensing performance can be improved by applying a specific
gate voltage. The calculated maximum conductance sensitivities
are in the sequence G > T > C > A. These high conductance
sensitivity values are significant for the individual identification of
all four nucleobases. Also, the calculated -V characteristics results
indicate that a voltage window of 0.3-0.8 V may be required for the
individual identification of all four nucleobases on the ELDs
graphene device. Thus, we predict that developing such a nano-
sized device could be very promising for individual identification
of DNA nucleobases.
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