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Abstract Detection of DNA hybridization with
high sensitivity and accuracy plays a major role in
clinical diagnosis and treatment. Despite intense
experimental studies of graphene field effect transis-
tor as DNA hybridization detector, the mechanism of
detection and changes in the electrical properties of
the device is not investigated in detail. To this end, we
have investigated an armchair graphene nanoribbon
(AGNR) interconnected between gold electrodes as
a detector of DNA hybridization. Using non-equilib-
rium Green’s function method and density functional
theory, the effect of 1-pyrenebutanoic acid succinimi-
dyl ester (PBASE) linker, probe, and target DNA on
the electrical properties of the device has been inves-
tigated at zero bias voltage. The results show that,
after functionalization of AGNR with PBASE, the
conductance of the device increases while functional-
ization with probe and target DNA leads to a decrease
in conductance. The changes in the projected den-
sity of states on the AGNR and transmission around
Fermi energy are the reason for the change in con-
ductance of the system. In all cases, both charge
transfer and electrostatic gating are responsible for
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the change in the electrical properties of the system.
The results show that our device detects DNA hybrid-
ization with a sensitivity of 10% at zero bias voltage,
and by applying a suitable gate voltage, it can show
higher sensitivity.
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Introduction

DNA is a biological molecule that contains the
information of life hereditary. Therefore, recognizing
the information coded in DNA is necessary for
the prevention or treatment of diseases, personal
medicine, and diagnostic of pathogenic or genetic
diseases (Netto et al. 1990; Smith et al. 2020;
Kowalczyk 2020). Thus, detection of not only a wide
variety of infectious agents but also many genes that
are responsible for inherited disease, demonstration of
human chromosomal deviation, and demonstration of
gene rearrangement and tumor cell identification can
be possible with DNA hybridization (Smith et al.
2020). Moreover, nowadays, one of the most
important applications of DNA hybridization can be
the detection of severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) in order to prevent
it from spreading before all people are vaccinated.
Detection of SARS-CoV-2 is possible by hybridization
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of RNA-dependent RNA polymerase gene (RdRp)
of SARS-CoV-2 with the probe that has the reverse
sequence of target (Thanihaichelvan et al. 2021;
Hwang et al. 2021; Cheung et al. 2020). Traditional
techniques of DNA hybridization show high
sensitivity. But they come with some challenges and
problems such as high cost and are time consuming
(Milford Ward et al. 2001). Nowadays, nano filed
effect transistor (FET) biosensors have attracted
considerable attention (Bagherzadeh-Nobari et al.
2018a, 2020; Kalantari-Nejad et al. 2010) since they
can be used as the label-free and real-time detection
for biomolecules such as proteins, DNA, and bacteria
(Thanihaichelvan et al. 2021; Kalantari-Nejad et al.
2010; Viswanathan et al. 2015; Bagherzadeh-Nobari
et al. 2018b; Wu et al. 2018). Also, the fabrication of
these FET biosensors is possible by some companies
such as Graphenea (Fakih et al. 2019; Hayashi
et al. 2020). In a FET DNA biosensor, the electrical
properties of the FET such as source-drain current
or conductance (G) of the channel change as a result
of the attachment of complementary target DNA to
the probe DNA immobilized on the channel surface.
Therefore, detection can be observed due to doping
of the channel by target DNA. Among different nano
FET biosensors, graphene FET (GFET) biosensors
have attracted considerable attention since graphene
has advantages such as unique electrical properties,
biocompatibility, and large detection area, and it is
suitable for large-scale integrated device processing
and fabrication due to planar geometry (Bagherzadeh-
Nobari et al. 2018b; Wu et al. 2018; Xu et al. 2017;
Ping et al. 2016).

There are some experimental studies that show
that GFET DNA biosensors are a good candidate as
a detector of DNA hybridization with high sensitivity,
selectivity, stability, reproducibility, and reusability
(Li et al. 2019; Mensah et al. 2020; Gao et al. 2020;
Kim et al. 2020; Vishnubhotla et al. 2020; Zheng
et al. 2015; Xu et al. 2018; Hwang et al. 2020).

As mentioned before, the mechanism of detection
in GFET biosensors is based on a change in the trans-
fer characteristics (source-drain current versus gate
voltage). The instability of transfer characteristics
makes the analysis of results hard. That is why the
stability of transfer characteristics is very important.
Transfer characteristics can be varied due to time,
external environment, and transfer techniques due to
contamination of graphene surface and damage.
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Because GFET work in a solution environment,
the stability of the device in the solution is very
important for practical applications. There are some
experimental studies that show the stability of GFET
DNA biosensor in solution (Li et al. 2019; Mensah
et al. 2020; Gao et al. 2020). For example, Li et al.
(2019) fabricated a solution gated GFET DNA bio-
sensor with high sensitivity. They proposed a novel
method that probe DNA is placed on the gate elec-
trode instead of the channel for target detection and
they achieved the detection limit of femtomolar. They
investigated the stability of the transfer characteristics
of the sensor in the phosphate-buffered saline (PBS)
solution over 6 h and showed that the transfer curve
has only a little change at the first 2 h that is accept-
able in the real application and does not change fur-
ther over time that proves the stability of the sensor in
solution environments.

In another work, Mensah et al. (2020) fabricated a
GFET DNA biosensor with high sensitivity, specific-
ity, and stable characteristics over 1 month. By using
the innovation fabrication method and separating gra-
phene from the electrolyte solution by thin insulator
layer during hybridization and measurements, they
reduced the electrochemical effects and contami-
nation of graphene surface leading to instability of
transfer characteristic of the device.

Gao et al. fabricated a high sensitive GFET DNA
biosensor with a detection limit of 10 femtomolar
without functionalization of graphene surface (Gao
et al. 2020). They investigated the stability of the
GFET sensor in PBS solution over 24 h and showed
that change in transfer characteristics of the device is
a bit due to the presence of ions and is negligible for
real applications.

Kim et al. (2020) proposed an improved technique
for the transfer of graphene on the substrate which
reduces damage and doping effects. Thus, they fab-
ricated a GFET DNA biosensor with high transfer
characteristics stability.

Also, the reusability of the sensor is investigated in
some experimental studies (Vishnubhotla et al. 2020;
Zheng et al. 2015). For example, Xu et al. (2017) fab-
ricated a multi-channel graphene biosensor with high
stability, reusability, and sensitivity. Their sensor can
be reused by removing the target DNA without dis-
sociation of 1-pyrenebutanoic acid succinimidyl ester
(PBASE) linker from graphene channel and with-
out change in the density of probe DNA. Also, the
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transfer curve is the same for forward and backward
gate voltage sweeping that indicates the stability and
reproducibility of the sensor.

In another work, Zheng et al. fabricated a FET
DNA biosensor by a new directional transfer tech-
nique with high reusability and stability (Zheng et al.
2015). They investigated the reusability of their sen-
sor by performing three-cycle hybridization and
showed that hybridization signal after second and
third times decreased 14% and 24%, respectively.
Hence, their sensor shows good reusability. Also,
their sensor is stable in PBS solution so that the
change in transfer characteristics curve is negligible
due to solution.

Recently, Vishnubhotla et al. fabricated a reusable
GFET DNA biosensor with an attomolar detection
limit (Vishnubhotla et al. 2020). Their sensor can be
refreshed and reused multiple times by melting off
bound target from probe without damaging the probe
and with similar responses among multi-trials.

Although different experimental works indicate
that graphene field effect transistors are a good can-
didate as a detector of DNA hybridization with high
sensitivity and selectivity, they have not investigated
the mechanism of detection and the reason for the
change in the electrical properties of the device in
presence of a linker, probe, and target DNA in detail
(Xu et al. 2017; Ping et al. 2016). In spite of experi-
mental study, we can theoretically reveal a reason for
changes in the electrical properties and mechanism
of detection by computing and analyzing the charge
and electrostatic potential of the device, as the change
in the electrical properties of a FET such as conduct-
ance is due to doping of the channel. Doping occurs
directly by charge transfer between the target mole-
cule and the channel and/or indirectly by electrostatic
gating of the channel due to the presence of the target
molecule. After doping, the amount of charge and/or
the distribution of charge in the channel changes, and
as a result, the conductance of the device changes.

Accordingly, for this purpose, we have modeled
an armchair graphene nanoribbon (AGNR) intercon-
nected between gold electrodes and investigated and
compared the electrical properties of the device for
bare AGNR, AGNR functionalized with PBASE, and
AGNR functionalized with probe DNA via PBASE
before (state (a)) and after (state (b)) hybridization
with target DNA. In addition, the ability of the device

as a detector of DNA hybridization and the mecha-
nism of detection is investigated.

Although in reality, there are some excess charges
on the graphene surface due to the effect of the envi-
ronment or substrate (Romero et al. 2008), we did not
include them in our simulation since these charges
do not have a significant effect on either detecting
DNA hybridization or defining the mechanism of
detection. These charges result in doping of graphene
and accordingly result in a change in the conduct-
ance of the channel. Detection of DNA hybridization
with complementary target DNA is observed due to
the change in the conductance of the channel due to
doping of channel by complementary target DNA
while electrical properties of channel do not change
in presence of non-complementary DNA. Therefore,
we expect the initial charge carrier of the channel not
to influence the distinguishability of complementary
DNA from non-complementary DNA and the mecha-
nism of detection.

The paper is organized as follows: First, in the
“Simulation details and method” section, details of
simulation of device and structure optimization are
presented and then the theoretical method imple-
mented is described. In the “Results and discussions”
section, the electrical properties of the device such as
projected density of states (PDOS) over the AGNR,
transmission coefficient (7)), and conductance at zero
bias voltage for bare AGNR, AGNR functionalized
with PBASE as well as for AGNR functionalized
with probe DNA via PBASE linker before and after
hybridization with target DNA are computed and
compared. Also, in order to explore the underlying
mechanism of the detection and reveal the reason for
the changes in the electrical properties of the device,
charge transfer and the electrostatic potential of the
system are investigated. In the end, the paper is sum-
marized in the last section.

Simulation details and method

We have used visual molecular dynamics (VMD)
program (Humphrey et al. 1996) to build an armchair
graphene nanoribbon having a length and width of
100 A and 40 A, respectively. Different experiments
show that FET based on graphene functionalized
with PBASE have high conductivity and sensitivity.
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Functionalization with PBASE neither induces
defects in the AGNR, nor changes the electrical and
physical properties of AGNR (Xu et al. 2017; Ping
et al. 2016; Kim et al. 2020; Vishnubhotla et al. 2020;
Béraud et al. 2021; Hao et al. 2020; Fernandes et al.
2019; Tsang et al. 2019; Mudusu et al. 2020; Xia
et al. 2021; Tian et al. 2020, 2018; Ohno et al. 2013;
Guo et al. 2011; Wu et al. 2015, 2017; Gao et al.
2018; Forsyth et al. 2017). Based on these results,
we have functionalized AGNR with PBASE. PBASE
binds to the graphene surface non-covalently via the
stacking of its pyrene group. Afterward, single-strand
DNA (ssDNA) immobilized on the AGNR surface
using binding to PBASE linker covalently. Bonding
of probe DNA to the PBASE involves nucleophilic
substitution N-hydroxysuccinimide by an amine
group of probe DNA resulting in the formation of
an amide bond. Figure 1 represents the structure
of PBASE before and after binding to the ssDNA.
The structure of DNA and PBASE is obtained from
3DART and Chemspider, respectively (Dijk and
Bonvin 2009; Kim et al. 2016). We have used A chain

Fig. 1 Structure of (a)
PBASE and (b) probe DNA
bonded to the PBASE.
Color code: light blue=C,
dark blue=N, red=0,
white=H, tan=P
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of the double-strand DNA (dsDNA) as probe DNA
and B chain of the dsDNA as target DNA. Now, we
need to obtain the optimized structure of the system.
For this purpose, the minimization function of
NAMD package that is based on conjugated gradient
method is used (Phillips et al. 2005).

In NAMD software, CHARMM force field is
implemented (MacKerell et al. 1998). The minimiza-
tion process is as follows: first partial charge of the
ssDNA linked to the PBASE is obtained by SIESTA
code (Soler et al. 2002). Then, AGNR functional-
ized with probe DNA via PBASE linker is solvated
in parallel piped water box with the dimension of
40.20x 102 X102 A*. Na™* ions are added in order to
neutralize the charge of the system. The initial dis-
tance between carbon atoms of pyrene in PBASE
and AGNR is set to 3 A. Energy minimization is car-
ried out until the energy of the system reaches a sta-
ble point. After minimization, the minimum distance
between AGNR and PBASE becomes 3.6 A. Finally,
we put target DNA adjacent to the probe DNA and
minimize the system in water and ions again. The
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optimized structure of the system before and after
DNA hybridization is shown in Fig. 2.

Then, the coordinates of the optimized struc-
tures are used for quantum transport calculations
(Datta 1997). Due to the computational cost, water
and ions are omitted for quantum transport calcula-
tions. In general, the biological environments have
two effects on the electrical properties of the system.
On one hand, the geometry of the target molecule
changes due to thermal motion in the solvent leading
to changes in the electrical properties of the system.
On the other hand, in the systems comprising polar
molecules, solvent surrounds the molecules and acts
as an external gate. There are some theoretical works
that have investigated the effect of water on the elec-
trical properties of the system. For example, Song
et al. (2012) investigated the effect of water on the
detection of nucleotides using AGNR interconnected
between Au electrodes and showed that in spite of
the change in the geometry of nucleotides due to the
thermal motion, detection is robust. In another work,
Rungger et al. (2010) investigated the effect of water
on the electrical properties of polar and non-polar
systems and showed that only in the case of polar
molecules, water acts as electrostatic gating and shifts
the transmission of the device rigidly.

Since electrostatic gating arising from solvent
is applied to both states (state (a) and (b)), we do
not expect it to influence the contrast between the

()

transport properties of the device before and after
DNA hybridization as well as the mechanism of
detection.

In order to simulate a FET biosensor and show the
effect of linker, probe, and target DNA on the electri-
cal properties of the device and define the mechanism
of detection, we have placed AGNR between gold
electrodes and computed the electrical properties of
the system for bare AGNR, AGNR functionalized
with PBASE, and AGNR functionalized with PBASE
in presence of probe DNA before and after hybridi-
zation with target DNA. For this purpose, SMEA-
GOL code (Rungger and Sanvito 2008) is used that
combines non-equilibrium Green’s function (NEGF)
with density functional theory (DFT) (Hohenberg
and Kohn 1964). For quantum transport calcula-
tions, our device is divided into the central region,
left, and right electrodes (Fig. 3). The semi-infinite
gold electrodes are periodic in the transport direction
(z-direction). We have considered two Au layers into
the central region in order to eliminate surface effects
such as charge transfer or geometrical reconstruction
of the electrodes due to the bonding to the graphene
nanoribbon and screen bulk electrodes from the cen-
tral region. As a result, we can ensure the similarity
between charge density and effective potential of the
electrodes and bulk structure. After partitioning the
open system into three parts, the Hamiltonian of the
system is presented as follows:

(b)

000020 OO0 08 8 eipp

WD

Fig. 2 Optimized structure of AGNR functionalized with
probe DNA via PBASE (a) before and (b) after hybridization
with target DNA. The sequence of probe DNA and target DNA

are 5' — NH, CCA CTA CCG GGG CAC GT3' and 5' — ACG
TGC CCC GGT AGT GGT — 3', respectively. Color code: light
blue =C, dark blue=N, red =0, white=H, tan=P
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Fig. 3 Schematic illustra-
tion of the FET biosen-
sor. The central region
includes a portion of the
infinitely long electrodes
and graphene nanoribbon.
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where H;, H¢, and Hy are Hamiltonian of the left
electrode, central region, and the right electrode,
respectively. Other non-zero elements of Hamiltonian
matrix are interaction matrix between electrodes and
the central region.

In order to solve Schrodinger equation, by using
NEGF approach, we converted the infinite dimen-
sional Hamiltonian of the system to the dimension of
the central region. In this approach, retarded Green’s
function is defined as follows:

[E*S -H|G =1 )

where E* = lim E + ig, S is an overlap matrix, and I

-0+

is identity matrix. By substitution of Hamiltonian of
the system in this equation and performing some
algebra, we can focus on the Green’s function of the
central region that is defined as follows:
Ge = [E*Sc — He = E.(E) — Sp(B)] 3)
so that G includes all the effects of electrodes as
self-energy (Z; (E)andZy(E)) (Rocha et al. 2005).

As mentioned before, DNA hybridization can
be detected by the change in the conductance of the
channel. Hence, our main aim from quantum trans-
port calculations is to obtain conductance that is pro-
portional to the transmission. Transmission is defined
as the probability of electrons with energy E going
from one electrode through the channel to another
electrode. It can be written as follows:

@ Springer

—

Central region Right
electrode
T(E) = Tr [FLGCFRGZ:] @)

where I} p are coupling matrices which are defined as
I = ;[ZL,R = R] (Fisher and Lee 1981).

Local density approximation (LDA) in Ceperley-
Alder form is used as the exchange—correlation
functional in DFT calculations (Ceperley and Alder
1980). To model core electrons, Troullier and Martins
norm-conserving pseudopotentials are implemented
(Troullier and Martins 1991). For the real space
grid, mesh cutoff of 200 Ryd is used. Due to
the computational cost, single zeta basis set is
implemented for carbon atoms of AGNR. A single
zeta-polarized basis set is used for all atoms of DNA
and PBASE. According to a well-tested strategy for
Au atoms, we have considered d orbital as core and
6S shell as the valence (Toher and Sanvito 2008). For
electrode calculations, Monkhorst pack of 1x1x30
and for the device region I" point is used.

Supercell has a dimension of 50.26x80x 125.88
A3 that consists of 2682, 2721, 3257, and 3797 atoms
in the case of bare AGNR, AGNR functionalized with
PBASE, state (a), and state (b), respectively.

The periodic boundary condition is applied in the
directions transverse to the transport direction. We
have considered the vacuum pad of 10 A to avoid the
interaction between the actual simulation box and its
repeating image.

Results and discussions

First, we have analyzed the effect of the PBASE
molecule on the electrical properties of AGNR
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interconnected between gold electrodes. For this pur-
pose, we have conducted and compared the PDOS
and T as a function of energy for bare AGNR and
AGNR functionalized with PBASE molecule at zero
bias voltage (Fig. 4(a) and (b), respectively). The
zero of the energy scale is set to the Fermi energy of
electrodes. Knowing the fact that at zero bias voltage
and room temperature, the states in the energy range

between+0.2 eV around Fermi energy are collabora-
tive in the conduction; we have concentrated on the
PDOS and T diagram in the energy range of +0.3 eV.

According to the PDOS diagram (orange line in
Fig. 4(a)), AGNR interconnected between gold elec-
trodes is a degenerate n-type semiconductor due
to the fact that the conduction band edge is located
at—0.0113 eV below Fermi energy. There are some

Fig. 4 (a) The PDOS and 600 T
(b) T diagrams of bare (@)
AGNR (orange line) and
AGNR functionalized with
PBASE (blue line). T'is
plotted in logarithmic scale
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peaks in the band-gap region going from—0.0113 eV
to lower energies known as metal-induced gap states.
These states can be ascribed to interface states due to
the presence of metal contacts and cause tunneling
of electrons through the channel (Tersoff 1984; O
Odbadrakh 2007).

By cross-checking the PDOS diagram with the T
diagram (orange line in Fig. 4(b)), we can conclude
that there is good comply between them so that the
transmission coefficient of conduction band going
from—0.0113 eV to higher energies is about 1.5, and
in the band-gap region, we can see non-zero trans-
mission arising from mid-gap states in the band-gap
region that causes mid-gap tunneling conductance.
Also, there are not any localized states in the PDOS
diagram that lead to a reduction in the transmission
coefficient.

Functionalization of AGNR with PBASE mol-
ecule brings about a general shift of PDOS to lower
energies (blue line in Fig. 4(a)). Such a shift is more
significant in the band-gap region which now a dou-
ble peak composed of a broaden peak at—0.054 eV
and a sharp peak at—0.08 eV shift to energies
of —0.174 eV and —0.227 eV, respectively, and two
closely spaced sharp peaks around—0.21 eV move
to—0.316 eV. As such, after the functionalization of
AGNR with PBASE molecule, the conduction band
edge shifts downward from—0.0113 to—0.002 eV.
Such a shift is due to the emergence of new states
at the conduction band edge and the overall shift of
PDOS to lower energies.

We guess that the increase in the states near the
conduction band edge can be due to increase in the
majority charge carriers (in this case electrons), and
the downward shift of the PDOS can be due to elec-
trostatic gating of AGNR.

According to Fig. 4(a) and (b) (blue line), there is
a good comply between PDOS and the transmission
coefficient, so that, after functionalization of AGNR
with PBASE, transmission onset at the conduction
band moves from—0.0113 to—0.002 eV and we can
see a general downward shift of the transmission to
lower energies.

In order to validate our claims and reveal the rea-
son for the change in the PDOS and T, the charge
and electrostatic potential of the system are com-
puted and compared before and after function-
alization with PBASE. The charge of the system
is conducted by Mulliken population analysis. The

@ Springer

results are summarized in Table 1. The results show
that after functionalization with PBASE molecule,
the significant charge is transferred to the AGNR,
leading to enhancement in majority charge car-
riers in the n-type degenerate AGNR. On account
of increase in majority charge carriers, new states
appear at the conduction band edge and AGNR
becomes more metallic. We can justify such a
charge transfer as a result of interaction between
p-orbitals residing on the pyrene group and delo-
calized m-electrons on AGNR (Song et al. 2012;
Karachevtsev et al. 2011; Fan and Zhang 2008).
There are some experimental and theoretical works
that indicate charge transfer occurs from pyrene
to carbon nanotubes (Karachevtsev et al. 2011;
Fan and Zhang 2008). But experimental studies
on GFET functionalized with PBASE showed that
charge transfer occurs from graphene to PBASE (Xu
et al. 2018; Ohno et al. 2013). Recently, Hinnemo
et al. investigated the adsorption of PBASE on
the graphene surface (Hinnemo et al. 2017). They
showed that when the number of PBASE mol-
ecules on the surface is low, pyrene group in
PBASE places horizontally on graphene surface
(similar to our work) while by increasing the num-
ber of PBASE molecules, due to strong interaction
between PBASE with graphene and other PBASE
molecules, pyrene group places relatively vertically.
So, we can conjecture such a difference in charge
transfer is related to the different configurations of
PBASE with respect to AGNR.

Afterward, the electrostatic potential of the sys-
tem is computed and plotted using plrho utility
that is implemented in the SIESTA code. First, the
isosurface of charge density is plotted for specific
isovalue and is colored according to the electrostatic
potential of the system. First, we have analyzed the
electrostatic potential of bare AGNR (Fig. 5(a)). As
demonstrated in the figure, the electrostatic poten-
tial of AGNR near the electrodes is higher (light
blue color) in comparison to other regions (red

Table 1 Charge difference in AGNR. The charge of the sys-
tem is computed by Mulliken pop analysis. The negative sign
means charge loosing and positive sign means charge achiev-
ing

Channel AGNR-PBASE State (a) State (b)

AQ +3.251e —0.49% —0.266¢
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Fig. 5 Electrostatic poten- (a)
tial of (a) bare AGNR and
(b) AGNR-PBASE. The
value of coloring function
of electrostatic potential

is determined with blue,
white, and red that are
related to the maximum,
mean, and minimum satura-
tion range of electrochemi-
cal potential. Isosurfaces
are plotted for isovalue of

—4 e
10 bohr ™

Table 2 Conductance of FET biosensor at different states

Channel Bare AGNR AGNR- State (a) State (b)
PBASE
Conductance 0.04 1.47 0.73 0.65
Gy

color). Such an increase corresponds to the n-dop-
ing of AGNR due to the presence of electrodes.

Then, we have analyzed the electrostatic poten-
tial of AGNR in presence of PBASE molecule
(Fig. 5(b)). According to the figure, after functionali-
zation of AGNR with PBASE, the electrostatic poten-
tial of AGNR close to the PBASE increases due to
the accumulation of negative charge in these regions
(blue regions). Charge accumulation in AGNR occurs
directly as a result of significant charge transfer to it
and indirectly due to the presence of PBASE that now
has positive charge due to charge losing and acts as a
positive electrostatic gate.

These results prove our guess about the reason for
the change in the PDOS and T diagrams. So that due
to positive electrostatic gating of AGNR, PDOS, and
as a result, 7 shift to lower energies.

Finally, the conductance of the system is computed
before and after functionalization of AGNR with
PBASE at zero bias voltage, and the results are men-
tioned in Table 2. At small gate voltages, the relation
between transmission and conductance is defined
by the expression G(Vg) = GyT(E = p), where G,
=2e%h is quantum of conductance and u = Ep — ev,
is the electrochemical potential that can be tuned by
applying a gate voltage, V, (Ledo De Souza et al.
2017). We have computed the electrical properties of

(b)

Potential

AGNR AGNR-PBASE

Blue 0.050 0.776
White -0.051 0.035
Red -0.108 -0.0656

the device at zero bias voltage without applying any
gate voltage. Therefore, conductance can be obtained
by the product of quantum of conductance and trans-
mission evaluated at Fermi energy of electrodes,
T(Ep).

As set out in the table, after functionalization with
PBASE, the conductance of the system increases con-
siderably. The increase of conductance is related to
the increase of states and as a result 7" around Fermi
energy that has a major role in conductance at zero
bias voltage. As mentioned before, the increase in the
PDOS around Fermi energy is because of n-doping of
AGNR that causes Fermi level cuts through the bot-
tom of the conduction band edge and AGNR becomes
more metallic.

Now, we scrutinize and analyze the effect of
immobilization of probe DNA on the electrical prop-
erties of AGNR interconnected between gold elec-
trodes at zero bias voltage. For this purpose, we have
conducted and compared the PDOS and T as a func-
tion of energy for AGNR functionalized with PBASE
in the absence and presence of probe DNA at zero
bias voltage (blue and green lines in Fig. 6(a) and (b),
respectively). In order to show the changes of PDOS
and T around Fermi energy more clearly, we have
plotted them in the energy range —0.03 and 0.03 eV
(Fig. 7(a) and (b)), respectively).

According to the PDOS diagrams (green line in
Fig. 6(a) and 7(a)), functionalization of the channel
with probe DNA causes the shift of PDOS to higher
energies. Such a shift is significant in the band-gap
region so that localized peaks located at—0.174 eV
and —0.227 eV shift by about 0.03 eV upward and
two closely spaced sharp peaks located at—0.30 eV
and—0.32 eV shift to—0.284 eV and—0.29 eV,
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Fig. 6 (a) The PDOS and 300 T T T T
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respectively. Also, the conduction band changes sig-
nificantly so that the highest peak at the conduction
band around Eg shifts slightly upward from 0.002 to
0.006 eV. As such, we can see a decrease in states at
the conduction band edge and around Fermi energy.
By cross-checking of the PDOS with T diagrams
(green line in Fig. 6(b) and 7(b)), we can find that
the changes in the PDOS after immobilization of

@ Springer

Energy (eV)

probe DNA are reflected into the T diagram. So that
after functionalization with probe DNA, we can see
a general upward shift of the transmission to higher
energies that is significant in the band-gap region.
Also, due to a decrease in states near the conduction
band edge and around Fermi energy, transmission
decreases in these energies.
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Fig. 7 (a) The PDOS and 240
(b) T diagrams of AGNR
functionalized with PBASE 220

(blue line), state (a) (green
line), and state (b) (red
line) zoomed in the energy 180
range —0.03-0.03 eV. T'is
plotted in logarithmic scale
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In order to find the reason for the change in elec-
trical properties of the device, the charge transfer
and electrostatic potential of the system are com-
puted and compared before and after functionali-
zation with probe DNA. The results are depicted in
Table 1 and Fig. 8(a). As set out in the table, AGNR
in presence of probe DNA loses charge. On account
of mirror charge transfer, the conduction band edge
does not change considerably. Also, we conjecture

-0.01 0 0.01 0.02 0.03
Energy

the decrease in states at the conduction band edge is
because of the decrease in majority charge carriers
(electrons).

Now, we scrutinize and analyze how probe DNA
affects the electrostatic potential of the device. In
comparison with the electrostatic potential of AGNR
functionalized with PBASE molecule, we can see
that functionalization with probe DNA (Fig. 8(a))
leads to depletion of charge (accumulation of positive

@ Springer



185 Page 12 0of 16

JNanopart Res (2021) 23: 185

Fig. 8 Electrostatic
potential of device for (a)
state (a) and (b) state (b)
from top and side view. The
value of coloring function
of electrostatic potential

is determined with blue,
white, and red that are
related to the maximum,
mean, and minimum satura-
tion range of electrochemi-
cal potential. Isosurfaces
are plotted for isovalue of

—4 e
10 bohr™3

charge) and, as a result, a decrease in the electrostatic
potential of AGNR in the vicinity of probe DNA (in
these regions, electrostatic potential changed from
dark blue to light blue). The depletion of charge on
the AGNR is because of charge losing and negative
electrostatic gating in the presence of probe DNA.
Therefore, we can conclude that due to the negative
electrostatic gating of the device, PDOS and T should
shift to higher energies that are consistent with our
previous findings.

Then, we have computed the conductance of the
device after immobilization of probe DNA on the
AGNR surface at zero bias voltage. The result is men-
tioned in Table 2. We can observe that after immo-
bilization of probe DNA on the AGNR surface, the
conductance of the device decreases. Such a decrease
is because of the decrease of states and consequently
T around Fermi energy. As mentioned before, the
decrease in majority charge carriers and shift of
PDOS to higher energies lead to the reduction of
states around Fermi energy.

Afterward, we have investigated the effect of
hybridization of DNA on the electrical proper-
ties of the device at zero bias voltage. First, we
have analyzed the change in the PDOS and T dia-
grams after DNA hybridization. For this purpose,
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(b)

Potential
State (a) State (b)
Blue 0.148 -0.03
White -0.073 -0.14

Red -0.191 -0.346

we have plotted the PDOS and T of the device
before and after DNA hybridization (green and red
lines in Fig. 6(a) and (b), respectively). In order to
depict the changes of PDOS and T around Fermi
energy more clearly, we have plotted them in the
energy range — 0.03 and 0.03 eV (Fig. 7(a) and (b),
respectively).

As can be observed from Fig. 6(a) and 7(a) (red
line), there are significant changes in the PDOS dia-
gram after DNA hybridization. We can see a shift of
the PDOS toward higher energies that is significant
in the band-gap region in a way that all the peaks in
the band-gap region shift upward by about 0.1 eV.
By looking at the conduction band, we can see that
after DNA hybridization, the conduction band edge
moves slightly upward and we can observe the
reduction of the states at the conduction band edge
around —0.03 eV. As such, we can see an increase in
PDOS around Fermi energy.

Afterward, we have analyzed the effect of DNA
hybridization on the transmission coefficient of the
system (red line in Fig. 6(b) and 7(b)). As depicted in
figures, after DNA hybridization, the onset of trans-
mission at the conduction band shifts slightly upward,
and due to the decrease in states at the conduction
band edge, transmission decreases in these energies.
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As such, despite the increase in PDOS around
Fermi energy after DNA hybridization, transmission
decreases. Therefore, we can conclude that these
new states are localized states which scatter elec-
trons and result in a decrease in the transmission.

In order to find the mechanism of detection and
the reason for the change in the electrical proper-
ties of the device, hereafter, we will investigate the
change in the charge and electrostatic potential of
the sensor after DNA hybridization.

First, we have computed the charge of the device
after DNA hybridization. The results are mentioned
in Table 1. According to the table, mirror charge is
transferred from AGNR after DNA hybridization.
Accordingly, majority charge carriers (electrons)
decrease due to the fact that AGNR interconnected
between gold electrodes is an n-type semiconductor.

Then, we have analyzed the -electrostatic
potential of the device after DNA hybridization
(Fig. 8(b)). By comparing the electrostatic potential
of the device in states (a) and (b), we can realize
that target DNA causes further charge depletion in
the channel and, as a result, a decrease in electro-
static potential. Charge losing and negative charge
of DNA molecule is the reason for depletion of
charge in the AGNR.

Now, we can reveal the reason for the changes in
the PDOS and T diagrams. According to our find-
ings, both charge transfer and electrostatic gating
contribute to the change in the electrical proper-
ties of the device. In fact, because of the negative
electrostatic gating of AGNR, the PDOS and the T
shift to higher energies. As such, the reduction of
the PDOS at the conduction band edge is related to
the decrease of majority charge carriers (electrons).

Then, we have computed the conductance of the
device after DNA hybridization at zero bias volt-
age. The results are mentioned in Table 2. As can be
observed from the table, DNA hybridization causes
a reduction in conductance from 0.73 to 0.65 G,,. As
a result, detection of DNA hybridization can be pos-
sible. A decrease in conductance is due to decrease
of T around Fermi energy.

Finally, the sensitivity of the sensor is computed
using the formula § = G;G‘) % 100, where G, and G

0
represent conductance of the sensor before and after

DNA hybridization, respectively. Based on our find-
ings, our device shows a sensitivity of 10% at zero

bias voltage. Due to the fact that at small bias volt-
ages, the electronic structure of the device does not
change significantly compared to zero bias voltage;
we can conclude from our PDOS and T diagrams
that due to considerable changes in the band-gap
region after DNA hybridization, we expect at higher
bias voltages (wider energy window), and by apply-
ing a suitable gate voltage, mid-gap states contrib-
ute to conductance, and the device can show more
sensitivity (Ledo De Souza et al. 2017) and can be
used as an effective DNA hybridization detector.

Conclusion

In this study, we have modeled an AGNR intercon-
nected between gold electrodes as a DNA hybridiza-
tion detector and have investigated the sensing abil-
ity of the device at zero bias voltage. Also, we have
computed the electrical properties of the device
such as PDOS, T, and conductance at zero bias volt-
age for bare AGNR, AGNR functionalized with
PBASE, and AGNR functionalized with probe DNA
via PBASE molecule before and after DNA hybridi-
zation with the complementary part. In order to find
the reason for the change in the electrical properties
of the device and reveal the mechanism of detection,
the charge transfer and the electrostatic potential of
the device are computed and analyzed. The results
show that after the functionalization of AGNR with
PBASE, a significant charge is transferred to AGNR
that causes an increase in the majority charge carriers.
Charge transfer to AGNR and positive electrostatic
gating of AGNR in presence of positively charged
PBASE lead to charge accumulation in the channel
and, as a result, an increase in the electrostatic poten-
tial in AGNR in the vicinity of PBASE molecule. The
appearance of new states around Fermi energy due to
charge transfer and shift of PDOS to lower energies
due to positive electrostatic gating cause an increase
in PDOS and as a result T around Fermi energy ulti-
mately leading to conductance increase at zero bias
voltage. After functionalization with probe DNA,
AGNR loses mirror charge. Due to the presence of
negative charge of probe DNA and charge losing,
charge depletion occurs on the channel and the elec-
trostatic potential of these regions decreases in com-
parison to the other regions. Further decrease in the
electrostatic potential of AGNR is seen due to further
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charge transfer from AGNR and negative charge of
target DNA. The results show that in both cases (state
(a) and (b)), PDOS and T shift to higher energies due
to negative electrostatic gating. Also, functionaliza-
tion with probe and target DNA causes a decrease in
conductance at zero bias voltage due to a decrease in
T around Fermi energy. Based on our findings, our
device can detect DNA hybridization with a sensitiv-
ity of 10% at zero bias voltage. But due to the fact that
PDOS and T show a significant change in the band-
gap region after DNA hybridization, we can conclude
that at higher bias voltages and by applying a suitable
gate voltage (where mid-gap states have a major role
in the conductance of the system), our device can be
more sensitive and can be used as a good candidate
for DNA hybridization detector.
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