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A B S T R A C T

A Double-Gate Armchair-Graphene Nanoribbon FET is proposed to realize a high-sensitive and small-size bio-
sensor in order to detect DNA without high-cost and time-consuming labeling process. Two nanogap cavities
open inside the top and bottom gate oxides by the method of sacrificed layer etching. When the DNA biomo-
lecule is introduced to the nanogap cavity, the hybridization event which is actually the formation of a double-
strand of DNA will occur thus electrically modulating the GNR channel leading to a change in the drain current.
The important report of this research is about attained high sensitivity of the proposed biosensor for a vast
spectrum of the DNA biological samples. It is worth noting that a DNA sequence by 23 nucleotides extracted
from Neisseria gonorrhoeae can be detected as a special case. An extensive numerical approach has been applied
in order to characterize the proposed biosensor. The suggested biosensor has been evaluated by solving
Schrödinger equation )SE( with Non-Equilibrium Green Function (NEGF) method in the mode-space coupled into
Poisson solver in a self-consistent manner assuming ballistic limit. Two different expressions of sensitivity in
terms of the threshold voltage and current have been defined giving a good metric for the sensitivity analysis.
The results revealed a relative sensitivity of 1 mV/nm2 by a filled area by the DNA about 120 nm2 showing the
excellent superiority for the proposed biosensor as compared to other counterparts. The effective area of the
proposed biosensor obtains 240 nm2 which is very small in comparison with other reports highlighting high
capability of the biosensor in the detection. It has been shown that the proposed biosensor can be implemented
in ultra-scaling domain resulting in considerable increase in the sensitivity promising a potent and reliable
candidate for high-sensitive and small-size biosensors. Also, the technical issues on designing the suggested
biosensor have been investigated to achieve a useful guideline in detection and identification of the target DNAs.

1. Introduction

A special biomolecule named as Deoxyribonucleic Acid (DNA) is
very important and vital in modern medicine. It gives a powerful im-
pulse to researchers in many fields having a direct and indirect de-
pendence on human health [1–3]. There are many diseases detected by
the DNA analysis and it is to note that this procedure is fast growing
with an aggressive high slope [4].

Regarding very high importance for the DNA detection, different
approaches in terms of fluorescent, electrochemical, enzymatic and

magnetic have been proposed and provided to sense the DNA biomo-
lecule hybridization [5–11]. Despite the advantageous of these
methods, they suffer from low sensitivity and also labeling processes
which are very costly and time-consuming steps [12] . Therefore, the
efforts were done is to look for label-free approaches. The Ion-Sensitive
Field-Effect Transistor (ISFET) concept has been considered as a good
alternative to detect the DNA without the labeling procedure [13].
Moreover, there are big obstacles to use these biosensors because they
need a buffer solution and do not qualify to extract the neutral DNAs
[13].
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It is worth noting that impulses to fundamental research on the
different semiconductor devices are so much that there are many works
studying on the electrical performance (EP) improvement [14–21].
Owing to compatibility with CMOS technology, these devices are sui-
table for the aims of bio-sensing. To dominate the critical problems of
ISFET, Dielectric-Modulated FET (DM-FET) structure has been in-
troduced to detect the DNA hybridization without any labeling process
and the buffet solution [22–24]. Since it only depends on the biosensor
channel electrostatic, then both the charged and neutral DNAs will be
successfully detected.

Regarding the dielectrically modulated (DM) concept-based struc-
tures, most of them are realized by the silicon material which are
completely compatible with the CMOS technology. Moreover, all the
efforts have been performing on scaling down these devices in order to
reach high speed and the EP enhancement. But, the end of the roadmap
of the semiconductor devices based on typical materials such as silicon
is coming soon. Indeed, the short channel effects (SCEs) will be ex-
hibited for the short channel lengths resulting in the degradation of the
EP. That is why the attempts are mostly highlighted on the im-
plementation of devices based on the new materials.

For example, graphitic carbon nitride (CN) has given a much in-
terest as an emerging nitrogen-rich 2D carbon material in the applica-
tions in terms of photo-/electrocatalysts to biosensors. A report about
conjunction with a π-π stacking interaction showed that bulk CN could
be simultaneously exfoliated via facile mechanical grinding [25]. m-
CNNS is successfully linked to a DNA probe, and the results showed
much enhanced sensitivity.

One of other important new materials is called graphene. It is made
by the carbon atom in a honeycomb lattice structure formation. In order
to prepare it to be as a device it will be cut along the transport direction
thus producing a very narrow thickness device named GNRFET. The
superior EP of the GNRFET as compared to its traditional counterparts
causes the wide spectrum of the research is attributed to it, nowadays
[26–30]. It is worth noting that benefiting from the GNRFET as a bio-
sensor has been neglected at most of the works. It is the first time that
the paper introduces a double-gate (DG) armchair GNRFET biosensor
by a dual-nanogap (DN) set up to get rid of the fundamental obstacles
exhibited for the silicon DM-FETs.

In this paper, the proposed biosensor is formed in a DG configura-
tion for more electrostatic coupling by the GNRFET device. There are
two nanogaps inside both the top and bottom gate oxides to trap the
DNA strands. The sensitivity analysis (SA) of the proposed biosensor is
computationally performed by solving the Schrödinger Equation (SE)
by the non-equilibrium green function (NEGF) method coupled by the
Poisson solver (PS), self-consistently. The suggested biosensor gets a
high sensitivity to the local environment which is in the result of
changing the gate/channel effective coupling owing to the dielectric
constant (DC) of inserted DNA.

The framework of the paper is organized as following: The proposed
biosensor and operation principle of it is explained in part 2 in details.
Part 3 explains the details on the hybridization and forming double-
strand DNA structures. A fabrication flow is proposed for realization of
the suggested biosensor in the next section. Then an extensive numer-
ical simulation approach for the SA is described in part 5. The other part
presents the simulated important results as a result of the hybridization
of the DNA biomolecule and also the comparisons with the other re-
ports. Part 7 explains the options can be considered in designing the
biosensor (gate length, gate oxide) that impacts the sensitivity of it. The
next part makes a discussion on the possible practical challenges which
can occur for the biosensor. Finally, the whole paper ends by a com-
prehensive conclusion in part 9.

2. Proposed DG-AGNRFET biosensor and operation principle

Fig. 1 depicts a perspective of Dual-Gate Armchair-Graphene-Na-
noribbon Field-Effect- Transistor abbreviated to the DG-AGNRFET

nanostructure. The channel material has been formed by an armchair
graphene (A-GNR) by 12 dimmer carbon atoms which is proportional to
the width of the device. The physical gate length named as the channel
length (Lch) is set to 20 nm. Also, the source/drain extension lengths
(LS,D) are patterned to the value of 10 nm each. The source/drain re-
gions are doped at the concentration of 2.86 × 108/m with no doping
on the channel region. Also, the top and bottom gate oxides thickness is
defined as 6 nm.

Regarding the graphene layer basic characteristics, the channel
material has been realized by an armchair graphene (A-GNR) by 12
dimmer carbon atoms which is proportional to the width of the device.
Therefore, the proposed structure utilizes GNR semiconductor as a
channel with a width of 0.74 nm which is equivalent to the energy gap
of 1.4 eV [31]. Other fundamental parameters in terms of car-
bon‑carbon length, fermi velocity and so on have been presented in
[31].

In order to implement the proposed biosensor, the NC is created by a
sacrificed layer etching technique started form the end of the source
region to the half of the channel region. This cavity or nano-hole which
is the place for trapping the biomolecule samples, DNA as a specific
biomolecule in this paper, should be electrically detected by the elec-
trostatic modulation.

The biosensor sensitivity (BS) is the result of modification on drain
current before and after introducing the DNA biomolecule. Fig. 2 il-
lustrates the important and key part of the biosensor (i.e. NC) exposed
to the target DNA. As shown in Fig. 2(a), there is air material inside the
NC defined as pre-hybridization step. Regarding the DNA conjugation,
hybridized base pairs i.e. Adenine (A) with Thymine (T) and Cytosine
(C) with Guanine (G) will form a double-stranded helix texture (dsDNA)
showing the hybridization of target DNA inside the NC as shown in
Fig. 2(b). The effect of hybridization is measured by the different
methods in terms of the change in conductivity of the channel region.
Both variations in the drain current and the threshold voltage are
considered as the BS parameter in order to detect and quantify the
sensing power for the proposed biosensor.

Two different definitions for the important parameter of the BS is
given according to Eqs. (1) and (2):

=TVBS V Vth DNA th NoDNA (1)

=DCBS I I
I

d NoDNA d DNA

d NoDNA (2)

In Eq. (1), Vth-DNA is the threshold voltage of the biosensor after
introducing the hybridized DNA into the NC and else one is the
threshold voltage before the hybridization. The difference between
these values is defined as the TVBS. Also, the other parameter in the
case of the DCBS giving the relative change in the drain currents before
(Id-NoDNA) and after (Id-DNA) which is utilized as sensitivity criterion,
too. Throughout the paper, both the parameters in the cases of TVBS
and DCBS are computed for the investigation of the EP for the suggested
biosensor. It is to note that, the drain current is swiped for the various
gate voltages in a specific drain voltage for the situations of before/after
hybridization. Then the maximum relative variations of the drain cur-
rent are evaluated for the swiped gate voltages and finally its maximum
value will be selected as the DCBS.

It is important to note that the aim of this paper is not to open the
discussions about the different sequences of base pairs of DNAs, but
instead the paper models the different dsDNA with a change in the DC
of target DNA which is the origin of the electrically modulated detec-
tion.

3. DNA hybridization details

This section is attributed to explaining the details of DNA strand
structure and hybridization process resulting in forming double-strand
DNA inside the NC. As we know the backbone of DNA is based on a
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repeated pattern of a sugar group and a phosphate group. Deoxyribose
is a modified form of another sugar called ribose as shown in figure
bellow. Ribose is the sugar in the backbone of RNA (ribonucleic acid) as
depicted in Fig. 3.

A single-strand DNA is simply a string of nucleotides joined together
according to Fig. 4.

The nucleobases can be guanine (G), cytosine (C), thymine (T) and
adenine (A) as indicated in the figure by base indicator. Finally, we can

now build the chain based on this configuration as illustrated in Fig. 5.
It is a ssDNA which is immobilized inside the NC. The hybridization

of the DNA means that an A-T and G-C binding will form when the
target DNA is introduced to the NC. Indeed, two strands of DNA will be
joint together as shown in Fig. 6. The hybridization of the target DNA
will increase the DC of NC resulting in electrostatic modulation of the
proposed biosensor. A meaningful result is the successful DNA detec-
tion.

It is worth noting that the increase in phosphate group of DNA
backbones inside the NC induces a high dielectric constant. As a specific
sample, the DNA sequence extracted from Neisseria gonorrhoeae [32]
can be used for the detection by the proposed biosensor. The probe DNA
(pDNA) attached to the surface inside the NC for the hybridization by
the target DNA (tDNA) is 5/-thiol-TCGAGCATGAACGTCAGTATTAT-3/.
Also, the target DNA sequence is 3/-thiol-AGCTCGTACTTGCAGTCAT
AATA-5/. It contains 23-mer base-pair can be easily inserted and fitted
inside the NC. The self-assembly monolayer (SAM) technique has been
used to immobilize the pDNA in order to attach it onto the tDNA. More
details about this procedure has been explained in [32]. After entrance
of the solution containing tDNA inside the NC and formation of the
hybridization, the nanogap is blow dried by nitrogen. As a result, the
DC of the NC implying the DNA dielectric increases [33]. In the result of
this action, the effective gate capacitance alters thus modifying the
channel conduction of the GNR material will be successfully detected as
a result of Neisseria gonorrhoeae. It is worth noting that our proposed
biosensor is not limited to a specific DNA sequences but each target
DNA can be identified since it is basically governed by the permittivity
of the hybridized DNA.

4. Fabrication flow of the proposed biosensor

In this section the steps for the fabrication of the proposed biosensor
is proposed. The starting stage is forming a graphene layer on the di-
electric material by Chemical Vapor Deposition (CVD) technique [34].
Next, by a proper cutting, the graphene nanoribbon will be made ac-
cording to [35]. Fig. 7 (a) shows the conventional process including
making gate oxide, source/drain regions performed by the photo-
lithography, ion implantation and wet etching according to [36,37]. In
the figure, the procedures which are required has been indicated.
Afterward, the gate electrode is deposited as shown in Fig. 7(b).
Fig. 7(c) shows the stage related to the creation of the NC. The lateral
wet etching has been utilized to make the NC. The nanogap length is
controlled by duration of lateral wet etching with diluted buffered
oxide etchant (BOE) [38]. It is noted that the gate oxide is utilized as a
sacrificed layer in order to leave the NC [5,38]. The SAM method is
used to immobilize the DNA probes on a solid surface [38]. Finally, the
source and drain contacts can be created according to the processes
used for a conventional MOSFET as shown in Fig. 7(d).

Fig. 1. A cross-sectional view of the proposed biosensor based on the AGNRFET. There are hybridized target DNA inside the nanogap cavity (NC). Nanogap cavity
length (LNC) is half of the gate physical length (Lch). Before the hybridization, the DC of the NC is set to KAir = 1 and after hybridization will be set to KDNA.

Fig. 2. The DG-AGNRFET biosensor configuration for the SA. (a) before hy-
bridization (In this step whole the NC is only filled by the air) and (b) after
hybridization (This step includes the filled NC by the target DNA).

Fig. 3. The structure of (a) Ribose and (b) Deoxyribose. The Deoxyribose is
ribose which has lost an oxygen atom.
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5. Numerical simulation approach

As previously stated, the NEGF formalism which is the most precise
approach for the simulation of nanostructures is utilized to model the
carrier transport in the proposed biosensor. This method is commonly
used to find the energy levels contributed to the channel conduction.
Indeed, the SE is solved by the NEGF coupled by the PS, self-con-
sistently. The algorithm starts with an initial guess on the potential
profile which is usually zero. Then the energy level of the channel re-
gion is extracted by the NEGF method, thus the amount of net charge
inside the channel region can be computed. Afterward, this computed
charge goes to the PS to find the new potential profile. The algorithm
will continue until the absolute difference between the successive po-
tential profiles will be less than 1 meV. Regarding the parameters in
terms of the energy levels, the net charge density the potential profile,
and the drain current is evaluated by the transfer matrix method. The
procedure for the convergence of the simulation approach is illustrated
in Fig. 8.

With performing a chain of mathematical computations and as-
sumptions, we are directed the real space (RS) to the mode space (MS)
in order to improve the computational efficiency reducing computed
cost and time-consuming issues [39]. To more clarify the methodology,
Fig. 9 presents a view of the atomistic structure for the channel region
of the proposed biosensor. As shown in the figure, the channel region is
made by 12 dimmer carbons which is proportional to the GNR width.
Two sub-lattices P1 and P2 are repeated to form the GNRFET. In the MS
method, the structure is divided into many one-dimensional chains that
each is named as mode g [39]. With the help of the transform matrix,
the Hamiltonian of the structure in the RS is converted to that in the
MS. Actually, we now have a Hamiltonian matrix for each mode g. It is
to note that these modes are completely decoupled from each other.
The nearest neighboring approximation for the Hamiltonian has been
considered to model the atomistic structure of the suggested biosensor.
The source/drain Fermi energy level (EFS/EFD), biosensor Hamiltonian
(Hg) and source/drain self-energies ∑S/∑D are clearly observed in the
figure.

The simulation approach starts with the computation of the
Retarded Green Function (RGF) according to the subsequent form:

= + +G E i I H( )E g S D

1

(3)

In the equation above, E is the energy level, GE is the RGF, ε is a very
small positive quantity, Hg is the Hamiltonian for g’th mode, ∑S and
∑Dare the self-energies for the source and drain electrodes showing the
coupling between the source/drain regions and the channel region,
respectively. The Hamiltonian Hg is arranged according to the sub-
sequent form:

Fig. 4. A view of DNA chain in left-hand. Right-hand illustration is the chain based on obvious simplification.

Fig. 5. A complete chain of DNA including 6 nucleobases.

Fig. 6. The formation of double-strand DNA after hybridization.
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It is worth noting that Pm (m= 1,2, …) is the potential in m,th place
for g’th mode. The tight-binding parameters c1g and c2g are defined as
following:

= =
+

c eV c c g
n

2.7 , 2 cos
1g g g1 2 1 (5)

There is a simplified analytical form for the evaluation of the self-
energies given as the subsequent relation:

=
+ + +E P c c E P c c E P c

E P
( ) ( ) 4( )

2( )Sg Dg
S D g g S D g g S D g

S D( )
( ) 2 1

2
2
2 ( ) 2 1

2
2
2 ( ) 2 1

2

( ) (6)

where PS(D) is the potential at the interface of the source/drain elec-
trodes and the channel region.

Resolved local density of states (RLDOS) defining the coupling be-
tween the source/drain electrodes and the channel region is given as
the subsequent form:

= ( )DOS G i G. .S D E S D S D E( ) ( )

†

( )
†

(7)

In the equation above, the energy level broadening and the RGF
have the main role to compute the RLDOS. Regarding to the RLDOS, the
net charge density can be computed as follow:

= +Ch e dE E E DOS E f E E E E

DOS E f E E E E

arg sgn( ) ( ) sgn( )( )

( ) (sgn( )( )}

Ne S Ne FS

D Ne FD

(8)

After calculating the net charge density, the charge is inserted in the
right-side of the PS to obtain the new potential profile as brought in the
equation below:

=P q Ch e. ( ) . arg (9)

The most important quantity in the equation above is the local DC,
ε. In the proposed biosensor, this value is 1 before the introduction of
the DNA to the NC and is KDNA for after the hybridization of target DNA
inside the NC. Hence, the electrostatic of the channel region will be
modified by changing the conductivity of the biosensor. For measuring
this modification, the drain current should be computed according to
Landauer-Buttiker formalism (after getting the convergence of the
computational algorithm as illustrated in Fig. 8) given as following:

=I q
h

TM E f E E f E E dE2 ( )[ ( ) ( )]FS FD (10)

The variables in the cases of q and h indicate the electron charge
and Plank constant, respectively. Also, TM(E) equals to

( )( )Tr i G i G( )S S E D D E
†

)
† † which Tr is trace operator.

6. Label-free detection of DNA by suggested biosensor

This section is attributed to giving vital information about the
parameter of SA of the suggested biosensor i.e. DG-AGNRFET with an
NC setup. The change in electrostatic of the channel region is caused by
the introduction of the target DNA to the NC. The detection of the DNA
biomolecule will be performed when the drain and gate voltages are

SiO2
GNR

(a)

SiO2
GNR

GNR

(c)

Nanogap

Nanogap

GNR
Nanogap

Nanogap

Photolitography Ion implanation EtchingCMP

(b)
Photolitography CVD EtchingCMP

Etching CMP
(d)

Photolitography CVD EtchingCMP

CVD = Chemical Vapour  Deposition CMP = Chemical Mechanical Polishing  

CVD

Fig. 7. The procedures for the fabrication of the proposed biosensor.

Fig. 8. The flowchart for the numerical simulation approach utilized in the biosensor.
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applied. Measuring the resultant drain current computed according to
Eq. (10), the SA will be calculated according to Eqs. (1) and (2). Also,
the various samples of the target DNA showing the different base pairs
sequences can be modeled. The various values of the DC of the bio-
molecule (KDNA = 2.1, 4, 8, 16, and 32) are investigated. Actually, the
DC of the DNA samples depends on the dsDNA density inside the NC. A
DNA sequence extracted from Neisseria gonorrhoeae (as explained in
pervious paragraphs) is considered as a special case for the evaluation
of the biosensor in following. It is worth noting that the sensing per-
formance is not limited to this sample but every target DNA can be
identified by the proposed biosensor. In order to show the usable de-
tection region for the proposed biosensor the target DNA has been as-
sumed by the different DC.

To have a deep understanding, the conduction band energy (CBE)
along the longitudinal direction on the GNR surface is plotted in
Fig. 10. It is clear from the figure that the CBE will experience a dif-
ferent profile for the target DNA by the different DC. The reason is
related to the change in the effective gate capacitance when the DC of
the NC varies. Hence, NC setup inside the gate oxides of the DG-
GNRFET biosensor can be an attractive approach.

There are some parameters used to perform the SA on the biosensor.
The drain current is one of these important parameters commonly in-
volved in the detection and identification of target DNAs. Fig. 11 gives
the information about the drain current of the suggested biosensor. The
drain current data is shown as a function of the drain voltage for the
different gate voltages.

In this step, the typical target DNA is supposed to have a DC by
KDNA = 2.1 for the case study. As illustrated in the figure, the drain
current will vary when the hybridization of DNA occurs inside the NC.

To better clarify the SA of the suggested biosensor, Fig. 12

demonstrates the drain current against the gate voltage at the applied
bias VDS = 1 V. According to the figure, before the DNA hybridization,
the NC is filled by the air leads to reducing the total effective capaci-
tance. One meaningful result is that the minimum value of the drain
current will be obtained in this situation. The figure reveals that the
drain current is modified when the DNA is introduced to NC. The in-
teresting point is that this modification is explored for both the sub-
threshold and above the threshold (ON region).

The transmission as one of the main and fundamental parameters

Fig. 9. (a) A view of the atomistic structure of the AGNRFET with 12 dimmer carbon atoms and sub-lattices P1 and P2. (b) The structure in the real space is converted
into one-dimensional chains in the mode space (mode g). (c) the formalism of NEGF computing the carrier transport throughout the channel region.

Fig. 10. The CBE profile along the lateral direction of the AGNRFET biosensor.
The different DC of target DNA with the KDNA = 2.1, 4, 8, 16 and 32 have been
introduced to the NC.
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which is directly impacting on the conduction of the channel region has
been demonstrated in Fig. 13 for the target DNA with KDNA = 2.1 as a
case study. That shows the transmission (TM(E) at Eq. (10)) of the
proposed biosensor after the hybridization gets higher than that before
hybridization which is made the structure sensitive to the attached DNA
biomolecule. Hence, NC setup inside the gate oxides can be taken into
account as a useful technique that electrically detect the DNA biomo-
lecule without any labeling process.

It is the time to perform a SA on the suggested biosensor for the aims
of the detection. At first, the BS based on the threshold voltage (the
variable TVBS at Eq. (1)) is evaluated. The parameter of TVBS mentions
the difference between the threshold voltage before and after hy-
bridization of the target DNA. In order to define the threshold voltage,
the fixed current method is utilized for the analysis. Fig. 14 depicts the
TVBS as a function of KDNA. This value is zero for empty NC, so this
situation is a reference when the target DNA is introduced. The figure
shows the TVBS increases when KDNA raises which is very desirable.
Also, there is a sudden increase in the TVBS when KDNA is starting to
raise. The high value of TVBS will promise an excellent biosensor for
the detection. In addition, since the slope of the TVBS curve is high with
respect to KDNA, so a wide usable detection region will be realized for
the proposed biosensor which is very efficient and useful. Moreover, it
is seen a saturation for high KDNA on the curve limited the identification
capability for the high concentration of target DNA biomolecules which
is known to exist for all the biosensors.

By and large the NC setup inside the gate oxides of the proposed
biosensor gives an ability to detect and identify the DNA samples,
successfully.

We have introduced the other figure of merit in order to execute the
SA. For this reason, the relative variation rate of drain current has been
measured given in Eq. (2) before and after hybridization of DNA. At
first, the drain current is evaluated against the gate voltage for the NC
filled by air (pre-hybridization). Considering a specific target DNA, the
drain current is then extracted. Now, these drain current data are ap-
plied to the Eq. (2) and finally its maximum is attributed to the DCBS.
Fig. 15 illustrates our effort for quantifying the DCBS. It is clearly ob-
served from the plot that the biosensor gets a high DCBS for the DNA by
distinct DCs. Further, the high slope of the DCBS will declare a good
identification for them. Comparing the parameters in the cases of the
DCBS and TVBS together, they will grant interesting information about
the identification of the DNA. As shown in Figs. 14 and 15, the DCBS
gives only a high identification rate for small KDNA whereas the TVBS
keeps the high identification for more kinds of DNA. As a meaningful
exploration, the criterion of DCBS is very suitable for identification of
the DNAs with the small DC, because its slope gets a very high value as
compared to that of the TVBS. For the DNA biomolecules with the
moderate and large DC, the TVBS is proposed for identification. In spite
of this competition between two main parameters, there is an important
similarity. That is the excellent detection of target DNA when it is in-
serted and hybridized inside the NC.

Regarding the presented results, for highlighting the considerable
advance of this work in detecting the biomolecules, comparison be-
tween the proposed biosensor and previously published reports has
been done and listed at Table 1. In all these reports the criterion of the
threshold voltage variation (TVBS) has been considered for measuring

Fig. 11. Drain current as a function of the drain voltage for the different gate
voltages. The target DNA with the DC of 2.1 is supposed in this case.

Fig. 12. Drain Current as a function of the gate voltage.

Fig. 13. Transmission curve dependent on the energy level of the AGNRFET
before and after the hybridization of the DNA.

Fig. 14. The SA in the case of the TVBS versus KDNA.

M.K. Anvarifard, et al. Materials Science & Engineering C 117 (2020) 111293

7



the sensitivity. In order to perform a fair comparison, the area of NC
filled by the biomolecules (Areananogap) must be considered.

Hence, the relative sensing performance metric computed as
TVBS

Areananogap
is introduced to quantify the power of detection [42]. This

performance metric can be defined as relative sensitivity. It is evident
that its high value is very advisable and promising. As the table illus-
trates, the proposed structure gets a good detection by having a very
high RS (1 mV/nm2). The situation will be more interesting when we
see that the minimum area covered by the biomolecule is related to the
proposed biosensor (120 nm2) which is showing the marvelous im-
portance of the proposed biosensor. Also, the total effective device area
of the biosensors has been given in the table. It is interesting to know
that the proposed biosensor grants another advantage. It is given the
least effective device area around 240 nm2 which is very low in com-
parison with its counterparts. Although, the report based on [7] has
given a more RS but it is important to consider both covered area by the
biomolecule and also the total effective device area which is much more
than those in the proposed biosensor. Also, the conduction mechanism
in the biosensor based on [7] is severely governed by the impact ioni-
zation needing a high applied biases on the electrodes whereas the
proposed biosensor requires a small bias and also its sensing perfor-
mance will be enhanced even for scaled gate lengths. Hence, the pro-
posal of utilizing GNRFET as a biosensor according to this work is very
interesting and can verified as an efficient, highly sensitive and ultra-
scale biosensor.

7. Discussion on designing issues

This section will perform a study on designing options. We decided
to provide a useful guideline in order to utilize the DG-AGNRFET bio-
sensor for the DNA detection and identification by high efficiency. At
first, the effect of Lch on the sensitivity of the biosensor is carefully
monitored. Three different Lch (10 nm, 15 nm and 20 nm) are selected

for the performance comparison. Fig. 16 illustrates the TVBS parameter
for the distinct DC target DNA. There is a marvelous exploration from
this figure for the proposed biosensor. An increase in the values of TVBS
is seen when the channel length is scaled down. Considering this in-
crease, it is concluded that the suggested biosensor is a very attractive
candidate for ultra-scale aims. Indeed, the SCEs will help the DG-
AGNRFET biosensor to successfully detect the DNA biomolecules by
increase in sensitivity which is very favorable.

One of the main parameters that can impact the sensitivity of the
biosensor is the gate oxide material. Till now, the SiO2 has been utilized
as the gate oxide. In order to investigate its role, the DCBS contour
showing the sensitivity for the different gate oxides and target DNA
depicted in Fig. 17. It will give us information that the sensitivity gets
the highest for the gate oxides with the DC of greater than 17 and KDNA
more than 15. This figure also tells us which the DNA concentration and
which the gate oxide can be led to a specific detection level. The dif-
ference between the highest sensitivity and the least sensitivity for a
specific gate oxide can be illustrative of the identification of the target
DNA. As can be interpreted from the figure, the more increase the gate
oxide DC, the more sensitivity will be explored. This can cause that we
get a good framework for designing of the DG-AGNRFET biosensor.

8. Discussion on possible practical challenges

In this section a brief discussion is performed on the practical issues
which can impact on the sensing performance. It is worth noting that

Fig. 15. The SA in the case of the DCBS versus KDNA.

Table 1
The comparison between proposed biosensors and other reports.

Parameters biosensor Area filled by the
biomolecule
(nm2

)

TVBS/
areananogap
(mV/nm2)

Total effective
area of device
(nm2)

This work 120 1 240
Reports [38] 2.5e3 0.008 4.5e9

[32] 7.5e3 0.26 78e3
[22] 5e3 0.01 3.5e9
[7] 1.5e3 3 23e3
[40] 12e3 0.004 65e3
[41] 300 0.33 4e3

Fig. 16. The TVBS against KDNA for the different Lch.

Fig. 17. The DCBS contours versus KDNA and Eox.
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these issues are seen for all biosensor in the real conditions. This work
presents a novel dielectrically modulated TFET based biosensor through
an extensive simulation approach. The active channel of the biosensor
is made by the graphene nanoribbon in a double-gate configuration. We
benefited from the NC technology inside the gate oxide to trap the
biomolecules (target DNA in this specific case). As we know there are
some devices in the basis of enzyme, fluorescent, electromagnetic and
ISFET to detect the biomolecules. All of these devices have been known
by giving a low selectivity. But, after exploring the NC concept this
concern has been reduced due to the detection mechanism occurs inside
a NC which is free of any solation. For example, the gate electrode in
the ISFET is assumed to be a solution. This solution can seriously impact
on the selectivity, linear detection range, detection limit and also the
sensitivity. But the scenario is very different in a NC technology-based
biosensor. Actually, there is a solid-state gate electrode on the top of the
channel and the NC.

One of the important issues in evaluation of the fabricated bio-
sensors is about the selectivity. Proposal of the efficient techniques for
the immobilization of DNA probes can increase the selectivity. There
are a few approaches to immobilize the DNA probe inside the NC. The
SAM method is commonly used to immobilize the DNA probes on a
solid surface [4,32,38]. Although, this technique is widely used but it
needs an extra action to enhance the surface efficiency such as in-
cluding oxygen plasma and a heating annealing resulting in a getting a
biosensor by high selectivity. Also, a new method has been reported to
immobilize the biomolecule probes using silica-binding proteins (SBP)
which has a strong binding with the SiO2 surface [43]. It has been
proved that this new method presents a very high selectivity for the
biosensors in comparative to the SAM method.

One of the other issues can degrade the sensing performance of the
proposed biosensor like other biosensors, is related to the partial hy-
bridization that may occurring inside the NC. Throughout the paper, it
has been assumed that the target DNA is completely filled inside the NC
for the simplicity. Moreover, one of the problems is that the biomole-
cule can be partially distributed inside the NC resulting in decreases the
sensitivity performance [23] . Also, the positions of DNA discrete entity
probes can be defined as the other parameter to impact on the sensi-
tivity. All these effects can be analytically modeled for the proposed
biosensor like those reported in [23].

The single-base mismatches of DNA and non-complementary DNA
are the important factors can degrade the sensing performance. In order
to solve the concerns for these issues for the proposed biosensor, we can
benefit from Peptide Nucleic Acid (PNA) probes. It has been proved the
PNA probes are very suitable and promising for sequence-specific DNA
biosensors by a potent and excellent capability in the discrimination of
the single-base mismatches of DNA [44]. Also, these probes are known
to be insensitive to non-complementary DNA [44]. Hence, these probes
can be a suitable replacement for the single-strand DNA probes getting
a high efficiency in the detection.

9. Conclusion

For the first time, an NC setup as an entrance of the target DNA
biomolecules has been embedded in the DG-AGNRFET structure bene-
fiting from the armchair graphene as the channel region for the de-
tection. When the samples of DNA are hybridized in the NC, the elec-
trostatic of the channel region made form armchair graphene by the
index of 12 will be modified led to increasing the channel transmission.
The DG-AGNRFET biosensor has been simulated with the NEGF tech-
nique coupled by the PS, self-consistently. Both definition of the SA in
terms of the TVBS and DCBS revealed high detection of the proposed
biosensor for the target DNA. Also, the proposed biosensor has given a
wide usable detection region which is very desirable. Moreover, the
paper states that the TVBS method is more efficient than the DCBS
method in the recognition of the DNA biomolecule. The results revealed
a relative sensitivity of 1 mV/nm2 by a filled area and the DNA about

120 nm2 showing the excellent superiority for the proposed biosensor
as compared to other counterparts. The effective area of the proposed
biosensor obtains 240 nm2 which is very small in comparison with
other reports highlighting the great capability of the biosensor in the
ultra-scale detection applications. Also, a detailed discussion on the
designing issues showed that scaling down of the device will increase
the detection power of the proposed biosensor that is very important
and promising. All the obtained outcomes introduce the DG-AGNRFET
structure as an efficient biosensor with high detection and identification
power of the tDNA that can be taken as a powerful candidate for ultra-
scale, low-cost and label-free bio-sensing applications.
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