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The latest discoveryof the graphenenanoscroll has providedenormousnewstimuli to carbonnanoresearch.

Due to its one-dimensional structure and tunable core size, the graphenenanoscroll is suitable for nanoscale

applications such as in nanotransistors, and biosensor devices. DNA sensing is critical in the identification of

the genetic risk factors associated with complex human diseases, and continues to have an emerging role in

therapeutics and personalizedmedicine. This paper presents the analytical model of liquid-gated field effect

transistors (LGFETs) for zig-zag graphene nanoscrolls (ZGNSs) inspired by carbon nanotube behavior when

exposed to DNA molecules. First of all, in order to gain physical insight into GNS-based devices, the

conductance of GNSs is analytically modelled. Based on the sensing mechanism of the DNA sensor, GNS

controlling elements (hGNS and 3GNS) are proposed and the behavior of LGFETs-based GNS nanomaterial

in the presence of DNA molecules is predicted to get a greater insight into the rapid development of DNA

sensors and their application. Because of the channel-doping effect due to the adsorption of the DNA

molecules, the conductance of the channel is altered. On the other hand, the applied voltage effect in the

form of tilted electron energy levels is utilized in the form of normalized Fermi energy variation which is

used in the sensor modelling. This study emphasizes the promising nature of carbon nanoscrolls for a

number of electronic device applications.
1. Introduction

Nanosized materials have attracted the attention of scientists
due to their wide range of applications in nanoelectronics,
medical diagnostics and drug delivery, as a result of their large
surface-to-volume ratio, small size and chemical reactivity.1,2

Despite its short history since its discovery, graphene, which is
formed when graphite is broken down into layers, possess
extraordinary properties. Two-dimensional graphene is the
basic structural element of some carbon allotropes including
graphite, single wall carbon nanotubes (SWCNTs), and gra-
phene nanoscrolls (GNSs), as seen in Fig. 1. The SWCNTs can be
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considered as a cylindrical roll-up of the planar graphene sheet
with a sp2 bonding of carbon atoms.

In recent years, an increasing amount of literature on carbon-
basedmaterials has demonstrated that they have great potential
applications in nanoelectronics, biosensing, and energy storage
owing to their ballistic transport,3 biocompatibility and
stability.4–6 Among these allotropes, one-dimensional conduc-
tors such as SWCNTs and GNSs can act as high-gain liquid-gated
eld-effect transistors (LGFETs), inwhich the conductance varies
Fig. 1 Carbon-based structures including: (a) graphite, (b) SWCNT, (c)
graphene, (d) GNS.
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stronglywith the local chargedensity.7According to their carbon-
based structure and properties, SWCNTs have been demon-
strated as a powerful tool to satisfy our major requirement of a
biosensing material for the detection of various biomolecules
such as protein, DNA, etc.8–11,12 The development of personalized
medicine in which medical treatment is customized to an indi-
vidual on the basis of genetic information requires techniques
that can detect DNA quickly and cheaply.13,14 The above-
mentioned materials have shown extreme sensitivity towards
environmental perturbations such as electronic doping15–18 and
molecule adsorption.12,19–22 Consequently, carbon-based mate-
rials are selected as a sensing template for DNA detection in this
study. By the molecular analysis of nucleic acids, nearly 400
genetic diseases are diagnosable and this number is risingdaily23

which makes DNA detection urgent for investigation.24 The
growing need for cheaper and faster DNA sensing has prompted
the development of new technologies that surpass conventional
methods and materials in terms of speed and cost.25,26

An attention-grabbing nanomaterial, GNSs, has emerged as a
new carbon-based structure which ismade by rolling a graphene
layer to form an open cylindrical structure.27 They are predicted
to exhibit some exciting electronic and mechanical properties
due to their novel structure.27–30 The electrical properties of GNSs
are moderately insensitive to exterior factors because of their
self-encapsulated structure where the electrical performance of
SWCNTs varies with the primary substrate and the environ-
ment.31 What makes the GNSs more amenable to intercalation
or doping is due to the fact that their interplanar distance can be
easily changed because GNSs are open at both ends, contrasting
with SWCNTs which are wound into closed cylinders. As depic-
ted in Fig. 2, the chirality of the GNS is dened asC

!¼ na1
!þma2

!
where the nomenclature can be described as zig-zag for 4 ¼ 0,
armchair for 4 ¼ 90, and chiral for 0 < 4 < 90.32 The Archime-
dean-type spiral of GNSs is drawn in Fig. 2, where Nturn is the
number of turns, rin is the inner radius and dint z 0.34 Å is the
interlayer distance that is experimentally obtained.12

As the graphene sheet is theoretically rolled into a (one-
dimensional) 1D cylindrical tube, a gap will form at the Fermi
point; and, therefore, convert its properties from metallic to
semiconducting. Unlike SWCNTs, GNS properties cannot be
determined comprehensively by its chirality (n,m)27 owing to the
fact that its core size alters its properties. This characteristic
indicates dependency of GNS properties on its geometry.29,30 It is
Fig. 2 The unrolled graphene layer as the basic of GNSs, in which 4 is
the scroll angle with respect to the xy axes, C and T are the scroll
vector and translational vector respectively.

16154 | RSC Adv., 2014, 4, 16153–16162
notable that theGNS interlayer is capableofholdingmoredopants
because its diameter can be expanded to contain the volumeof the
dopant–layer interactions.33–36 GNSs are affected by the interlayer
interaction between the inner and outer layers compared to
SWCNTs; thereby,GNSsareexpected toexhibit ahigheron-current
than SWCNTs for the same diameter. Most researchers to date
have tendedonly to focus onmolecular dynamics and simulations
to reveal the conguration and stability of the GNSs.32,36,37

However, Pan et al. have discussed the electronic structure and
optical properties of GNSs in much details.38 Surveys such as that
conducted by them have shown that two specic structures of
nanoscrolls with different properties exist: one is the armchair
nanoscroll (AGNS) of the type (n,n), and those of type (n,0) the zig-
zag nanoscroll.27,32 Braga et al. have identied that ZGNSs show
semiconducting and semi-metallic properties whereas AGNS
exhibit metallic properties. The semiconducting property is
essential for the implementation of LGFETs, thus, ZGNS is being
considered as a new biosensing template in this paper.
2. The proposed structure of DNA
sensor-based graphene nanoscroll

The LGFET-based SWCNTs have been successfully fabricated
using nano-/micro-lithographic fabrication.39,40 However, there
is still no experimental result that predicts the behavior of GNS-
based biosensors as a detector of DNA molecules.41 The aim of
this study is to propose a biosensor-based GNS nanomaterial
model and predict its behavior in the presence of DNA mole-
cules, based on SWCNTs, to get a greater insight into the rapid
development of DNA sensors and their application. Supporting
this idea, the sensing mechanism of SWCNTs-based DNA
sensors needs to be understood perfectly. As shown in Fig. 3, the
proposed structure of the GNS-based DNA sensor consists of a
source and drain, in which the GNSs are employed as a con-
ducting channel on an oxidized Si/SiO2 substrate. Since the GNS
is a 1D tube-like structure and exhibits semiconductor proper-
ties, it can be possibly fabricated as a top-gated planar device
like an SWCNT-based FET. The top-gated planar device has
several advantages over back-gated devices, such as low
voltage switching, an enhanced sub-threshold slope (SS) and
drain-induced barrier lowering (DIBL). Therefore, the top gates
can control the current through the GNS channel. A photoresist
layer as an insulator will be employed that results in the
Fig. 3 Proposed structure of LGFET-based new materials of GNSs for
DNA detection.

This journal is © The Royal Society of Chemistry 2014
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creation of a small window that exposes to the electrolyte con-
taining DNA molecules.42 The electrical detection of DNA
molecules can bemeasured by recording the conductance of the
GNS channel before and aer DNA immobilization.43 Further-
more, the potential of GNS is controlled with respect to a
reference electrode.44 As p-electrons are delocalized on the
surfaces of GNSs, their conductance is tremendously inuenced
by the adsorbed charges of DNA molecules taking place adja-
cent to the carbon surfaces.45 The conductivity of the LGFET-
based-GNS sensor is altered by the charge carrier density
changing in the conducting channel with the presence of DNA
molecules.46,47 In this paper, the effect of the DNA molecule
presence in the conductance of the GNS channel is estimated
upon on the signicant shi of the G–Vg characteristic of
LGFET-based DNA sensors.48,49

Although numerical simulation does give us more accurate
results, they are time consuming for fast circuit simulation
compared to analytical ones.50 Therefore, in order to gain
physical insight into GNS-based devices, the conductance of
GNSs will be analytically modelled.51–53
3. Proposed model

Conductance is considered an essential parameter which plays
a critical role in determining the characteristics of LGFETs and
electrical properties such as current–voltage characteristics.50,51

Conductance is chosen as a measurable sensing parameter in
this study due to the fact that carbon-based materials are so
sensitive to the introduction of DNA molecules. On the other
hand, the (p–p) interaction between DNA molecules and the
surface of carbon materials results in a change in conductance
of the LGFETs.54,55 It can be a reasonable justication to start the
modelling from the conductance of carbon allotropes. In this
paper, carbon-based materials analysis as a DNA sensor plat-
form is in our focus; therefore, SWCNTs and GNSs as carbon-
based materials that are fundamental building blocks in
structural and electrical points of view are extensively investi-
gated. We will start with SWCNTs.
3.1 Conductance modelling of SWCNTs

Modelling of the band structure of SWCNTs began from the
energy dispersion relation of the graphite sheet (graphene)
band structure. The band energy throughout the entire Bril-
louin zone of graphene is56

Eð~kÞ ¼

�t

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4 cos

�
kx3aC�C

2

�
cos

 
ky

ffiffiffi
3

p
aC�C

2

!
þ 4 cos2

 
ky

ffiffiffi
3

p
aC�C

2

!vuut
(1)

where aC–C¼ 1.42 Å is the carbon–carbon (C–C) bond length, t¼
2.7 (eV) is the nearest neighbor C–C tight binding overlap
energy, and kx,y,z is wave vector component.57 By using a Taylor
series expansion for the cosine function near the Fermi point,
the E(k) relation of the SWCNTs is:
This journal is © The Royal Society of Chemistry 2014
Eð~kÞ ¼ t 3aC�C

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ kx

2

q
(2)

where kx represents the wave vector along the length of the
nanotube, which can be extracted in the parabolic part of the
band energy as

kx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4E

3aC�Ct
� 8

9d2

s
(3)

where d is the diameter of the SWCNT and b is the wave vector
component along the circular direction, which is quantized by
the periodic boundary condition. Moreover, for the lowest band
of SWCNTs, b is at a minimum, and for metallic SWCNTs, the
minimum value for b is zero. For semiconducting SWCNTs, the
minimummagnitude of the quantized wave vector is b¼ 2/3d.58

By substituting this equation into E(k), an approximation for the
semi-conducting SWCNTs is obtained as59

Eð~kÞ ¼ � t 3aC�C

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
2

3d

�2

þ kx
2

s
(4)

The (�) signs are related to the valence and conductance bands.
When the related energy covers the bottom of the conduction
band, the parabolic approximation can be applied on the band
diagram holding the fact that the sub-band location has a
strong effect on the number of modes. In other words, the mode
density M(E) raises with energy.59 Taking into consideration the
spin degeneracy, the number of conductive channels can be
calculated as:

MðEÞ ¼ 2
DE

DkL
¼ 3aC�Ct

L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4E

3aC�Ct
� 8

9d2

s
(5)

where the channel length is shown by L. Two issues contribute to
the conductance output in large channels whichmake it capable
of following the Ohmic scaling law based on the Landauer
formula. Therst factor is independent of the lengthwhich is the
interface resistance. The second is due to the non-linearity
relation between the conductance and width which depends
upon thenumber ofmodes in the conductor. So the conductance
from the Landauer formula can be extended in the form of eqn
(6) while these quantized parameters are considered:

G ¼ 2q2

h

ðþN

0

MðEÞTðEÞ
�
� df ðEÞ

dE

�
dE (6)

where q is the electron charge, h is Planck’s constant, and T is
the transmission probability. Because of the ballistic transport
of graphene, T approximates to one (T(E) ¼ 1). Moreover, f(E) is
the probability of occupation of the Fermi level with electrons
which is known as the Fermi–Dirac distribution function as61–63

f ðEÞ ¼ 1

e
E�EF

kBT þ 1

(7)

where EF is the Fermi energy, kB is the Boltzmann constant and
T is the temperature. According to the Maxwell–Boltzmann
approximation, the distribution function can be expressed as

f ðEÞz 1

e
E�EF

kBT

¼ e
�E�EF

kBT (8)
RSC Adv., 2014, 4, 16153–16162 | 16155

http://dx.doi.org/10.1039/c3ra47432a


Fig. 4 Conductance model of SWCNT-based LGFETs without the
presence of DNA molecules.
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The length of the SWCNT as a function of conductance plays a
signicant role in dening the conductivity equation.64 By
replacing the number of sub-bands (mode numbers) incorpo-
rated with the Fermi–Dirac distribution function in eqn (3), the
conductance can be obtained as

G ¼ 2q2

h

3aC�Ct

L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4

3aC�Ct

s ðþN

0

MðEÞTðEÞ
�
� df ðEÞ

dE

�
dE (9)

By making the substitution of x ¼ (E � Eg)/kBT, the boundary of
integral changes as follows and eqn (9) becomes

G ¼� 6q2

hL
ðaC�CtpkBTÞ1=2

�ðþN

0

x�1=2

ð1þ ex�hÞdx

þ
ðþN

0

x�1=2

ð1þ exþhÞdx
�

(10)

where the normalized Fermi energy is dened as h ¼ (EF � Eg)/
kBT. Applying the Fermi–Dirac integral form of conductance is
useful for understanding the role of degenerate and non-
degenerate regimes. It is noted that the Fermi–Dirac integral
(FDI) of order i is dened as

JiðhÞ ¼
1

Gði þ 1Þ
ðN
0

xi

1þ ex�h
dx (11)

In general Gðiþ 1Þ ¼
ðN
0
e�xxidx ¼ i! if i is an integer applicable

to the gamma function, G(1/2)¼ p and G(3/2)¼ (1/2)G(1/2) ¼ p/

2. It is signicant to observe the general properties of the FDI in
the non-degenerate and the strongly degenerate limits. Thus,
the general conductance model of the SWCNT can be obtained
similar to that of silicon as reported by Gunlycke et al.,67

G ¼ H
6q2

hL
ðaC�CtpkBTÞ1=2�J�1=2ðhÞ þ J�1=2ð�hÞ� (12)

where J�1/2(h) is the Fermi–Dirac integral of order (�1/2). The
Fermi–Dirac distribution function has attributed to degenerate
and non-degenerate states with the amount of (h[ 0) and (h�
0) respectively.65,66 In the degenerate state, on the other hand, the
concentration of electrons in the conduction band exceeds the
density of states and the Fermi energy lies within the conduc-
tance band and the Fermi–Dirac function can be approximated
as h(E) ¼ 1. The non-degenerate limit occurs when the 1 is
neglected from the denominator. In the non-degenerate state
there are few electrons in the conduction band and the edge of
the conduction band is far above the Fermi energy compared to
kBT. In this limit, in spite of the value of the normalized Fermi
energy, the Fermi–Dirac integral can be approximated by the
Maxwell–Boltzmann distribution factor of h(E)¼ exp(h$h). Thus,
in the non-degenerate limit, the general conductance model of
the SWCNT can be converted into the exponential equation as

G ¼ H
6q2

hL
ðaC�CtpkBTÞ1=2�eðhÞ þ eð�hÞ� (13)

As the normalized Fermi energy is derived as h ¼ (E � Eg)/kBT,
and the band gap energy is Eg ¼ qvg, then the normalized Fermi
energy is obtained as h ¼ (Vt � Vg)/kBTq, which represents a
function of Vg. Employing h in eqn (13), the conductance can be
expressed as
16156 | RSC Adv., 2014, 4, 16153–16162
G ¼ H
6q2

hL
ðaC�CtpkBTÞ1=2

�
eðVt�Vg=kBTqÞ þ eð�VtþVgÞ=kBTqÞ

�
(14)

which represents the conductance (G) as a function of the gate
voltage (Vg). Fig. 4 illustrates the SWCNT-based DNA sensor
conductance model versus the gate voltage for a non-degenerate
regime before adding any DNA molecule. According to the
experimental data, the proposed model can satisfy our major
requirement of a carbon nanotube-based DNA sensor.47

In this work, the conductance model of the SWCNT as a
sensing parameter is employed in the DNA sensor modelling,
also to give us an extensive chance of explaining the device
characteristics.
3.2 Conductance model of the GNS

In this part, in order to understand the electrical properties of
GNSs and describe their physical phenomena, the energy band
for 1DGNSs ismodelled. The electrical properties of the GNS can
be differentiated by the structure and exhibited through the
energy spectrum. What we know about GNS carrier statistics is
largely based upon theoretical studies that compute its energy
spectrum and the behavior of the band gap in terms of the
chirality factor.15 Surveys such as that conducted by Braga et al.
have shown that the ZGNSs exhibit semiconducting and semi-
metallic properties.16Thesemiconductingproperty is essential in
MOSFET implementation, thus, the ZGNS is being considered in
this paper. Eqn (15) shows the tight binding model for the ZGNS
energy spectrum throughout the Brillouin zone of the GNS15,17

EZGNSðkÞ ¼

� t

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4cos

�
3kxaC�C

2

�
cos

�
2pn� 4

2n

�
þ 4cos2

�
2pn� 4

2n

�s

(15)

where kx is the wave vector along the x-axis, aC–C represents the
length of the carbon–carbon bond and the chirality of the ZGNS
(n,m) is shown by n. Moreover, 4 is the scroll angle with respect
to the xy-axes which is the only parameter that can control the
geometry of the GNS as well as the energy gap.1 The chirality has
a strong inuence on the band structure of the GNS, so the
considered boundary condition of k

.
C
. ¼ 2pv� 4, where
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Conductance model of GNS-based LGFETs without the pres-
ence of DNA molecules.

Fig. 6 Conductance model of SWCNT-based LGFETs without the
presence of DNA molecules.
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v ¼ 1,2, ., 2n is dened as the number of sub-bands for a
particular (n,0) chirality. Here, C

.
is the scroll vector as outlined

schematically in Fig. 2 and k
.

denotes the wave vector. The
shape of the GNS is at equilibrium at the 4 parameter and it is
used to quantize the k-vectors in a different manner.18 Chen
et al. discussed the electronic structure dependence of the
fundamental parameters of the GNS via a rst-principals
calculation based on density functional theory (DFT) and the
local density approximation (LDA) in 2007.18 It is noteworthy to
point out that just the rst unlled energy level (conduction
band) at T ¼ 0 K is being considered, holding the fact that the
possibility of occupying this level by electrons is high. Eqn (15)
gives the expression for the E(K) relation throughout the Bril-
louin zone of the GNS. But the main interest is the band
structure near the Fermi point in the Brillouin zone of the GNS.
Then, by employing a Taylor series expansion, eqn (15) is
approximated to be

EZGNS ¼ �3t

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 5

8
kx

2aC�C
2

r
(16)

The positive sign denotes the conduction band and the negative
sign the valence band. In order to obtain the conductance based
on the Landauer formula, the number of sub-bands in the GNS
channel must be considered. In other words, the mode density
M(E) increases with energy.59 The number of conducting chan-
nels in the GNS is dened as

MðEÞ ¼ DE

LDK
¼ H

9a2t

4L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8E

9ta2
� 4

9a2

r
(17)

In the conductance of nanoscale materials like GNS, two
quantizing parameters play a dominant role: these are the
number of sub-bands, and interface resistance, both which are
independent of the length.60

A region of minimum conductance versus the gate voltage is
calculated by G0 ¼ 2q2/h. So, the conductance model of the GNS
channel can be assumed as:

G ¼ H
9q2aC�C

2t

2hLkBT

ðþN

0

�
8E

9taC�C
2
� 4

9aC�C
2

�1=2

e
E�EF

kBT

�
1þ e

E�EF

kBT

�2
dE

0
BBB@

1
CCCA (18)

In order to obtain a simplied form of conductance, the partial
integration method is used where x ¼ (E � Eg)/kBT and the
normalized Fermi energy is h¼ (E� Eg)/kBT. Finally, the general
conductance model of the GNS obtained:

G ¼

H
9q2aC�C

2t

2hL

ðþN

0

�
xþ Eg

kBT
� t

2kBT

�1=2�
8

9aC�C
2t

�1=2

ðex�hÞ

ð1þ ex�hÞ2

0
BBB@

1
CCCAdE

(19)

The analytical model of GNS conductance is plotted in Fig. 5.
Conductance versus the gate voltage of the GNS is obtained

in this section which is expected to help us to gain a broader
insight into GNS-based LGFETs compared with SWCNTs.
This journal is © The Royal Society of Chemistry 2014
3.3 Results and discussion

In order to understand the physical structure and electronic
properties of GNSs in DNA sensor applications, the conduc-
tance model of SWCNTs and the distinct features between both
structures that inuenced their electronic properties are dis-
cussed here. As depicted in Fig. 6, the conductance of SWCNTs
and GNSs is illustrated in the form of related LGFET structures.
By applying the gate voltage between �10 and 8 V, a bipolar
characteristic of the LGFET device is observed in view of the fact
that the Fermi energy can be controlled by the gate voltage.
Because of this characteristic, these materials have the potential
to be switched from the p-doped to the n-doped region by
changing the gate voltage continually. As outlined in ref. 20, the
minimum conductance (gmin) at the switch point where the
density of electron and hole carriers is equal can be used to
monitor the doping state of the SWCNT/GNS. This switch point
also is known as the charge-neutrality point (CNP). It has been
demonstrated that different n-dopant biomolecules can affect
the conductance of the LGFET device. As depicted in Fig. 6, by
immobilization of the DNA molecule as an n-dopants on the
carbon nanotube surface, the conductance is dramatically
decreased. As a result, it can be concluded that the conductance
of the SWCNT/GNS channel would be very sensitive to the
immobilization of DNA. To evaluate the presented model we
need to compare it with experimental work,24 which is not
available for GNSs. Therefore, in order to predict the GNS
RSC Adv., 2014, 4, 16153–16162 | 16157
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Fig. 7 G–Vg characteristics of the proposed b,g model with the
experimental data for SWCNT-based DNA sensors.
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behavior in the presence of DNAmolecules, the proposedmodel
of the DNA sensor-based SWCNTs is carried out and compared
with extracted experimental data for validation.24 In the second
step, the model of the DNA sensor-based GNS will be suggested.
In light of this fact, the focus of this paper is to present a new
model for GNS-based DNA sensor materials inspired by
SWCNTs to predict the capability of DNA detection.

In SWCNT-FET modelling, the DNA concentration as a
function of the gate voltage is assumed.11 Subsequently, the gate
voltage is modelled by the DNA concentration as:

Vgs(DNA) ¼ bVgs(without DNA) (20)

where the DNA sensitivity factor (b) is proposed and F is the
DNA concentration which can represent the different concen-
trations of DNA molecules (nM). In the non-saturation area, the
DNA sensitivity factor model is utilized as

G ¼ H
6q2

hL
ðaC�CtpkBTÞ1=2

 
J�1=2

 �
bVgsðwithout DNAÞ � Vt

�
q

kBT

!

þ J�1=2

 
�
�
bVgsðwithout DNAÞ � Vt

�
q

kBT

!!

(21)

Thus the DNA sensitivity factor on the SWCNT surface by
particle swarm optimization (PSO) is modelled as:

b ¼ baF (22)

By the PSO method, the best values for the parameters a, b are
obtained as (4720, 1.85) respectively. Moreover, according to the
experimental results,47 increasing the number of DNA mole-
cules has a strong inuence on the threshold voltage. Sup-
porting this fact, by increasing the number of DNA molecules,
the threshold voltage was also amplied. The carrier concen-
tration has an inverse relation to the DNA concentration
therefore the threshold voltage variation can be modelled as
Vt(with DNA) ¼ gVt(without DNA) where g is the voltage-controlling
factor. Now, the general conductance model of an SWCNT-
based DNA sensor in the presence of a normalized Fermi energy

h ¼ ðbVgsðwithout DNAÞ � gVtðwithout DNAÞÞq
kBT

is given by
G ¼ H
6q2

hL
ðaC�CtpkBTÞ1=2

�
J�1=2

��
bVgsðwithout DNAÞ � gVtðwithout DNAÞ

�
q

kBT

�
þ J�1=2

�
�
�
bVgsðwithout DNAÞ � gVtðwithoutDNAÞ

�
q

kBT

��
(23)
By substituting b¼ 1.85(4720)F and g¼ 4.014Vt
(�1.399) in eqn (23),

the conductance model of the SWCNT-based DNA sensor is
given by
G ¼ H
6q2

hL
ðaC�CtpkBTÞ1=2

0
BBBBB@

J�1=2

��
1:85ð4720ÞFVgsðw

þJ�1=2

�
�
�
1:85ð4720ÞF
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It is apparently shown in Fig. 7 that by applying the control
factors (b,g) to the conductance model of the SWCNT, the
suggested model is closer to the experimental data; in the same
manner, GNS which is immobilized with the DNA molecules
can be predicted as well.

Now we are going to predict the behavior of a specic GNS
that can be replace the carbon nanotube in DNA-sensor appli-
cations. The conductance of the LGFETs-based GNS/SWCNT
channel is not only dependent on the sensor structure and
operation voltage of the source-drain channel, but also depen-
dent on the physical parameters such as diameter, length,
radius and geometry of the GNS and SWCNT channel. The
result of this comparison between the SWCNT and GNS
conductance models indicates that the GNS shows a superior
conductance, >10G0, over the carbon nanotubes.41 The nding
of this current study is consistent with that of Schaper et al.
reported in 2011.41 The structural parameters of the GNS are
somewhat different from the SWCNT, but the things that
remain the same are the certain factors in affecting their elec-
tronic properties. Each of these materials has its own structural
parameter that inuences the electrical properties, though
some of the GNS behavior can be related to the SWCNT by its
diameter. The electronic properties of SWCNTs are very much
inuenced by the size of their diameter. However, the electronic
properties of GNSs are related to the number of overlapping
layers, which can be referred to as Nturn. In addition, the inner
radius can also affect the properties through varying the
diameter size for a constant interlayer distance. Thus, it is fair to
ithout DNAÞ � 4:014V
ð�1:399Þ
t Vtðwithout DNAÞ

�
q

kBT

!

Vgsðwithout DNAÞ � 4:014V
ð�1:399Þ
t Vtðwithout DNAÞ

�
q

kBT

!
1
CCCCCA (24)
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Fig. 8 G–Vg characteristic of proposed the GNS Alpha and Beta
model with experimental data for GNS-based DNA sensors.
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state that the size of the GNS diameter contributes in control-
ling the electronic properties.41 Furthermore, the GNS conduc-
tance was investigated through the dependence of its length
and diameter as the current density was raised whilst
decreasing the length and increasing the diameter.41 The most
interesting advantage of the GNS is its tuneable core size for
intercalation with donors and acceptors, and its diameter can
be expanded to accommodate the doping volumes, unlike the
SWCNT.36 Because of the GNS tuneable inner radius, research
on its electronic and optical capabilities have been repor-
ted.28,30,33,34,68 The results of applied voltage over the semicon-
ducting sample can be seen in the form of tilted electron energy
levels which lead to electron movement into the lower energy
levels. Therefore the normalized Fermi energy as a function of
applied voltage is estimated to change as hGNS ¼ (Vg � Nturn �
(m + n) � din)/LGNS. One unanticipated nding is that the GNS
behavior depends strongly on the geometrical conditions in
such a way that large tube diameters strongly favour the
conductance increase, as do shorter tube lengths.42,69–73 So the
proposed conductance of the GNS is modied as:
Gðwithout DNAÞ ¼ H
9q2aC�C

2t

2hL

ðþN

0

�
xþ Eg

kBT
� t

2kBT

�1=2�
8

9aC�C
2t

�1=2�
ex�ðVg�Nturn�ðmþnÞ�dinÞ=LGNS

�
�
1þ ex�ðVg�Nturn�ðmþnÞ�dinÞ=LGNS

�2 dE

0
BBB@

1
CCCA (25)
The GNS with these specic characteristics of Nturn ¼ 1.4, din ¼
0.0396, (m,n) ¼ (16,0) and LGNS ¼ 100 nm is suggested to
replace the SWCNT in the DNA sensor platform. The smallest
inner diameter for the ZGNS is �5 Å.37 The GNS becomes
unstable if rin is less than its optimized value due to the greater
elastic bending energy than for the van der Waals (VDW)
interaction. It is predicted that the conductivity of the GNS-
LGFET device is inuenced by the charge carrier density
changing in the channel by the introduction of DNA molecules
to the chamber lled with electrolyte solution.74 When the GNS
is coated with the negative charges of DNA molecules, it is
noteworthy that the DNA molecules n-dope the GNS channel.
As the number of DNA molecules increases, the conductance
of the GNS would be decreased. This fact indicates that by
injection of negative charges of DNA molecules to the GNS
channel, the number of majority carriers which were holes
start to be reduced. And based on what has been discussed,
GNS controlling elements are proposed. Therefore, the
conductance of the GNS channel in the presence of DNA
molecules is predicted as

Gwith DNA ¼Gwithout DNA �
��

hGNS �
Gwithout DNA

F

�

þ ð3GNS � Gwithout DNA � VtGNSÞ
� (26)

where Gwith DNA and Gwithout DNA are the channel conductance of
the GNS with and without DNAmolecules respectively, hGNS and
3GNS are theGNScontrolling elements,VtGNS can vary between0.2
and 1, and F ¼ 5000 nM. Consequently, the supposed conduc-
tancemodel of theLGFET-basedGNSchannel canbeobtainedby
replacing eqn (25) and hGNS¼ (Vg�Nturn� (m + n)� din)/LGNS in
This journal is © The Royal Society of Chemistry 2014
eqn (26). By employing the PSO method, the parameters are
obtained as hGNS ¼ 800, 3GNS ¼ 12. In Fig. 8, when the device is
exposed to the solution of DNA, the model is closer to the
experimental result and the conductance of the GNS will be
reduced by about 1400 ms; in the same way we can evaluate other
experimental data. It is actually shown that by altering DNA
concentration through the GNS controlling elements,the G–Vg
characteristic curve can be managed.
4. Conclusion

The emergence of GNSs that offer more exibility in terms of
adjustable band energy and providing a large detection area
could contribute to facilitating device scaling and fabrication.
The high conductivity and current density values of GNSs as
well as their switching capabilities make the GNS-type nano-
tubes strong candidates in sensor technology. In this work, the
SWCNT analytical model of biosensors is included in the
derivation of a GNS-based DNA sensor model to understand
the geometry effects on the sensing parameters. Furthermore,
the possibility of DNA molecule detection by presenting the
analytical model of liquid-gated transistor (LGFETs) for zig-zag
graphene nanoscrolls (ZGNSs) inspired by carbon nanotubes is
addressed. Developing GNS-based biosensors becomes prac-
tical by understanding the sensing mechanism. Therefore, the
conductance of the GNS as a sensing parameter is analytically
investigated. Moreover, the applied voltage effect in the form of
tilted electron energy levels is used to vary the normalized Fermi
energy. Also, channel doping due to the GNS–nucleotide inter-
action effect on the conductance of the LGFET device is
considered. To model this behavior, the GNS controlling
elements (hGNS and 3GNS) are proposed and behavior of the
LGFET-based GNS nanomaterial in the presence of DNA mole-
cules is estimated, and the proposed model is simulated in
same manner as for SWCNTs.
RSC Adv., 2014, 4, 16153–16162 | 16159
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