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Graphene-based biosensor using transport properties
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The potential of graphene nanoribbons (GNR’s) as molecular-scale sensors is investigated by calculating the
electronic properties of the ribbon and the organic molecule ensemble. The organic molecule is assumed to be
absorbed at the edge of a zigzag GNR. These nanostructures are described using a single-band tight-binding
Hamiltonian. Their transport spectrum and density of states are calculated using the nonequilibrium Green’s
function formalism. The results show a significant suppression of the density of states (DOS), with a
distinct response for the molecule. This may be promising for the prospect of GNR-based single-molecule
sensors that might depend on the DOS (e.g., devices that respond to changes in either conductance or
electroluminescence). Further, we have investigated the effect of doping on the transport properties of the
system. The substitutional boron and nitrogen atoms are located at the center and edge of GNR’s. These
dopant elements have significant influence on the transport characteristics of the system, particularly doping at
the GNR edge.
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I. INTRODUCTION

Carbon nanotubes (CNT’s) have been shown to exhibit significant changes in electronic transport phenomenon due to the
presence of absorbed biomolecules.1–5 Previous experimental
work demonstrating the possibility of using these properties for
biosensing applications3,4 was performed using nonmetallic
CNT’s in a field-effect transistor (FET) configuration.4 The
gate of the FET can be either a metallic back gate or a liquid
gate. The back-gated configuration is usually complicated to
fabricate, whereas precise controlling of the gate potential
is required for liquid-gated devices. However, the detailed
mechanism of the interaction is not yet fully understood.
Several suggestions have been proposed including electrostatic
gating liquid gating case4 and electron donation by the
detected species.1
Growing research interest in the application of carbon
nanostructure emerged in 2004, led by the experimental
discovery of the stable form of graphene.6–8 Graphene is made
up of a single layer of carbon atoms packed into a twodimensional honeycomb lattice. It has attracted tremendous
attention in both its two-dimensional and one-dimensional
forms, the latter being obtained by patterning the layer into
a strip or ribbon.9 Scanning probe microscopy of graphene
ribbons10 revealed bright stripes along its edges, suggesting a
large density of states at the edge near the Fermi level. The
electronic properties of graphene nanoribbons (GNR’s)11,12
defined by their quasi-one-dimensional electronic confinement
and the shape of the ribbon ends,13 indicates remarkable
applications in graphene-based devices.8 GNR’s have similarities in many properties of CNT’s.14 However, due to their
planar structure, some of the properties seem to be easier to
manipulate than CNT’s.15
As for the case of nanotubes, electron transport
properties16,17 and conductance18 are expected to be found in
graphene structures.19,20 In particular, different quantization
rules have been predicted for pure GNR’s with zigzag
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(ZGNR’s)21 and armchair20,22 (AGNR’s) edge shaped. Edge
states present in zigzag ribbons provide a single channel for
electron conduction which is not the case for the armchair
configuration. The nature and robustness of these states near
the zigzag edges of ZGNR’s, for different edge shapes and
chemical edge modifications, have been extensively discussed
before.23
In this paper we study the effect of organic molecule
adsorption on the transport of single-layer GNR’s in a twoprobe configuration. In particular, ZGNR’s with a quasione-dimensional organic fragment are considered here. We
choose linear polyaromatic hydrocarbons such as anthracene
(see Fig. 1). Understanding their interaction with GNR’s
will help to understand how full organic or biofragments or
proteins (which are too complex to be presently simulated
by the state-of-the-art ab initio techniques used here) interact
with ZGNR’s. These molecules could be useful to simulate
the effects on the electronic transport of ZGNR’s for the
development of graphene-based sensor devices. Further, we
investigate the effect of doping24 on the transport properties of
the system. The substitutional boron and nitrogen atoms are
located at the center and edge of GNR’s (see Fig. 2). These
dopant elements have a significant influence on the transport
characteristics of the system, particularly doping at the GNR
edge.
II. MODELING AND SIMULATION

The electronic structures and geometry relaxations of the
ribbon and the hybrid system of a ribbon with an attached
organic molecule are calculated by using density-functionaltheory (DFT)-based nonequilibrium Greens function (NEGF)
formalism within the TRANSIESTA25,26 framework, which
is implemented in the ATOMISTIX TOOLKIT (ATK) package
(version 2008.02).25,27 In our transport calculations, the
exchange-correlation potential is described by the local density
approximation (LDA).26,28 The Troullier-Martins nonlocal
©2011 The American Physical Society
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FIG. 1. (Color online) (a) Geometric configuration of bare
ZGNR. N denotes the number of repetition unit cells along the length
and M denotes the number of atoms along the width. Increasing
N and M increases the length and width of ZGNR, respectively.
A similar procedure is adopted for the system of ZGNR with an
attached organic fragment. (b) Schematic configuration of a twoprobe system for a zigzag nanoribbon of ten unit cells in length with
attached molecule. The configuration is divided into three regions: left
electrode, right electrode, and central scattering region. The attached
organic fragment is anthracene (C14 H10 ), which is essentially an
organic semiconductor. It is a solid polycyclic aromatic hydrocarbon
consisting of three fused benzene rings and used as a scintillator for
detectors of high-energy photons, electrons, and alpha particles.

pseudopotentials29 are used to model core electrons, and
valence electrons are expanded in a SIESTA30 localized basis
set. The C-C and C-H bond lengths are set to be 1.42 and
1.1 Å, respectively. All atomic positions are fully relaxed with
a force tolerance of 0.001 eV/Å. The system is analyzed with
1 × 1 × 300 uniformly spaced k points (300 k points in the
transport direction). We performed a convergence study with
respect to k-points sampling. For this purpose, the setup is
increased by increasing the k points in the transport direction
up to 500; however, there is no change in the transmission
spectrum. The self-consistent calculations are performed with
a mixing rate set to 0.01 and the convergent criterion for total
energy is 10−5 eV.
The use of the basis set in the ab initio simulations has
a significant effect on the results, as demonstrated in.31,32

FIG. 2. (Color online) Schematic doped configuration of a twoprobe system for a zigzag nanoribbon of ten unit cells in length with
attached molecule.

Due to this fact, first we performed bare ZNR’s, where we
repeated the simulations using the double-ζ and single-ζ basis
sets. It was found that the difference between the relative
current changes predicted by the double-ζ and the single-ζ
basis sets is not significant in the range of the bias used. In
our calculations, the single-ζ polarized basis set is used and
the mesh cutoff is set to be 150 Ry to save computational
time. Moreover, ATK uses periodic boundary conditions in the
directions transverse to the transport direction. To assure that
no significant interaction occurs between the actual simulation
box and its repeated images, as was previously pointed out,5
we used the vacuum pad of >10 Å in the x and y directions.
It is also noted that vacuum padding is needed to allow
electrostatic interactions to decay for systems. The size of
the simulation box is increased in the transverse direction till
the relative changes in the calculated current are observed as
∼1%. The transport mechanism27 of the system is studied
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using DFT-based NEGF formalism. Using NEGF theory, the
transmission coefficients can be obtained as

Bare ZGNR
ZGNR + bio−object
2.5

(1)

Here the subscripts C, L, and R are used to denote central
scattering, left electrodes, and right electrodes, respectively.
GC and ϒL(R) denote the corresponding Greens functions and
imaginary parts of the self-energies, respectively. The current
passing through the scattering central region is calculated by
the Landauer formula33

2e μR
I (V ) =
[f (E − μL ) − f (E − μR )]T (E) dE.
(2)
h μL

2

Transmission

T (E) = tr(ϒR GC ϒL G+
C ).

3

1

0.5

Here μL and μR are the chemical potential of the left and
right electrodes, kB is the Boltzmann constant, Ttemp is the
1
is the Fermi-Dirac
temperature, f (E − μ) = 1+expE−
μ


0
−2

III. RESULTS AND DISCUSSION
A. System of zigzag graphene ribbon

We calculated the system properties of bare ZGNR and
ZGNR with attached organic molecules. The band-structure
energy (BSE)34 (i.e., the sum of the energies of all states
weighted with their respective occupation for bare ZGNR)
is found as −1839.04 eV, whereas for ZGNR with attached
organic objects, this increases to −2222.71 eV. Figure 3(a)
compares the estimated transmission coefficient (T ) for the
bare ZGNR with organic object attached in ZGNR. All
energies are relative to the Fermi energy. It is clear that the
ZGNR exhibits metallic behavior: There is no band gap,
as observed from other tight-binding calculations.9,35,36 The
Fermi level (Ef = 0) lies at the midgap, and the states
contributing to the conduction (contributing states) have a
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(a) Transmission for bare ZGNR (6,0) of ten unit cells and the
same ZGNR with attached organic-fragment
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distribution function, and T (E) is the transmission function.
The following are program parameters used in the present
analyses:
(i) Iteration mixing parameter: Algorithm = Pulay and
Diagonal mixing parameter = 0.1;
(ii) Basis set parameters: Type = single-ζ polarized, Radial
sampling = 0.001 Bohr, Energy shift = 0.001 Ry, Delta rinn =
0.8, v0 = 40.0 Ry and Split norm = 0.15;
(iii) Iteration control parameters: Tolerance = 10−5 , Criterion = Total Energy and Max steps = 500;
(iv) Two probe algorithm parameters: Electrode constraint = Off and Initial density type = Equivalent Bulk;
(v) Energy contour integral parameters: Circle points = 30,
Integral lower bound = 3 Ry, Fermi line points = 10, Fermi
function poles = 4, Real axis infinitesimal = 0.01 eV and Real
axis point density = 0.02 eV;
(vi) Two center integral parameters: Cutoff = 2500.0 Ry
and Points = 1024.
In the present study, we choose linear polyaromatic hydrocarbons anthracene (C14 H10 ) (see Fig. 1), which is essentially
a molecular organic semiconductor. It is a solid polycyclic
aromatic hydrocarbon consisting of three fused benzene rings
and can be used as a scintillator for detectors of high-energy
photons, electrons, and alpha particles.
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FIG. 3. (Color online) Comparison of (a) the transmission for
bare ZGNR (6,0) of ten unit cells and the same ZGNR with attached
organic object as a function of energy at equilibrium. The calculation
was performed at ambient temperature T = 300 K. The BSE for bare
ZGNR is found as −1839.04 eV, whereas for ZGNR with attached
organic molecule, this increases to −2222.71 eV. At the energy range
of about ±0.2 eV, there is one conducting channel which results
in a unit transmission coefficient. However, the transmission drops
down about 35% due to the attachment of the organic object at the
Fermi level. (b) DOS for the bare (6,0) ZGNR and the same ZGNR
with attached polyaromatic hydrocarbons. It can be observed that
there is a large reduction of states near to the Fermi level due to the
attachment of hydrocarbons. This results in the reduction of the NDR
phenomenon of ZGNR.

range of energy of about ±0.2 eV. A decrease in T in the
energies corresponding to the gap states is observed when
the polyaromatic hydrocarbon is attached to the bare ZGNR.
This may be explained by the hydrocarbon competing with
the ZGNR for the states injected from the electrodes. The
coupling of ZGNR with the organic object also reduces the
gap state, which can be further demonstrated through Fig. 4.
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FIG. 4. (Color online) I -V characteristics for the bare ZGNR
(6,0) of ten unit cells in length and the same ZGNR with attached
polyaromatic hydrocarbons. The inset figures show the NDR of
ZGNR and ZGNR with attached organic molecules. The origin of
NDR in this system is due to the large reduction in the transmission
when the bias exceeds about 0.13 V . It is also found that the
attachment of hydrocarbons reduces the NDR of ZGNR. The origin of
this reduction can be traced back from the transmission [see Fig. 3(a)]
and the DOS [see Fig. 3(b)].

The current (I )-voltage (V ) characteristics of the (6,0) ribbon
are shown in Fig. 4 for the bare ribbon and for the same ribbon
with an attached organic object. It is clear that in both cases
the current increases with bias, then virtually saturates until
0.2 V . When V exceeds 0.2, the current starts again to increase
with the applied bias. This indicates the onset of a new carrier
transport mechanism. It is noticed that the attaching of the
aromatic molecule results in a small reduction in current when
V  0.2, while it has a significant effect for higher bias levels.
It induces a larger decrease in the current for V  0.2, but
also causes a clear increase in the current when V exceeds
0.2. To understand the presented result, we now explain the
large transmission coefficients presented in the figures. The
transmission probability for a single incoming electron wave
is always between 0 and 1. The transmission spectrum, plotted
in this study, is not a spectrum of the probability of a single
electron being transmitted through the two-probe. It is the sum
of the probability of all the single modes being transmitted
through the two-probe, so if there, at a given energy, are three
block waves called A, B, and C, then the transmission spectrum
is the sum of the probability of A,B, and C added together.
A similar characteristic for bare graphene was reported in a
recent study.37 Now we explain the mechanism of the transport
phenomenon for an explanation for the features of the (I -V )
characteristics.
When the applied bias is lower than the band gap of the
system (note that band gap refers to the electronic structure
of the ZGNR) in a scattering region, electrons can move from
the left electrode to the right electrode in the free states of the
conduction band creating a left-to-right current (LRC). In a
similar manner, electrons can move into the free states in the
left electrode from the conduction band of the right electrode

creating a right-to-left current (RLC). However, the current
due to the former mechanism will be greater than the latter
mechanism. This is caused mainly by the energy barrier. As
the bias increases, the energy barrier increases and therefore
RLC decreases. Eventually, LRC gets saturated. Electrons in
the valence band of the left electrode cannot tunnel to the
right electrode until the applied bias is less than the band
gap of the system in the scattering region. This is due to the
unavailability of states at the corresponding energies on the
right electrode. As the applied bias is increased and exceeds
the band gap, free states of the right electrode become available
and then start contributing to the electrode-electrode tunneling.
This mechanism makes a sudden increase in the current when
V  0.3.
The inset figures of Fig. 4 show the negative differential
resistance (NDR) phenomenon9,38–40 in the I -V curves of
ZGNR and ZGNR with attached organic molecules. To
understand the origin of NDR in this system, in Fig. 4 we
compare the transmission coefficients at the current peak and
valley voltages. We observe NDR in the I -V characteristics
as has been previously observed in nanotube and ribbon
structures with a zigzag chain configuration.9,38–41 The origin
of this effect is due to the need for parity conservation of
the incoming and outgoing electronic wave functions. It can
also be argued that the existence of the negative differential
resistance region is due to the gap in the transmission
coefficient.41 As one can see from the figure, there is a large
reduction in the transmission when the bias exceeds about
0.13 V . It is also found that the attachment of hydrocarbons
reduces the NDR of ZGNR. The origin of this reduction can
be traced back from the transmission [see Fig. 3(a)] and the
density of states (DOS) [see Fig. 3(b)]. The DOS shown in
Fig. 3(b) is integrated over the contributing states energies
described previously. The state significantly drops down due
to the coupling of hydrocarbon to the ZGNR. Moreover, the
calculated charge of bare ZGNR is about 207.96q (where q
is the electronic charge), compared to a charge of 252.46q in
the case of ZGNR with attached organic objects. Further study
is needed to see the effect of the attachment of an aromatic
molecule with a semiconducting ribbon (e.g., AGNR), which
is the focus of future work.
To study the variation of the DOS and transport properties
with the length and width of the ZGNR system, we have
calculated the DOS and transport by varying the lengths and
widths of the ribbon. Figures 5 and 6 present the variation of
different properties for different lengths and widths. The strong
dependence of the transmission and DOS on the ribbon can be
observed from the presented figures. This may be explained by
the fact that the band gap of the bare graphene ribbon decreases
with increasing ribbon width.37 In a recent CNT-based sensor
study,5 it was reported that the current of the bare tube is
larger (at the same bias) for larger-radius tubes due to their
smaller band gap. The current is calculated as the integral of the
transmission. Therefore, following the similar argument made
for the CNT-based sensor, the current in the ribbon increases
with ribbon width, which, in turn, demonstrates the increasing
of the transmission with increasing ribbon width. Furthermore,
the strong rise in the transmission upon increasing the widths
of the ribbons were reported in very recent studies.37,42,43
Next, we consider the effect of the concentration of adsorbed
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FIG. 5. (Color online) Comparison of (a) the transmission for
ZGNR, as a function of energy at equilibrium and (b) DOS. The
width of the ribbon [see Fig. 1(a)] is kept as M = 6, while the length
is varying 4 [e.g., N is increasing as in Fig. 1(a)].

FIG. 6. (Color online) Comparison of (a) transmission for ZGNR,
as a function of energy at equilibrium and (b) DOS. The length of the
ribbon [see Fig. 1(a)] is kept as N = 12, while the width is varying
[e.g., M is increasing as in Fig. 1(a)].

molecules on the conductance. Figure 7 presents the variation
of conductance and the DOS on absorbed molecules. Note
that the first three molecules are attached sequentially in one
side edge of the graphene and the other three molecules are
attached sequentially at the other edge of the graphene. It can
be observed that, for the first three molecules, there is very
little change in transmission. However, due to the attachment
of molecules at the other edges, transmission/conductance
drops down significantly. This can be explained as follows.
In the structure there are two conductance paths for electronic
transfer on either side of the ribbon. Due to the absorption
of molecules, the local density of electronic states along the
conductance path available for conduction decreases. In this
study we have considered the first three molecules to be
absorbed on one side of the ribbon, while the remaining three
are added to the other side. The first three molecules block
conduction in one conductance path, however, the other path

is available for conduction so the transmission is only slightly
reduced. When the molecules attach to the second conductance
path, waves are blocked in this conductance path. This causes
the transmission to reduce significantly. Due to this fact, we
observed a strikingly different behavior in this graphene-based
sensor study. Clearly, when acting as a sensor, in general, there
is no control over to which edge the molecules might attach.
For this reason, we studied attached molecules on both edges of
the graphene ribbon.
B. Effect of doping

In this section we examine the effect of doping on ZGNR
with attached organic objects. The BSE for boron doped at
the center is found as −2183.06 eV, whereas for doping
at the edge, it is about −2192.50 eV. Clearly there is no
significant difference in band energies. However, compared

045401-5

CHOWDHURY, ADHIKARI, REES, WILKS, AND SCARPA

PHYSICAL REVIEW B 83, 045401 (2011)
−5

3

9

Mass = 1
Mass = 2
Mass = 3
Mass = 4
Mass = 5
Mass = 6

2.5

x 10

−5

2
8

1.5

7

2

1

Current (A)

6

Transmission

x 10

1.5

0.5

5

0
0

4

0.05

0.1

0.15

0.2

1

3

2

0.5

Central doping
Edge doping
Undoped

1
0
−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

0

E−E (eV)
f

0

0.1

0.2

0.5

0.6

0.7

0.8

0.9

1

−5

Mass = 1
Mass = 2
Mass = 3
Mass = 4
Mass = 5
Mass = 6

9

x 10

−5

2

x 10

8

1.5

7

8000

1

6

Current (A)

Density of state (1/eV)

0.4

(a) Doping with Boron

12000

10000

0.3

Voltage (V)

(a) Transmission spectrum

6000

4000

0.5

5

0
0

4

0.05

0.1

0.15

0.2

3
2000

2

0
−1

Central doping
Edge doping
Undoped

1
−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

E−Ef (eV)

0

(b) Density of states

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Voltage (V)

FIG. 7. (Color online) (a) Effect of concentration of adsorbed
molecules on the conductance. The attached molecules are arranged
along length [M = 18 as in Fig. 1(a)]. In the figure, Mass = 6 denotes
that six molecules are attached to the ribbon. The calculated total
energies for different configurations are as follows: −20 378.48 eV,
−22 044.70 eV, −23 723.85 eV, −25 356.74 eV, −26 928.01 eV, and
−28 528.93 eV for Mass = 1,2,3,4,5, and 6, respectively. Note that
the first three molecules are attached sequentially in one edge of
the graphene and the other three molecules are attached sequentially
at the other edge of the graphene. It can be observed that, for the
first three molecules, there is very little change in transmission.
However, due to the attachment of molecules at the other edges,
transmission/conductance drops down significantly. (b) Density of
states.

to the undoped system the band energy of the doped system
reduces to about 30 eV. Similarly, for nitrogen doping at
the center, the BSE is found as −2264.61 eV, whereas for
doping at the edge, it is about −2250.89 eV. This clearly
demonstrates that nitrogen doping increases the band energy
by about 42 eV. Figure 8 shows the I -V characteristics of the
(6,0) ribbon with an attached organic fragment, both boron
and nitrogen doping. We observe the same trend of the current

(b) Doping with Nitrogen

FIG. 8. (Color online) I -V characteristics (a) for boron and
(b) nitrogen doped at the center and edge of ZGNR with attached
polyaromatic hydrocarbon. The inset figures shows the NDR of
ZGNR with attached organic molecules along with the corresponding
doped system. We notice that the effect of the edge doping has a
strictly increasing pattern, whereas for central doping the current
is virtually bias independent from V = 0.1 to V = 0.2 and NDR
phenomenon can be observed. It can also be observed that current
transmission due to edge doping is much greater compared to the
undoped system at V  0.2. In contrast, central doping makes a
reduction in current transmission. However, the small applied voltage
transmission of current in a doped system is always smaller than the
undoped system.

with increasing bias as mentioned previously. We notice that
the effect of the edge doping has a strictly increasing pattern,
whereas the central doping current is virtually bias independent
from V = 0.1 to V = 0.2 and NDR phenomenon can be
observed. It can also be observed that current transmission
due to edge doping is much greater compared to the undoped
system at V  0.2. In contrast, central doping makes a
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reduction in current transmission. For small applied voltage,
however, the transmission of current in the doped system
is always lower than the undoped system. We also noticed
that the doping of nitrogen at the ribbon edge is significantly
higher than others. This may be attributed to the fact that
edge nitrogen is able to inject more states into the system.
The calculated charge of central and edge doping due to
boron is about 251.59q and 251.48q, respectively, whereas
due to nitrogen doping it is about 253.39q and 253.44q,
respectively.
IV. CONCLUSION

In this work we demonstrated that GNR shows a clear
change in conductance in response to the attachment of an
aromatic molecule. We also studied the effect of doping on
the energy states as well as the transport properties of GNR
with attached organic objects. There exist different transport
mechanisms depending on the applied bias. These type of
structures seem to be useful to describe, qualitatively, the
effects on the transport properties of ZGNR when organic
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