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a b s t r a c t

Topological line defects in graphene synthesized in a highly controlled manner open up new research
directions for nanodevice applications. Here, we investigate two types of extended line defects in gra-
phene, namely octagonal/pentagonal and heptagonal/pentagonal reconstructions. A combination of
density functional theory and non-equilibrium Green's function methods was utilized in order to explore
the application potential of this system as an electronic gas sensor. Our findings show that the electric
current is confined to the line defect through gate voltage control, which combined with the enhanced
chemical reactivity at the grain boundary, makes this system a highly promising candidate for gas sensor
applications. As a proof of principle, we evaluated the sensitivity of a prototypical device toward NO2

molecule, demonstrating that it is indeed possible to reliably detect the target molecule.
© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The most widely used method for production of large scale
graphene sheets is chemical vapor deposition (CVD) on metal sur-
faces [1]. Previous works have observed grains, grain boundaries
(GB) and topological defects in CVD-grown graphene using trans-
mission electron microscopy [2e4]. Due to the honeycomb struc-
ture of graphene, the GB's are usually composed of octagonal,
pentagonal, heptagonal carbon rings and Stone-Wales (SW) re-
constructions [2,5].

In 2010, Lahiri et al. synthesized, on a Ni(111) substrate, a gra-
phene sheet enclosing an extended one-dimensional defect con-
taining octagonal and paired pentagonal sp2-hybridized carbon
rings [3]. Subsequently, it was shown that these octagonal-
pentagon (o-p) defects can be produced in free-standing gra-
phene in a controlled way, through simultaneous electron irradia-
tion and Joule heating by an applied electric current [6].
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Remarkably, such extended line defects induce a charge redistri-
bution in their surroundings, and could thus behave as a metallic
wire embedded in a graphene sheet [3]. Therefore, in contrast to
isolated defects, which are in general associated with electron
scattering and heat generation [7], such topological defects could
actually enhance the electronic transport properties of graphene
[5,8e10], although it should bementioned that these properties are
generally highly dependent on the relative orientation between
grain boundary and transport direction [11e13].

In 2007, Schedin et al. [14] have demonstrated the capability of
detecting a single molecule adsorbed on a graphene-based sensor
at room temperature. It was shown that the interaction between
graphene and electron acceptor molecules (e.g., H2O and NO2) in-
creases the device conductivity, whereas electron donors (e.g., CO
and NH2) induce a decrease in conductivity, an effect that has also
been experimentally observed for a variety of other molecules
[15e19]. Nonetheless, interactions between graphene and closed
shell molecules tend to be relatively weak, which implies a low
signal to noise ratio. Zhang et al., on the other hand, have shown,
via ab initio calculations, that the sensitivity of graphene-based
nanosensors could be improved by introducing dopants or
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Fig. 1. A sketch of the model used to calculate electronic transport properties of o-p
device (upper panel) and h-p device (lower panel). Carbon atoms within the shaded
regions forming the connecting wires of the left and right lead are referred to as Cw,
while the remaining carbon atoms associated with pristine graphene are labelled Cg. (A
colour version of this figure can be viewed online.)
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vacancies [20,21]. However, such an improvement to graphene-
based gas sensors comes at the cost of significantly larger adsorp-
tion energies of the target molecules, and consequently to an in-
crease in recovery time [20].

Thus, a good sensor should have three basic features: i) a small
but not negligible binding energy Eb, since recovery time is corre-
lated to Eb. In other words, the larger the binding energy, the harder
it is to remove it after detection, rendering the device non-
responsive after a single use. Furthermore, the sensor should pre-
sent significant ii) sensitivity, and iii) selectivity to different gases
[22e24]. In our case, this means large changes in conductance upon
adsorption for a particular gas compared to others. Extended line
defects in graphene possess higher chemical reactivity compared to
pristine regions [25,26], but significantly lower than single point
defects. This energy window can allow for an enhanced response
for chemical or sensing applications [27], and therefore pose as
interesting alternatives to modified graphene-based gas sensors. In
this work, we have used a combination of density functional theory
and non-equilibrium [28] Green's functions [29,30] to investigate
the electronic and transport properties of the two different types of
line defects in graphene. While the octagonal-pentagonal (o-p)
defect has been experimentally synthesized, it is possible that other
topological line defects can form as well in graphene. One such
proposal was presented by Berger [31] based on theoretical pre-
dictions. This defect consists of heptagonal and pentagonal rings
(h-p). We demonstrate that these extended defects can behave as
one-dimensional wires embedded in a pristine graphene sheet and
that, by applying an appropriate gate voltage, it is possible to select
which part of the device the electric current will predominantly
flow through. This, combined with the enhanced chemical reac-
tivity of atomic sites along the line defects, yields high promise for
this system to act as a highly sensitive and selective gas sensor. The
feasibility of such topological defects to detect and identify gas
molecules is explored here for NO2 as a point in case. We initially
examined the energetic stability of NO2 on both o-p and h-p line
defects and found that the target molecule binds more strongly to
the former system, by approximately 0.6 eV per molecule. Addi-
tionally, analysis of the conductance changes induced by the
adsorbate on the prototypical device has shown that o-p exhibits
higher sensitivity towards NO2 than h-p.

2. Methodology

The structures of the topological defects considered in this work
are shown in Fig. 1(aeb). All calculations were performed using
periodic boundary conditions in the x-direction. We ensure that
there is no interaction between images of the line defects. In that
way the o-p (h-p) supercell is 18.46 (19.47) Å wide, and 29.52
(29.28) Å long. In both systems, the distance between the line
defect and its in-plane periodic image is greater than 14 Å, which is
sufficient to avoid spurious interactions. Geometry relaxations and
electronic structure calculations were performed using density
functional theory (DFT) [32,33] in the generalized gradient
approximation of Perdew, Burke, and Ernzerhof (GGA-PBE) [34],
which was corrected to take into account van der Waals in-
teractions [35,36], as implemented in the SIESTA code [37]. A
double-zeta basis set with polarization orbitals (DZP) along with
norm-conserving pseudopotentials [38] was employed for all the
atoms. The mesh cutoff was set to 200Ry for the real space grid, and
the Monkhorst-Pack scheme [39] was used with a mesh of 4� 1�
3 k-points for the Brillouin zone integration. Structural relaxations
were carried out until residual forces on each ion were less than
0.01 eV/Å.

The electronic transport properties were investigated via the
non-equilibrium Green's function (NEGF) method [29,30,40,41].
Within that approach, the system is divided into three parts: a
scattering region (SR) enclosed by two semi-infinite electrodes on
either side [42]. The problem can then be treated as a scattering
problem [43]. The main quantity that can be used to describe the
system is the retarded Green's function

GRðE;VÞ ¼ lim
h/0þ

½εSSR � HSR � SLðE;VÞ � SRðE;VÞ��1 ; (1)

where ε ¼ E þ ih, SSR and HSR are the overlap and Hamiltonian for
the scattering region, and SðE;VÞL=R are the so-called self-energies,
which include the effects of the electrodes onto the SR. In this work
the Hamiltonian for the scattering region is taken as the Kohn-
Sham Hamiltonian, which is a functional of the charge density
nðrÞ, HSR≡HKS½n�.

For a given bias V, the two electrodes have fixed chemical po-
tentials mL=R ¼ m0±V=2, which define the boundary conditions for
the problem. Thus, a self-consistent calculation is performed to find
the charge density at steady state, and consequently the Hamilto-
nian. From that, the current can be calculated

IðVÞ ¼ 2e
h

Z
TðE;VÞðf ðE � mLÞ � f ðE � mRÞÞdE (2)

where the quantity

TðEÞ ¼ Tr
h
GRðE;VÞGRðE;VÞGLðE;VÞGAðE;VÞ

i
; (3)

is the probability that an incoming electron with energy E, at a
given bias V will be transmitted across the scattering region, and
f ðεÞ is the Fermi-Dirac distribution for energy ε. The operators
GL;ðRÞðE;VÞ ¼ i½SL;ðRÞ � S

y
L;ðRÞ� define the coupling with the left and

right electrodes.
In the limit of zero bias (linear regime), the conductance can be

related to the transmission TðE;0Þ via the Fisher-Lee relation [44].
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G ¼ G0TðEFÞ ; (4)

where G0 ¼ 2e2=h is the quantum of conductance. At biases
different from zero, the current corresponds to the integral over all
transmission probabilities within the energy window around the
Fermi energy defined by ±V=2 [41]. Finally, by projecting the
transmission between each pair of adjacent sites, one can gain
insight into the pathway of the local current flow through the de-
vice; hence, the local current density between sites N and M of the
scattering region is given by:

iðEÞN/M ¼ 4
e
h

X
n2N

m2M

J
hn

GRðEÞGLG
AðEÞ

o
mn

Hnm

i
; (5)

where the above sum runs over all localized atomic orbitals n andm
of the basis set belonging to atoms in either site, and for a specific
energy E. For further details, we refer to the works of Okabayashi
et al. [45] and of Paulsson and Brandbyge [46].

3. Results and discussion

Focusing on the electronic and transport properties of the two
different line defects, Fig. 2a shows the zero-bias transmission
spectra for both systems studied herein. In the case of the o-p line
defect (solid line), one can observe that for an energy window of
approximately 0.6 eV around the Fermi level (EF ) there are two
conducting channels which are ascribed to states associated with
carbon atoms from the line defect (Cw) as well as from the pristine
graphene region (Cg), as can be seen in the projected density of
states (PDOS) of Fig. 2b. We also note that in the two energy ranges
from �1.00 to �0.20 eV and from 0.10 to 0.20 eV, one extra con-
ducting path appears leading to 3 channels. Additionally, a 1-
channel plateau between 0.20 and 0.90 eV appears, which can be
projected onto states from both Cg and Cw atoms.

Considering the h-p defect device (dashed line in Fig. 2a), zero-
transmission is observed within the range EF±0:20 eV, which is in
line with the band-gap observed in the PDOS (Fig. 2c). For higher
energies, however, h-p presents a transmission enhancement
mimicking its PDOS for those corresponding energy ranges (see
Fig. 2c). It is worth noting, particularly in the case of the h-p defect,
Fig. 2. (a) Zero-bias transmission spectra. Total and Projected density of states (PDOS) for (b
that in the limit of an infinitely wide graphene sheet one should
expect no gap. The key point is that, as the graphene sheet widens,
the gap will monotonically close and the relative density of states
between atoms in the wires and in the sheets will remain un-
changed (see Supplementary data for further details).

To further understand the zero-bias transmission curves in
Fig. 2a, and shed light on the way electrons flow through the de-
vices, local currents are analyzed at specific energy values. In Fig. 3
the local currents at E ¼ �0:3, 0.0 and þ0:3 eV, (upper panels
correspond to the o-p and lower panels to the h-p system), are
shown. At the Fermi level (Fig. 3-b), the local currents spread
somewhat uniformly over the o-p system, since the contribution
for the transmission is shared by states from Cg and Cw atoms (as
seen in PDOS of Fig. 2b). On the other hand, for the h-p device there
is no current due to the energy gap of approximately 0.9 eV, and to
the fact that the density of states in graphene goes to zero exactly at
EF .

Themore interesting behavior occurs away from the Fermi level,
in regions which could be assessed by a gate voltage. This could be
achieved by depositing graphene containing the line defects onto a
substrate, which would not alter the properties of the system [47].
A back-gate can then be used to alter the position of its Fermi level
[47]. In the o-p case at E¼±0:3 eV the current is confined to the
wire. It is important to note that this does notmean that the current
in graphene is zero, but indicates that the current density is
significantly larger than in the wire. In fact, the local currents in the
graphene are barely visible. We note that in the o-p case with
E¼ 0.3eV the PDOS indicates that the density of states for both Cg
and Cw atoms is similar. The total current is, in fact, similar, but for
the line defect it is confined in a much narrower region giving rise
to a higher current density. A similar effect is also observed in the h-
p case for E¼þ0:3 eV, albeit here, the PDOS for Cw is significantly
higher. The opposite trend is present for E¼�0:3 eV, i.e. the wire is
insulating whereas the graphene matrix is conducting for negative
energies. These findings corroborate the idea that the o-p extended
defect can act as a metallic wire embedded in graphene [3,27,48].

Considering the results above, we then turn to the use of these
devices for sensing. As previously mentioned, a key problem in
using graphene for sensing applications is the fact that the binding
energy of closed-shell molecules on graphene is usually small.
Although this leads to easy recovery, it usually decreases the signal
) o-p defects and (c) h-p defects. (A colour version of this figure can be viewed online.)



Fig. 3. Local currents at different energies with respect to the Fermi level for the o-p (upper panel) and h-p devices (lower panel). (a) E-EF¼-0.3 eV, (b) E-EF¼0.0 eV and (c) E-
EF¼þ0.3 eV. (A colour version of this figure can be viewed online.)

Fig. 4. (a) Fully relaxed structure of o-p þ NO2 (left panel) and electronic charge
density redistribution (right panel), colored according to sign, yellow for positive and
green for negative (isosurface for a value of 0.003 e�Bohr-3), which is calculated as the
difference between the charge density of the total system (o-p þ NO2) and that of each
constituent part (o-p, NO2) in separate. (b) o-p þ NO2 PDOS. (A colour version of this
figure can be viewed online.)
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to noise ratio. Furthermore, in a two-dimensional system, there is
normally a large number of conducting channels available. In that
case, to achieve large sensitivity, scatterers must couple to a large
number of k-vectors for any given energy. On the other hand, the
capability of controlling which device region will be associated
with current flow (essentially creating a one-dimensional wire),
combined with the enhanced reactivity of sites in extended topo-
logical defects in graphene [25,26], could make o-p and h-p sys-
tems promising candidates for bio- and gas sensor applications.
Although both systems studied here are stable from the theoretical
point of view [31,49,50], the o-p line defect has been synthesized in
a highly controlled manner [3,6] and has a lower formation energy.

Focusing on the latter defect, and in order to get a deeper insight
into the feasibility of gas sensors based on graphene grain bound-
aries, the energetic stability, charge transfer and sensitivity of o-p
system toward NO2 adsorption was evaluated. We performed cal-
culations for the adsorption of NO2 molecule on different positions
of the line defects (see supplementary data for details). Fig. 4a (left
panel) shows the fully relaxed geometry for NO2 on the o-p device.
It is worth noting that the NO2 is located on top of a carbon site
shared by the paired pentagon and the octagon carbon ring, which
is approximately 0.13 eV more favorable than the competing ones
(see supplemental data). The binding energy of the NO2 molecule
on o-p device was 0.61 eV/molecule, which is approximately
0.13 eV/molecule more stable than pristine graphene. In contrast, it
is 2.42 eV/molecule smaller than defective graphene [20] where a
covalent bond was found.

As a first step to understand the interaction between molecule
and the line defect - and its subsequent effect on transport - we
have mapped the total charge density redistribution Dr( r!) by
comparing the total charge of the system rðNO2þdeviceÞð r!Þ with its
separated parts, rNO2

ð r!Þ and rdeviceð r!Þ,

Drð r!Þ ¼ rdeviceþNO2
ð r!Þ � �

rNO2
ð r!Þ þ rdeviceð r!Þ� (6)

Our results for Dr( r!) are depicted in Fig. 4a (right panel). A
uniform charge density redistribution is found on the plane of the C
atoms around the C-N bond with gain (yellow) and loss (green) of
electronic charge. We also note a significant charge density redis-
tribution in the region of the C-N bond perpendicular to the plane
of C atoms. Based on the Bader scheme [51,52] we found that the
net charge of the o-p systemwas reduced by 0:23e, which indicates
that the NO2 molecule is an electron acceptor, as already predicted
for NO2 on defective and pristine graphene [20].

Both the relatively small Eb and large charge transfer are good
indicators that this type of device would satisfy our two pre-
requisites. In particular, the large charge transfer is an indication
that the interaction between molecule and device is large enough
to yield noticeable changes in the transport properties.

Next, we explore the electronic transport and define the zero-
bias sensitivity as

Sð%Þ ¼
����ðg0 � gÞ

g0

����� 100 ; (7)

where g0 stands for the conductance of the o-p system (used as a
reference) and g for the system with the adsorbed molecule (o-p



Fig. 5. Transport properties for the o-p and o-p þ NO2: (a) Zero-bias transmission spectra, (b) zero-bias sensitivity as a function of energy, (c) I � V characteristics, (d) bias-
dependent sensitivity. (A colour version of this figure can be viewed online.)
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þNO2). The zero-bias transmission for both cases is depicted in
Fig. 5a. We can note a significant drop in transmission upon
adsorption. At least three anti-resonance peaks are present; two of
those (at�1.4 and 0.1 eV) are due to the molecule and one (�1.1 eV)
is associated with interaction-induced localized states on the de-
vice as shown in the PDOS of Fig. 4-b, i.e. the states from the
molecule are hybridized with the defective carbon atoms.

The zero-bias sensitivity as a function of energy is depicted in
Fig. 5-b. This is equivalent to tuning the Fermi energy by a gate
voltage. We observed a significant e and approximately constant e
sensitivity (� 35%) for a gate voltage in the range of (�1:00 to�0:25
eV), and very large sensitivities for (� 60� 100%) from 0.25 to
1.00 eV. In both cases we note that the interaction with the mole-
cule leads to the complete suppression of one conductance channel.
For the resonance close to the Fermi energy, the sensitivity is
approximately 60%. As pointed out before, this resonance comes
from the gas molecule states hybridized with the defect's C atoms.
Fig. 5c shows the I � V characteristics for our setups. We note that
the I � V characteristics upon adsorption are not symmetric with
respect to bias. While the isolated molecule and the o-p defect are
mirror-symmetric, upon adsorption, that symmetry is broken.
Different self-consistent responses to an external bias lead to a
small asymmetry due to charging. Fig. 5d shows the behavior of the
bias-dependent sensitivity, which is calculated using equation (7)
by replacing the conductance by the corresponding currents at
each bias voltage. which, for negative applied voltages, shows a
larger difference compared to positive ones. Although the calcu-
lated sensitivity is small - � 8� 10% - it is similar to the zero-bias
transmission in the energy window ±0:25 eV. This means that at
low bias, it compares well with the zero-bias transmission. We thus
note that it could be significantly enhanced by changing the gate
voltage accessing regions where the defect is more metallic in na-
ture. Finally, regarding selectivity, we note that the binding energy
of NO2 [20] is higher than that of O2 [53]; this not only influences
the residence time, but also the electronic transport [54], thus
possibly leading to good selectivity as well.
4. Conclusions

In conclusion, electronic and transport properties of extended
line defects in graphene have been investigated. We demonstrated
that such topological defects canwork as a metallic wire embedded
in perfect graphene, and by applying specific gate voltages one is
able to control through which part of the modified graphene sheet
the electric current will most likely flow. The ability of controlling
current pathways along with the enhanced reactivity of sites at
defective regions make these systems promising candidates to be
used in advanced gas sensor platforms. Based on our results, it was
shown that a device based on the octagonal-pentagonal (o-p)
defect is highly sensitive towards NO2 molecule and constitutes an
interesting alternative to improve graphene gas sensor capabilities
without detrimentally affecting its recovery time.
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