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Abstract—Graphene nanoribbons (GNRs) are the most impor-
tant emerging Graphene structures for nanoelectronic and sensor
applications. GNRs with perfect lattices have been extensively
studied, but fabricated GNRs contain lattice defects the effect of
which on their electronic properties has not been studied exten-
sively enough. In this paper, we apply the Non-Equilibrium Green’s
function (NEGF) method combined with tight-binding Hamiltoni-
ans to investigate the effect of lattice defects on the conductance
of GNRs. We specifically study, butterfly shaped GNRs, which
operate effectively as switches, and have been used in CMOS-like
architectures. The cases of the most usual defects, namely the single
and double vacancy have been analytically examined. The effect of
these vacancies was computed by placing them in different regions
and with various numbers on GNR nano-devices, namely edges,
main body, contacts and narrow regions. The computation results
are presented in the form of energy dispersion diagrams as well as
diagrams of maximum conductance as a function of the number
of lattice defects. We also present results on the defect tolerance of
the butterfly shaped GNR devices.

Index Terms—Defects, graphene, graphene nanoribbons
(GNRs), nanoelectronics, nanoscale devices, non-equilibrium
green ’s function (NEGF).

I. INTRODUCTION

GRAPHENE, is a two-dimensional (2D) material that was
effectively isolated in 2004 and exhibits unique mechan-

ical, electrical, optical and thermal properties [1], [2]. At the
simplest and most interesting configuration, graphene is a single
layer of carbon atoms that are organized as a honeycomb lattice.
Single Layer Graphene (SLG) is formed at large areas by CVD
method on Cu foils. The fabrication method makes unavoidable
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the presence of structural defects [3]. These are mainly attributed
to the process conditions such as the growth rate [4], and the
imperfections of the metallic foils [5]. In addition, the harsh pro-
cess of the graphene during the transfer on the desired substrate
and/or device fabrication induces lattice defects [6]. The SLG
defects are distinguished to intrinsic and extrinsic [7], where the
first term refers to structural imperfections of the honeycomb
lattice, while the last one to defects due to non-carbon atoms or
chemical groups attached on the SLG lattice. Experimentally,
the SLG defects were investigated by Raman spectoscopy [8]
and transmission electron microscopy (TEM) [9] regarding their
structural properties and by Hall and conductivity measurements
regarding their transport properties. Profound theoretical works
and reviews [6], [10] have been published on the effect of
lattice defects on the transport properties of graphene, where
tight-binding [11], ab initio and combined methods have been
examined [10]. Among the various predicted characteristics of
a defective graphene lattice, which have been found experi-
mentally and modeled successfully, is conductivity engineering
of graphene sheets by controlling the structural defects [12].
Although it is well-known that lattice defects always reduce
the mobility – and hence the conductivity of graphene due to
scattering effects – it has been demonstrated that defects can also
improve the conductivity through the generation of carriers. In
the same direction, it has been proven that the metal/graphene
contact resistance is remarkably decreased when extended de-
fects are introduced in the graphene lattice underneath the metal
electrodes [13], [14].

Obviously, defects are expected to affect severely the proper-
ties of graphene sheets as their size (mainly the width W ) de-
creases and becomes the so called graphene nanoribbon (GNR),
which is the most emerging structure for graphene low power
electronic devices and sensors [15], [16]. The attractive proper-
ties of GNRs arise from quantum confinement and the edge form
(zigzag or armchair) of the GNR lattice. The spatial confinement
leads to momentum and consequently to discrete energy bands
(ΔE ∼ 2 eV/W (nm)) and conductance quantization, while
the armchair GNR can be either metallic or semiconducting
depending on the size W of the GNR. It has been theoretically
predicted and experimentally proven that when a GNR is below
10 nm shows semiconducting properties despite the metallic one
in bulk [17]. Several theoretical studies on GNR defects have
been published [18]–[21]. Recently, theoretical investigations
have demonstrated that GNRs can be used to form p-n junc-
tions [22], and complementary logic gates [23] with superior
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delay time compared to CMOS [24], as well as Multi Value Logic
circuits [25]. Furthermore, it has been predicted by simulation
that depending on the shape of the GNR it is possible to create
energy pseudo-gaps where conductivity is zero and thus to create
a full set of logic gates by engineering the GNR shape [26], [27].

In this paper, we explore the effect of the most common lattice
defects on the conductivity of a GNR combining Tight-Binding
Hamiltonian (TBH) with the Non-Equilibrium Green’s Function
(NEGF) method and the Landauer formalism for the conductiv-
ity calculation, in terms of the defect location and concentration.
The cases of the simplest possible defects, namely the single
and double vacancy have been analytically examined. Those
vacancies were tested in different regions and concentrations on
the GNR nanodevice, like edges, main body, contacts and narrow
region. The corresponding results are presented in the form of
energy dispersion diagrams, maximum conductance to number
of lattice defects diagrams, as well as change of energy gap to
defect density diagrams, indicating the varying defect tolerance
of the butterfly shaped GNR devices. With this study, we further
investigate these lattice effects aiming to aid the design of real
nanoelectronic circuits in which defects will always be present.
We also provide insights in the previously unexplored field of
defects on GQPC devices, which is crucial for their viability as
devices of computational circuits. The aforementioned analysis,
with the addition of defect locality as a parameter, comprise a
tool for a rough estimation of defect density and locality in real
devices, which is obtained by only measuring the conductance of
the device. The rest of the manuscript is structured as follows.
In Section II, we describe the modeling methodology and the
theoretical aspects of the proposed simulation. In Section III
to VII, the simulation results on the effect on the conductivity
of the defects in various regions of the GNR are presented and
thoroughly discussed. Finally, Section IX summarizes the results
and draws the main conclusions.

II. MODELLING AND METHOD

The calculation of conductance of a GNR was achieved by
combining the Tight-Binding Hamiltonian (TBH) method [28],
[29] and the Non-Equilibrium Green’s Function (NEGF)
method [30], [31], which is considered to be the state of the
art modeling method for atomic level modeling of nanoscale
devices, and, in particular, carrier transport, which are governed
by quantum mechanical effects. The combination of the two
aforementioned methods enables us to perform computations for
any possible nanoribbon shape. In this work, we are considering
the butterfly shape (quantum-point contact) [32], [33], that is a
GNR comprising a graphene nanostripe, called hereby channel,
ending at both sides to large trapezoid graphene regions, called
hereby contacts, as shown in Fig. 1. In terms of dimensions,
the device under investigation has a total length of 6.026 nm
(30

√
2α). The width on the short region is equal to 1.562 nm

(11α), while the maximum width of the large region is equal
to 5.822 nm (41α), where α is the lattice constant equal to
0.142 nm, but the results are similar also for higher dimension
devices. The edges of the GNR were selected to have zigzag
configuration. Our calculations were focused on the dependence

Fig. 1. Top row: The lattice of a graphene nanoribbon and its conductance
dispersion diagram shown on the right side of the top row. The absence of band
gap is evident. Bottom row: A butterfly shaped GNR, the geometry of which
results in a small band gap around the Fermi energy level (zero in the y-axis).

of the conductance of the described GNR structure with the
presence of defects. We examine the conductance modification
for the following cases: (a) defect distribution in the channel,
(b) defect distribution in the contacts, and (c) the concentration
of defects in each GNR region.

The TBH is given by:

H = −τ
∑

i,j

ĉiĉ
†
j , (1)

where ĉi, ĉ
†
j are the annihilation and creation operators respec-

tively and τ is the overlap integral that has been computed to be
equal to about −3 eV [34]. In our approach, we are taking into
consideration only first nearest neighbour interactions, mean-
ing that we neglect every other interaction between non-direct
neighbouring carbon atoms. Increasing the range of atoms’
effective neighbourhood significantly increases computational
complexity, while offering only insignificant increase to the
method’s precision.

After the introduction of the GNR geometry through the TBH
and electron hopping between atoms, we use the NEGF method
to calculate its conductance. Briefly, NEGF method consists of
4 main equations. The 1st step is the computation of the retarded
Green’s function using Eq. (2):

GR = [EI −H − ΣL − ΣR]
−1, (2)

where E stands for the energy of the electrons transported
through the nanoribbon and I is the identity matrix, which shares
the same dimensions with the tight-binding Hamiltonian H
(Eq. (1)). Even though NEGF can be used for simulating devices
with any number of contacts [35], in our case we are utilizing
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Fig. 2. Graphene lattice with (a) Bulk defects at channel and contact regions, (b) Bulk defects only at the contact region, (c) Bulk defects only at the channel
region, (d) Edge defects only at the channel region, (e) Edge defects only at the contact region, (f) Edge defects at the channel and contact region.

only two contacts. So, ΣL and ΣR are the self-energies of the
left and the right contact respectively. Taking into consideration
the above formulations, the advanced Green’s function can be
computed as: GA = (GR)†.

The 2nd equation of the NEGF method is:

Gn = GRΣinGA, (3)

where Gn physically represents the density of electrons at a
specific energy levelE. The termΣin practically reflects the total
power of an external source (i.e. the applied potential difference
between the left and right ohmic contact of a device) and is
calculated by the following equation:

Σin = fLΓL + fRΓR. (4)

Here, fL and fR denote the Fermi energy of the left and right
contact, respectively. ΓL and ΓR are the broadening factors of
left and right contact respectively, which are calculated as a
function of the aforementioned self-energies ΣL and ΣR. The
broadening factors physically describe the hoping of electrons
from the ohmic contacts to the main conductor.

The 3rd equation of the NEGF method derives from Eq. (2)
and calculates the density of states (DoS) as follows:

A = i(GR −GA). (5)

Finally, the 4th and last equation of the method is used to
compute the conductance of the system, as a function of electron
energy, between the two contacts:

G(E) =
2q2

h
Trace[ΓLG

RΓRG
A]. (6)

As mentioned before, GNRs with zigzag edge configuration
have been proven to have a semi-metallic behavior instead of

a much desired semiconducting one [36]. The zero band-gap
problem is therefore a great obstacle in the use of graphene
nanoribbons for the realizations of new graphene based switch-
ing devices. There is a lot of research going on around the zero
band-gap problem, and several solutions have been proposed,
like the vertical stacking of graphene layers for the realization
of bi- and multi-layer graphene [37] and the growth of graphene
on specific substrates [38]. Additionally, the narrowing of one
of GNR’s dimensions has been proposed as an effective way
for realizing band-gap. Recent research has exploited that exact
property for the realization of GFET like devices with the use
of butterfly shaped GNRs [32].

This geometry of graphene, that enables band gap engineering
of GNR based devices, has been expanded with the utilization
of devices with different shaped GNRs. The proposed devices
when combined together can lead to computing architectures
similar to that of CMOS, but with much better performance in
terms of delay [23]. This makes such devices a very promising
alternative to silicon based structures. However, the reliability,
viability and practical exploitation of those, cannot be validated
without an extensive analysis on their behavior when under the
effect of lattice defects (Fig. 2).

III. DEFECTS IN GNRS

In this Section, the types of defects considered in the GNR
lattice as shown in Fig. 4(a) are presented. In particular, the single
vacancy (SV) in different configurations is shown, and, in more
details, the standard single vacancy in Fig. 4(b) and, the case
where a bond between two of the three available carbon atoms
is formed, the corresponding single vacancy (Fig. 4(c)). These
defects are described in the literature as a single vacancyV 1(5-9)
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Fig. 3. (a) Energy dispersion diagrams of the conductance calculated for different number of defects in GNR lattices shown in Fig. 2(a). (b) The dependence
of the maximum conductance of a GNR on the number of lattice defects. The average values of G for each nd are varying smoothly (solid line). (c) The change
of maximum energy of valence band, minimum energy of conduction band, and energy gap with the increase of bulk defect density on both contact and channel
region, while straight lines are the fitting lines for every variable.

Fig. 4. Graphene lattice with (a) no defect, (b) a single vacancy (SV), (c)
a single vacancy with two available carbon atoms bonded V 1(5-9) and (d) a
double vacancy V 2(5-8-5).

due to the appearance of two different grid structures, where
one of them (the top defined in the image above) consists of 5
atoms, while the other consists of 9 atoms [3], respectively. The
formation and the migration energies of this defect are 7.4eV and
1.7eV , respectively [39]. While the length of the normal bond
between two carbon atoms is about 0.142 nm long, the new bond
that is formed between two carbon atoms after the vacancy, has a
length of r = (0.142×√

(3))nm. This different bond is intro-
duced in the model through the tight binding overlap parameter.
For the original bond of 0.142 nm, the overlap parameter has
been experimentally determined to be about −3 eV . The new
overlap integral τ can be calculated by:

τ0 = −3× 1.42

r2
. (7)

Moreover, the expansion of this phenomenon can lead to the
creation of the so called in literature, double vacancy V 2(5-8-5),
as shown in Fig. 4(d). This is the most thermodynamic stable

configuration and the migration energy of V 2 is 7eV , denoting
that V 2 is almost stationary. In addition, in case of V 1 there is
always a dangling bond while in case of V 2 there is no dangling
bond, meaning that V 1 is chemically reactive while V 2 is not.

Our investigations begin by simulating the case where the
whole GNR lattice contains defects, except for the edges. The
number of defects is varied in the range of 5 to 100. The
calculations were executed in an additive way, meaning that 5
more vacancies were added in a random way to the previously
existing formation. This process was repeated (for 10 times)
and the final results were averaged. This procedure was fol-
lowed in all simulations presented in this work, unless other-
wise specified. Such typical deffective GNR lattice is shown
in Fig. 2(a).

Figure 3(a) presents the effect of defect number on the
electronic properties of the GNR utilizing conductance energy
dispersion diagrams. The calculated conductanceG is expressed
in quantum conductance units, 2q2

h where q is the elementary
charge and h is the Planck’s constant. As previously mentioned,
each diagram is an average of 10 different simulations for the
same number of defects in the GNR lattice. Considering that
the total number of carbon atoms in the simulated GNR are
840, then the number of defects from 5 to 100 correspond
to a concentration nd in the range 0.6− 12%. Obviously, the
results in Fig. 3(b) reveal that G is lowering as the nd increases.
Moreover, the G(E) curves are not symmetric with respect to
the Fermi level EF (or the neutrality point) and this asymmetry
becomes more evident for energies higher than the energy where
maximum conductanceGmax is observed. This finding suggests
that the GNR conductance is affected in a different manner for
electrons and holes. Nevertheless, the energy gap Eg around
the neutrality point remains constant for all examined values
of nd. The latter result is mainly attributed to the fact that the
bulk disorder in a GNR with perfect edges does not affect the
carrier transport taking place mainly from the edges. It should
be here emphasized that the energy gap Eg is not the same
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Fig. 5. (a) Energy dispersion diagrams of the conductance calculated for different numbers of defects in GNR lattices shown in Fig. 2(b). (b) The dependence of
the maximum conductance of a GNR on the number of lattice defects on contact region. (c) The change of maximum energy of valence band, minimum energy of
conduction band, and energy gap with the increase of bulk defect density on contact region, while straight lines are the fitting lines for every variable.

with that extracted by transport measurements, the transport
gap, beyond which the conductivity of the GNR increases very
fast, i.e. the change from the OFF state to the ON state. In
most cases transport gap is larger due to several GNR device
imperfections [40]. Furthermore, the conductance quantization
is fading and practically disappears for nd> 1.2%.

In order to investigate further the conductance degradation
as a function of the defect number, we examine the variation
of Gmax at positive energies, e.g. Gmax = 6.1 at E−EF

τ = 1.1.
For the shake of comparison, Gmax is divided with Gmax,0 that
is the maximum conductance of the perfect GNR (see Fig. 1).
Hereafter, the Gmax and the normalized Gmax

Gmax,0
will be used

without any difference. In Fig. 3(b), the dependence of Gmax

Gmax,0
on

nd is shown. Evidently, Gmax decreases rapidly for nd< 3.6%
and more slowly for higher concentrations.

Another significant parameter that can be potentially of great
importance, is the effect of lattice defects on the size of the
energy gap (Eg).

For the general case of defects on the whole bulk region
of the device, including both the channel and contact regions,
Fig. 3(c) shows the change of the Eg with the increase of defect
concentration on the grid. This figure also presents the change
of Epos and Eneg which correspond to the lowest energy of the
conduction band and the highest energy of the valence band,
respectively. Those energies are connected with the Eg , which
can be calculated as Eg = |Epos − Eneg|.

Figure 3(c) indicates that Eg broadens, while Epos rises and
Eneg decreases. They can be fitted finely on least squares lines
whilst those straight lines have different slopes. In particular,
the line that describes Epos has the highest slope, namely
apos = 0.0744, the slope of Eg follows a value of ag = 0.0342,
while Eneg changes the least with a slope of aneg = −0.0403.
It is also obvious that EF does not have an equal distance from
Epos and Eneg , but, in this case, it is located closer to Eneg .
The presented asymmetry is visible on the energy dispersion di-
agrams of Fig. 3(a). TheEg increase can be reasonably explained

by the symmetry breaking that creates electron scattering on the
graphene surface.

IV. DEFECTS IN THE WIDE REGIONS

In order to separate the effect of the defects in the contacts
from the defects in channel regions, further simulations were
performed. More specifically, we constructed lattices where
defects were located only in the contact regions and, in particular,
only in the bulk region of the GNR, without affecting the edges.
Such lattices, used in simulations, are shown in Fig. 2(b).

The conductance dispersion diagrams are shown in Fig. 5(a).
In this case, those diagrams indicate a slightly different behavior
of the device, in comparison with the previous general case of
defects covering both channel and contact regions. Even though
the conductance G is always lowering as the nd increases, the
ratio of this decrease is smaller. This result is in harmony with the
property of GNRs maximum conductance to be affected mainly
by the shortest dimension of the grid. Again, the symmetry
around Ef is not preserved especially for a high number of
defects. A very interesting finding is that the effect on the level
quantization phenomenon is far inferior in this case. Especially
for energies higher than Ef , conductance quantization is almost
perfectly preserved for nd ≤ 1.2%, and also very well preserved
for nd = 1.8%, and even higher defect densities.

In Fig. 5(c), the diagram of the Eg change provides similar
results with the previous case.Epos andEg are again increasing,
while Eneg is decreasing. Epos increases with a slope of apos =
0.4684, Eneg decreases with a slope of aneg = −0.2437 and Eg

is the variable that changes with the lowest slope of the three,
ag = 0.2246, but very close in terms of absolute value to the
slope of Epos.

V. DEFECTS IN THE CHANNEL REGION

According to the results of the previous section, it is apparent
that the defects in the channel should govern the conductance
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Fig. 6. (a) Energy dispersion diagrams of the conductance calculated for different number of defects in GNR lattices shown in Fig. 2(c). (b) The dependence of
the maximum conductance of a GNR on the number of lattice defects on channel region. (c) The change of maximum energy of valence band, minimum energy
of conduction band, and energy gap with the increase of bulk defect density on channel region, while straight lines are the fitting lines for every variable.

lowering in the under study GNR structure. For the purpose of
deeper understanding, the effect of defects in GNR lattice only
in the channel region was investigated according to Fig. 2(c).

The related energy dispersion of the conductance is shown in
Fig. 6(a) and the dependence of the maximum conductance on
the increase of the defects is presented in Fig. 6(b). The total
number of defects in the channel region that was examined, was
up to 5.4% of the total number of atoms in the device. Such
a concentration of defects, restricted in the channel region is
destructive for the device. Thus, further increase of the defect
densities surely does not give any significant results.

Fig. 6(c) describes the change of Epos, Eg and Eneg with the
increase of defect densities at the edges of the device channel
regions. For the first time here, an increase on the defect density
leads to the decrease of the Epos. This is accompanied by a very
small increase of the Eneg and both lead to a decrease of Eg ,
meaning practically to a smaller energy gap. In particular, the
slope ofEpos decrease is equal toapos = −0.0247, which is very
close the slope of Eg decrease, i.e. ag = −0.219. The rate by
which Eneg increases is very small and equal to aneg = 0.0028.
This practically means that the line that describes the change
of Eneg is almost straight. It is also the reason why the change
rates of Epos and Eg are almost the same.

In the following Sections, we present our simulation results
regarding the influence of the edge defects in a GNR with no
bulk disorder on the conductance.

VI. DEFECTS AT THE CHANNEL EDGES

The channel region has proven to be the most significant one,
in terms of affecting the electric properties, and, most impor-
tant, the conductance of GNR based devices. This phenomenon
is attributed to the dominant role of the smallest dimension
of a nanoribbon sheet on the device’s operation. The same
phenomenon applies when dealing with defects concentrations

Fig. 7. Graphene lattice with zigzag edge with three different type of defects:
(a) single C atom, (b) two C atoms and (c) three C atoms.

only at the edges. The effect of the channel edge defects on
the conductance are examined. Typical configurations of edge
defects considered in our simulations are demonstrated in Fig. 7.
Obviously, the presence of edge defects lead to a local shortening
of the channel region width.

Lattices with a range of 1 to 36 defects were tested with
the incremental step of the number of vacancies being 1. The
selected step is smaller than the previous one because the number
of atoms comprising the edges, is by far smaller. Also, due to the
significant effect of the edges on electron transport properties, a
more early and abrupt change on the conductance of the device
is expected.

In Fig. 2(d), a typical grid with defective channel edges is
presented. The extreme case of the two whole rows of atoms
missing, one from the top and one from the bottom, is of great
interest. This leads to a grid which preserves its symmetry and
zig-zag shape, but has a smaller channel width, which is reduced
by (2 +

√
2)α.

Fig. 8(a) shows the calculated dispersion diagram indicating
the effect of defective grids on the device’s operation for various
numbers of defects. It is clear that after a certain number of
defects, the conductance on the device starts to increase again,
in accordance with relevant results in the field [41], until the
extreme case of 36 defects was considered, where perfect shaped
quantised levels reappear. This time the number of levels is
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Fig. 8. (a), (d) Energy dispersion diagrams of the conductance calculated for different number of defects in GNR lattices shown in Fig. 2(d) and Fig. 2(e),
respectively. (b), (e) The dependence of the maximum conductance of a GNR on the number of lattice defects for edge defects only at the channel region and
contact region, respectively. (c), (f) The change of maximum energy of valence band, minimum energy of conduction band, and energy gap with the increase of
edge defect density on channel region and contact region, respectively, while straight lines are the fitting lines for every variable.

smaller, due to the smaller width of the channel region, which
directly affects the quantization.

The maximum conductance for the different number of de-
fects, is presented in Fig. 8(b), where the red dots are the
values for each iteration, while the blue line and the blue circles
represent the mean value of conductance for each number of
defects. From the Fig. 8(b), it is obvious that after about 18
edge defects, about half the number of defects resulting to the
extreme case previously described, the maximum normalized
conductance starts to increase again. So, when the zigzag edges
regain their dominance, the performance of the device increases.

Fig. 8(c) presents the changes of Epos, Eg and Eneg with the
increase of defect concentration, respectively. In this case, the fit-
ting lines are almost totally straight, and parallel with each other.
More specifically, the slope for each line is apos = −0.0007,
ag = −0.0008, aneg = −0.0001 for Epos, Eg and Eneg in
accordance. There seems to be very small connection between
the energy gap and the number of defects of the channel edges
of butterfly shaped GNR.

VII. DEFECTS AT THE CONTACTS’ EDGES

In the following simulations, only the defects on the edges of
the wide regions were considered, while no new bonds after each
vacancy were formed. In Fig. 2(e), a typical case of a defective
GNR lattice with defects at the contacts’ edges is presented.
Lattices with a range of 1 to 63 defects were tested with the
incremental step of the number of vacancies being equal to
1. 10 sets of those simulation were performed. The transition
from one step to another, in each set, was made in an additive
way, meaning that 1 more vacancy was added to the previously
existent formation.

In this case, both dispersion diagrams of Fig 8(d) and maxi-
mum conductance diagram of Fig 8(e) lead to the same conclu-
sions. It is obvious that the edges of the contact region of the
GNR play an inconsiderable role on affecting its conductance.
Fig 8(e) shows that even for relatively high defect densities on
the edges, namely for densities up to nd = 7.3%, the dispersion
diagrams are only slightly affected, and even the quantization
levels remain almost totally unspoiled. Also, Fig 8(d) shows
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Fig. 9. (a) Energy dispersion diagrams of the conductance calculated for different number of defects in GNR lattices shown in Fig. 2 f. (b) The dependence of
the maximum conductance of a GNR on the number of lattice defects on both channel and contact regions. (c) The change of maximum energy of valence band,
minimum energy of conduction band, and energy gap with the increase of edge defect density on both channel and contact regions, while straight lines are the
fitting lines for every variable.

with a better resolution that the performance of the device in
terms of maximum conductance practically remains intact. The
maximum conductance of a defective GNR drops only by 6.81%
in comparison with the ideal GNR.

Fig. 8 f describes the correlation between the values of
Epos, Eg and Eneg and the number of defects on edges of
the contacts of a butterfly shaped GNR. In this case, there is
a strong tendency of the Epos and Eg to decrease. On the other
hand, Eneg increases. The fitting lines for Epos, Eg and Eneg

change with a slope of apos = −0.0219, ag = −0.0108 and
aneg = 0.0111 respectively. Here we can observe that although
for defect densities lower than 3%, the fitting lines seem to be in
accordance with the change of the values, for nd > 3 the fitting
is not so accurate. However, it is clear, that Eg is getting smaller
with the increase of defect densities.

VIII. DEFECTS AT THE GNR EDGES

As a final test case, we simulated devices that have defects
on their edges, both on the wide contact and also on the short
channel region, in order to examine the effect of edge defects on
the device properties as a whole. In Fig. 2 f an instance of the
defective grid is presented; it is basically a combination of the
grids shown in Fig 2(d) and Fig 2(e).

This time grids with a range of 5 to 125 defects were examined.
Each time the number of defects was increased by at least 5 more.
In Fig. 9(a), like in the previous cases, you can see the initial
energy dispersion diagrams

In Fig. 9(c) the effect of edge defects on both the channel and
the contact region together on the values of Epos, Eg and Eneg

is tested. Except from a small number of outliers, the values
of the energies with the increase of defect densities seem to
fit very well on almost straight lines. More precise, the values
change with a slope of apos = −0.0004 ag = −0.0002 and
aneg = −0.0002 for Epos, Eg and Eneg respectively. For up
to nd = 15% defective grid, where the defects are located only

Fig. 10. Overall comparison of the change of conductance with the increase
of defect density, for every case described above.

on the edges of a butterfly based device, the energy gap seems
to be unaffected.

Fig. 10 is a general comparison of the maximum conductance
of a defective device, for every case that has been already
presented in this paper. The first observation that can be made
is that there is a very similar behavior between the cases of
bulk channel defects and the bulk defects on the whole area of
the device. This showcases the impact of the contacts as the
dominant, which is mainly credited to the higher number of
atoms that is included in the contact regions, in comparison with
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the amount of atoms at the channel. The maximum difference
between those cases in terms of maximum conductance can be
seen for defect concentrations of defects around nd = 5.5%,
which is the same value where a device with bulk channel-only
defects reaches its minimum value. Even though bulk channel
defects lead rapidly the device to a minimum value of maximum
conductance, all the cases of bulk defects end up almost to the
same value of conductance, which is about 80% smaller than the
initial of the perfect device.

In the cases of edge defects, the results are different. More
specific, in the case of edge contact defects, the impact on the
devices’ maximum conductance is insignificant. This is the only
case where defects do not affect significantly the operation of
the device. The devices with channel edge defects as well as
those combining both contact and channel edge defects develop
a behavior that was not present before. The minimum value of
maximum conductance is obtained when half of the targeted
edge atoms are missing. This value is considerably higher in
comparison with the values that occur at the cases of bulk defects,
but is achieved for very low defect concentrations, namely about
nd = 2− 4%. This time the performance is reduced only by
55%. A further increase of the defects leads to an improved
performance which reaches up to 68% and 74% of the initial
performance, for edge defects on both channel and contacts, and
only on the channel region, respectively. This maximum value
after removing two layers of edge atoms is mainly determined
by the new width of the channel region.

IX. CONCLUSION

In this paper, we investigated the operation of butterfly shaped,
GNR based devices, under non-ideal conditions. In particular,
we investigated the effect of defects on the electronic properties
of the devices. We considered defects on specific parts of the
device for each different simulation, in order to find out which
part of the device is more defect-tolerant. We also investigated
whether different parts of the device affect its properties in
different ways. For the simulations presented, we used the very
accurate NEGF combined with TBH, which we expanded and
added the capability of including different kinds of defects.
We tested the most significant variables that define the device
switching capabilities, namely the maximum conductance, the
energy gap and also the conductance of the device at different
energies.

Our results indicate that lattice defects affect significantly the
electronic properties of the device’s. In general, the channel
region appears to be more severely affected by defects than
the contact region. Both edge and bulk channel defects reduce
the maximum conductance to very low values. The shape and
symmetry of the edges play a very significant role in this phe-
nomenon. In the cases where channel edge defects are included,
the maximum conductance increases, when perfect zig-zag be-
comes dominant again. The energy quantization property that
is present on an ideal defect-free grid, vanishes for very small
defect concentrations, in almost every sub-location of the device,
except from the edge defects on the contacts. Another significant
variable, the energy gap, changes with the increase of defects.

Bulk defects at the contacts induce an increase of device energy
gap, while edge and channel defects either decrease the gap,
creating problems on device’s operation, or do not affect it at all.
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