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ABSTRACT

The most promising Graphene structures for the development of
nanoelectronics and sensor applications are Graphene nanoribbons
(GNRs). GNRs with perfect lattices have been extensively inves-
tigated in the research literature; however, fabricated GNRs may
still suffering from lattice flaws, the possible effect of which, on
the operation of the circuitry comprised by GNR based devices,
has not attracted significant interest. In this paper, we investigate
the effect of lattice defects on the operational behavior of GNRs
using the Non-Equilibrium Green’s function (NEGF) method com-
bined with tight-binding Hamiltonians targeting to the resulting
nanoelectronic devices and circuits functionalities. We focus on
butterfly-shaped GNRs, which have been proven to successfully
function as switches that can be used as building blocks for simple
Boolean gates and logic circuits. Analyses of the most common
defects, namely the single and double vacancies, have been ade-
quately performed. The effect of these vacancies was investigated
by inserting them in various places and concentrations on the
corresponding GNR based nano-devices. The computation results
indicate the effect on lattice defects on the important operational
device parameters including the leakage current, Ion/IorF and,
finally, current density, which will determine the viability of GNR
computing circuits.
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1 INTRODUCTION

Since its first successful isolation in 2004, Graphene has attracted
lots of attention from the research community [Novoselov et al.
2004, 2007]. Among its many forms, Graphene nanoribbons are
one of the most promising for further employment in nanoelec-
tronic devices for computing [Cotofana et al. 2018], due to their
exceptional properties such as their high electron mobility, their
thermal conductivity and overall their ability to withstand high
current densities [Jang et al. 2016]. However, the very significant
aspect for Graphene to retain the aforementioned properties is its
shape. Carbon atoms in GNRs form hexagonal unit cells connected
together resulting to an one-atom thick lattice. In the ideal case,
the grid is pristine with no presence of defects, vacancies, adsorbed
atoms or any other form of anomaly. Most of the time, though, this
case is not true [Banhart et al. 2011]. The forming process of Single
Layer Graphene (SLG) nanodevices includes mainly the growth
of Graphene at large areas on Cu-foils with the application of the
CVD method and the transfer of grown Graphene sheets on the
desired substrates. Both of the aforementioned steps are susceptible
to inducing defects on the GNR grid. Those defects are mainly at-
tributed to the growth rate [Chin et al. 2018], the quality of the Cu
foils [Zhang et al. 2016] as well as the transfer process of Graphene
to the desired substrates [Liu et al. 2015].

Graphene devices based on SLG have been extensively used for
the realization of switches that comprise nanoelectronic circuits.
The conductance of such devices can be tuned by different means
and has been accomplished by exploiting the topology awareness
of Graphene [Jiang et al. 2018; Karafyllidis 2014], by using electric
bias or magnetic fields [Moysidis et al. 2020]. With such ways, GNR
based devices have been applied to the realisation of nanocomputa-
tional circuits that operate similar to CMOS like architectures but
with optimal characteristics and, at the same time, they are also
CMOS compatible [Jiang et al. 2019]. Apart from that they have
been used for other beyond CMOS circuitry, like multi valued logic
circuits [Rallis et al. 2018], and neurons [Wang et al. 2020]. Thus,
GNR based devices seem to be able to cover the whole spectrum of
nanocomputing circuits, spanning also from classic Neumann to
beyond von Neumann computing architectures. All this flexibility
makes such devices a very promising candidate to pave the way at
the post CMOS era.

On the other hand, recent research on Graphene, in both theoret-
ical and experimental level, have indicated the strong connection
between the shape of the Graphene grid with its properties, and,
more specifically, its electric properties, which has been also used as
a conductance tuning technique. The pristinity and the symmetry
of the grid plays a significant role to the device behavior, and this
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Figure 1: Top row: The grid of a pristine zig zag Graphene
nanoribbon (zGNR) and its conductance dispersion diagram
shown on the right side of the top row. The absence of band
gap is obvious. Bottom row: A butterfly shaped GQPC device,
a small band gap appears around the Fermi energy level (zero
in the y-axis) induced by the geometry.

raises the question of the effect that the aforementioned induced
defects can possibly have. The conductance of a single GNR device
has been found to be vulnerable to lattice defects of different kinds
[Rallis et al. 2021]. Thus, it is obvious that defects will have an
impact on the ability of GNR devices to operate as switches and
synthesize operational and of optimal performance circuits. The
viability of GNR devices necessitates the investigation on how se-
vere the always-present fabrication defects affect their operation,
and to what extent they can be present, without deteriorating the
resulting circuit operation.

In this paper, we aim to further explore the effect of the single
and double vacancy defects on the electric properties of GNRs. We
try to investigate how the resulting inaccuracy of the fabrication
process may affect the computing capabilities and the properties of
GNR based devices. Thus we calculate with the application of Tight
Binding Hamiltonians (TBH) and the Non-Equilibrium Green’s
Function method (NEGF), the leakage current of defective devices
with different defect concentrations as well as the current Ion /IoFF
ratio, as representative metrics for the switching capabilities of a
device. The results found confirm the expected effect of defects
on the conductivity of the under investigation GNR devices and
the resulting circuit operation and in conjunction with the leakage
current measurements. Overall, the simulation results on lattice
defects are in agreement with theoretical and experimental studies
by indicating the major significance of edge states and grid symme-
try in GNR s electronic behavior. In conjunction with the crucial
leakage current measurements, the effect of defects is extended to
the field of Graphene circuits and their switching operation.
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Figure 2: (a) A single vacancy with two available carbon
atoms bonded V1(5-9) in Graphene lattice, (b) Graphene lat-
tice with a double vacancy V2(5-8-5) and (c) GQPC grid’s with
marked regions. Blue color marks the contacts region, red
color marks the channel region and green color marks the
edges.

2 GRAPHENE NANORIBBONS

Graphene can be constructed and used in various different forms
like Graphene Nanotubes, Graphene flakes and dots, Bi-Layer or
Multilayer Graphene, and GNRs, with most of them being able to
be utilized in nanoelectronic applications. In particular, GNRs are
very narrow sheets of SLG, having a width smaller than 100nm.
They can be characterized by the shape of their edges as zig-zag
GNRs (zGNRs) and armchair GNRs (aGNRs). In Figure 1, a zGNR
is depicted at the first row in the left, as well as its dispersion
diagram on the right. The dispersion diagram practically shows
the conductance for different energy levels around Energy Fermi,
where the zero point on Y-Axis indicates the Energy Fermi. From
this diagram occurs that, for a pristine zGNR, there is no energy
gap, and there is no energy level with conductance equal to zero.
This also reveals one of the most significant obstacles for the in-
corporation of Graphene in electronic devices: Graphene is a zero
bandgap material. Notwithstanding, there have been many different
approaches by the research community that tackle this problem,
like the previously mentioned application of electrostatic or mag-
netic means, and also the specific stacking [Aoki and Amawashi
2007] and twisting of Graphene layers [Yankowitz et al. 2019] and
the exploitation of Graphene’s topology awareness. For our investi-
gation, we leverage the ability of Graphene to change its electric
properties with the change of its dimensions and we use Graphene
Quantum Point Contacts (GQPCs). A GQPC is the butterfly shaped
device, which is visible in Figure 1 at the second row of Figure in the
left. This device is based on the well-known idea of quantum point
contacts and has been proven to be an efficient switch, suitable for
electronic circuits too [Karafyllidis 2014]. The energy dispersion
diagram of this device indicates that this time, around Fermi level,
the conductance is zero.

3 MODELLING AND COMPUTATION METHOD

For the proposed simulations, the GQPC devices under test are
based on SLG. Even though SLG QPCs are more difficult to be
fabricated and Bi-Layer QPCs are more commonly reported in bib-
liography, the earlier provide more discrete and easy to investigate
structures (and mainly edge states), delivering results that can be
easily expanded later to Bi-Layer devices. They have a total length
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of 6.026nm (30\/5 X a), where «a is equal to 0.142nm. The width of
the shortest region in the middle is equal to 1.562nm (11¢), while
the maximum width of the larger region is equal to 5.822nm. There
is a linear reduction from the maximum width of the larger area to
the short area in the middle, through which the atoms retain their
pristine zig-zag pattern. Thus the device can be separated to two
different regions of interest, the short region in the middle which is
called the channel and is marked in Figure 2(c) with red color, and
the two wider, trapezoidal regions, which are called the contacts
and are marked in Figure 2(c) with blue color. Those regions will
be examined separately.

For the calculation of the provided results of the ON/OFF ratio,
the current density and the leakage current, the Non Equilibrium
Green'’s Function Method (NEGF) [Datta 2000, 2012] is used, along
with the Tight-Binding Hamiltonians (TBH) [Bena and Montam-
baux 2009; Reich et al. 2002]. The NEGF method, is a very powerful
tool, appropriate for simulating devices that are regulated by quan-
tum transport phenomena, such as the ballistic transport effect of
GNR devices. The TBH is leveraged in order to describe the inter-
connections between neighbouring atoms and thus encapsulate the
defects in our simulations. TBH is given by:

o st
H=-1%;;¢c) )

where ¢;, 6; are the annihilation and creation operators, while
7o is the factor that describes the connection strength between
nearest neighbour atoms and has been computed to be equal to
approximately —3eV [Chico et al. 1996]. Through TBH, we are able
to introduce to the proposed modelling approach, the desirable
device geometry, or any other lattice anomaly. This geometry is
used then by the NEGF method for the conductance calculations,
which are then handled for the production of other needed metrics
such as current, current density, resistance and thus ON/OFF ratio.
This method can be briefly described by the following four (4)
equations:

GR = [EI-H -3 -]}, @
G = GRInGA, (3
A=i(GR-GH). @)

G(E) = %Trace[FLGRFRGA]» ®)

The NEGF method has been extensively analyzed in bibliogra-
phy [Datta 2000]. Compactly, equation (2) calculates the retarded
Green’s function, taking under consideration the TBH, as well as
the number of contacts of the investigated device. In correspon-
dence, equation (3) calculates the electron density at a specific
energy level, while equation (4), similarly, resembles the density
of available states (DoS). Finally, with equation (5) the proposed
method uses the results produced already in order to compute the
conductance of a GNR device for different energy levels. The con-
ductance can be then applied into the Landauer Formula in order to
calculate the current flowing through the device, depending on the
applied potentials, and any other relative values [Datta 2005]. The
integral expression of the Landauer formula for current calculation
is:

1= [ - fe(®) 7L dE ©)
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where, q is the electron charge, h the Planck constant, f; (E) and
fR(E) are the Fermi energies for the left and right contact, respec-
tively, and G(E) is the conductance of the device, calculated by
NEGF.

4 DEFECTS IN GNRS

This investigation mainly focuses on the simplest forms of Graphene
lattice defects, which are also interconnected with one another,
namely the single and the double vacancy. Practically, the double
vacancy is produced when two neighbouring single vacancies occur.
Figure 2(a) shows the Graphene with a single vacancy, which is
referred in the bibliography as V1(5 — 9), due to the two different
shaped structures that consist of 5 and 9 atoms. There is also the
double vacancy (shown in Figure 2(b)), which is also referred in
bibliography as V2(5 — 9 — 5) for the same reason, i.e. because
of the three different constructs with 5, 9 and 5 atoms each one
respectively, from top to bottom [Banhart et al. 2011]. The latter is
also reported to be the most thermodynamically stable one, having
a migration energy of 7eV, that makes it almost stationary [Li et al.
2017]. This stability is mainly attributed to the fact that in the case
of V2, there is no free electron available for making it chemically
reactive with its environment, while in the case of V1, chemical
reactivity is present. There are also other kinds of structural lattice
defects like the Stone-Wales defects, the attachment of adatoms,
the atoms substitutions, as well as line defects such as the atom
dislocations and the grain boundaries defects [Tian et al. 2017],
which are not examined in this context.

As it appears from the aforementioned Figures, after the removal
of atoms, either one or two, a new bond is considered to be cre-
ated between the atoms that are now available. For the case of
V1, there are three atoms available for bonding, which shape an
equilateral triangle, meaning that they have the same distance from
each other. Thus, the two that will be connected together with a
new bond are chosen randomly. The case is not the same with the
V2 vacancy. This time, there are four different atoms that are avail-
able for bonding. However, the bonds are formed only between the
atoms with the shortest distance. Bonding between diagonal atoms
is not thermodynamically stable.

The reported new bonds have to be modelled and included in
the simulation, and this becomes possible through the TBH. Those
new bonds do not have the same length with the bonds of a pristine
Graphene grid. This length that was previously equal to the lattice
constant & = 0.142nm, now becomes equal to r = 1/(3) X a nm. This
parameter can be included through the aforementioned overlap
integral (7). In its generalized form the new overlap integral for any
bond of length r, can be calculated as:

TBOND = To X a/r? (7)

For the following simulations, the number of defects tested is vary-
ing from as low as five (5) defects up to one hundred (100) defects,
unless differently reported. Considering that the total number of
atoms in the investigated structure is eight hundred eighty four
(840), this means that our simulations span from 0.6% up to 12% per-
centage of defects. Initiating from five (5) defects, our simulations
are performed in an additive manner, meaning that five (5) more
vacancies are randomly added each time to the previous formation.
For every specific number of defects, ten (10) different simulations
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Figure 3: (a), (d), (g) Current density diagrams at 10mV (leakage current) calculated for different defect concentrations in the
bulk of contacts, channel and both channel and contact, respectively. (b), (¢) (h) The change of leakage current (at 10mV) on the
number of lattice defects in the bulk of contacts, channel and both channel and contacts, respectively. (c), (f), (i) Ion/IoFF ratio
to the number of defects in the bulk of contacts, channel and both channel and contacts regions, respectively.

are executed, with different vacancy locations, and the final results
are produced as the mean value of those ten (10) repetitions.

For every separate simulation case, three (3) different metrics are
examined, and thus three (3) corresponding but different graphs
are produced. The first is the current density to the number of
defects. The current density that is calculated here practically is
the current flowing through the device at 10mV, divided by the
number of defects, thus, its unit of measurement is A / N, of defects
(J). The second is the leakage current; more specifically, as we
are examining a simple volatile current switch, and due to the
absence of a threshold similar to that in silicon transistors, we are
considering the current at a very low voltage, namely 10mV, as
the leakage current of this device. And finally, another significant

parameter taken under consideration, decisive for the successful
operation of a switch, is the Ion /IofrF ratio. The Iopr is considered
to be the current at 10mV, the aforementioned leakage current, and
the Ipn the current flowing at 0.5V. This value is selected based
on the operating voltage of GNR gates on [Moysidis et al. 2018].

5 BULK DEFECTS AT GNRS

We proceeded with the simulations of defects that were induced
only in the bulk area of a GNR. In particular, by the term bulk we
refer to all those atoms of the GNR that do not belong to the edge,
i.e. to the outer (top or bottom) row of the GNR’s atoms, or as
clearly previewed in Figure 2(c), the green color marked area.
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Figure 4: (a), (d), (g) Current density diagrams at 10mV (leakage current) calculated for different defect concentrations in the
edges of contacts, channel and both channel and contact, respectively. (b), (¢) (h) The change of leakage current (at 10mV) on the
number of lattice defects in the edges of contacts, channel and both channel and contacts, respectively. (c), (f), (i) Ion/IoFF
ratio to the number of defects in the edges of contacts, channel and both channel and contacts regions respectively.

Following the area device separation that we thoroughly pre-
sented in Section 4, we first apply defects of different densities
in the two trapezoidal regions, namely the contacts (see Figure
2(c)). What we observe is presented in Figures 3(a), 3(b), and 3(c),
respectively. The leakage current in Figure 3(b) seems to be ran-
domly affected by the defects and to not follow a specific tendency.
Notwithstanding, due to the fact that the leakage current seems
to have a mean value of around 5 X 108 A, the current density in
Figure 3(a) seems to be minimized after almost thirty five (35) de-
fects to just 1X 10~ °A/defect. This is a clear statement that leakage
current remains practically intact to the increase of defects for up to
ng = 12% concentration. The IonN/IoFF ratio, has a linear tendency,
and decreases from 6, 000 to 1,000. Considering that the leakage

current has a steady mean value, this means that the maximum
conductance of the device is almost linearly decreasing with the
increase of defects, especially after the first fifteen (15) vacancies
ng = 1.2%.

After the examination of the contacts region, we move on with
the introduction of increased defect densities at the bulk of the
channel area of a butterfly shaped GNR device (as seen in Figure
2(c)). In this area, there are also some similarities with the previous
one. Figure 3(d) shows an abrupt decrease of the current density,
which caps to the lowest value of 1 x 1077 A for only fifteen (15)
defects (around ny = 1.8%). This is almost identical to the previously
reported behavior, indicating, however, that the channel drastically
affects the operation of the device. The leakage current is again
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variable and seems to have a median value of around 2.2 x 1078A.
Like the contacts’ case, this time again the ON/OFF ratio of the device
linearly decreases with the increase of defects, implying a linear
decrease of the maximum conductance of the device.

The last case of examining the defects in the bulk of a GNR device,
involves the simultaneous appearance of defect concentrations
both at the contacts and at the channel. This case as shown in the
graphs seems to be a superposition of the previous two. At around
twenty five (25) to thirty (30) defects, the current density reaches
a minimum value, while the leakage current seems to have a mean
value of 3.7. Again the ON/OFF ratio decreases linearly, in a very
similar manner to that of the first case shown in Figure 3(c).

6 EDGE DEFECTS AT GNRS

In this Section, the simulations of defects are concentrated on the
edges of the GNR devices. Only the outer rows on the top side
and the bottom side are affected by vacancies, while the bulk of
the device remains intact. Referring to Figure 2(c), the edges are
marked with green color. In the same manner with our previous
simulations, we are first examining the effect of edge defects at
the contacts region. This time, the behavior of the device is more
interesting. The leakage current which is presented in Figure 4(b)
slightly increases, with a small ratio until a vacancy concentration
of ng = 3.6%. After that threshold, it remains practically steady, and
as the defect density increases up to ngy = 7%, it starts to reduce,
until reaching its initial value. This is also reflected on the current
density graph of Figure 4(a). The ON/OFF ratio of Figure 4(c) also
develops a local minimum at a ng = 3.6% defective grid and after
hitting a plateau, abruptly increases to almost initial values.

Similar behavior also is depicted in the second row of Figure 4,
which corresponds to devices with defective edges of their channel.
In this case, however, the mean value of leakage current remains
almost constant, and reaches levels of almost an order of magni-
tude lower than in the case of edge defective contacts. The ON/OFF
ratio also increases slowly and abruptly spikes up to an order of
magnitude higher value, at a defect density of ny = 4.2%.

Finally, the last case refers to defects distributed in the edges of
both contacts and channel with rather similar behavior. The analysis
of defective edge behavior verifies the significance of edge states
and symmetry to the behavior of GNRs. This peculiar performance
boost after a specific value of defect concentration is attributed to
the fact that the outer rows are severely damaged, and the rows just-
below them begin to act as the new edges. Thus, we are gradually
led to the behavior of a pristine GQPC device with narrower width.

7 CONCLUSIONS

In this work, we have simulated the effect of the lattice defects on
the current switches utilizing butterfly-shaped GNRs. Comprehen-
sive simulations revealed that the leakage current and the ON/OFF
current ratio are modulated by defect concentration. More specifi-
cally, the edge defects contribute significantly to the leakage current
increase by nearly an order of magnitude. On the contrary, the chan-
nel defects do not cause a remarkable increase in leakage current.
Also, we have introduced as a figure-of-merit, the current per defect.
Further work is necessary to investigate the physical mechanisms

Konstantinos Rallis et al.

causing the current modulation by GNR lattice defects and their
representation on TBH.
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