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a b s t r a c t

A self-consistent solution of Schrödinger equation based on Green’s function formalism coupled to a

two-dimensional Poisson’s equation for treating the electrostatics of the device is used to simulate and

model the ballistic performance of an armchair edged GNRFET. Our results take into account

interactions of third nearest neighbors, as well as relaxation of carbon–carbon bonds in the edges of

nanoribbons. Performance of the I–V characteristics of GNRFETs for different widths and lengths is

studied in terms of their subthreshold swing, saturation behavior, leakage current and on-current

density. This can help in optimizing the fabricated GNRFET devices in terms of their geometrical

dimensions as well as their supply voltage and bias point for optimum attainable performance. The

impact of channel region’s coupling to the source/drain leads is also studied in the last Section of

our work.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

The International Technology Roadmap for Semiconductors
(ITRS) foresees an end-of-life for scaled CMOS technology around
2022 [1]. Indeed CMOS technology is fast reaching the limits of
atomic engineering. As a result of Moore’s law and ITRS’s further
requirements, several beyond-CMOS devices have been proposed
in the recent years to overcome the scaling limitations that are
being experienced in today’s CMOS technology. Among these
possibilities, Graphene, a monolayer of carbon atoms tightly
packed into a hexagonal two-dimensional lattice, is currently
being investigated as a possible candidate material for the post-
CMOS era. Graphene is compatible with the planar technology
particularly high resolution lithography, and shares the same
honeycomb lattice structure as Carbon Nanotubes. It provides
promising electronic properties such as high carrier mobility and
long phase coherence lengths, as well as linear energy dispersion
relation at low energies, which results in electronic carriers
mimicking the massless and relativistic Dirac particles. This
structure has attracted a lot of attention from the condensed
matter and device research community in the recent years.

Despite these remarkable properties, graphene sheets are
zero-gap materials and result in MOS devices with a very low
Ion/Ioff ratio. Therefore, a considerable amount of research effort in
ll rights reserved.
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the field of graphene has concentrated on attempts to introduce
an energy gap in its band structure. In order to do so, a number of
procedures have been proposed including gate modulation of
bilayer structures [2], chemical functionalization [3] and employ-
ing quantum confinement phenomena and edge effects [4].
Among these options, Graphene Nanoribbons (GNRs), which are
high-aspect-ratio graphene strips, have shown a great potential to
replace the conventional CMOS technology both because of their
similarities in electronic and mechanical properties to CNTs, and
the promising progress that has been achieved in their fabrication
and patterning on planar surfaces [5,6]. Between different direc-
tions in which a nanostrip can be patterned on a graphene sheet,
the so-called armchair nanoribbons seem to be better choices for
semiconductor devices. The armchair arrangement of atoms along
the nanoribbon edges opens a bandgap, which in general
increases as the ribbon width is decreased [7]. It has been shown
that in order to have a reasonable bandgap of about 0.2–0.3 eV,
nanoribbons with widths less than 5 nm are required [8].

Recently, the electronic transport in semiconducting nanor-
ibbons of graphene has introduced new areas in nanoelectronics.
The unique and impressive electronic properties of GNRs, such as
their remarkably high mobility and orientation and width depen-
dence of transport behavior, provide great prospects for their
application in electronic devices. An example on applications of
GNR is as the channel material for field effect transistors or
GNRFETs for short, aimed for high speed switching applica-
tions [9]. Theoretical studies indicate that GNRFETs could have a
similar performance as CNTFETs and might exceed the conven-
tional Silicon-based FETs [10]. The ultimate destination in this
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promising field is to realize graphene-based nanodevices and all-
graphene integrated circuits, which can be fabricated by using the
existing planar technologies.

It is pretty obvious that for novel structures of a few nan-
ometers in size, some of the previously unimportant effects such
as the number of charge carriers and presence of single dopant
atoms or single atom defects, as well as very large surface-to-
volume ratio and domination of quantum phenomena can have a
significant influence on the overall properties of the structure. In
the case of GNRs, their extraordinary electronic properties neces-
sitate theorists to revisit the theoretical basis of contemporary
solid state physics in order to analyze the quantum effects that
influence the performance and behavior of GNRFETs and other
GNR-based devices. There has not been enough time to fully
analyze and understand every quantum mechanical aspect that
plays a part in electronic properties of these novel structures.
Therefore, still many issues about GNRFETs demand more study.

In this paper, we will focus our discussion on the basic
electronic and transport properties of GNRFETs. In order to do
so, single-electron transport will be described within length
scales much shorter than the phase coherence length. We will
use the Non-equilibrium Green’s Function (NEGF) formalism and
Fig. 1. (a) A Schematic sketch of the simulated GNRF

Fig. 2. (a) Simulated IDS vs. VDS for a 1.48 nm wide, 15 nm channel long armchair GNR,

1.72 nm wide, 15 nm channel long armchair GNR and (d) Band structure of a 1.72 nm w

assumed.
a more precise Hamiltonian matrix to calculate the transmission
coefficients and the current–voltage characteristics of a typical
GNRFET, which is presented in Fig. 1(a). Therefore, the paper is
organized as follows. After this introduction (Section 1), in Section
2 we present the formalism and Hamiltonian matrix which is
used in our simulations. In Section 3 we look at the electronic
transport characteristics of our GNRFET and perform a compre-
hensive study of the impact of channel region’s coupling to the
source/drain contacts. Conclusions are finally drawn in Section 4.
2. Methodology

Fig. 1(a) shows a honeycomb lattice ribbon with armchair
edges attached to two metallic semi-infinite electrodes. A sche-
matic diagram of these contacts is shown in Fig. 1(b), where they
are assumed to be square-shaped similar to those used in [11]. In
our simulation studies the contact widths is assumed to be 10
times larger than the width of the nanoribbon in channel region.
We take the tight-binding parameter of the adjacent atoms in the
contact to be equal to the carbon–carbon tight-binding para-
meter. This gives us a good enough transmission through the
ET. (b) The contact type used in our simulations.

(b) Band structure of a 1.48 nm wide armchair GNR, (c) Simulated IDS vs. VDS for a

ide armchair GNR for different modes of accuracy. For all devices VGS¼0.5 V was
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contact/channel/contact system and allows us to focus our study
on the impact of channels nanoribbon on the devices electrical
characteristics. The edges of GNR are considered to be passivated
by hydrogen. This assumption affects only the sp2 bonding, and
has little influence on the QUOTE bonds. We also assume that the
structure is relaxed at room temperature. In the following
sections, GNRs are labeled based on the number of honeycombs
along the width of the nanoribbon. Hence, the nanoribbon
demonstrated in Fig. 1 is an N¼4 armchair GNR. Our Hamiltonian
is expressed on a pz atomic orbital basis set in the real space,
using the fitted tight-binding parameters that are obtained by
calibration of the energy dispersion relationship of subbands on
those obtained from first principle calculations. The carbon–
carbon hopping integral inside the device region is found to be
g1 ¼�2:66eV in [10]. Furthermore, the following effects are taken
into account:
(i)
 The third nearest neighbors (3NN) in tight-binding calculations: It
has been shown in [9] that by taking the interactions with
more distant neighbors into consideration, a qualitative
improvement in the tight-binding picture is gained. The
second nearest neighbor interaction only shifts the disper-
sion relation in energy direction. It does not change the
bandgap and is not included in our simulations. Therefore,
we have used a more precise Hamiltonian matrix based on
1NN and 3NN carbon–carbon interactions. These first and
third nearest carbon atoms are shown by black circles in
Fig. 1(a). The hopping integral for 3NN interactions is chosen
to be g2 ¼�0:3 eV[12].
(ii)
 Effects of edge bond relaxation: Because each edge carbon atom
of a GNR is only bounded to two neighboring atoms, the
interatomic distance between A and B sites in Fig. 1(a) will be
reduced from 1.42 Å to 1.36 Å when the structure is relaxed
to minimum energy. As reported in Refs. [10,13], this edge
bond relaxation has a significant influence on the bandgap,
effective mass and other qualitative properties of nanorib-
bons. Therefore, this effect should also be considered in our
TB Hamiltonian matrix. Within the TB description, it is
common to treat the edge carbon atoms in the same way
as the bulk carbon atoms and consider a small perturbation
to the edge hopping integral. We consider a change of
Dg¼�0:2 eV [12] in nearest neighbor hopping integral for
edge carbon atoms to model their relaxation.
(iii)
Fig. 3. (a) Simulated IDS vs. VDS characteristics and (b) the output conductances for

a 1 nm wide and 15 nm channel long armchair GNRFET for different gate biases.
Potential profile on the channel region: several works have
assumed either a complete potential drop in the channel/
contact interface [11] or a linear potential drop in the
channel region of a GNRFET [14], both of which are inaccu-
rate assumptions in supply voltages of 0.2 V or more. In this
work, the electrostatic potential profile in the device is
obtained from a self-consistent solution of the open-bound-
ary Schrodinger equation, which employs NEGF formalism
and Poisson’s equation using finite difference discretization
method in a two-dimensional grid system. By applying finite
difference method in our rectangular two-dimensional grid
system defined on the GNRFET’s channel region, we have
discretized Poisson’s equation written as

AU ¼�
D2

e0er
r ð1Þ

and have solved for the electrostatic potential in the matrix
form. Here U and r are the electrostatic potential and charge
density vectors, respectively, D is the distance between succes-
sive grid points and A is a matrix generated from the finite
difference method. Boundary conditions for the potential are
chosen by the terminal voltages in each bias point [15].
Convergence of the system is achieved when the potential
has the required accuracy (0.001 V in our case) in the channel
region.
The Hamiltonian matrix can then be written as

Hch ¼
X

i

Eic
y

i ciþ
X

i

X
j

gijðc
y

i cjþcic
y

j Þ ð2Þ

where the operator cyi ðciÞ creates (annihilates) an electron at site i

and the indices i, j are running over all of the atoms in channel
region. Ei is also the on-site energy for ith atom. This term
consists of Fermi energy which can simply be set to zero, and
the electrostatic potential on i th atom, which is determined by
self-consistent solution of Poisson’s equation and NEGF equations.

The transmission coefficients in the device region can be
expressed in terms of the non-equilibrium Green’s function, using
the Fisher–Lee relation [16]:

TðEÞ ¼ traceðGSGchGDGychÞ ð3Þ

In which we have used the retarded and advanced Green’s
function for our system, defined by the following expressions:

Gch ¼ fðEþ iZÞI�Hch�SS�SDg
�1

ð4Þ

Gych ¼ fðE�iZÞI�Hch�SS�SDg
�1

ð5Þ

where Z is an infinitesimal positive number. GS and GD in (3) are
the broadening functions, describing the coupling of device region
to the semi-infinite leads [17]. These functions can be calculated
by taking the non-Hermitian parts of the so-called self-energy
functions, defined as

SS=D ¼ hyS=DgS=DhS=D ð6Þ
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hS/D corresponds to the hopping between channel and source/
drain contacts, while gS/D represents the source/drain Green’s
function. These self-energies can be interpreted as an effective
Hamiltonian describing the interaction between device and leads.
The contacts’ Green’s function is of a large size, if not infinite, and
in [18,19] algorithms are derived for reducing these functions to
finite-sized matrices.
Fig. 5. (a,b) Simulated IDS vs. VDS characteristics and (c,d) IDS vs. VGS charac

Fig. 4. Simulated IDS vs. VGS for a 1 nm wide and 10 nm channel long armchair

GNR for different drain to source supply voltages.
The charge density is given by

r¼ 1

2p

Z þ1
�1

dE f ðE,mSÞGGSGyþ f ðE,mDÞGGDGy
n o

ð7Þ

With f(E,mS/D) being the Fermi-Dirac distribution of electrons
in the contact at chemical potential mS/D. Finally, the current
passing across the nanoribbon is represented by the area under
the graph of T(E){f(E,mS)� f(E,mD)} vs. energy when the self-
consistency in all of the previous calculations is achieved. The
GNRFET’s drain to source current may be calculated as [16]

I¼
2q

h

Z þ1
�1

dETðEÞ f ðE,mSÞ�f ðE,mDÞ
� �

ð8Þ

3. Results and discussion

In order to explore the performance limits of an armchair
GNRFET, in this section we perform a series of simulation tests on
the structure presented in Fig. 1(a). As mentioned in Section 2,
several previous works in this field have neglected the 3NN
interactions and relaxation at the edge carbon–carbon bonds. To
investigate the validity of this assumption, the output character-
istics of the device shown in Fig. 1(a) is presented in Fig. 2 when
these two effects are taken into account. The channel material for
the GNRFET is a perfectly patterned 15-nm-long armchair nanor-
ibbon. The channel widths are chosen to be 1.48 nm and 1.72 nm,
which correspond to 6 and 7 honeycombs in the transverse
direction, respectively. IDS vs. VDS is shown for the gate voltage
of VGS¼0.5 V and the results are demonstrated in Fig. 2(a) and (c).
These plots show a significant influence of the two previously
mentioned effects on the device’s performance. For example, by
including the third nearest neighbor in the Hamiltonian matrix of
a 1.72 nm AGNR, a significant increase in the output current is
teristics of a 15 nm channel long GNRFET for different channel widths.
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observed, while considering both 3NN interactions and edge bond
relaxation causes even more drastic increase in the output
current. It is also observed that under the same bias conditions,
considering the 3NN interactions as well as edge bond relaxation
may result in different trends for different widths of nanoribbon.
To explain these qualitatively different behaviors, we have calcu-
lated the band structure of the armchair GNRs with 6 and
7 honeycombs in their width and have plotted the results in
Fig. 2(b) and (d). From these plots and other similar results, it can
clearly be observed that for nanoribbons with 3pþ1 honeycombs
in width (where p is an integer number) the overall effects of edge
bond relaxation and 3NN interaction is to decrease the bandgap
energy. While, for nanoribbons with 3p honeycombs in width, the
overall effects of 3NN and edge bond relaxation is opposite, i.e. the
bandgap becomes larger. Moreover, these results indicate that
considering 3NN and edge bond relaxation has a greater impact
on the quantitative results in nanoribbons with 3pþ1 honeycomb
width, compared to 3p honeycomb width GNRs. 3pþ2 GNRs are
not suitable for channel region of a GNRFET due to their very
small bandgap. Therefore, they are not included in this work.

We next investigate IDS vs. VDS at different VGS values for a GNRFET
with 1 nm channel nanoribbon (corresponding to 4 honeycombs in
the width direction). Simulation results are presented in Fig. 3(a). It
can be seen that the device demonstrates MOSFET type behavior, and
it reaches a current density of approximately 15 mA/mm for
VGS¼0.75 V. This treatment neglects any series resistance or non-
ideality that might exist in real devices. Another important parameter
to be considered in studying the field effect transistor is its saturation
behavior, manifested in the output conductance gd, which is defined
Fig. 6. (a) Simulated IDS vs. VGS characteristics and (b) IDS vs. VDS characteristics of a 1 n

plotted for L¼5 nm (squares), L¼10 nm (circles), L¼15 nm (triangles), L¼20 nm (no

dashed curves these effects are neglected.
as the derivative of the output characteristic with respect to the drain
voltage. Fig. 3(b) compares the output conductance for different gate
biases. It is shown that when the device is biased at a smaller gate
voltage, it shows a better saturation behavior. Thus, there exists an
optimum value for the gate bias, which gives sufficient current
density as well as a favorable saturation behavior.

The turn-on characteristics for the GNRFET device are reported in
Fig. 4 for different VDS values. The channel length is chosen to be
approximately 10 nm. In this short-channel regime, band-to-band
tunneling mechanism determines a considerable amount of the
overall drain-to-source current, where in comparatively longer chan-
nels the device’s current is nearly completely of thermionic nature.
Our formalism can treat both short-channel and quantum tunneling
effects and in Fig. 4 it can be seen that by increasing the supply
voltage linearly, an exponential increase in the minimal leakage
current is resulted. This indicates the significance of proper choice
for an optimum value power supply voltage in order to maintain
sufficiently small leakage current. It is also obvious from Fig. 4 that
higher supply voltages significantly degrade the subthreshold swing.
This is attributed to the fact that the gate loses its control on the
channel at higher values of drain voltage.

We next study the effect of channel width on the I–V character-
istics of the device. In order to provide a fair comparison, the
nanoribbons of 3pþ1 and 3p families were simulated separately
and the IDS–VDS and IDS–VGS characteristics for different channel
widths in these families were derived. An armchair edged GNR with
larger channel width has a smaller bandgap. This results in a larger
on-current, as demonstrated in Fig. 5(a) and (b). However,
Fig. 5(d) shows that by increasing the channel width the off-current
m channel width GNRFET for different channel lengths. In part (b) the results are

sign) and L¼30 nm (stars). The solid curves consider 3NN and EBR, while in the



Fig. 7. (a) The saturation current and subthreshold swing of a GNRFET as a

function of channel/contact coupling TB parameter. (b) The transmission functions

vs. energy for different channel/contact coupling TB parameters. The black solid

curve corresponds to TB parameter of �2.7 eV, while the black dashed curve

corresponds to TB parameters of �5 eV. The red (gray) solid curve and blue (gray)

dashed curve show the transmission for the TB parameters of �0.5 eV and �1 eV

respectively.
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increases as well. This results in a significant degradation in switching
performance of the GNRFET. It is clear from Fig. 5(d) that there is also
an optimum width for a GNRFET’s channel material that gives the
highest attainable on-current to off-current ratio Ion/Ioff.
Fig. 5(c) compares the threshold voltages for GNRFETs with different
channel widths. Threshold voltages of the devices are extracted by
the linear extrapolation of the drain current curve at the point of
maximum slope and are shown in Fig. 5(c). It is observed that by
increasing the width of the channel’s nanoribbon, the threshold
voltage of fabricated device reduces. This too can be attributed to
the reduction in nanoribbon’s bandgap. In practice, the difference in
threshold voltage of different transistors can be controlled by various
techniques, such as adjustment of gate work function.

In Fig. 6 the effect of channel length on the I–V characteristics of
the device is explored. Here, devices with 4 honeycombs in their
width direction are simulated in different channel lengths.
Fig. 6(a) shows the IDS–VGS curves for these GNRFETs, while
Fig. 6(b) demonstrates the IDS vs. VDS characteristics for them. The
recursive calculations stated in the methodology for obtaining the
contacts’ self-energies and electrostatics of device are time-consum-
ing. The computational cost increases significantly when the length of
the channel is increased and for channel lengths of 15 nm to 20 nm,
where the Hamiltonians are becoming larger than 1000�1000 in
size, it takes a long time to obtain the output current for certain gate
and drain biases. Since we were interested in the qualitative behavior
of the GNRFET when the channel’s length is varied, we simulated the
IDS–VGS for a few number of gate biases, and then performed curve
fitting to obtain the approximate curves for IDS–VGS characteristics.
The obtained results show the dominance of direct band-to-band
tunneling and short-channel effects on the current in channels of a
few nanometers length, which are suppressed in longer channels.
These short-channel phenomena also manifest themselves in the off-
currents seen in Fig. 6(a). It can be seen that for long enough channels,
further increasing the channel length hardly changes the on-current
of the device. This result is different from which we observe in
conventional MOSFETs, and can be explained by the fact that we have
simulated our device in the ballistic regime and the scattering
mechanisms that cause the channel resistance to increase propor-
tional to channel length are neglected here. This is somehow an
acceptable assumption and in fact there have been reports of
experimental graphene-based devices that operate close to the
ballistic limit.

Finally, we investigate the impact of weak channel to source/drain
coupling in our device. Here, we have obtained the saturation current
and subthreshold swing of several devices with different tight-
binding parameters of tS/D in hS/D matrices. These parameters
represent the hopping strength of the channel’s nanoribbon to the
contacts. In order to fairly compare the subthreshold swing in
different IDS vs. VGS characteristics, we have defined the OFF-state
as the gate voltage in which IDS¼10�7 A and the ON-state is
considered to be where the current increases by one order of
magnitude. The results are demonstrated in Fig. 7(a). It is observed
that the saturation current and subthreshold swing both show an
obvious deterioration when the coupling TB parameter between
ribbon and contacts is changed from its optimum value of approxi-
mately �2.7 eV, which is close to the carbon–carbon nearest
neighbor integral in the channel region. These results are somehow
expected for tS/D4�2.7 eV (or weak coupling of channel’s left/right
atoms to source/drain atoms), because in this case the channel/
contact bonds act like a potential barrier for some of the low-energy
electrons that are present in the channel region. To demonstrate this
better, we have presented the transmission probability as a function
of energy for different values of tS/D in Fig. 7(b). This figure shows that
for weak channel-contact coupling, the transmission function exhibits
resonant sharp peaks in certain energies, which are not necessarily
the resonant energies of the ideal device. These sharp resonances can
be explained by noting that the two channel-contact interfaces act
like two potential barriers and create discrete energy levels in the
channel region. The transmission probability from source to drain
peaks whenever the energy matches one of these levels. For the case
of tS/Do�2.7 eV the channel itself acts as a potential barrier for
electrons in the source-channel interface to be injected towards the
drain contact. Therefore, a good control on the channel-contact
coupling is necessary in designing graphene-based high-performance
circuits.
4. Conclusion

In presented paper, we studied the I–V characteristics of a
GNRFET for different operating bias points, as well as different
channel lengths and channel widths. In order to improve our
results quantitatively, we took the third nearest neighbor inter-
actions and the impact of carbon–carbon bonds’ relaxation in
nanoribbon’s edges into consideration in our tight-binding
description of the device. We showed an armchair edged
GNRFET’s general behavior as a function of different design
parameters. Our results clearly demonstrated that there are
certain trade-offs in designing a graphene-based low-power or
high-frequency circuit and careful optimization of both
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topological parameters and operating bias point are necessary.
Furthermore, the impact of channel-to-contact coupling on the
device’s overall performance was explored and it was shown that
poor control on the channel-to-contact interface can result in a
significant deterioration in the expected performance of a
GNRFET.
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