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H I G H L I G H T S

� A field effect transistor based on graphene nanoribbon (GNR) is modeled.
� The chosen GNR is semiconductor with a gap.
� The two ends of GNR are n-type doped and play role of the metallic reservoirs.
� The gate length is less than the channel length so two ends of channel are un-gated.
� Two un-gated regions of channel act as quantum barriers. So discrete energy levels are generated in channel and resonant tunneling transport occurs
through these levels.
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a b s t r a c t

At this paper a field effect transistor based on graphene nanoribbon (GNR) is modeled. Like in most GNR-
FETs the GNR is chosen to be semiconductor with a gap, through which the current passes at on state of
the device. The regions at the two ends of GNR are highly n-type doped and play the role of metallic
reservoirs so called source and drain contacts. Two dielectric layers are placed on top and bottom of the
GNR and a metallic gate is located on its top above the channel region. At this paper it is assumed that
the gate length is less than the channel length so that the two ends of the channel region are un-gated.
As a result of this geometry, the two un-gated regions of channel act as quantum barriers between
channel and the contacts. By applying gate voltage, discrete energy levels are generated in channel and
resonant tunneling transport occurs via these levels. By solving the NEGF and 3D Poisson equations self
consistently, we have obtained electron density, potential profile and current. The current variations with
the gate voltage give rise to negative transconductance.

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

Negative transconductance (NTC) has wide applications in both
digital and analog electronics and has been invoked in many
quantum electronic devices specially at tunneling transistors and
diodes. In consideration of the NTC, nano-electronic devices ben-
efit from the quantum behavior that appears mainly due to device
dimensions. Among the many devices aimed at this goal, are the
graphene-based structures [1–5]. Ballistic transport of carriers in
graphene in addition to its two dimensional flat structure makes
graphene a promising candidate for observing NTC. In previous
researches the NTC has been obtained in several ways. In Ref. [1]
the resonant tunneling of Dirac fermions through a boron nitride
barrier sandwiched between two graphene electrodes is reported.
In [6] resonant current peak in a symmetric graphene p–n layer is
obtained which is controlled by chemical doping and applied gate
bias. The effect is also revealed at GNR-FET with Oblique top gate

[7]. A large peak-to-valley ratio is reported in vertical hetero-
structures transistors [8]. Resonant tunneling devices based on the
spin-resolved splitting of energy levels in the presence of spin–
orbit interaction has also emerged [9–14]. At our previous work
we have modeled a pnp-GNR-FET in which the pn barriers result
in discrete energy levels and resonant tunneling current [15].

In this paper, a new GNR-FET model is proposed in which NTC
due to the resonant tunneling is observed. The system is an all-
graphene source-channel-drain structure sandwiched between
two dielectric layers. The two ends of the GNR are highly doped
and behave as reservoirs called source and drain electrodes. Two
gates are located at the outer sides of the dielectric layers above
the channel region. In this way, two end regions of the graphene
ribbon in contact to the reservoirs are not covered by gate elec-
trode. These layers act as barriers and give rise to discrete energy
levels at the channel. The calculated current is transmitted by
resonant tunneling through these levels and exhibit NTC.
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2. Device model and simulation approach

At this section the model device structure and physics of its
function is explained. It is composed of an armchair graphene na-
noribbon (A-GNR) that is sandwiched between two dielectric layers.
The layers are assumed to be SiO2 with dielectric constant of about
=k 3.9. In this kind of FET systems the source and drain contacts as
well as the channel are formed on a single graphene layer (Fig. 1).
Therefore an ohmic contact between the channel and each of the
reservoirs is formed and the transistor acts as traditional MOSFETs.

In order to get on/off states as the main characteristics of
transistor, the ribbon is required to be gap-full at the central or
channel region. It is known that GNRs of zigzag-type edges do not
provide energy gap and thus are practically unsuitable for usage as
channel of transistor. On the other hand armchair GNRs gather
semiconducting band gap in some widths of the ribbon. A-GNRs
with number of unit cells in the width direction equal to =N m3W

or +m3 1 (m being an integer number) reveal energy gap that in-
creases with decreasing ribbon width (by decreasing m).

At this model, as applied in many previous papers, the con-
ducting source and drain regions are obtained by highly doping
ends of the GNR [16–18].

The gate metals are separated from the ribbon above the cen-
tral region by two dielectric layers. This geometry which is pro-
vided by the 2D structure of graphene and its good contact to the
SiO2 layer has been used by many researches and has resonant or
traditional MOSFET current-voltage characteristics depending on
the parameters of system.

The distinct feature of this paper that we added to the above
mentioned structure is a new design of gates that give rise to re-
sonant tunneling through the device. Here, the gate electrodes of
GNR-FET (Fig. 1) cover partially the quasi-one dimensional channel
at the center and leaves the two ends intact. That means the two
regions of graphene channel which are connected to the source
and drain are un-gated semiconductors. Hence, when the gate
voltage is applied, the two ends of the channel are not affected and
in this way do not provide any energy level around the Fermi
energy. These ungated gap-full regions act as barriers between the
reservoirs and channel region that may under suitable conditions
give rise to the discrete energy levels at channel. This is the phe-
nomenon responsible for resonant tunneling through the channel.
The isolated channel at our model, gathers the quantum dot be-
havior by discrete energy levels.

Each of the GNR reservoirs consists of 30 unit cells and the
channel length, indexed by the number of one dimensional unit
cells of channel, NCh (as indicated at Ref. [15]) takes different
amounts. In order to obtain suitable band gap, the AGNR of width

=N 9W is chosen.
The charge in and current through the channel are computed

by the non-equilibrium Green’s function (NEGF) formalism with
nearest neighbor tight-binding Hamiltonian with an atomistic
pz-orbital basis-set, self-consistently solved by the 3-dimensional
Poisson equation [19].

In the real space NEGF formalism the retarded Green's function
of the device is defined as;
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where E is energy and U is a diagonal matrix, whose diagonal
entries are the on-site potential energy and = − ∑ †H t c ci j i j, is the

tight-binding Hamiltonian of the simulated region where i j, stand
for nearest neighbors as well as †ci and cj stand for creation and
annihilation operators at sites i and j respectively. The effects of
rest of the semi-infinite source and drain are included through the
self-energies, Σs and Σd, which are calculated according to the
iterative algorithm described in [20]. η= ( )− eV10 5 is assumed and
=t eV2.7 is the hopping energy.

U is a diagonal matrix, with diagonal entries representing on-
site potential energies. This matrix is obtained by self-consistent
computing the charge density and the electrode potentials from
the Poisson and NEGF equations. The electron density (n) is cal-
culated from the following relation;
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where ( )= ∑ †G E G Gn in is called electron correlation function. ∑in

represents the in-scattering function of the contacts and is de-
termined by;
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Γ = ( ∑ − ∑ )( ) ( ) ( )
†is d s d s d represents channel level broadening due to

the source (s) and drain (d) contacts and ( )( )f Es d are Fermi energies
at contacts.

The retarded Green's function ( )G E is calculated from relation
(1) in which, the potential matrix, U , is required. To this end

Poisson equation in the form ε∇
→

( ∇
⎯ →⎯⎯⎯

)= ( ⃗)K U n r e. 0
2 should be solved

which demands knowledge of the function ( ⃗)n r in the channel. In
this equation ε0 is the permittivity of vacuum and the dielectric
constant K is 3.9 and e is the electron charge that in electron-volt
unit equals to 1. So, a self-consistent procedure is required for
obtaining n and U . Starting from an initial guess for the potential
energy profile, the Green's equation is solved and the resulting
electron density is fed into Poisson equation for obtaining new U .
This cycle is repeated until the self-consistency for U and n is
achieved.

After the self-consistency is achieved and the desired Green’s
function is obtained the current within the device is calculated by;
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where ̅ ( )T E is the transmission function.

2.1. Discussion

The promised resonant tunneling current (at small bias voltages)
stem from discreteness of the energy levels at channel. This is due to
the confinement restriction on the channel by the lateral barriers in
contact to the reservoirs. Different parameters of the device contribute
to the channel characteristics. It is evident that the larger energy level
separation results in better performance of the resonant tunneling
devices such as resonant tunneling transistors (RTT) , resonant tun-
neling diodes (RTD) and their high frequency applications. To this end
the ribbon energy gap (Eg), which is determined by the ribbon width
(NW), separating barriers widths (LBarrier), doping concentration of the
reservoirs in molar units (doping), the gate length ( LGate,) and the
channel length ( LCh) which contains the whole un-doped regions
between two reservoirs (such that = +L L LCh Gate Barrier) are involved. At
the next section, the results are declared.Fig. 1. Schematic representation of the MOSFET-like GNR-FET.
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