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Abstract—Ilimited by scaling challenges of CMOS devices, the
option to improve device performance is to look for novel
materials and devices. Carbon, Carbon nanotubes (CNT) and
graphene are prominent contenders for substituting silicon in
near future. Graphene nanoribbon (GNR) which share many of
the fascinating electrical and mechanical propertiesof CNT area
suitable device material because of compatibility with lithography
process. A double gate GNRFET is simulated by solving quantum
transport equation with self-consistent electrostatics, while
incorporating non-parabolic band structure of GNRFET. Non
equilibrium Green’s function (NEGF) approach is used for
device simulation. This paper provides physical modeling of
GNRFET and investigates the device characteristics and
performance for different families of GNRs as well as for
different GNR widths.
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I. INTRODUCTION

Scaling down of transistor dimensions has for decades
enhanced the device performance and density and has been
the driving engine for the exponential growth of processor
systems. However, the scaling challenges in silicon based
CMOS devices is limiting the further improvements and
ITRS has already stated the end of Moore’s law in few
years. To further improve upon the device performance, the
options available are to look for novel materials and devices
for integrated circuits. With scaling limit in sight, a large
group of emerging materials and devices are extensively
being studied to replace silicon [1]especially Germanium
and Carbon. Among the allotropes of Carbon, carbon
nanotubes (CNT) and graphene have become prominent
contenders to substitute silicon in post-CMOS technologies
[2-4].

Graphene is one atomic layer of carbon sheet in a
honeycomb lattice and can outperform state of the art silicon
in many applications [5,6] due to its exceptional carrier
mobility, high carrier concentration, high thermal
conductivity and thin planar structure. The carrier transport
in graphene is similar to massless particle providing high
carrier velocity and high carrier concentration.
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While highly packed silicon devices suffer from removal
of dissipated heat, the excellent therma conductivity of
graphene provides a convenient aternative. Atomically thin
monolayer of graphene provides a better gate control over
the channel and the planar structure is compatible with
current CMOS fabrication process, a potential for wafer
scale production [7]. Lack of bandgap in large area graphene
limits the use for integrated circuits and hence only narrow
stripes of graphene called graphene nanoribbon (GNR) are
required. GNRs can be fabricated from large area graphene
using high resolution e-beam lithography. GNRs share many
of the fascinating electrical, mechanical and thermal
properties of CNT. The mean free path of electronsin GNRs
with smooth edge is comparable to CNT and GNR have a
very large current conduction capacity with extraordinary
mechanical strength and thermal conductivity. The progress
in fabrication of Graphene nanoribbon is accompanied with
substantial achievements in the theoretical work based on
analytical approaches and numerical simulation techniques
for the modeling of GNRs. Three approaches based on
classical, semi-classical and quantum mechanics can be used
in the study of transport phenomenon in graphene devices.
The classical approach like the charge-collection equations
[8] or the drift-diffusion equations are based on Newton’s
laws and can be employed to model large dimensions and
are not very suitable for the sub-nanometer channel lengths.
For the graphene nanoribbon FET with the channel lengths
<10nm the mean free path can be only a few micro meters
and the carrier transport can be interpreted as ballistic
motion. Figure 1 shows the scaling of channel length can
result in a significant direct source to drain tunneling and
band to band tunneling from drain to channel. As the direct
carrier tunneling from source to drain regions becomes
prominent component in the drain to source current, the
semi-classical models cannot be used and quantum based
models [9,10] need to be considered which can take into
account tunneling effectsin short channel GNRFET.

Quantum based simulation is most computationally
demanding approach. The most accurate quantum based
method for bottom-up device simulation is the Non-
Equilibrium Green’s function (NEGF) approach. In this
approach, the Schrodinger equation is solved under non-
equilibrium condition. The NGEF formaism provides
atomistic description of channel, contacts and scattering on
carrier transport in the channel. The device Hamiltonian can
be discretized providing two aternative approaches for
NGEF formalism: real space formalism [11] which can be
used directly for any geometry and mode space formulation
[12] which splits up the device simulation into set of 1D
problems over the sub-bands.
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Mode Space approach can be applied for simulating
nanometer channel materials such as carbon nanotube [13,
14], silicon MOSFET [15] and graphene nanoribbon [16,
17]. Ouyang et al. [9] studied the scaling behavior of
GNRFETs below 10nm considering only one family of
armchair GNRs. GNRFET performance with variations in
channel width was studied by Kliros[18].

The present work develops a full quantum transport
model based on NEGF formalism for a Graphene
Nanoribbon FET with a double gate high k-dielectric
materials in order to reduce the short channel effects and
reduce the leakage current. The width dependent
performance of GNRFET is discussed in detail. The paper is
organized as follows. Section Il discusses the NGEF
formulation for the carrier transport and simulations for the
proposed device. In Section |1, results related to width
dependent performance of GNRFET are discussed while
Section |V presents the conclusions.
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Figure 1: Carrier Transport in GNRFET

Il. MODELING OF GNRFET DEVICE

Quantum based transport simulation approach is
computationally most efficient approach as the device length
scales down and quantum effects become more and more
significant. The most accurate of these methods is the NEGF
approach providing atomistic description of channel
material as well as the effects of contacts on carrier transport
in the channel which provides an accurate result and insight
into the GNRFET performance for channel lengths < 10nm.
The mode space approach of NEGF formulation when
applied to the GNRFET with the assumption of smooth
edges and negligible potentia variation, results in a
considerable computational advantage without
compromising the simulation accuracy.Figure 2&Figure 5
shows the iterative algorithm for calculating potential profile
using electrostatic and transport solutions. Before obtaining
the bias current, the potential profile and the charge density
needs to be calculated using the Poisson’s equation and the
transport equation. The total charge density is obtained by
summing the electron and hole densities in the channel.
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Figure 3: Iterative solution flowchart

The steps of calculating the bias current are described
below.

1. Stepl: Using tight binding (TB) calculation, the
effective masses of the lowest sub-bands are extracted
for a given width and a dab with zero potential. This
shall be used in the successive transport calculations.
Calculating Tight Binding inside the slabs with length of
3a.c and 2N, atoms provides the required information of
GNR sub-bands for the transport calculation. The matrix
element of the Hamiltonian between the o™atom within
the n"slab and the B atom within the m" slab is given as
follows
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The guantum confinement of the carriers in one
dimension opens up the band gap and reduces the
electron velocity and the band linearity near the
Dirac point. The non-linearity is corrected for each
sub-band using effective mass model given by
-] 2t

2 EgP | 2my”

2

2. Step2: Considering the initial potential distribution, the
energies and the wave-function for the sub-band are
obtained as a function of longitudinal direction by
repeating tight-binding calculation for every dab of the
GNR only at k=0.

3. Step3: The Hamiltonian matrix, Green’s function,
contact self-energies and the corresponding level
broadening function are obtained for a given sub-band.
The transport equations based on the NGEF formulation
has a Hamiltonian similar to Tight Binding case. The
non-parabolic band diagram is corrected using position-
energy dependent effective mass model given as

b
(mb* [1 + #”(x)] if E> Ei”(x)]
E;”(x)
mb(xl E) = b
Im *[1 +—EV ) —E
- E*(x)

]- b | &
if E<E; (JC)J

The retarded Green’s function is constructed based
on the obtained Hamiltonian.

G, (E) = [EI —H, - Zb—zz ]_1

Before the GNR channel is connected to drain and source
contacts, the DOS (Density of States) of GNR channel
consists of sharp levels at the sub-band minimum energies
due to quantum confinement. At the same time, there is a
continuous distribution of states in source and drain
contacts. Coupling of discretized and continuous states
results in a spread of states from channel to contacts and
vice-versa over a range of energies. The level broadening
quantities are calculated as

ré=i(z? - 529

rp=i(x3 - 25"

4

©)

4. Step 4: Caculation of source and drain correlation
functions and the corresponding electron and hole
numbers.

b<
b<
G5 (E) = GBI, (B)+ ) (B)IGS (E)
D
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The electron and hole numbers at (n,a) atom siteis
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5. Step 5: Computation of new potential energy using
the electron and hole numbers using the Poisson
Equation. The 3D Poisson equation is as follows

V.[e (F)VUpa (P)] = 0Q(F) (12)

6. Step 6: Computation of drain current using the
Transmission FunctionT (E).

2
s = S [ TEUA® - fo(NdE (13

T,(E) = Trace[T?G,T%G;] (14

A. GNRFET Structure
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Figure 4: Double gate GNRFET structure

The double gate GNRFET structure is shown in Figure 4.
The GNR is sandwiched between two insulator layers in
double metal gate topology. This provides maximal
electrostatic control of the gate electrode over the GNR
channel. A h-BN layer is used as a buffer layer, which
results in high-k gate insulator free from trapped impurities.
The proposed device has HfO, dielectric layer with relative
permittivity g =24 and oxide thickness t,, =1.2nm. The
dielectric permittivity of h-BN layers is & =4 and the
interlayer spacing between GNR and h-BN layers is around
0.3nm. A resultant equivalent silicon oxide gate thickness of
0.5nm is obtained. The length of intrinsic GNR channdl is
7.5nm and the symmetric regions of GNR channel are

(6)  heavily doped with concentration of 0.01 n-type dopants per
b> b> carbon atom and connected to metallic contacts.
67 (E) = Gy (B) + ) (E)]G3 ()
s D
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I11. SIMULATION & RESULTS

The device described in Section |1 is ssmulated to obtain
drain current under different bias conditions. The full
guantum transport model based on NEGF formalism for the
GNRFET as described in Figure 2 and Figure 3 is modeled
and smulated in MATLAB.

4.5 T T T T T »
—&—Ec1

Subband energy (eV)

5 10 15 20 25 30 35
GNR Index

Figure5: Sub-band energiesfor different GNR indices

Figure 5 shows the sub-band energies of the GNRFET for
different values of the GNR index. The width of the GNR
FET is aso proportiona to the GNR index. The (3p+1,0)
GNR family has a higher bandgap than the (3p,0) family.
The second sub band can significantly contribute to carrier
transport, as its energy is very close to the first sub band
energy.

Figure 6 and Figure 7 shows the transfer characteristics | ps-
Vps for the GNRFET for (3p,0) and (3p+1,0) family
respectively.The device shows a good MOSFET type
behavior which is evident from the strong saturation region.
The saturation slope depends on GNR width. Increasing Vps
in a wider GNRFET significantlyincreases the depletion of
electrons in the valence band corresponding to hole
accumulation in GNR channel.

The transfer characteristics 1p-Vgs for GNR (3p,0) family
and GNR(3p+1,0) family are given in Figure 8 and Figure
9. As the GNR width increases, the transfer curve shifts
towards the lower gate voltages thereby reducing the
threshold voltage. Hence, a wide channel GNRFET shall
have alower threshold voltage. At the same time, comparing
the two families of GNRFETSs, the (3p,0) family has a
higher drain current and lower threshold voltage than the
(3p+1,0) family. As a result of smaller bandgap and higher
number of conducting sub-bands available at a given bias
condition, the ON and OFF currents are increased by
increasing the GNR width. Error! Reference source not
found. shows the drain current for gate and drain biases for
GNR (13,0).

Figure 10 shows the local density of states for GNRFET for
GNR(12,0). The local density of states for GNR(24,0) is
shown in Figure 11. Comparing the two figures, it is seen
that the energy gap between the valence and the conduction
bands is significantly reduced as the GNR width increases.
Thermionic transport of electrons with energies higher than
the potential barriers isthe main contributor to drain current.
However, with the increase in the width of GNRs, the band
to band tunneling of electrons increases because of
reduction in the band gap and also lowering of the effective
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mass of electrons. This results in a higher off-state current
for GNRs with higher widths.
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Figure6: 15-Vps characteristicsfor GNR(3p) family
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Figure 7: 1p-Vps characteristics for GNR(3p+1) family
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Figure 8: 15-Vgs characteristics for GNR(3p) family
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Figure 10: Local density of states calculated using
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Figure 11: Local density of states calculated using
NPEM model for GNR(24,0)
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IV. CONCLUSION

Transistor fabrication with reduced dimensionality is not
experimentally available, device characteristics need to be
optimized by modeling and simulations. Quantum tunneling
on carrier transport in sub-10nm devices can be captured by
using quantum mechanics based modeling and simulation,
wherein short gate length electrostatic effects, quantum
tunneling effects can be effectively treated. NGEF approach
is an accurate quantum based method for bottom up
simulation. This paper presents a fast numerical algorithm
based on NGEF formulation for the evaluation of width
dependent graphene nanoribbon double gate GNRFET with
high-k dielectrics.

A double gate GNRFET is simulated by solving quantum
transport equation with self-consistent electrostatics in mode
space, while incorporating non-parabolic band structure of
GNRFET. This paper provides an investigation and
optimization of GNR width. Increasing the GNR width
improves the on-state device performance. An investigation
of the static attributes of GNRFETSs is carried out for two
families of armchair GNRs (3p,0) and (3p+1,0). GNR(3p,0)
has a smaller bandgap and effective mass, leading to a
superior on-state performance.

Investigation of device characteristics for dependence on
GNR width reveals the potential benefits of GNRFET and
also its limitations for future applications in VLSI. Width
dependent GNRFET with wider GNR channel shows better
on-state performanceby scaling the channel length and
supply voltage, indicating a more preferable behavior for
lowpower 1C design. Increasing the GNR width improves
the ON-state performance to some extent by increasing the
band-to-band tunneling of electrons from valence band in
channel to empty statesin the drain region.
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