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ABSTRACT

Graphene has been one of the most
vigorously studied research materials. We
have developed a program for simulation of
graphene field effect transistor (GFET). In
this work, we use the simulation program to
explore the performance of graphene FET.
The simple model of the graphene FET is
based on non-equilibrium Green’s function

method and first is implemented by using
graphic user interface of Matlab. The
current-voltage characteristics of the GFET
and affects of channel materials, gate
materials, size of graphene  FET,
temperature on the characteristics are
explored.

Keywords: Graphene, Graphene FET, non-equilibrium Green’s function, current-voltage

characteristics.

INTRODUCTION

Graphene [1-8] has been one of the most
vigorously studied research materials since its
inception in 2004. There has been a lot of study
focused on transport properties of graphene [9-
12]. Many issues related to transport properties of
graphene  field-effect  transistors  (FETS).
Experimental [13-16] and theoretical [17-21]
studies have shown that even though being a
gapless semi-metallic material, a graphene FET
shows saturating current-voltage behaviors.

In previous studies [17-21], to describe semi-
classical transport of graphene FET at a channel
length that a semi-classical Boltzmann transport
equation (BTE) is solved self consistently with
Poisson equation. Monte-Carlo method and
numerical solutions of solving BTE have been
implemented, they are limited to two-
dimensional  k-space, which assumes a
homogeneous material and therefore it has

limitations to describe transport properties in the
graphene transistor accurately.

In this work, to describe transport behaviors
of graphene FET at channel length that quantum
mechanical Schrodinger wave equation is solved
self consistenly with Poison equation. The non-
equilibrium Green’s function (NEGF) method
[22], that used commonly for nanoscale devices,
has been implemented by using graphic user
interface (GUI) of Matlab as discussed in detail
later.

In the work, we start with an introduction to
a top-gated graphene experimental field effect
transistor, modeling and simulation method. In
the second section, we look more into details of
graphene field effect transistor (GFET). Finally,
we discuss typical simulations of current-voltage
characteristics in graphene FET by non-
equilibrium Green’s function method using GUI
of Matlab.
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MATERIALS AND METHODS
Materials, Modeling and Simulation Method

Top-gated graphene FET as shown in Fig. 1
were simulated. The normal device has a top gate
insulator of Al,O; [23]. Fabrication of GFET can
be briefly described as follows. Graphene
monolayer flakes are exfoliated from bulk natural
graphite crystals by the micromechanical
cleavage. The substrate consists of a highly-
doped, n-type Si(100) wafer with an arsenic
doping concentration of Np > 10% ¢cm™, on which
a 300 nm-thick SiO, layer is grown by thermal
oxidation. Metal contacts on the sample is
defined by using electron beam lithography

Ni

(EBL) followed by a 50 nm-thick metal (Ni)
layer evaporation and a lift-off process. The
device is transferred to electron beam evaporator
vacuum chamber to deposit the Al nucleation
layer. The thickness of Al layer is 1-2 nm. Then,
the samples are moved to the atomic layer
deposition (ALD) chamber and go through 167
cycles of Al,O; deposition resulting a 15 nm-
thick Al,O3 film deposition. A 50 nm-thick Ni
top-gate electrode is subsequently fabricated
using e-beam lithography, metal deposition and
lift-off process. A graphene FET with 6.6 pm
source-drain separation and 2.4 pm top-gate
length is shown in Fig. 1 [23].

Oxidized Al

Graphene

Sio,

Highly-doped Si

Fig. 1. Structure of top gated graphene field-effect transistor [23] is used in our simulations.

The flow of current is due to the difference in
potentials between the source and the drain, each
of which is in a state of local equilibrium, but

maintained at  different  electro-chemical
potentials 4 , and hence with two distinct Fermi
functions [22]:

1 @

fl(E)E fo(E _ﬂl): o

XP[(E - 14)/keT]+1

1 @
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by the applied bias V: g2, — 14y = —QV . Here, E- energy, ks - Boltzmann constant, T- temperature.

The density matrix is given by

TAE o\ FdE
p=15.0"0=1%

—00

[A(E)(E)+ A(E)f,(E)] 3)

The current I flows in the external circuit is given by Landauer formula:

Iy =(q/h)TdET(E)(fl(E)— f,(E)) 4)
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The quantity T(E) appearing in the current
equation (4) is called the transmission function,
which tells us the rate at which electrons transmit
from the source to the drain contacts by
propagating through the device. Knowing the
device Hamiltonian [H] and its coupling to the

contacts described by the self-energy matrices
2, ,, we can calculate the current from (4). For
coherent transport, one can calculate the
transmission from the Green’s function method,
using the relation

T(E)=Trace[,GI,G* |=Trace|l,GL,G"| (5)

The appropriate NEGF equations are obtained:

G= [EI -H-% _22]71’11,2 = i[zl,z _212]7 AI(E): GI,G", Az(E): GI,G", ©)
6" =[A]t(E)+[A]f(E)A=ilc-G"]-[A]+[A,]

where H is effective mass Hamiltonian, 1 is
an identity matrix of the same size, I ,are the
broadening functions, A;, are partial spectral
functions, A(E) are spectral function, G" is
correlation function. We use a discrete lattice
with N points spaced by lattice spacing ‘a’ to
calculate the eigenenergies for electrons in the
channel.

RESULTS AND DISCUSSION

The main goal of the project was to make a
user-friendly simulation program that provides as
much control as possible over every aspect of the
simulation. Flexibility and ease of use are
difficult to achieve simultaneously, but given the
complexity of quantum device simulations
became clear that both criteria were vital to
program success. Consequently, graphic user

interface development was major part of the
program.

We start by simulating Ip-Vp characteristics
of top-gated graphene FET. Figure 1 shows the
schematic of the device used in our simulations.
Top-gated graphene FET with two-dimensional
graphene as the channel is simulated. The device
is simulated with Al,O3 as the dielectric which
has been predicted to be one of the promising
dielectrics for graphene FETs in recent
experiment [23]. All the simulations have been
done for channel length of GFET, L = 20 nm.

Fig. 2 shows the Ip-Vp characteristics of the
graphene FET having the length of 20 nm versus
different gate voltages. It can be noted that when
the gate voltage is increased the saturated drain
current exponentially increased. This behavior is
in agreement with experimental results.
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Fig. 2. The Ip-Vp characteristics of the top gate graphene field-effect transistor at Vg = 0.1V, 0.2V, 0.4V,

0.6V, 0.8V (bottom to up).

Fig. 3 shows the Ip-Vp characteristics of the appreciable affect on the ON-current. At Vgs =
top gate gaphene FET having the length of 20 nm 0.8 V, the ON-current is reduced by 9% due to
under ballistic transport and that with phonon the phonon scattering.
scattering. It is shown that scattering can have an
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Fig. 3. The Ip-Vp characteristics of the gate top graphene FET at Vg = 0.8V for ballistic (red line), scattering
(black line), where the length of the gate is Lg=20 nm.
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Fig. 4 shows Ip-Vp characteristics of greater than Vg = 0.3 V, the drain current is
graphene FET versus the gate voltage, V. When exponentially increased. The modeling results
the gate voltage is small, the drain current is agree well with experimental data.
gradually increased. When the gate voltage is
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Fig. 4. The 3D plot of Ip-Vp characteristics of the graphene FET vs Vg, where the length of the gate is Lg=20 nm.

Fig. 5 shows the 3D plot of Ip-Vp temperature is increased the saturated drain
characteristics of the graphene FET versus the current is gradually decreased.
temperature, T. It can be noted that when the
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Fig. 5. The 3D plot of the I5-V characteristics of the top gate graphene FET vs temperature. The graphene FET
parameters are: material, Al,Os, the gate length is Lg = 20 nm, the gate thickness is t,,=2 nm.
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Fig. 6 demonstrates Ip-Vp characteristics of is
graphene FET versus the length of the gate layer
at room temperature. When the length of the FET

increased the saturated drain current
gradually decreased.
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Fig. 6. The 3D plot of the Ip-Vp characteristics vs the gate length of the top gate graphene FET at room
temperature, T = 300 K. The parameters of the graphene FET: material, Al,O3, the gate thickness, t,,=2 nm.

Fig. 7 shows Ip-Vp characteristics of the top
gate graphene FET versus the gate thickness at
room temperature. When the gate thickness, t,y of

current is gradually decreased.
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Fig. 7. The 3D plot of 15-Vp characteristics of the graphene FET vs the gate thickness, t,, at room temperature,
T =300 K. The parameters of the graphene FET: material, Al,O3, the gate length is Lg = 20 nm.

the graphene FET is increased the saturated drain
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CONCLUSION

A model for the graphene FET using NEGF
written in GUI of Matlab has been reported. The
top-gated graphene FET has been simulated.
Typical simulations is then successfully
performed for various parameters of the graphene
FET. The modeling results agree with the
experimental data. The model is not only able to
accurately describe 15-Vg, Ip-Vp characteristics

of the graphene FET, but also affects of channel
materials, gate materials, size of graphene FET,
temperature on the characteristics. The
simulation program is a good tool for the
development and investigation of quantum
device such as the graphene FET.

ACKNOWLEDGMENTS: This work is supported by
VNU in HCM City under research contract NO. B2010-18-28.

Mé phdng dac trwng dong-thé cua

graphene FET

e Dinh S§ Hién

Trwdng Dai hoc Khoa hoc Ty nhién, DPHQG-HCM

TOM TAT

Chung téi da phat trién chuwong trinh mé
phdng transistror truong graphene céng trén
(GFET). Trong céng trinh nay, ching téi téng
quan vé vét liéu graphene, graphene FET.
Chung t6i s dung chuwong trinh mé phéng
nay dé nghién ctru ky déc tinh cda graphene
FET. M6 hinh cta graphene FET dwa trén

phuong phdp ham Green khéng cén bang
va lan déu tién duoc hién thuc bdng st dung
giao dién db hoa nguoi st dung (GUI) cua
Matlab. Nhing dic trung dong-thé cua
GFET, é&nh huéng cua vét liéu, nhiét do, thé
céng ciing duoc nghién ctru ky.

Twr khéa: Graphene, graphene FET, ham Green khéng can bang, déc trung dong-thé.
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