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Università di Pisa
Pisa, Italy, IT-56122
URL: http://monteverdi.iet.unipi.it/˜fiori
Telephone: +39 050 2217596
Fax: +39 050 2217522

Abstract—A simulation study of a tunable-gap bilayer
graphene FET with independent gates is performed with a
numerical solver based on the self-consistent solution of the
Poisson and Schrödinger equations within the NEGF formalism.
The applied vertical field manages to induce an energy gap, but its
value is not large enough to suppress band-to-band tunneling and
to obtain acceptable Ion /Ioﬀ ratio for CMOS device operation.

I. I NTRODUCTION
Graphene, an atomic layer of carbon atoms arranged in
a two-dimensional (2D) honeycomb lattice, is one of the
few examples of 2D crystals. Since its first experimental
demonstration [1] in 2004, this material has attracted a huge
scientific interest, due to the intriguing properties of the two
dimensional electron gas (2DEG), such as the linear dispersion
relation typical of Dirac fermions, the very large measured
mobility [1], [2] and the large coherence length. The hunt for
new device architectures and new channel material for next
generations of semiconductor technology [3] could find an
interesting target in graphene. The mobility values reported
in the literature for graphene FETs exhibit a large range of
variability (from 102 to 104 cm2 V−1 s−1 ), depending on the
material synthesis method and on device processing. Recent
studies indicate that the intrinsic mobility contribution has
been estimated to exceed 2 × 105 cm2 V−1 s−1 [4]. This
indicates that a large room for improvement is available by
finding innovative processing solutions allowing to use the
giant intrinsic mobility of graphene.
The exploitation of wide flakes of graphene as channel
material for FETs has been first demonstrated in [5] and
in [6], showing very poor Ion /Ioﬀ ratios (smaller than 10)
and a limited capability for digital electronics applications.
Being 2D graphene a semimetal with zero band gap, it is
impossible to effectively turn “off” its conduction. An energy
gap can however be induced by cutting 2D graphene in
very narrow stripes [7], the so-called graphene nanoribbons,
obtained by means of lithographic patterning (electron beam
lithography [8] or scanning probe lithography [9], [10]) or
through chemical reaction [11]. In this way, a high Ion /Ioﬀ
ratio has been obtained, for example in [12], with performance
comparable to small diameter carbon nanotube devices. In

spite of these intriguing demonstrations, state-of-the-art lithographic techniques are far beyond required atomic precision.
Another possibility to define an energy gap without the
need of highly precise lithography, is represented by stacking
graphene in multilayers, like in bilayer graphene. Recently,
theoretical models [13], [14] and experiments [15], [16], [17]
have indeed shown that bilayer graphene has an energy gap
controllable by a vertical electric field. One could exploit this
property to use bilayer graphene as a channel material for
FETs, defining an energy gap only when really needed, i.e.
when the FET must be in the off state. A simulation study on
this subject has been first addressed by means of the effective
mass approximation in [18] and then by means of the tightbinding approach in [19]. An analytical model has been instead
proposed in [20].
In this work, we present a numerical approach able to
describe the electrical behavior of Bilayer Graphene (BG) FET
with independent gate operation, based on atomistic numerical
simulations. In particular, we have extended our in-house
device simulator NanoTCAD ViDES [21], based on the NonEquilibrium Green’s Function formalism (NEGF), with a tightbinding Hamiltonian on a pz orbital basis set in the real space.
II. P HYSICAL M ODELS AND N UMERICAL A PPROACH
The Poisson equation in the three-dimensional domain reads
∇ [(r)∇φ(r)]

= −q [p(r) − n(r) + ρf ix ] ,

(1)

where φ(r) is the electrostatic potential, q is the electron
charge, (r) is the dielectric constant, and ρf ix is the fixed
charge. The electron and hole concentrations (n and p, respectively) are computed by solving the Schrödinger equation
with open boundary conditions, by means of the NEGF
formalism [22].
The Green’s function can then be expressed as
−1

G(E) = [EI − H − ΣS − ΣD ]

,

(2)

where E is the energy, I the identity matrix, H the Hamiltonian of the BG, and ΣS and ΣD are the self-energies of
the source and drain, respectively. Transport is here assumed
to be completely ballistic, i.e. no self-energies accounting for
inelastic scattering are considered.
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Let us focus our attention on H. In particular, the considered
bilayer graphene Hamiltonian is expressed by means of an
atomistic (pz orbitals) real space basis, and it is composed
by the two single layer graphene Hamiltonians, coupled by
the tp =0.35 eV hopping parameters in correspondence of
overlaying atoms along the z direction [14], i.e. the direction
perpendicular to the plane of graphene: the elementary cell
(Fig. 1) is repeated periodically along the x and y directions.
In particular, Bloch periodic boundary conditions√are imposed
along the x direction with period equal to Δ = 3acc , where
acc = 0.144 nm is the carbon-carbon bonding distance. In
this way, the kx wave vector appears in the Hamiltonian.
Semi-infinite contacts have been instead modeled along the
y direction by means of self-energies.
As an example, let us consider the simple cell shown in
Fig. 1, composed by 12 atoms, 6 in the bottom layer and 6
in the upper layer, and ordered as shown in the picture (u
and d are for upper and bottom layer, respectively). If t is the
hopping parameter, H is a tridiagonal block matrix, whose
elements are 2 × 2 matrices.
In particular, H reads
⎞
⎛
D1 α
⎟
⎜ α D2 β1
⎟
⎜
†
⎟
⎜
β1 D3 α
⎟,
(3)
H=⎜
⎟
⎜
α D4 β2
⎟
⎜
⎠
⎝
β2† D5 α
α D6


where
Di =

Φiu
0

0
Φib

,

(4)

and Φiu and is Φib are the potentials of the i-th couple
of atoms, laying on the upper and on the bottom layer,
respectively.
If we now define t̃ as
t̃ = teikx Δ ,

(5)

where i is the imaginary number, the off-diagonal block
matrices read:

t 0
α=
,
(6)
0 t

β1 =

t + t̃
0
tp
t + t̃†

,

(7)

t + t̃†
tp

.

(8)

and

β2 =

0
t + t̃

A point charge approximation is assumed, i.e. all the free
charge around each carbon atoms is spread with a uniform
concentration in the elementary cell including the atom. Assuming that the electro-chemical potential of the reservoirs
are aligned at the equilibrium with the Fermi level of the BG,
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and given that there are no fully confined states, the electron
concentration is
p(r) − n(r)

=

+∞

1+2

dkx
BZ

−∞

dE ·

|ψS (E, kx ,r)|2 f (E − EFS )
+|ψD (E, kx ,r)|2 f (E − EFD ) ,

(9)

where r is the coordinate of the carbon site, f is the FermiDirac occupation factor, |ψS |2 (|ψD |2 ) is the probability that
states injected by the source (drain) reach the carbon site r,
EFS (EFD ) is the Fermi level of the source (drain), and the
+1 term accounts for C atom ioniziation. The kx integral is
performed over the Brillouin zone (BZ).
The current has been instead computed as
I

=

+∞
2q
dkx
dE ·
h BZ
−∞
T (E, kx ) [f (E − EFS ) − f (E − EFD )] , (10)

where h is Planck’s constant and T (E) is the transmission
coefficient.
From a numerical point of view, when solving the integrals
along the kx axis, we have verified that 32 k values are
enough in order to obtain accurate results. For what concerns
instead the computation of the self-energy Σ, we have adopted
the transfer Hamiltonian formalism as proposed by Sancho
et al. [23], which works better than simple underelaxation
techniques, in correspondence of the Van Hooven singularities:
for each energy point, Σ is found with almost the same number
of iterations (about 15). Transport computation can be still too
computationally demanding, so that integration over the k axis
has been parallelized by means of MPI subroutines.
The non-linear system has been solved with the Newton/Raphson (NR) method with the Gummel iterative scheme.
In particular, the Schrödinger equation is solved at the beginning of each NR cycle of the Poisson equation, and the
charge density in the BG is kept constant until the NR cycle
converges (i.e. the correction on the potential is smaller than
a predetermined value). The algorithm is then repeated cyclically until the norm of the difference between the potential
computed at the end of two subsequent NR cycles is smaller
than a predetermined value.
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III. R ESULTS AND D ISCUSSION

V 2 + 2t2p V
,
V 2 + t2p 2vF

kg =

(11)

where vF is the Fermi velocity, vF = 3a2cc t .
The simulated device is a double-gate BG-FET, whose
structure is shown in Fig. 3. We assume metal gates, and a
1.5 nm layer of SiO2 as gate dielectric. We also assume an air
gap of 0.5 nm between the dielectric interface and the position
of carbon sites. The channel is 15 nm long, and the inter-layer
distance is 0.35 nm. The source and drain extensions are 10 nm
long, and are doped with an equivalent molar fraction of fully
ionized donors fd = 5 × 10−3 .
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Fig. 3. Transversal cross-section of the simulated graphene bilayer field
effect transistor.

a larger amount of positive charge is injected in the valence
band, due to band-to-band tunneling, which pins the potential
along the channel, and further degrades the gate control over
the barrier.
In order to increase the vertical electric field between the
two layers of graphene, we have driven the device by imposing
a fixed voltage between the two gates Vdiﬀ = Vtop − Vbottom .
Even in this case, device transconductance (i.e. the slope of
the transfer characteristic) almost remains the same, regardless
of the applied Vdiﬀ . This can be explained by the large
accumulation of positive charge in the channel, caused by
band-to-band tunneling in correspondence of the drain: this
charge screens the vertical electric field, limiting the size of
the opened bandgap.

-1

-1

-2

-2

-2

1.5 1.6 1.7 1.8

-1

kx (nm )

1.5 1.6 1.7 1.8

-1

kx (nm )

1.5 1.6 1.7 1.8

-1

kx (nm )

Fig. 2. Energy dispersion in correspondence of the Dirac point for different
values of V , i.e. the difference between the potential on the top and on the
botton layer.

In Fig. 4 the transfer characteristics for VDS = 0.5 V
are shown, for different gate configurations. In particular, in
Fig. 4a the transfer characteristics as a function of the top gate
voltage (Vtop ) for different bottom gate voltages (Vbottom ) are
shown. As can be seen, large currents can be obtained above
threshold, while the BG-FET shows huge problems to switch
off. Even after applying very negative gate voltages, the drainto-source current decreases only by roughly a factor of six. The
ratio even worsens when Vbottom = −1.0 V , since in this case
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In Fig. 2 the energy dispersions for graphene bilayer BG
are shown in correspondence of the Dirac point, for different
values of V , i.e. the difference between the potential on the
upper and the bottom layer. Due to the symmetry of the energy
dispersion, the plot is shown only for ky = 0.
As can be seen, for V =0 eV the BG has no energy gap,
while a gap is induced for increasing values of V : the higher
V , the higher the energy gap. In addition, the top and the
bottom of the second and third subband, respectively, show
the so-call “mexican-hat” behavior, i.e. we observe a local
maximum in correspondence of the Dirac points, while the
minimum is shifted by kg (V ), which reads [14]
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Fig. 4.
a) Transfer characteristics computed as a function of the top
gate voltage, when the bottom gate voltage Vbottom =1.0 V (dotted line),
Vbottom =0 V (solid line) and Vbottom =-1.0 V (dashed line); b) transfer
characteristics computed as a function of Vbottom for Vdiﬀ =1.0 V (solid
line) and Vdiﬀ =0.5 V (dashed line).

In Fig. 5, the transmission coefficients are plotted as a
function of the energy and for different bias points. In par-
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ticular, all the plots refer to the Vbottom = 0 V case, while
VDS = 0.5 V, and Vtop =-0.5, -2.0 and -4.0 V. Source and
drain Fermi level are also depicted. For energies included
in the [EF D , EF S ] interval, we can observe a large bandto-band tunneling component, which degrades the transistor
off-state. As stated above, this is due to the presence of
bound states in the valence band, which are also responsible
for the pinning of the channel potential. As indeed can be
noted, despite the large applied Vtop voltage (Vtop =-4.0 V), the
transmission coefficient is only slightly shifted as compared to
the Vtop = −0.5 V case.
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Fig. 5. Transmission coefficient in correspondence of the Dirac point, for
VDS = 0.5 V and different Vtop .

IV. C ONCLUSION
We have explored the possibility of realizing FETs by exploiting the tunable-gap property of bilayer graphene, through
a code based on Tight-Binding NEGF device simulations.
Aiming at technology foresight, we have considered the overly
optimistic case of an ideal structure and of ballistic transport.
Our computer simulations show that tuning the gap is not a
very promising technique for achieving appropriate switching
characteristics of BG-FETs, due to the too weak suppression
of band-to-band tunneling.
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