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Abstract - We model the transport behavior of a top-gated
graphene field-effect transistor where boron nitride is used as
substrate and gate insulator material. Our simulation model is
based on the non-equilibrium Green's function approach to
solving a tight-binding Hamiltonian for graphene, self
consistently coupled with Poisson's equation. The analysis
emphasizes the effects of the chiral character of carriers in
graphene in the different transport regimes including Klein and
band-to-band tunneling processes. We predict the possible
emergence of negative differential conductance and investigate its
dependence on the temperature and the BN-induced bandgap.
Short-channel effects are evaluated from the analysis of transfer
characteristics as a function of gate length and gate insulator
thickness. They manifest through the shift of the Dirac point and
the appearance of current oscillations at short gate length.
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I. INTRODUCTION

The isolation of one-atom-thick layer of graphene triggered
a revolution in solid-state physics and gave rise to a lot of
expectations towards electronic applications [1,2]. However,
the benefits of the extraordinary intrinsic transport properties of
graphene [3] are usually hindered by the defects of the
supporting insulating substrate. Recently, it has been shown
that graphene reported on hexagonal boron nitride (h-BN) has
higher mobility than on any other substrate [4]. Indeed, such a
substrate is flat, with a low density of charged impurities, does
not have dangling bonds and is relatively inert. A mobility of
275 000 cm2Ns, as high as for suspended graphene, has even
been reported [5]. It should allow reaching ballistic transport
even at room temperature and exploiting the peculiarities of
graphene properties inherent in the massless and chiral
character of charge carriers, which may manifest through chiral
band-to-band and Klein tunneling [6]. Additionally, h-BN has
the same atomic structure as graphene, with a lattice constant
1.8% higher. It offers the possibility of assembling
graphene/BN multilayers. In the case of Bernal stacking, it has
been shown that the interaction of BN with graphene may open
a bandgap of 53 meV [7] or even 100 meV [8] in graphene,
which could improve the poor pinch-off characteristic of
graphene field-effect transistors (GFETs).

In this work, we investigate the device operation and
electrical characteristics of GFETs for different gate lengths
(between 10 nm and 100 nm) and gate insulator thicknesses

(2 nm, and 10 nm), including the possibility of a BN-induced
bandgap opening (53 meVand 100 meV).

II. DEVICE TRANSPORT MODEL

In Fig. l(a) we display the schematic view of the simulated
top-gated GFET wherein the channel is formed by a monolayer
graphene sheet in the Oxy plane. The source and drain
extensions are N-type doped to 1013 ern". All other simulation
parameters are given in the figure captions. We assume the
lateral width of the device to be much larger than the channel
length, so that the y direction can be considered through Bloch
periodic boundary conditions [9,10].

Now, we summarize the most important features of the
transport model used to compute the current density. In this
model, the Hamiltonian of the graphene channel is considered
via a nearest-neighbor tight-binding approximation [11], i.e.

H tb = LEnln)(nl-t L [In)(ml+lm)(nl], (1)
n (n,m)

where nand m refer to the nearest atomic sites of the 2D
lattice, cn is the on-site energy and t = 2.7 eV is the next-

neighbor hopping energy [12]. The Schrodinger equation is
solved within the non-equilibrium Green's function (NEGF)
formalism. In the ballistic approximation the retarded Green's
function writes

where E is the charge energy of the system and the self
energies LS,D describe the coupling between the graphene
channel and the semi-infinite contacts. Then, the charge density
in the channel is computed as

p(x) =lfoo dEf dky
1t -00 BZ

X{Ds (E,x)[fs(E)+(sgn(E-EN )-1)/2] , (3)

+Dn (E,x)[fn(E)+(sgn(E-EN )-1)/2]}



Figure 1. (a) Scheme of the simulated GFET. H-BN is used as substrate and oxide material with a dielectric constant e;= 3.5. (b) Local carrier density (negative
values correspond to holes). The horizontal dashed line is a guide to the eye. (c) Potential profile (solid line) and LDOS for the transverse momentum ky= K; +
6.4 X 107 m-I

• EFS and EFD are the Fermi levels in source and drain contacts, respectively. (d) Corresponding transmission coefficient as a function of the energy.
Device parameters for (b), (c) and (d): ND = 1013 em", LS,D= L G = 20 nm, tox = 2 nm, ts = 100 nm, VDS = 0.2 V, VGS = - 0.5 V, EGAP = 0 meV, and T= 300 K.

where EN is the charge neutrality level, sgn (E) is the sign

function, Is(D) are the source and drain Fermi distributions with

the Fermi levels EFS(FD) respectively, DS(D) = GrS(D)Gt is

the local density of states (LDOS) resulting from the

source(drain) states, and rS(D)=i(LsCD)-L1CD») is the

injection rate at source(drain) contact. The NEGF transport
equations are solved self-consistently with the Poisson
equation. The method of moments [13], known to be
computationally efficient, is used to solve this equation. Since
the potential is assumed to be y-independent, the Poisson
equation is solved in the 2D-space Oxz. The self-consistence is
implemented through the Newton-Raphson method [14]. The
updated values of potential Ug are introduced as on-site
energies £n in (1). The whole process is repeated until the
convergence is reached. Finally, the current density is
computed as

where T(E,ky)=Trace[rsGrDGt] is the transmission

function. A more detailed discussion on the full algorithm used
can be found in [15].

III. NUMERICAL RESULTS

In Fig. 1(b) and Fig. 1(c), we present the self-consistent
result of the carrier density and the potential profile Ug,

respectively, for VGS = -0.5 V and VDS = 0.2 V. The
corresponding transmission coefficient is displayed in
Fig. 1(d). The chirality of carriers appears in the density profile
of Fig. 1(b) which exhibits positive (electrons) and negative
(holes) values outside and inside the gated region, respectively.
In Fig. 1(c) the local density of states (LDOS) is also plotted
for a transversal momentum ky = (2/3+0.005)K/ac .J3 where

a
c
=0.142nm is the lattice constant. Though the graphene

bandgap is actually zero, we observe in Fig. l(c) an apparent
energy gap in the plot of LDOS. This feature can be explained

in terms of energy band structure of graphene which gives rise
to a ky-dependentenergy gap which writes [16]

(5)

This energy gap is truly zero for ky = K y = 2K/3ac .J3
(transversal momentum at Dirac Point) but finite for ky 7:- Ky.

For instance, Eg (ky ) ~ 77 meV for ky = K; + 6.4 X 107 m", as

seen in Fig. l(c). This energy gap plays an important role since
it governs the off current and the negative differential
conductance (NDe) effect which will be discussed later.

Observing both the LDOS and the transmission coefficient
is useful to understand well the different transport regimes and
their connection with the chiral character of carriers. We can
separate these transport regimes in energy regions (I), (II) and
(III), as schematized in Figs. 1(c) and (d). The first is the
thermionic regime (I) for energies above the potential barrier.
The second is the chiral tunneling regime (II) that results from
the good matching of the hole states in the gated region with
the electron states in the source [17,18]. It appears clearly in
Fig. 1(d) where the transmission coefficient exhibits resonant
peaks in the energy range [-0.3,0]. The transport regime (III)
corresponds to the chiral band-to-band tunneling between hole
states in the source and electron states in the drain. We will see
in this work that because of the zero (or small) bandgap, these
transport regimes play an important role in the electrical
characteristics. For example, we measure now the contribution
of the different transmission regimes in the current-voltage
characteristics plotted in Fig. 2 for the gate length L G = 15 nm
and for three values of VGs. The total current density (black
line) is the sum of the three contributions (I), (II), and (III). for
Vas = - 0.5 V (Fig. 2(a)) the chiral tunneling is the dominant
process at low drain bias but reduces at high VDS where the
band-to-band and the thermionic regimes increase
monotonically, which makes the saturation of current
impossible. For VGs= 0 V (Fig.2(b)) the chiral and the
thermionic currents are dominant and comparable at low drain
bias. When increasing the drain bias the most important
contributions become the thermionic current and, on a smaller
extent, the band-to-band transmission (at very high bias).



Figure 2. Current-voltage characteristics for different values of VGs: (a)
VGS= - 0.5 V (b) VGS= 0 V and (c) VGS= 1 V. In (d) We show in the vertical
dashed lines the corresponding VGS values in the transfer characteristic for
VDS= 0.1 V. Device parameters: ND = 1013 em", LS,D = 20 nm, LG= 15 nm,
tax = 2 nm, ts= 100 nm, EGAP= 0 meV, and T= 300 K.

Finally, in Fig. 2(c) it is clear that for VGS = 1 V the thermionic
regime is the strongly dominant transport regime, with a small
contribution of the band-to-band tunneling at very high drain
voltage. The vertical dashed lines in Figs.2(a), (b) and (c)
correspond to the three values of VGS marked with vertical
dashed lines in the transfer characteristic ofFig. 2(d).

In Fig. 3, we present the current-voltage characteristics for
different values of VGs. At high Vns a rapid and quasi-linear
increase of the current density is observed in almost all cases.
This feature is essentially due to the contribution of thermionic
transport. At lower VDS we see a weak saturation behavior and
in some cases an NDC effect. The NDC arises when the
ky-transmission energy gap at the top of the barrier enters the
window [EFS - EFD][18,19]. It is observed at low VGS and for the
very thin insulator layer tox = 2 nm. It tends to be washed out
when increasing tox (not shown) and the temperature (as
commented below). The general behavior presented in Fig. 3 is
consistent with the experimental results of [20]. In Fig. 4 is
plotted the current-voltage characteristics of a 50 nm gate
length device as a function of the drain bias VDS for the EGAP

values of 0 meV, 53 meV and 100 meV [7,8], and for the
temperatures T= 77 K and T= 300 K. The NDC effect appears
to be strongly dependent on the value of the BN-induced
bandgap in graphene and by the value of temperature. The
peak-to-valley ratio (PVR) can reach ~ 3 for EGAP = 100meV at
T=77K.

In Fig. 5 we show the transfer characteristic for different
gate lengths L G• At short gate length, we observe an oscillation
of current for negative values of VGs.

Figure 3. Current-voltage characteristics for different values of VGs. Device
parameters: ND= 1013 em", LG= 50 nm, LS,D = 20 nm, tox = 2 nm, t, = 100 nm,
EGAP= 0 meV, and T= 300 K

Figure 4. Current-voltage characteristics for different bandgap values and for
different values of temperature: T = 77 K and T = 300 K. Device and
simulation parameters: ND= 1013 em", LG= 50 nm, LS,D = 20 nm, tax = 2 nm,
ts = 100 nm, and VGS= - 0.5 V.

Figure 5. Transfer characteristics for different gate lengths. Device
parameters: LS,D = 20 nm, tox =2 nm , ts = 100nm, VDs=O.l V, EGAP=OmeV,and
T= 300 K. In the inset, the same device parameters except T = 77 K.



Figure 6. Zoom of the Fig. 5 around the Dirac points in transfer
characteristics for different LG ( a) tox = 2 nm. (b) tox = 10 nm. Device
parameters: Vns = 0.1 V, EGAP = 0, ts = 100 nm, and T= 300 K.

As we show in the inset of Fig. 5 this oscillation increases
when decreasing the temperature. The oscillation results from
the quantization of hole states in the gated region which gives
rise to resonant chiral tunneling [18]. A zoom of Fig. 5 around
the Dirac point is shown in Fig. 6 for two values of the gate
insulator thickness: tox = 2 nm and tox = 10nm. When reducing
LG, a shift of the Dirac point to negative VGS values is observed.
This short channel effect is due to the reduced gate charge
control at short gate length which makes necessary to apply a
more negative VGS value to reach the Dirac point, i.e. the
transition between normal transmission above the barrier and
chiral tunneling through the barrier. This short channel effect is
obviously stronger when increasing tox• It was experimentally
observed in [21].

IV. CONCLUSIONS

We have presented different features of transport behaviour
in a top-gated GFET where h-BN was used as both substrate
and gate oxide material. This study was performed by means of
self-consistent simulation of the 2D-Poisson equation and the
non-equilibrium Green's function approach to solving a tight
binding Hamiltonian. The analysis of the different transport
regimes provided an understanding of the transport behaviours
and emphasized the important role of chiral (Klein and band
to-band) tunnelling processes. An NDC effect has been shown
to occur at negative VGS as a consequence of the
ky-transmission energy gap at the top of the barrier. The PVR
of NDC is dependent on the bandgap in graphene and on the
temperature. It may reach the value of 3 at T = 77 K. The gate
insulator thickness was shown to strongly influence the short
channel effects through the gate length dependence of the
Dirac point position in the transfer characteristics. At very
small gate length, the chiral tunneling through quantized hole
states of the channel was shown to give rise to current
oscillations.
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