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Recently, it has been shown that graphene 
reported on hexagonal boron nitride ( h-BN) 
provides higher mobility than on any other 
substrate [1,2], which makes possible to reach the 
ballistic transport regime even at room 
temperature. Additionally, in the case of Bernal 
stacking on h-BN, a small bandgap may open in 
graphene [3,4]. In this work we present a 
numerical study of the electrical behavior of top-
gated monolayer graphene field-effect transistors 
(GFETs) wherein h-BN is used as substrate and 
gate insulator material (Fig. 1(a)). In addition to 
the strong influence of the chiral nature of 
carriers, it is shown that a negative differential 
conductance (NDC) may be achieved. Our model 
is based on the Green's function approach to 
solving the nearest-neighbour tight-binding 
Hamiltonian of graphene [5] self-consistently 
coupled with the 2D Poisson equation. 

In Fig. 1(b) we plot a typical potential profile U g 
and the local density of states (LDOS) for a 
particular value of the transverse momentum k y, 
and an energy gap EGAP = 0. The corresponding 
transmission coefficient is displayed in Fig. 1(c). 
These figures illustrate well two important 
effects: (i) the transmission gap around the top of 
the barrier, which originates from the gap in the 
energy dispersion appearing at given k y [6], and 
(ii) the chiral tunnelling through the barrier via 
the hole states. In the case of short gate length, the 
quantization of these hole states are likely to give 
rise to Klein tunnelling and resonant effects [7]. 

The drain current of a 50 nm gate length device is 
plotted in Fig. 2 as a function of the drain bias 
VDS for different values of EGAP in graphene [3,4], 
and for the temperatures T  = 77 K and T = 300 K. 
An NDC effect is observed and it is strongly 
dependent on the value of the BN-induced 
bandgap in graphene and by the value of 

temperature. The NDC arises when the 
transmission gap at the top of the barrier enters 
the window [EFS-EFD][8]. The peak-to-valley ratio 
can reach  3 for EGAP = 100 meV at T = 77 K.  

In Fig. 3(a) we show different curves of the 
current density as a function of the gate voltage, 
VGS, for different gate lengths L G. The minimum 
value of current, called Dirac point, corresponds 
to the transition between normal transmission 
above the barrier and chiral tunnelling through the 
barrier. It is controlled by the transmission gap 
which is LG-dependent. It is also obviously 
dependent on EGAP, as shown in Fig. 3(b). The 
Ion/Ioff current ratio reaches  30 at T = 77 K for 
EGAP = 100 meV and LG = 50 nm. At short gate 
length, oscillations of current are observed in the 
negative VGS branch (Fig. 3(a)). They results from 
the quantization of hole states in the gated region 
which gives rise to resonant chiral tunnelling [9].  

A zoom of Fig. 3(a) around of the Dirac point is 
shown in Fig. 4 for two values of the gate 
insulator thickness: W t = 2 nm and Wt = 10 nm. 
When reducing LG, a shift of the Dirac points to 
negatives VGS values is observed. It is stronger 
when increasing W t. This short channel effect is 
in full agreement with experimental results [10]. 

In summary, this study provides an understanding 
of the different transport behaviors of graphene 
field-effect transistors on h-BN substrate which is 
expected to make possible the recovering of the 
excellent intrinsic transport properties of 
graphene, with high potential of ballistic 
transport. 
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Fig. 1.  (a) Schematic view of the simulated GFET. H-BN is 
used as substrate and gate insulator with a dielectric constant 

r = 3.5. (b) Potential profile (solid line) and LDOS for the 
transverse momentum ky = Ky + 6.4 107 m-1. EFS and EFD are 
the Fermi levels in source and drain contacts, respectively. 
(c) Corresponding transmission coefficient as a function of 
the energy. Simulation parameters for (b) and (c): 
ND = 1013 cm-2, LS,D = LG = 20 nm, Wt = 2 nm, Ws = 100 nm, 
VDS = 0.2 V, VGS = -0.5 V, EGAP = 0 meV, and T = 77 K. 

 

 
Fig. 2.  J-VDS for different bandgap values for T = 77 K and 
T = 300 K. Simulation parameters: ND = 1013 cm-2, 
LG = 50 nm, LS,D = 20 nm, Wt = 2 nm, Ws = 100 nm, VGS = -
0.5 V. 

 
Fig. 3. (a) J-VGS characteristics for different gate lengths. 
Simulation parameters: Wt = 2 nm, Ws = 100 nm, VDS = 0.1 V, 
EGAP = 0 meV and T = 77 K. (b) J-VGS characteristics for 
different energy gaps, with LG = 50 nm. 

 
Fig. 4.  (a) Zoom of the Fig. 3(a) around the Dirac points in 
J-VGS characteristics for different LG with Wt = 2 nm. (b) 
Same characteristics but for Wt = 10 nm. In (a) and (b): 
VDS = 0.1 V, EGAP = 0, T = 77 K, Ws = 100 nm. The vertical 
dotted lines are guides to the eye. 
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