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Recent developments in the technology of vertically stacked two-dimensional (2D) van der Waals 

(vdW) heterostructures have already come up with promising tunneling-based field-effect devices 

(FED) architectures. Despite the need for a better understanding of quantum tunneling across the 

vdW heterojunctions for the development of advanced FEDs, most theoretical works currently 

resort to semi-classical approaches, eliminating the possibility of interpreting and predicting 

effects that involve atomistic details in an ab initio manner. In this presentation, we newly establish 

the first-principles method of FEDs within the recently developed multi-space constrained-search 

density functional theory (MS-DFT) formalism (Fig. 1)[1] and report the non-equilibrium 

electronic structures and quantum transport properties of graphene-based vdW FEDs. Providing 

the comparable transport properties with the previous experimental report [2], we determine the 

validity of the vdW FED simulations within MS-DFT. In particular, focusing on the gate field 

effect in the graphene-based metal-insulator-semiconductor (MIS) tunnel junctions (Fig. 2), we 

provide not only the mechanism of tunnel diode characteristics in the MIS junction but also design 

guidelines for the development of advanced graphene-based vdW FEDs. 
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Fig. 1. (top) The newly developed multi-space constrained-search density functional theory (MS-DFT) for 

the simulation of nanodevice at finite bias voltages. Copyright 2020 Wiley-VCH. (bottom) The quasi-Fermi 

level splitting within a single molecular junction calculated with MS-DFT (bottom). Copyright 2020 

National Academy of Sciences. 

 

 
Fig. 2. (left) Atomic structure of graphene/hBN/MoS2 vertical heterojunctions with finite gate electrode. 

Here, Au monolayer was used for the atomic gate electrode. (right) The gate-field dependent current density 

– drain bias (J – VSD) curves of the graphene/hBN/MoS2 vertical junction at Vg = 2.5 V (red solid line) and 

4.0 V (blue solid line). 
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