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Several electronic and optoelectronic devices have been proposed in recent years based on vertical
heterostructures of two-dimensional (2D) materials. The large number of combinations of available 2D
materials and the even larger number of possible heterostructures require effective and predictive device-
simulation methods, to inform and accelerate experimental research and to support the interpretation of
experiments. Here, we propose a computationally effective and physically sound method to model elec-
tron transport in 2D van der Waals heterostructures, based on a multiscale approach and quasiatomistic
Hamiltonians. The method uses ab initio simulations to extract the parameters of a simplified tight-binding
Hamiltonian based on a uniform three-dimensional lattice geometry that enables device simulations using
the nonequilibrium Green’s function approach in a computationally effective way. We describe the appli-
cation and limitations of the method and discuss the examples of two use cases of practical electronic
devices based on 2D materials, such as a field-effect transistor and a floating-gate memory, composed of
molybdenum disulphide, hexagonal boron nitride and graphene.
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I. INTRODUCTION

Vertical heterostructures (VHs) of two-dimensional
(2D) materials are an ingenious means of implementing
the “materials-on-demand” paradigm for nanoelectronics
[1–4], which can enable the design of materials opti-
mized for specific applications at an atom-by-atom level.
The rapid progress in growth and fabrication techniques
[5–9] is indeed offering unprecedented opportunities for
tailoring such one-atom-thick building blocks into band-
engineered platforms for memory devices [10], field-effect
transistors (FETs) [3,11], flexible electronics [12], and
optoelectronics [13,14].

From the point of view of devising a device concept,
we would like to estimate—possibly using device simu-
lations before actual sample fabrication—the properties of
quantum transport in the “vertical” direction, i.e., the direc-
tion perpendicular to the 2D material planes. There are a
few devices in which this aspect is extremely important:
for example, in solar cells and in optoelectronic devices,
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performance is strictly dependent on the vertical-transport
properties [13–15]; in FETs, vertical transport through the
gate stack is an important factor of static power con-
sumption [16,17]; in a floating-gate nonvolatile memory,
vertical quantum transport determines the time required
to program and erase the memory, and its retention prop-
erty [18,19]. In addition, by choosing and engineering the
sequence of 2D layers in the vertical heterostructure, we
can tune the vertical-transport properties and therefore the
device operation.

Ensuring rapid and cost-effective progress toward fab-
rication and prototyping requires materials and device
design based on predictive simulations. However, the
modeling and understanding of vertical transport through
stacked 2D materials presents several challenges [20].
From an electronic structure point of view, every 2D mate-
rial is characterized by its own specific lattice geometry
and symmetry, which define a specific Brillouin zone that
often does not match with that of other components in a
heterostructure: the weak van der Waals interlayer interac-
tions allow stacked 2D materials to have different lattice
structures without introducing strain.

The final properties of the heterostructure often depend
on the relative alignment between adjacent layers, which
determines the interlayer coupling strength. This effect
can be very drastic, as observed in the induced supercon-
ductivity in bilayer graphene at certain “magic” angles
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[21]. Relative alignment is not only hard to control dur-
ing fabrication but also represents a major challenge from
a modeling perspective. Very large—and computationally
hard to treat—periodic unit cells are needed to describe the
whole heterostructure to reproduce the band structure of
the individual components and the local electronic features
at the interfaces. In practice, only vertical stacks with basic
alignment and good lattice matching are modeled with
atomistic detail, using ab initio methods such as density
functional theory (DFT), and are therefore limited to a few
selected configurations. Good progress in this direction
has been made since the introduction of density-functional
tight-binding (DFTB) methods [22–24]; here, however,
we prefer to consider a more manageable approach and
postpone the application of DFTB models to future works.

In addition, when the electron-transport problem under
far-from-equilibrium bias has to be taken into account,
a significant complexity is added to the calculation of
the vertical current, where one usually combines the
nonequilibrium Green’s function (NEGF) formalism with
Poisson’s equation [25,26]. Given the large bias voltage
applied in the device examples mentioned above, that
becomes very challenging if done from first principles.

Researchers have often made strong approximations to
reduce the complexity of simulations, such as assuming
translation symmetry of the Hamiltonian in the transver-
sal direction and therefore separating the Schrödinger
equation into a one-dimensional (1D) equation in the
vertical direction, enabling the calculation of transmis-
sion probabilities, and a 2D equation in the transversal
equation, providing information on the density of states.
This approximation leads to the Esaki-Tsu current for-
mula [27], which can capture most of the relevant trans-
port physics in the case of III-V heterostructures, where
the materials of adjacent layers are quite similar [28–
30] (sometimes leaving out important effects [31]), but
is unreasonable in the case of vertical heterostructures of
2D materials, where stacked layers can have very differ-
ent band structures. In more recent years, some analytical
models have been developed with the idea of studying
vertical transport across stacks of monolayers [32,33].
However, these models are limited by the choice of the
eigenfunctions of the source and drain materials, as they
need to be described by the same basis set. In particu-
lar, this requires that the source and drain are made of
the same material. In this paper, we propose a multiscale
pseudoatomistic method that overcomes this limitation and
therefore applies to a more general class of vertical het-
erostructures of 2D materials. This model enables us to
capture the relevant electronic structure and its effect on
vertical transport in a much better way than the unrealis-
tic assumption of translation symmetry in the transversal
direction, and it is much more tractable than a full ab initio
or atomistic simulation of the full heterostructure from a
computational point of view. In the method that we pro-

pose, ab initio DFT simulations are used to extract the
parameters of a pseudoatomistic Hamiltonian of the whole
heterostructure, which is then used to solve the transport
problem and the electrostatics in a self-consistent way.

To describe two practical uses of the method, we show
its application to the simulation of a FET and a floating-
gate memory, with both devices based on a vertical het-
erostructure of van der Waals materials: molybdenum
disulphide (MoS2) as the channel, hexagonal boron nitride
(h-BN) as the insulator, and graphene (Gr) as the floating
gate. We focus in both cases on the simulation of the tun-
neling current through the dielectric, for the calculation of
the gate leakage in the case of the FET and of the retention
time of the memory, which requires the time-dependent
self-consistent solution of the transport and electrostatics
problems.

II. PSEUDOATOMISTIC HAMILTONIAN OF A
VERTICAL HETEROSTRUCTURE BASED ON ab

initio SIMULATIONS

Here, we propose an effective approach to study electron
transport across vertical heterostructures based on tight
binding. In particular, as the van der Waals cross-plane
interactions are weak, we expect this effective model not
to deviate too strongly from the tight-binding model of
the single isolated monolayers. Instead of considering a
supercell, which is very expensive from a computational
point of view, we construct a vertical pseudocrystal in
which each layer presents the same translational invariance
and the same fundamental cell size. We accept that this
common-lattice approximation introduces some inaccura-
cies and are satisfied as long as we are able to reproduce
the profile of the cross-plane transmission spectrum T(E)

obtained by means of DFT. For simplicity, we consider a
ballistic approximation for our model, so that the vertical
momentum of the charges is conserved; but we expect also
inelastic relaxation phenomena to take place, as they could
connect states at different wave vectors. Therefore, for
each component material M , we consider the monolayer
DFT-computed local density of states LDOS(E; M ) and
replicate it by means of the tight-binding model. Next, we
fix the band alignment and the cross-plane coupling param-
eters and we do so by considering some small selected
heterostructures and their LDOS and transmission spectra.
At the DFT level, because the supercell required to model
a simple heterostructure can be extremely large, we can
consider only a limited number of structures. By means
of our effective model, we can assemble them and study a
complete electron device.

A. Modeling the monolayers

Each isolated layer in the heterostructure is assumed to
be infinite in the x-y plane and is described by a two-center
Hamiltonian P. By making use of Bloch’s theorem, P can
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be written as

P(k) =
(

εA + tA f2(k) t f1(k)

t∗ f ∗
1 (k) εB + tB f2(k)

)
, (1)

where the εi (i = A, B) represent the on-site energies, t is
the nearest-neighbor hopping parameter, ti are the second-
nearest-neighbor hopping parameters, and f1(k) and f2(k)

are functions of the in-plane momentum k = (kx, ky),
which depend on the geometry of the system and refer to
first- and second-nearest-neighboring atoms, respectively
[34]. For a hexagonal lattice, such as the one shown in
Fig. 1(a), these functions can be written as
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)
+

+ 2 cos (kya) = |f1(k)|2 − 3,

(2)

where a is the lattice constant. With this model, we can
describe a direct band gap the width of which is expressed
as Eg = (εA + 3tA) − (εB + 3tB); it is easy to see that when
no second-nearest-neighbor interaction is considered, this
relation reduces to the usual Eg = εA − εB [35]. The on-
site energies εA,B can be arbitrarily shifted by a quantity
E0, as long as � = εA − εB does not change. This freedom
allows us to carry out band alignment in the heterostructure
by simply changing E0. In the present work, these shifts are
found by analyzing the ab initio layer-resolved LDOS (see
Sec. III).

B. Modeling the off-plane couplings

Since no periodicity can be imposed along the vertical
axis z, the Hamiltonian for the full system needs to be
written in real space. As we are working in the common-
lattice approximation, we recall that the lattices for each
monolayer are perfectly aligned one on top of another.
Therefore, for a stack of L layers, the Hamiltonian takes
the block-tridiagonal form

H(k) =

⎛
⎜⎜⎜⎜⎜⎜⎝

P1(k) V1,2(k)

V†
1,2(k) P2(k) V2,3(k)

. . . . . . . . .
V†

L−2,L−1(k) PL−1(k) VL−1,L(k)

V†
L−1,L(k) PL(k)

⎞
⎟⎟⎟⎟⎟⎟⎠

, (3)

where for l = 1, . . . , L, Vl,l+1(k) is the interlayer-hopping
matrix between layers l and l + 1, with V†

l,l+1 = Vl+1,l
being its conjugate transpose; Pl(k) is the in-plane Hamil-
tonian in the form of Eq. (1) and the empty spaces are 0.

If two adjacent layers correspond to the same material,
we write Vl,l+1(k) as

Vl,l+1(k) =
(

vA vf1(k)

v∗f ∗
1 (k) vB

)
, (4)

where v is the off-plane hopping parameter between
nearest-neighbor atoms and vi (i = A, B) corresponds to
the next-nearest-neighbor ones [see Fig. 1(b)]; otherwise,
if the two layers are of different materials,

Vl,l+1(k) =
(

v0 v1f1(k)

v∗
1 f ∗

1 (k) v0

)
, (5)

where v0 is the interface off-plane hopping parameter for
the nearest atom and v1 is the corresponding parameter for
the next-nearest ones [see Fig. 1(c)].

III. PARAMETRIZATION OF A MoS2/h-BN/Gr
HETEROSTRUCTURE

As an example for the presented model, we consider a
VH composed of a monolayer of MoS2, a multilayer of
h-BN, and a monolayer of graphene (Gr); these materi-
als are the building blocks of several electronic devices
based on van der Waals heterostructures reported in the
literature [10,36–41]. The reason why these materials are
very often used is simple: h-BN is the best-performing 2D
insulator, MoS2 is probably the most promising 2D semi-
conductor in terms of its energy gap and in-plane mobility,
and graphene is a 2D semimetal, with the highest mobil-
ity and conductivity. Their combination in van der Waals
heterostructures enables us to obtain different functional
materials.

In order to choose the parameters for the Hamiltonian
given in Eq. (3) for such a structure, we follow the pro-
cedure illustrated in Fig. 2 and already explained at the
beginning of Sec. II. The electronic band structure for a
monolayer of each material is obtained in a quite straight-
forward manner, as we extract the parameters appearing in
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FIG. 1. (a) A planar representation of the hexagonal lattice with the two centers A (red) and B (yellow), along with the first-nearest-
neighbor and second-nearest-neighbor in-plane hopping parameters. (b) A schematic representation of the pseudolattice describing two
AA′ stacked layers of the same material, with off-plane nearest-neighbor (next-nearest-neighbor) hopping indicated by dark (light) green
lines. (c) The pseudolattice for two AA′ stacked layers of different materials, with off-plane nearest-neighbor (next-nearest-neighbor)
hopping indicated by dark (light) blue lines.

Eq. (1) by matching the energy gap and band curvature for
every DFT-simulated monolayer. Note that as long as a sin-
gle monolayer is considered, the lattice constant does not
influence any of the electronic properties, because we sum
over all the infinite number of in-plane momenta k. We
choose the lattice parameter of MoS2 as a reference for the
common lattice, as it is the largest, and set aVH = aMoS2 . To
see the comparison between the DFT bands, also shown
in Fig. 3, and those obtained from tight binding on the
common lattice, all centered around the K point of the
respective material, refer to Appendix A. The band align-
ment follows by considering the LDOS for two different
heterostructures: one composed of Gr and h-BN and the
other of h-BN and MoS2. As h-BN is present in both of
them, we use it as a reference. If �1 is the valence-band
offset between Gr and h-BN (the energy of the top of the
valence band for Gr is taken to be its work function) and
�2 is the valence-band offset between MoS2 and h-BN,

then �1 − �2 is taken as the valence-band offset between
Gr and MoS2.

Lastly, we obtain the off-plane hopping parameters
appearing in Eqs. (4) and (5) by scanning the phase space
and selecting the ones that best reproduce the cross-plane
transmission. Apart from the two aforementioned struc-
tures that give the intermaterial hopping parameters, we
also consider bulk stacked h-BN, as it is our tunneling
material.

The modeling of contacts is a delicate matter; for sim-
plicity, we consider a 1D system. Therefore, we construct
the MoS2 and Gr contacts by adding layers for each of
them. The Gr layers are coupled by selecting the off-
plane parameters that best reproduce the DFT transmis-
sion for bulk graphite; the MoS2 ones are instead cou-
pled in such a way that its band gap is not altered very
much. The resulting hopping parameters are reported in
Table I.

Ab initio simulations
(DFT)

Mapping electronic properties to
pseudoatomistic TB Hamiltonian

Modelling electron devices
with vdW heterostructures

In-plane TB parameters

Out-of-plane TB parameters

Band alignment

LDOS

Electrostatic
potential

Monolayers of
2D materials

Electron transport
for infinite VHs of

couples of 2D materials

Nonequilibrium
quantum problem

for the full
van der Waals
heterostructure

Solution of full
device electro-
statics problem

FIG. 2. The scheme of the multiscale simulation procedure. Ab initio (DFT) simulations are used to extract the parameters of the
tight-binding Hamiltonian, which is then used in the self-consistent simulation of quantum transport and electrostatics.
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FIG. 3. A comparison of the band structures for various materials, as computed by DFT and by the effective model on the real lattice.
The band structure on the common lattice for Gr and h-BN is reported in Appendix A. (a)–(c) Tight binding versus DFT on the real
lattice band structures. After the fit, the h-BN band gap is artificially widened to match that in the transmission spectrum; for further
details, see Appendix C. (d) Vertical transmission for bulk Gr (12 layers, linear scale) and (e) for h-BN embedded in Gr (4L, four
layers; 12 layers in total, logarithmic scale). The dashed line indicates the Dirac-cone energy for graphene.

A. DFT simulations

All our calculations are performed with the QUAN-
TUM ESPRESSO electronic structure package [47,48],
using ultrasoft pseudopotentials, the generalized gradi-
ent approximation–Perdew-Burke-Ernzerhof (GGA-PBE)
exchange-correlation functional [49] with D2 van der
Waals correction [50], an energy cutoff of 40 Ry, and
a charge-density cutoff of 400 Ry. The Brillouin zone
of all monolayer materials is sampled with a 15 × 15 ×
1 Monkhorst-Pack grid (increased to 30 × 30 × 1 for
computing DOS). For bulk materials, six k points are

used to sample the out-of-plane direction (increased to 12
for DOS). The equilibrium in-plane lattice parameter a
and interlayer distance d for Gr are obtained by relaxing
all atomic coordinates self-consistently until all residual
forces acting on each atom are below 10−3 Ry/Bohr. We
find a = 0.246 nm and d = 0.333 nm, in good agreement
with the experimental values [51]. The h-BN in-plane lat-
tice parameter is adapted to that of Gr, with a compression
of less than 2% compared to its equilibrium geometry.
In the case of the h-BN/MoS2 VHs, to compensate for
the large mismatch between MoS2 and the compressed

TABLE I. The in-plane parameters for monolayer h-BN, Gr, and MoS2 and the off-plane parameters for the tight-binding model. The
table is organized into two parts: in the first, we show the in-plane parameters obtained by fitting the band structure of each material
as computed by DFT (the DFT lattice); in the second, we show the ones found for the common lattice (for the vertical heterostructure,
we choose aVH = aMoS2 ). The interplane parameters are fitted from the transmission spectra in Fig. 3. The intermaterial hopping
parameters v0 and v1 refer to the coupling with h-BN. Distances are expressed in nanometers and everything else in electronvolts.

a (nm) Eg � t tA tB d (nm) v vA vB vh-BN
0 vh-BN

1

DFT lattice
h-BN 0.246 4.86 5.77 −2.28 −0.22 0.07 0.333
Gr 0.246 0 0 −2.50 0.17 0.17 0.333
MoS2 0.307 2.05 0.58 −1.81 −0.07 0.42 0.615
Common lattice
h-BN 0.307 4.86 5.42 −1.90 −0.13 0.05 0.333 0.25 0.25 0
Gr 0.307 0 0 −1.98 −0.09 −0.09 0.333 1.45 0.80 0.80 -6.00 5.00
MoS2 0.307 2.05 0.58 −1.81 −0.07 0.42 0.615 0.17 0.15 0 0.15 0.25
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h-BN, a supercell is constructed by attaching a MoS2 4 × 4
supercell (48 atoms per layer) on a h-BN 5 × 5 super-
cell (50 atoms per layer). With this arrangement, we are
able to ensure a tensile compression < 3% for MoS2,
the compressed lattice parameter of which is found to be
a = 0.307 nm. The vertical interlayer distances within and
between the materials are again optimized until the forces
between the atoms are below 10−3 Ry/Bohr. In Table I,
we report the lattice parameters and the in-plane hop-
ping parameters as fitted from the monolayer DFT energy
bands; graphical comparisons between the ab initio and the
corresponding tight-binding band structures can be found
in Figs. 3(a)–3(c). These are obtained by considering a =
0.246 nm for graphene and h-BN and a = 0.307 nm for
MoS2 and result in a band gap of 4.87 eV for h-BN and
2.05 eV for MoS2, which is in good agreement with the
literature [52,53]. From these values, we can extract the
tight-binding parameters for monolayers of each individual
material.

The ab initio transmission calculations are computed
using the PWCOND postprocessing tool included in QUAN-
TUM ESPRESSO [54], while sampling the periodic directions
with a 30 × 30 k-point grid (91 within the irreducible
Brillouin zone). The h-BN and Gr electrodes are simu-
lated using their respective bulk unit cells (two layers);
their homogeneous bulk-scattering regions are modeled
using 12 layers in total. The Gr/h-BN VH is modeled
by using four layers of h-BN embedded in four layers of
graphene on either side, as illustrated in Fig. 4(a). The
MoS2/h-BN VH is instead modeled by using a mono-
layer of MoS2 embedded in two layers of h-BN on each
side, as illustrated in Fig. 4(b). The large number of atoms
contained in the latter supercell (they are already 248 in
the system considered here) is too large for the inclu-
sion of more layers. The off-plane parameters appearing
in Eqs. (4) and (5), and also reported in Table I, are
obtained by fitting the transmission spectrum computed
with PWCOND by using the NanoTCAD ViDES toolkit
[55]. As an example, the results for the bulk graphite and
Gr/h-BN/Gr heterostructures are reported in Figs. 3(d)
and 3(e).

Band alignment is carried out by considering the relative
valence-band offset among the three materials combined
in the two aforementioned VHs; as h-BN is present in
both of them, its valence-band top energy is taken as a
reference. These offsets are extracted from the ab initio
computed LDOS shown in Fig. 4(c) after proper alignment
and are reported in Table II. We note that these values
are quite different from those obtained from Anderson’s
rule using the electron affinity for the isolated materials
available in the literature (also reported in Table II). Bet-
ter agreement may be obtained by means of different DFT
functionals, such as the Heyd-Scuseria-Ernzerhof hybrid
functional (HSE06), or the GW approximation [56–59];
however, for consistency reasons, we will only consider

(a)) (b))

(c)

−1 0 1 2 3 4 5 6
−8

−6

−4

−2

0

2

E-Eh-BN
VB (eV)

lo
g 1

0

MoS2

h-BN
Gr

FIG. 4. Three-dimensional (3D) representations of the (a)
Gr/h-BN/Gr and (b) h-BN/MoS2/h-BN heterostructures used for
band alignment. The semitransparent planes represent the elec-
trodes, while the central part is the scattering region. (c) The
density of states D for each material, after band alignment, as
referred to the h-BN valence-band top. The dashed line indicates
the Dirac-cone energy for graphene.

the offsets computed in the present work. A comparison
between the LDOS as computed both in DFT and by our
tight-binding model is reported in Appendix B. Finally,
the cross-plane energy gap for the stacked configurations
is compared to the monolayer energy gap in Table III.

TABLE II. The valence-band energy offset with respect to h-
BN, in electronvolts. In the first row, we report the valence-band
offset (VBO) as found in the literature by following Anderson’s
rule, with the h-BN valence-band energy as found in Ref. [46];
in the second, we report the value obtained from the analysis of
our ab initio DOS alignment.

Valence-band offset (eV) MoS2 Gr

Anderson’s rule 0.6 [42–44] 2.1 [45]
This work 0.1 1.4
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TABLE III. The band-gap comparison between the monolayer
and stacked configurations for the three materials under consid-
eration. The h-BN stacked gap refers to the bulk case, whereas
the MoS2 and Gr cases refer to the 2L-1L-2L h-BN/MoS2/h-BN
and 4L-4L-4L Gr/h-BN/Gr configurations, respectively.

Monolayer (eV) Stacked (eV)

h-BN 4.89 5.90
Gr 0 0
MoS2 2.05 1.89

IV. USE OF PSEUDOLATTICE HAMILTONIANS
IN DEVICE SIMULATION

As a demonstration use case, we show that the proposed
methodology is very useful for simulating the gate-leakage
current in a FET and the retention time of a floating-gate
memory based on vertical heterostructures of 2D materials.
In both cases, we consider the same core heterostruc-
ture, where a multilayer h-BN tunneling barrier separates
a monolayer MoS2 channel from a monolayer Gr gate and
everything is placed above a SiO2 substrate. This struc-
ture can represent the central region in a device such as
those shown in Figs. 5(a) and 6(a). We assume that both
devices are sufficiently well behaved from the electrostat-
ics point of view, i.e., that the lateral device contacts have
no influence on the region we are considering.

A. Leakage current in a FET

As introduced in Sec. II, we consider the bidimensional
layers in the x-y plane to be infinite. This is a valid approx-
imation if we are interested in the flat-potential region in
the center of a FET with good electrostatics and it allows
us to reduce the electrostatic problem to a 1D nonlinear
Poisson’s equation:

�∇ ·
[
εr(z) �∇ϕ(z)

]
= −

∑
m

Q(zm)
δ(z − zm)

ε0
, (6)

where ϕ and εr are the electrostatic potential and the rela-
tive dielectric constant along the z direction, respectively,
Q(zm) is the charge per unit area on the mth layer, and ε0 is
the vacuum dielectric constant. The transport mechanism
is studied in the NEGF framework [25]. Here, we need
to describe two leads and we do so by adding some lay-
ers along the z direction: four Gr layers above the gate
and four MoS2 layers below the channel, as required by
our solver, NanoTCAD ViDES [55]. We use the values
reported in Table I for the off-plane coupling parameters,
in order to leave the channel band-gap width unaltered.
We also considered an n doping for the MoS2 channel
equal to n = 5 × 1012 cm−2 and a width-dependent dielec-
tric constant for the h-BN barrier, with the values taken
from Ref. [60].

Substrate

Barrier

Core VH

S D

Channel Gate

Self-consistency Transmission

Map

ϕ(z)

ϕ(z) Charge

MoS2 Channel

h-BN
Gate dielectric

Gr Gate

Substrate

MMMMMoMoMoMoMoMoSSSSSSSSSS2222222 CCCCCoCoCoCoCoConnnnnnttttatatatatata tttctctctctctct
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FIG. 5. (a) A view of the FET, with the core vertical
heterostructure (and the substrate) highlighted. (b) The self-
consistent scheme: the Fermi level of the semimetallic gate
is used to self-consistently determine the potential everywhere
along the device. The current is then obtained from the Büttiker-
Landauer formula, after solving the NEGF problem.

The simulations are performed by following the pro-
cedure shown in Fig. 5(b) and outlined below. We con-
sider the core heterostructure and apply an electrochemical
potential μg on the gate and μc on the channel, resulting
in an applied voltage between the gate and the channel of
Vgc = −e(μg − μc). The electrostatics equation is solved
by means of Eq. (6), with Neumann boundary conditions
imposed at the channel and at the gate; then the resulting
electrostatic potential ϕ(z) is used to compute the induced
charge Q(zi) in these two regions:

Q[zi; ϕ(zi)] = −e
∫

Di[E − ϕ(zi)]f (E − μi)dE, (7)

where e is the elementary charge and Di is the density of
states of at the coordinate zi. This procedure is repeated in
a self-consistent Schrödinger-Poisson fashion to determine
a good approximation of the electrostatic configuration of
the device. NEGF is then applied to determine the total
transmission spectrum T(E) for the device. Finally, the
Büttiker-Landauer formula is applied to find the leakage
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FIG. 6. (a) A view of the floating-gate memory, with the
core vertical heterostructure (and the substrate) highlighted. (b)
The self-consistent scheme adopted to study the transport prob-
lem: the electrostatic potential ϕ(z) is computed on the left and
imposed on the right, where the current through the barrier is
computed via the NEGF formalism. From this current, we cal-
culate the time required to trap a small charge �Q, so that
Q(zFG; t + �t) = Q(zFG; t) + �Q. The new charge changes the
electrostatic potential in the device and the procedure is repeated
until full equilibrium is reached.

current per unit area:

I = 2e
�

∫
T(E)

[
f (E − μg) − f (E − μc)

]
dE, (8)

where f is the Fermi-Dirac distribution function.
The entire procedure is implemented in the NanoTCAD

ViDES toolkit, which efficiently solves both the electro-
statics and the charge-transport problems. In Fig. 7, one
can appreciate the leakage currents at different values of
Vgc for varying barrier widths, showing a clear exponential
dependence on the barrier width (each additional mono-
layer of h-BN reduces the leakage current by more than 2
orders of magnitude) and a subexponential dependence on
the applied voltage, as expected.
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FIG. 7. A comparison of the gate-leakage current versus the
barrier width in a FET composed of a monolayer MoS2 channel,
a monolayer Gr gate, and a multilayer h-BN barrier (2L, two lay-
ers; ... ; 12L, 12 layers), for various applied gate-channel voltages
Vgc. A n = 5 × 1012 cm−2 doping is imposed on the channel.

B. Floating-gate memory

As depicted in Fig. 6(a), we consider the core het-
erostructure and put a metallic control gate (CG) and a
second insulating h-BN multilayer block between the Gr
gate and the substrate; thus making the Gr monolayer a
floating gate (FG). Devices like this one have recently
attracted a lot of interest in experimental research [10,38–
41]. In this case, ϕ(zCG) is fixed by imposing Dirichlet
boundary conditions, which are appropriate for an ideal
metal, while ϕ(zch) is subject to Neumann boundary con-
ditions. Importantly, here the charge Q(zFG) trapped in
the FG changes over time. Due to our multiscale method-
ology, we are able to investigate such time dependence
with low computational efforts and a quasiatomistic accu-
racy. The simulation proceeds as follows [see Fig. 6(b)].
At the initial time t0 = 0, a certain charge Q(zch; t0) is
present in the channel and a charge Q(zFG; t0) is trapped
in the floating gate. If Dgr[E − ϕ(zFG; ti)] is the density
of states for graphene when the potential is ϕ(zFG; ti),
then the floating-gate electrochemical potential μFG(ti) is
obtained by inverting Eq. (7). Note that the integral has to
be taken from the Dirac-cone energy μ0 to μFG(ti) itself.
The tunneling current is computed by applying Eq. (8),
with μFG(t) in place of μg . Taking a small incremental
time step �t in the simulation and assuming a fast energy-
relaxation rate in the floating gate, we expect the process
to be adiabatic. Then, at t + �t, the charge in the floating
gate has changed linearly with the tunneling current across
the barrier, I(t):

Q(zFG, t + �t) = Q(zFG, t) − �t I(t). (9)
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FIG. 8. (a) The time evolution of the charge trapped on the
floating gate for different barrier widths, from 10 to 13 h-BN lay-
ers. In all cases, a 16.3-nm-thick insulator separates the floating
and control gates, a n = 2 × 1013 cm−2 doping is considered for
the MoS2 channel, and Vgc is fixed at 0.0 V. Note that the initial
potential on the floating gate depends on the barrier width. The
band structure at different times for the 13–h-BN–layer evolution
curve (the colored dots) is reported in (b), where matching colors
refer to the same time t.

Equations (6)–(9) are solved again after another time step
�t, and so on until saturation. In Fig. 8, we present the
retention times of the charges trapped on the floating gate.
The exponential dependence over the barrier width is again
evident: more than 2 orders of magnitude of retention time
are gained with every new layer of h-BN.

V. CONCLUSION

We present a computationally effective and physically
sound method to simulate electronic transport in 2D van
der Waals heterostructures based on a multiscale approach
and quasiatomistic Hamiltonians, and we apply it to exam-
ple use cases of electronic devices based on 2D materi-
als—namely a FET and a floating-gate memory, composed
of molybdenum disulphide, hexagonal boron nitride, and
graphene.

This method maps the complex Hamiltonian of a
large van der Waals heterostructure into an effective

Γ M K Γ

Γ M K Γ
−2

0

2

4

6
h-BN

E
-E

h
-B

N
V

B
(e

V
)

DFT
aDFT
aMoS2

Γ M K Γ

Γ M K Γ
−2

0

2

4

6
Gr

E
-E

h
-B

N
V

B
(e

V
)

DFT
aDFT
aMoS2

(a)

(b)

FIG. 9. A comparison of the bands, centered around the K
point, for Gr and h-BN as obtained from DFT, the tight-binding
best fit on the same lattice parameter as DFT, and the tight-
binding best fit on the common lattice. The high-symmetry points
in the bottom axis refer to the first Brillouin zone relative to the
DFT lattice (aDFT = 0.246 nm for both materials); whereas the
primed ones, on the top axis, refer to the first Brillouin zone
relative to the common lattice (aVH = aMoS2 ).

pseudoatomistic Hamiltonian with a uniform three-
dimensional (3D) lattice geometry, where all the effects
due to the presence of different layer geometry, orienta-
tion, and interactions are taken into account in the values
of the tight-binding parameters, while the structure of the
Hamiltonian is fixed.

This approach entails a significant degree of approxi-
mation but also enables the simulation of devices based
on vertical heterostructures that would be prohibitive with
fully atomistic Hamiltonians. At the same time, it provides
a physically sounder route than common approximations
such as the Tsu-Esaki formula, which in the case of a van
der Waals heterostructure of 2D materials would not be
able to capture the richness of the material properties and
the impact of the variation of the Hamiltonian associated
with different layers on charge transport in the transver-
sal direction for a complex device. The input files for the
DFT simulations can be found in an online repository at
Ref. [61].
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APPENDIX A: BAND STRUCTURES IN THE
COMMON LATTICE

For the DFT simulations, we consider the lattice param-
eters ai = 0.246 nm for i = (Gr, h-BN) and a = 0.307 nm
for MoS2, as reported in the main text. For each material,
the fitting procedure for the in-plane tight-binding parame-
ters is standard: we select the parameters that give the best
fit for the band structures around the K points. Then, by
moving to the common lattice, we resize each first Bril-
louin zone to that of MoS2. In Fig. 9 we show a direct
comparison of the valence and conduction bands for Gr
and h-BN in the three cases: the DFT simulations, the tight-
binding best fit with the lattice parameter obtained from
DFT (a = 0.246 nm), and the tight binding on the common
lattice with aVH = 0.307 nm = aMoS2 .

APPENDIX B: DOS COMPARISON: DFT VERSUS
TIGHT BINDING

In Fig. 10 we show a detailed comparison of the density
of states between two cases:

(a) Thick lines: DOS as computed from NEGF in
the tight-binding model of a MoS2/h-BN/Gr heterostruc-
ture, where multiple layers of h-BN are considered. The
“h-BNX

IF” labels refer to the h-BN layer adjacent to mate-
rial X .

(b) Thin lines: DOS as computed from DFT in either
the h-BN–MoS2–h-BN system or the Gr–h-BN–Gr one.

APPENDIX C: DETAILS OF THE h-BN
MODELING

The h-BN band gap is different in the DFT and tight-
binding cases. This is due to the fact that vertical trans-
port in this material seems to ignore some states in the
conduction band, as can be seen from Fig. 11.
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The band structure is computed with the help of
QUANTUM ESPRESSO and the transmission spectrum with
PWCOND, as explained in the main text.
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