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Van der Waals heterostructures are promising candidates for bringing the materials-on-demand
paradigm into reality [F. Capasso, Science 235, 172 (1987)], since their electrical properties can
be engineered by playing on the several available degrees of freedom, as the number of layers,
the materials and the order in which they are stacked. In the present work, we present ab initio
and transport simulations of five different homo- and heterostructures based on two-dimensional
materials, using a multi-scale computational platform to compute the out-of-plane transmission

coefficients.

This information can be relevant for a wide range of applications, from nanoscale
devices to inkjet-printed circuits based on two-dimensional materials.

Each structure has been

investigated considering several parameters as the stacking sequence and orientation, as well as
the different overlappings between the flakes. We have found that, while transmission across the
junction is not significantly influenced by the degree of overlap between the flakes, the different

stacking orientation plays a more relevant role.

I. INTRODUCTION

In recent years, the interest in two-dimensional (2D)
materials has grown significantly, not only from a fun-
damental physical point of view, but also from the tech-
nological application perspective. Among their proper-
ties, the possibility of obtaining three-dimensional (3D)
structures with ad-hoc characteristics by stacking lay-
ers of 2D crystals has been one of the most promising
features. This has been referred to as the materials-on-
demand paradigm! #, where atomically thin monolayers
can be assembled together to form vertical heterostruc-
tures, held together by van der Waals interactions® ".
Graphene- and Transition Metal Dichalcogenide- (TMD)
based heterostructures open new opportunities for elec-
tronic applications, where graphene acts as a semi-metal
and TMDs offer a wide range of electronic properties, i.e.
semiconducting, semimetallic and metallic'™2°, while
providing new paths towards the goal of obtaining high-
performance nanoscale devices.

The possibility of arranging layers of 2D materials one on
top of the other opens new perspectives also in flexible
and wearable electronics, where printing of inks based on
2D materials have been demonstrated as a very attractive
alternative route towards low-cost, large-scale and eco-
friendly fabrication of electronics device on both rigid and
flexible substrates'®. This approach allows the synthesis
of complex heterostructures consisting of a large number
of flakes with various degrees of overlapping and stack-
ing sequences, forming a network of flakes. From this
perspective, the study of out-of-plane transport across
vertical homo- and heterostructures is of foremost im-
portance, and numerical simulations can provide physical
insights on the main mechanisms at play, while helping
in identifying the best option in order to obtain working
devices.

Transport in homo- and heterostructures is a recent re-
search topic, as demonstrated by the relatively small
number of publications in the field?' 23, some focusing on

photodetection?®?, steep-slope cold-source transistors?®,

sandwitched structures?® or transport through bilayer
graphene regions®®. The adopted computational meth-
ods are based either on Density Functional Theory
(DFT), which presents serious limitations on the afford-
able system sizes, due to its computational cost, or on
a tight-binding pseudo-empirical approach, with fewer
computational limitations, but at the cost of reduced ac-
curacy.

In order to properly study vertical transport, a flexible
approach is needed ¢) to deal with variable flake sizes,
up to several tens of nanometers (which are at the mo-
ment unmanageable by atomistic simulations), and i) to
accurately describe the inter-layer interaction, capturing
the atomistic subtleties governing the coupling of the or-
bitals.

To this purpose, in the present work we investigate
transport through vertical homo- and heterostructures of
2D materials by means of an accurate multi-scale plat-
form that combines ab-initio DFT calculations, Max-
imally Localized Wannier Functions (MLWF) and the
Non-Equilibrium Green’s Functions (NEGF) formalism,
thus providing an accurate description of the physics gov-
erning both interactions and transport between flakes,
and the possibility of scaling the structures down to
experimentally realizable sizes?”3!. In particular, the
proper Wannierization of the DFT structure allows us,
by finely projecting the plane wave basis onto the domi-
nant atomic orbital, to build a Hamiltonian with mono-
and bilayer regions of arbitrary size along the transport
direction. Here, we focus on homostructures of graphene,
MoS; and WSes, and heterostructures of MoSs-WSes
and graphene-MoSs, considering two stackings for each
structure and different overlapping lengths.

The article is organized as follows. In Sec. II, we briefly
describe the adopted multi-scale approach, together with
a decoupling procedure to obtain the monolayer Hamilto-
nian from the bilayer one, while retaining DFT accuracy.
In Sec. IIT the studied structures and the results of the



calculations are presented and discussed. Finally, Sec. IV
is about the conclusions we draw from our analysis.

II. MODEL

The chosen multi-scale method combines ab-initio
DFT, Maximally Localized Wannier Functions (MLWF)
and Non-Equilibrium Green’s Functions (NEGF), in-
spired by the approaches proposed in Refs. 27-31. In Fig-
ure la, a schematic depiction of the system under study,
comprising two partially overlapped flakes, is shown. In
order to determine the transport properties of the struc-
ture, we first perform a DFT computation of the elec-
tronic structure of a bilayer geometry by means of the
Quantum Espresso suite®?33. Next, we proceed with
the Wannierization?, i.e., we perform a change of basis
in order to express the bilayer Hamiltonian in terms of
MLWE. The correct Wannierization of the DFT Hamilto-
nian is crucial for the subsequent steps of our approach:
one has to select the proper initial projections for the
starting Wannier functions, opting for those orbital-like
states that mostly contribute to the subset of bands one
is interested in. In our case, we chose the bands close to
the Fermi level, the ones more involved in the transport
process. The orbital projections depend on the specific
material under study: they, for example, can be inferred
from the projected density of states, selecting the orbitals
that mostly contribute to the total density of states in the
desired energy range. For the systems examined here, we
detail the chosen initial projections in App. B. As an
example, it is well known that the conduction and va-
lence bands of single layer MoSy are mainly due to the
contribution of the five d orbitals of Mo and of the three
p orbitals of S3%; these projections are indeed a good ini-
tial choice for obtaining a proper Wannierization of the
MoSs Hamiltonian.

Following the procedure described in App. B, one ob-
tains a bilayer Hamiltonian of the form illustrated in Fig-
ure 1b and reported hereafter:

_ (Hsr Hop
H= (HBD HTF). (1)

In Eq. (1), it is possible to identify three distinct
blocks: 1) the upper diagonal block, which corresponds
to the bottom flake (Hpr), 2) the lower diagonal block,
which corresponds to the top flake (Hrr) and 3) the
upper right and bottom left off-diagonal blocks (trans-
pose conjugates), which correspond to the connections
between the two flakes (Hop). This Hamiltonian en-
codes all the information required for describing trans-
port in a partially overlapped system of 2D flakes. As
a matter of fact, for the considered structures, we have
tested that the separate diagonalization of the top flake
and bottom flake sub-hamiltonians, i.e. Hpr and Hrp,
provide, with very good accuracy, the same bands of the
corresponding isolated monolayers (except for an overall
shift in energy); thus, the following relation holds:

Hpr/rr & Hu/mT + AL (2)

where Hyp/m is the Hamiltonian of the isolated bot-
tom (MB) or top (MT) monolayer, Z is the identity ma-
trix and A is a real number. It is important to underline
that Eq. (2) is not general, but it must be verified case by
case. The constant A represents an overall energy shift
in the Hamiltonian, affecting only the diagonal elements
(i.e. the on-site energies).
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FIG. 1. (a) Schematic depiction of the considered struc-
tures: two flakes partially overlapped in the central region.
(b) Schematic depiction of the bilayer Hamiltonian, with the
three different blocks representing ¢) the top layer (upper left),
11) the bottom layer (lower right) and #i¢) the off-diagonal ele-
ments that connect the two layers. (c) Schematic depiction of
the construction of the complete Hamiltonian with arbitrary
single flake and overlapping regions. The triangles represents
the connections between adjacent cells along the structure.

From Eq. (2), it is possible to construct the Hamilto-
nian of the entire device by selecting arbitrary sections of
monolayer and overlap regions as schematically reported
in Figure 1c. We finally compute the transmission coeffi-
cients by means of the non-equilibrium Green’s functions
formalism, implemented with the NanoTCAD ViDES
package36. It is worth underlining that the present ap-
proach is able to retain the DFT level of accuracy, while
simultaneously scaling the overlapping regions to sev-
eral tens of nanometers (overcoming the size constrains
of fully ab-initio approaches). As a drawback, we are
neglecting boundary effects, which become increasingly
more relevant the closer we come to the edges of the
individual flake. Although this limitation can have an
impact on small overlapping regions, it is not the case
for the systems considered hereafter.

III. RESULTS AND DISCUSSION

III.1. Homostructures

Graphene — As a first example, we consider trans-
port between partially overlapped flakes of graphene. De-
spite its importance, only few works340 have addressed
this issue through pseudo-empirical tight-binding meth-



ods. We consider two different stackings, namely AA and
AB (see insets of Figure 2a and Figure 2b, respectively).
We consider an experimental interlayer distance of 3.3
A between the two graphene layers for both stackings*!.
In Figure 2a and Figure 2b we report the bandstructures
close to the Dirac point along the path I' — X: in the AA
case we see a duplicate of the single layer graphene bands
shifted in energy, while for the AB stacking we obtain two
parabolic bands touching at the Dirac point*?. These
differences are expected to produce remarkably distinct
transmission spectra for the two structures. Then, follow-
ing the procedure outlined in Sec. II and recovering with
a very good degree of precision the monolayer graphene
bands from both the Hamiltonians of the AA and AB bi-
layers (see Fig. 2¢), we compute the transmission for both
stackings and for different overlapping lengths (from 12
nm to 50 nm) as shown in Figure 2d. As a first general
observation, we note that the inter-flake transmission is
always lower than the in-plane transmission in a mono-
layer. Looking at the two different stackings, we observe
that for the AB case we have a transmission which is
double, in the energy interval [-0.4,0.4] eV, with respect
to the AA one. While a clear difference is observed for
the different stackings, the behaviour is saturated with
the overlapping length and we do not observe any signif-
icant difference in the transmission, which implies that
the transmission length between the two flakes is smaller
than 12 nm. It can be shown that this value emerges
from local density of states considerations*3. Further-
more, we note that around £0.48 eV, transmission for
the AA stacking is partially suppressed, a feature that
has been observed also experimentally4.

TMDs — Next, we focus our attention on the vertical
transport between partially overlapped flakes of MoSs
and WSes. Both materials feature a direct band gap at
the K point in the monolayer form (1.72 eV for MoSs and
1.29 eV for WSes), while the bilayers present an indirect
band gap (from T' in the valence band to K in the con-
duction band), of 1.26 eV for MoSy and of 1.10 eV for
WSes. As for graphene, we consider two different stack-
ings in the overlapping region, namely AA’ and AB374%;
the two stackings are reported in Figures 3a and 3b, re-
spectively. The interlayer distance, defined as the dis-
tance between the two nearest Sulfur/Selenium atoms,
is set at 2.98 A as reported in Ref. 17 for MoSy and
to 3.24 A as reported in Ref. 17 for WSey. In Figure
3c and Figure 3d, we show the comparison between the
bands obtained from a monolayer structure and the ones
extracted from the bilayer Hamiltonian of the AA’ and
AB stacking for MoSs and WSes, respectively. As for
graphene, also in this case we observe a good agreement,
especially near the conduction band minimum and the
valence band maximum, i.e. in the energy range of in-
terest for electronic applications. For WSes calculations,
we take into account spin-orbit coupling (SOC) (see App.
A), which produces a splitting in the valence bands of the
order of 0.4 eV in the monolayer; the energy separation
disappears in the bilayer!”. It is worth noticing that the
monolayer WSe, Hamiltonian extracted from the bilayer
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FIG. 2. Bilayer graphene bandstructure close to the Dirac
point for (a) AA and (b) AB stacking obtained from DFT
(black circles) and Wannier (red lines) simulations. (¢) Com-
parison of monolayer (ML) graphene bandstructures: in red
circles the one obtained with the diagonalization method of
Sec. II applied to the AA bilayer (BL), in blue crosses the
same for the AB bilayer, in black lines the isolated mono-
layer. (d) Electronic transmission spectrum of graphene for
different degrees of superposition, for both AA and AB stack-
ing, compared with the monolayer (ML) one.

one properly reproduces the bands splitting due to SOC
(see Fig. 3d).

In Figure 3e the transmission coefficient for the AA’
and AB cases for three different flake overlaps are shown
for MoSs, compared with the ones corresponding to the
in-plane transport in a monolayer: we notice that the
transmission in the valence band for the AA’ stacking
is increased by a factor of 2 with respect to the AB one.
Therefore, we foresee a higher hole current in that energy
window and we do not expect a significant difference be-
tween the two stackings as far as electron transport is
concerned. In Fig. 3f, the transmission spectra of WSe,
for the two considered configurations and for different
overlapping lengths are shown: we observe that the AA’
transmission is always lower than the AB one both in the
valence and in the conduction bands. In this case, we ex-
pect the transmission to be influenced by the particular
stacking for both electrons and holes. In both Figure 3e
and Figure 3f, transmission is not significantly affected
by the degree of superposition, suggesting again that the
transfer length between the two layers is less than 12 nm,
which is consistent with the literature*3.

II1.2. Heterostructures

The method can be applied not only to interfaces be-
tween the same materials, but also to heterostructures.
In the following, we study two different heterostructures:
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FIG. 3. Schematic depiction of the (a) AA’ and (b) AB stack-
ing for TMDs bilayers (top and lateral view). Comparison of
monolayer (ML) MoS; (c) and WSe; (d) bandstructure along
the I' — X k-path: in red circles the one obtained with the
diagonalization method of Sec. IT applied to the AA’ bilayer
(BL), in blue crosses the same for the AB bilayer, in black lines
for the isolated monolayer. Electronic transmission spectrum
for MoSz (e) and WSez (f) for different degrees of superpo-
sition, both for AA’ and AB stacking, compared with the
monolayer (ML) one.

WSes-MoSs and graphene-MoS,.

WSes-MoSy heterostructure — In order to model the
cell of the heterostructure, we separately relax the atomic
position of the MoS, and WSes monolayers, choosing a
cell parameter of 3.26 A; this value corresponds to the
mean of the two relaxed cell parameters obtained from
the homostructures in Sec. III. Afterwards, we build the
heterostructure keeping the distance of d = 3.37 A as re-
ported in Ref. 20. The two stackings AA’ and AB, pre-
viously described for TMDs homostructures, were con-
sidered for this bilayer as well. This WSes-MoS, het-
erostructure presents a direct bad gap of 0.60 eV. In Fig-
ure 4a and Figure 4b, we report the normalized projected
density of states on band structure of the heterostructure
bilayer: it is interesting to note that the conduction band
minimum is mainly explained by the MoSs contribution,
while the valence band maximum can be attributed to
the WSes, as it is expected in a type-1I (staggered gap)
heterostructure.

To confirm that the procedure described in Sec. II can
be applied also in this case, we report in Figures 4c¢ and
4d the band profiles of the AA’/AB decoupled and iso-
lated monolayers for MoS, and WSes, respectively. The
overall agreement is better in the WSes case, but for
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FIG. 4. Normalized projected density of states of the MoS2
(a) and WSe;z (b) states on the hetero-bilayer bands of the
MoS2-WSe2 heterostructure. Comparison of monolayer (ML)
MoS; (c) and WSez (d) bandstructure along the I' — X k-
path: in red circles the one obtained with the diagonalization
method of Sec. II applied to the AA’ bilayer heterostuctures
(BL), in blue crosses the same for the AB bilayer, in black lines
the isolated monolayer. (e) Electronic transmission spectrum
for MoS2-WSes heterostructure for different degrees of super-
position, both for AA’ and AB stacking, compared with the
monolayer (ML) one for both isolated MoSz and WSes.

both materials the agreement for the bands closer to the
gap is excellent. The transmission profiles (Figure 4e)
are not affected by the different considered overlaps; fur-
thermore, the AA’ and AB stacking differ less than in
the previous structures and the discrepancies are located
far from the band gap. In general, we observe that the
band alignment of the two materials produces an over-
all energy interval of 2.1 eV, where transmission is equal
to zero: this is again due to the formation of a type II
junction between WSey and MoS;. To confirm this, in
Figure 4e, we also report the transmission coefficient for
both MoS; and WSes monolayers.

Graphene - MoSy heterostructure — The second con-
sidered heterostructure is composed by a monolayer
graphene and MoSs. In this case, it is not possible
to perfectly commensurate the lattice parameters, be-
cause of the major difference between them. So, follow-
ing Ref. 46, we consider a supercell consisting of 5x5
graphene and 4x4 MoSy ortorhombic elementary cells,
as reported in Figure 5a. We have applied a tensile



strain on graphene of 3% while no strain has been ap-
plied to MoSs. We take an interlayer distance, taken
from the graphene layer to the nearest Sulfur atoms, of
d = 3.4 A, in agreement with the value reported in Ref.
44. The corresponding bandstructure is reported in Fig-
ure 5b, both for the DFT calculation and for the Wan-
nierization; we notice an excellent agreement between
the two. The distance between the Dirac point and the
lowest conduction band is around 0.5 eV, which is in
agreement with previous observations*”.This value of 0.5
eV means that, in equilibrium conditions, no significant
charge transfer should be observed between the graphene
and MoS, flakes, which is indeed true also in the experi-
mental case®
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FIG. 5. a) Top and lateral view of the graphene-MoS; super-
cell consisting of 5x5 graphene cells and 4x4 MoSy cells. In
the lateral view, the distance d between the graphene layer
and the nearest Sulfur atoms is indicated. b) DFT (black cir-
cles) and Wannier (red solid lines) bandstructures along the
I' — K — M — T k path. ¢) Transmission coefficients for
three different overlapping lengths (7.7, 10.2 and 12.8 nm).
The transmissions for isolated monolayer (ML) graphene and
MoS, are reported for reference. d) Same transmission co-
efficients as in ¢) in linear (top) and semi-logarithmic scale
(bottom).

In Figure 5c, we report the transmission coefficient for
three overlapping lengths (7.7 nm, 10.2 nm and 12.8 nm)
of the structure reported in Figure 5a. In the same pic-
ture, as a reference, we also show the graphene and MoS,
transmission coefficients: we can clearly observe that,
with respect to the previously considered structures, the
vertical transmission across the bilayers is largely reduced
as compared to the monolayer case. Thus, for clarity,
we isolated the heterostructure transmission plots and
we show them in Figure 5d, in linear (top) and semi-
logarithmic scale (bottom): we see that there is almost
no difference for the three considered overlapping lengths
meaning that the transmission length is smaller than
7.7 nm. This is interesting, as graphene has been pro-

posed as a candidate electrode in order to improve MoSs-
based devices*®, with the aim of reducing the contact
resistance. From this perspective, our result shows that
the electrode region can be made as small as few nanome-
ters, and no significant loss due to the small overlapping
region is expected. Our results are consistent not only
with theoretical, but also with experimental findings*3,
where the transfer length has been estimated to be 7 nm,
considering drift transport in both graphene and MoSs
with limited mobility.

IV. CONCLUSIONS

We have presented an accurate multi-scale method, ca-
pable of computing transport across 2D-materials-based
homo- and heterostructures. In particular, we studied
five structures: graphene, MoS; and WSesy as bilayers;
MoSs2-WSe, and graphene-MoSs. For each one, we con-
sidered two different stackings and various overlaps be-
tween the single flakes. We showed that the decoupling
procedure for the stacked flakes provides accurate results,
while exploiting the Hamiltonians of the respective iso-
lated monolayers. From the analysis of the transport
results, we conclude that, for all structures, transmission
across the junctions is always smaller than in the mono-
layer case; also, the overlapping lengths do not affect the
transmission coeflicients significantly. In addition, we see
that different stackings have a different impact on the
transmission profiles. The method proposed can be ex-
tended to other materials and to combinations of them.
The results obtained could be also exploited to further
investigate a full van der Waals transistor, appropriately
modeling the contacts and simulating transport in a self-
consistent way; the peculiar properties of the TMDs in
particular could be potentially used in the field of spin-
and valleytronics, with the modeling of appropriate de-
vices.

Appendix A: Computational Details

DFT calculations (relaxation, self-consistent field,
bandstructure) were all carried out using the Quantum
Espresso package. The chosen functional was always the
GGA (Generalized Gradient Approximation) of Perdew,
Burke and Ernzerhof (PBE)3®, while the pseudopoten-
tials were ultrasoft ones for C, Mo and S modelling, and
norm-conserving for W and Se. In all cases where WSe,
was present, we included SOC effects by choosing the ap-
propriate fully relativistic pseudopotential for W. In the
self-consistent field simulations, wavefunction and den-
sity cutoff were respectively set at 40 and 400 Rydbergs
for the graphene bilayer, 60 and 600 for the MoSy bi-
layer, 150 and 600 for the WSes bilayer and the WSe,-
MoS; heterostructure, 50 and 500 for the graphene-MoS,
heterostructure; k-points grids were 12x12x1 for the
graphene bilayer, 6x6x1 for MoSe and WSes homostruc-
tures and for their combined heterostructure, 3x3x1 for



the graphene-MoS, heterostructure. The relaxation cal-
culation for the WSes /MoSs heterostructure used an en-
ergy and force convergence thresholds of 5 x 1076 and
5 x 1075 Rydbergs respectively, with values of 5 x 1075
and 5 x 10™* for the same quantity in the same kind of
computation for the graphene-MoSs heterobilayer. Wan-
nierization simulations were performed with version 2 of
the Wannier90 software. Transmission simulations were
run using the NanoTCAD ViDES software, in a flat po-
tential condition and without employing self-consistency.
The number of modes was fixed at 360 for all systems,
apart from the graphene-MoS, heterostructure, where we
chose 60, in order to account for a much bigger unit cell
(5x4); energy ranges were 4 eV for the TMDs structures,
3 eV for graphene-MoS, and 2 eV for bilayer graphene;
the number of principal layers was 2 for the graphene-
MoS, heterostructures and 3 for all other bilayers.

Appendix B: Wannierization of the bilayer

The initial projections for the Wannierization of the

bilayer structure are essential in order to have a bilayer
Hamiltonian of the form reported in Eq. (1), i.e. one
where it is possible to identify clearly the the diagonal
blocks that can be associated the Hamiltonians of the
bottom and top layers. The correct choice of the initial
states is crucial, even if not sufficient, for satisfying the
relation reported in Eq. (2), that must always be verified
a posteriori for each system.
For both the AA and the AB bilayer graphene stackings,
we selected one p, orbital for each C atom and three
sp? orbitals every two C atoms as initial guesses for the
Wannier functions. For the Wannierization we used the
disentanglement procedure described in Refs. 48 and 49,
selecting 1 eV above the Dirac point as the highest value
in the frozen energy window.

Regarding the TMDs homo- and heterostructures under
analysis, i.e. MoS;/WSey homobilayers and the MoSs-
WSes heterostructure, for the two considered stackings
(AA’ and AB), we chose five d orbitals for the transition
metal atom (Mo/W) and three p orbitals for the chalco-
gen atom (S/Se) as initial projections for the Wannier
functions. In all these cases, the bandstructure featured
a convenient distinct subset in proximity of the Fermi
level with the selected projections covering all bands in-
cluded within it.

Finally, for the graphene-MoSs heterostructure we pro-
jected on the p, orbital of each C atom and on the three
sp? orbitals every two C atoms while on the five d orbitals
for the Mo and on the s and the three p orbital for the
S atoms. As in the case of the bilayer graphene, we used
the disentanglement procedure, fixing the maximum en-
ergy in the frozen window 2.5 eV above the Dirac point.
It is worth noting that in the Wannierization procedure
it is useful, even if not mandatory, to assign different la-
bels to atoms belonging to different layers, in order to
easily single out the Wannier centres (i.e. bands) of each
layer and clearly identify in the Hamiltonian reported in
Eq. (1) the sub-matrices corresponding to the two layers.
As a byproduct of the above described Wannierization
procedure, one ends up with Wannier centres that are
mainly localized around the atoms positions, so it is easy
to identify the different Wannier functions belonging to
different layers.
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