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Unfolding the band structure of van der Waals heterostructures
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Layer-by-layer stacking of two-dimensional materials results in van der Waals heterostructures (vdWH) of
nanometer thickness and clean interfaces that often exhibit exceptional properties and present novel challenges.
We perform first-principles calculations using density functional theory to examine the electronic properties of
vdWH consisting of graphene (Gr) and semiconducting transition metal dichalcogenide (TMD) monolayers at
several twist angles. We describe in detail our methodology for the creation of simulation cells which are almost
free of strain due to lattice mismatch (less than 1%) and for unfolding the electronic bands of the vdWH in a
way that allows for a straightforward comparison with the electronic structure of the constituent monolayers.
The weak interlayer interactions in Gr/MoS2 and Gr/WS2 heterobilayers leave the Gr and TMD band structures
almost unaffected but move the Fermi level closer to the TMD conduction band minimum. Careful examination
of transitions from direct to indirect band gaps for some twist angles reveals that these are due to very small
strain remaining in the simulation cells. In WS2/MoS2 and WSe2/MoSe2 heterobilayers, interlayer interactions
do not affect the conduction band minimum at K but lead to eigenenergy splitting and eigenstate hybridization
at the valence band around the � point, which is very sensitive to interlayer distance and determines whether
the valence band maximum is at the � or K point. Our results unveil a small redshift of the intralayer electronic
transitions of TMDs when interacting with either Gr or other TMD monolayers.
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I. INTRODUCTION

Intense research activity on atomically thin two-
dimensional (2D) materials reveals their fundamental
importance and potential for technological breakthroughs.
Following semi-metallic graphene (Gr) [1,2], semiconducting
transition metal dichalcogenide (TMD) monolayers [3]
have attracted great interest with their unique mechanical,
electronic, and optoelectronic properties [4]. Stable TMD
monolayers, obtained by exfoliation from layered materials
and other fabrication methods, consist of covalently bonded
MX2 units (M = Mo, W and X = S, Se) arranged in
honeycomb lattices. They exhibit direct electronic band
gaps at the edge of the Brillouin zone (BZ), which
become indirect in multilayers resulting in interesting
dimensionality-dependent exciton physics [5,6]. Atomic
thickness TMDs and their nanostructures are promising
materials for devices such as transistors, photodetectors,
sensors, light-emitting diodes, quantum computing elements,
etc., with many prototypes already materialized [7–9] and the
catalysis of important chemical reactions for clean energy and
environment [10,11].

Thus, it is not surprising that among a large number of
possible 2D materials [12], the main focus is on Gr and
TMDs. Combining 2D materials in layered heterostructures
gives rise to novel properties and phenomena [13,14], perhaps
the most spectacular being superconductivity in magic-angle

*gvailakis@materials.uoc.gr

twisted graphene superlattices [15,16]. Vertically stacked
monolayers interacting through van der Waals forces create
an unlimited number of possibilities. Starting with Gr and
hexagonal boron nitride, a wide-band-gap insulator, in order
to obtain clean interfaces and contacts [17–19], a plethora
of van der Waals heterostructures (vdWH) containing these
materials and TMDs is under investigation [20–32]. To-
gether with many opportunities, these vdWH present some
serious challenges, both at a fundamental and a practical
level, such as atomic and electronic structure modifica-
tions, strain, charge transfer, interlayer excitons, and moiré
potentials.

In this article, we present a systematic theoretical inves-
tigation of Gr/TMD and TMD/TMD twisted heterobilayers
based on first-principles calculations with density functional
theory (DFT). More specifically, we examine the effective
electronic band structure [31–38] of these vdWH and com-
pare with the band structure of the individual monolayers
constituting the heterobilayers. We carefully address issues
such as lattice mismatch, strain, twist angle, and weak inter-
layer interactions, and we discuss experimental signatures of
our theoretical findings. For this purpose, we construct com-
putational supercells consisting of monolayer lattices with
minimal strain, and we develop a method to unfold the band
structure from the vdWH supercell BZ to the BZ of the mono-
layer primitive cells. Despite the fact that strong excitonic
effects in TMDs require calculations beyond DFT with well-
established theoretical methods, the electronic band structure
is very well described by DFT, which gives electronic band
gap values close to the optical gaps [4,39,40]. The inclu-
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FIG. 1. Two examples of vdWH. (a) Gr/MoS2@30 and (b) same, top view. (c) WS2/MoS2@13.18 and (d) same, top view. (e) Moiré
pattern forming in WS2/MoS2@13.18 by combining the two hexagonal lattices with PC vectors ab

1, ab
2, at

1, at
2 (blue for bottom WS2 and

magenta for top MoS2 monolayer). A1 and A2 are the lattice vectors of the SC, built from the transformation matrices Mb = ( 5 3−3 2) and

Mt = ( 5 2−2 3) (see the text). (f) The PBZ of bottom (blue hexagon) and top (magenta hexagon) monolayers and the SBZ (black hexagon) of
the SC for WS2/MoS2@13.18 with the K-� path for each BZ.

sion of spin-orbit coupling is straightforward but beyond the
scope of this work. In Sec. II A we provide computational
details for the implementation of DFT, in Sec. II B we de-
scribe the construction of our vdWH simulation cells, and in
Sec. II C we present our method for electronic band structure
unfolding. We present and discuss our results for Gr/MS2

heterobilayers in Sec. III A, and for WX2/MoX2 heterobi-
layers in Sec. III B. Finally, in Sec. IV we summarize our
results.

II. METHODS

A. Density functional theory calculations

DFT calculations were performed within the projector aug-
mented wave method (PAW) for core electrons and nuclei
[41,42] and the generalized gradient approximation (GGA) of
Perdew-Burke-Ernzerhof (PBE) for the exchange-correlation
functional [43] using the Vienna Ab-initio Simulation Pack-
age (VASP) [44,45]. To take into account the van der Waals
interactions between monolayers, the density-dependent cor-
rection dDsC [46,47] was used. Wave functions were ex-
panded on a plane-wave basis set with a kinetic energy cutoff
of 450 eV. Convergence criteria for the self-consistent calcu-
lations were set at 10−4 eV for the electronic part and 10−3 eV
for the ionic relaxation. In the band structure calculations, the
electronic convergence criterion was set at 10−7 eV. For the
Brillouin zone sampling in a Gr monolayer, a k-point mesh
of 25 × 25 × 1 was used for the primitive cell (PC), which
was appropriately scaled for every simulation cell (SC) with
a different size so that the density of k-points remains sim-
ilar. In all cases, periodic boundary conditions were applied
with a vacuum of 20 Å added in the direction perpendicu-
lar to the monolayers to avoid interaction between periodic
images.

B. Simulation cells

We examine bilayer vdWH consisting of Gr and semi-
conducting TMD monolayers. More specifically, we present
results for Gr stacked with MS2 and for WX2 with MoX2,
where M stands for molybdenum (Mo) or tungsten (W)
and X stands for sulfur (S) or selenium (Se). Atoms in
these 2D materials are arranged in honeycomb lattices con-
sisting of two hexagonal sublattices A and B. In general,
vertically stacked monolayers in the vdWH are not aligned
and one lattice is rotated with respect to the other by a
certain twist angle. We investigate the electronic proper-
ties of vdWH as a function of twist angle, θ . Different
lattice constants and twist angles create lattice mismatch
between the two monolayers that induces strain, which is
known to modify electronic properties [40,48,49], making
it difficult to isolate the physically interesting effects of
the weak interaction between the two monolayers. We con-
struct SC in such a way as to minimize strain to less
than 1%.

In Gr/MS2 heterobilayers, lattice constants of the
weakly interacting monolayers are very different, while in
WX2/MoX2 they are almost identical. Monolayer equilibrium
lattice constants from our DFT calculations (see Table S1
in the Supplemental Material (SM) [50]) are in agreement
with other works and close to experimental values [4,40].
Two examples of vdWH are shown in Fig. 1. We adopt the
layered assemblies notation (LAN) [51] according to which
the heterobilayer Gr/MoS2 with a twist angle θ = 30◦ of
Figs. 1(a) and 1(b) is denoted by Gr/MoS2@30, and the het-
erobilayer WS2/MoS2 with θ = 13.18◦ of Figs. 1(c) and 1(d)
is denoted by WS2/MoS2@13.18. To construct our SC, two
monolayers with primitive lattice vectors ab

1, ab
2 and at

1, at
2,

with b and t corresponding to bottom and top, respectively,
are stacked with the top monolayer rotated by a twist angle
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FIG. 2. The SC of Gr/MoS2 at three different twist angles 3.00◦ (a), 10.90◦ (c), and 14.46◦ (e), and their corresponding SBZ (black), PBZ
of Gr (blue), and MoS2 (magenta) in (b), (d), and (f). The standard band structure at the SBZ for twist angles 3.00◦ (g), 10.90◦ (h), and 14.46◦

(i) and the corresponding effective band structure (EBS) projected on the two PBZ (j), (k), and (l).

θ , as shown in Fig. 1(e). A choice for the monolayer PC
consists of an atom of the hexagonal sublattice A (transition
metal atom for TMDs) at zero and an atom of the hexag-
onal sublattice B (chalcogen atom for TMDs) at 2

3 a1 + 1
3 a2

(indices for bottom and top sometimes omitted for the sake
of notational simplicity). To minimize lattice mismatch in the
vdWH, we search for SC lattice vectors in both monolayers
[top and bottom, blue and magenta points, respectively, in
Fig. 1(e)] that are almost equal, i.e., Rb ≈ Rt , where Rb =
nb

1ab
1 + nb

2ab
2 and Rt = nt

1at
1 + nt

2at
2 (nb

i , nt
i are integers). We

define the SC vector A as a sum of two vectors of equal
magnitude, A1 ≡ Rb+Rt

2 and A2, at an angle of 120◦ with
respect to A1 with |A1| = |A2| = A thus preserving hexagonal
lattice symmetry as shown in Fig. 1(e). The lattice mismatch
is defined as δtot = |Rb|−|Rt |

A so that the small remaining strain
is equally distributed as isotropic for the two monolayers, i.e.,
δb = |A|−|Rb|

A for the bottom and δt = |A|−|Rt |
A = −δb for the top

monolayer. In vdWH, under certain conditions, atoms in each
monolayer are displaced from their ideal honeycomb lattice
positions [52]. The stacking of monolayers and the atomic
positions depend on the twist angle [53]. For instance, at twist
angles smaller than 6◦ for homo-bilayers (same monolayers
stacked up), there is a coupling of the phonons between the
monolayers [54], which changes atomic positions. Our study
concerns vdWHs at twist angles where the monolayers can
be thought of as rigid Lego blocks [13]. Therefore, in our

SC, atomic coordinates in the periodic directions are fixed at
the monolayer values, and only the vertical positions of the
atoms are allowed to relax, along the axis perpendicular to the
monolayers.

C. Band unfolding

The main challenge in studying the electronic properties of
vdWH is interpreting band structure diagrams. The first Bril-
louin zone (BZ) of the SC (SBZ) is different from the BZ of
the PC (PBZ), as shown in Fig. 1(f). Standard DFT electronic
structure calculations provide electronic bands that are folded
in the SBZ. Examples of such “spaghetti” diagrams are pre-
sented in Figs. 2(g)–2(i), where the bands fold into the smaller
SBZ, and the resulting band structures are difficult to interpret.
For instance, in Figs. 2(g) and 2(h), the Dirac cone of Gr is not
located at the K point of the SBZ. Thus, the folded bands of
vdWH make a comparison with band structures of the isolated
monolayers troublesome. While the band structure calculation
is performed in the SBZ, we want to perform the sampling
and present the bands in the PBZ. The solution is to calculate
the effective band structure (EBS) [31–38] that unfolds the
bands by projecting the electronic states from the SBZ to the
PBZ. Within this approach, outlined in what follows, we can
compare with one-to-one correspondence the EBS of vdWH
with the band structures of isolated monolayers, as shown in
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Figs. 2(j)–2(l). We define the transformation matrices Mb, Mt

from monolayer PC vectors to SC lattice vectors,[
A1
A2

]
= Mb

[
a′b

1

a′b
2

]
= Mt

[
a′t

1

a′t
2

]
, (1)

where a′b,t
1,2 = (1 + δb,t )a

b,t
1,2 are the PC and A1,2 are the SC

reciprocal lattice vectors. In the reciprocal space, the corre-
sponding BZ vectors are related through the transformation
matrices [

B1
B2

]
= (

M−1
b

)T

[
b′b

1

b′b
2

]
= (

M−1
t

)T

[
b′t

1

b′t
2

]
. (2)

The determinant of the transformation matrix gives the ratio
between the volumes of the two unit cells |M| = VSC/VPC and
also suggests the degree of folding of the PBZ inside the SBZ.
The number of PBZ ki points that fold at the same point K
inside the SBZ are Nfold = |M|, with ki = K + Gi, where i =
1, 2, . . . , Nfold and G = n1B1 + n2B2. Each eigenvalue EK,ν

has infinite values of wave vector q = K + G with different
weight in a plane-wave expansion. This can be thought of as
an unfolding to the infinite reciprocal space. The translational
symmetry of the PBZ suggests which weights contribute to
refolding from the infinite reciprocal space to the PBZ,

PK,ν (k) =
∑

g

|CK,ν (g + k)|2, (3)

where CK,ν is the coefficient in the plane-wave expansion of
the electronic state K, ν, and g = n1b′

1 + n2b′
2 are all the linear

combinations of the PC reciprocal lattice vectors. PK,ν (k) in
Eq. (3) is the projection of the SC eigenstates (expanded in a
plane-wave basis set) on the PC eigenstates, and it expresses
the amount of the K, ν state that unfolds to k.

If P is nonzero, then the state unfolds from point K to k.
The EBS is calculated from the spectral function

A(k, E ) =
∑

ν

PK,ν (k)δ(EK,ν − E ). (4)

The selection of K-points in the SBZ is done in such a way that
they unfold on the k-points we have selected, or K i = ki −
G, where G are all the linear combinations of the reciprocal
lattice vectors for the SBZ, and ki (K i) are points inside the
PBZ (SBZ).

The difference between the band structure diagrams along
paths in the SBZ, as obtained from DFT, and the EBS
diagrams along high symmetry paths in the PBZs of the
individual monolayers, as produced by our unfolding proce-
dure, is illustrated in Fig. 2 for three SCs of Gr/MoS2 at
different twist angles. SC atomic configurations are shown
in Figs. 2(a), 2(c) and 2(e), and corresponding SBZs and
PBZs are shown in Figs. 2(b), 2(d) and 2(f). The spaghetti
diagrams (folded bands) of Figs. 2(g)–2(i) along the K-�
path of the SBZs, which are impossible to interpret, become
clear EBS diagrams shown in Figs. 2(j)–2(l) along the K-�
paths of the PBZs. Isolated monolayer band structures are
also shown (solid lines). In our EBS plots, the projection of
electronic states on each monolayer, i.e., their spectral weight,
is indicated by the size of the circular points, according to
Eq. (3). Color indicates the spatial location of the state with

TABLE I. The structures Gr/MS2, with M = Mo, W in the LAN
notation, and the transformation matrices that create the SC from the
primitive lattice vectors.

Structures Gr/MS2, M = Mo, W

LAN mb
11 mb

12 mb
21 mb

22 mt
11 mt

12 mt
21 mt

22

Gr/MS2@3.00 5 4 −4 1 4 3 −3 1
Gr/MS2@10.90 4 2 −2 2 3 1 −1 2
Gr/MS2@14.46 6 5 −5 1 5 3 −3 2
Gr/MS2@24.80 5 1 −1 4 3 −1 1 4
Gr/MS2@27.64 6 5 −5 1 5 2 −2 3
Gr/MS2@30.00 6 3 −3 3 4 0 0 4
Gr/MS2@32.36 6 1 −1 5 3 −2 2 5
Gr/MS2@35.20 5 4 −4 1 4 1 −1 3
Gr/MS2@45.54 6 1 −1 5 2 −3 3 5
Gr/MS2@49.10 4 2 −2 2 2 −1 1 3
Gr/MS2@57.00 5 1 −1 4 1 −3 3 4

respect to the monolayers. The color of each point represents
its position in the direction perpendicular to the monolayers,
i.e., it is the expectation value of this real space coordinate. In
our color code, blue is for the bottom and magenta is for the
top monolayer, with intermediate colors for positions in be-
tween. The characteristic features of our EBS representation
are illustrated in Figs. 2(j)–2(l). It is clear that, since Gr and
MoS2 have different periodicities, when plotting along a high
symmetry path in the PBZ of one layer, the weights of states
corresponding to the other layer are smaller in general. There
are, however, states from one layer unfolding in the path of
PBZ of the other layer. When periodicities and orientations
are very similar, it is possible that the weight of states (size
of points) will be very similar along both PBZ paths. In fact,
in vdWH consisting of monolayers with the same periodicity
and orientation, this weight is the same along both PBZ paths
(see the SM [50], Figs. S3 and S4 for WX2/MoX2@0.00 and
WX2/MoX2@60.00, where PBZs are aligned).

EBSs for vdWH in a path of the PBZ of monolayers have
been presented in previous works [31,32]. In this work, EBS
representation is different: EBSs are plotted separately in the
PBZ of each monolayer, and the size and color of points
indicate their weight and position with respect to monolayers,
respectively. We believe that this representation gives a clear
picture of the electronic structure resulting from interaction
between monolayers and helps identify possible interlayer and
intralayer electronic transitions.

The SCs we examine here are presented in Table I for
Gr/MS2 and Table II for WX2/MoX2, where we show the
transformation matrices (Mb and Mt ) for the formation of each
vdWH. The number of atoms of each case can be found in
Table S2 of the SM [50].

III. RESULTS

A. Gr/MS2 heterobilayers

After resolving issues associated with lattice mismatch
between Gr and TMD monolayers as explained in the pre-
vious section, our SC bilayers are almost commensurate and
unstrained. In agreement with previous studies, our results
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TABLE II. The structures WX2/MoX2 with X = S, Se in the
LAN notation and the transformation matrices that create the SC
from the primitive lattice vectors.

Structures WX2/MoX2, X = S, Se

LAN mb
11 mb

12 mb
21 mb

22 mt
11 mt

12 mt
21 mt

22

WX2/MoX2@0.00 1 0 0 1 1 0 0 1
WX2/MoX2@13.18 5 3 −3 2 5 2 −2 3
WX2/MoX2@17.90 6 1 −1 5 5 −1 1 6
WX2/MoX2@21.78 3 2 −2 1 3 1 −1 2
WX2/MoX2@27.80 4 1 −1 3 3 −1 1 4
WX2/MoX2@32.20 4 3 −3 1 4 1 −1 3
WX2/MoX2@38.22 3 1 −1 2 2 −1 1 3
WX2/MoX2@42.10 6 5 −5 1 6 1 −1 5
WX2/MoX2@46.82 5 2 −2 3 3 −2 2 5
WX2/MoX2@60.00 1 0 0 1 0 −1 1 1

confirm that the interaction between Gr and TMD states is
weak. This is clearly visible in the EBS we obtain. In addition
to Fig. 2, with Gr/MoS2 SCs shown together with the corre-
sponding Brillouin zones and band structures, Fig. 3 presents
another two representative EBSs (the rest can be found in the
SM, Figs. S1 and S2 [50]). The EBS for Gr/MoS2@30.0 of
Fig. 3(a) clearly shows that the Dirac point of Gr almost coin-
cides in energy with the conduction band minimum (CBM) of
MoS2. For different twist angles the CBM is slightly higher,
but this proximity is a common feature in our Gr/MoS2

vdWH. For Gr/WS2, such as in Fig. 3(b), this feature is there
but less pronounced, i.e., the CBM is more than 0.5 eV higher
than the Fermi level of the vdWH.

We find significant variations in the TMD electronic band-
gap energy, Eg, at different twist angles, θ . Even though strain
is negligible in our vdWHs, we further examine its effect
since it is well known that it strongly affects monolayer TMD
electronic properties [40]. Our calculations give a weak attrac-
tion between monolayers with small interface energies (of the
order of a few tens of meV/Å2; see Table S3 in the SM [50])
and small variation of equilibrium distance between Gr and
TMD as a function of the twist angle, with values in good
agreement with previous theoretical [30] and experimental
[27,28] results. After SC relaxation in the direction perpen-
dicular to the monolayers, C-atoms of Gr and M-atoms of the

FIG. 4. Interlayer distance (d) for Gr/MoS2 (a) and Gr/WS2 (b),
strain (δt ) (c), electronic energy band gaps (Eg) for Gr/MoS2 (d),
and for Gr/WS2 (e), conduction band minimum (CBM) of the TMD
monolayers (e) in the Gr/MS2 bilayers as a function of the twist
angle (θ ). In (d), (e), and (f), black and gray horizontal lines refer
to MoS2 and WS2 monolayers, respectively.

TMD monolayer are on practically well-defined planes (stan-
dard deviation of the order of 0.01 Å). The variation of the
interlayer distance, d , defined as the distance of the M-atom
plane from Gr as a function of θ is presented in Fig. 4(a) for

FIG. 3. EBS of Gr/MoS2@30.00 (a) and Gr/WS2@14.46 (b). EBS of heterostructure with points, monolayer band structure with
continuous lines, color code bars indicate real spatial location in the direction perpendicular to monolayers.
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FIG. 5. EBS of WSe2/MoSe2@21.78 (a) and
WS2/MoS2@13.18 (b), EBS of heterostructure with points,
monolayer band structure with continuous lines, color code bars
indicate real spatial location in the direction perpendicular to
monolayers. Real space eigenstates corresponding to points in the
EBS of (a). Highest occupied state at Kb (WSe2, blue point) in (c),
lowest unoccupied state at Kt (MoSe2, magenta point) in (d), and
highest occupied state at �b (purple point) in (e).

Gr/MoS2 and in Fig. 4(b) for Gr/WS2. Differences in values
of d are of the order of 0.1 Å and somewhat larger for certain
twist angles and for Gr/MoS2.

As shown in Fig. 4(c), strain remains much smaller than
1% for all twist angles. Electronic states of Gr close to the
Dirac point do not change in the vdWH. However, for the
TMDs, band gap changes are of the order of hundreds of
meV, as shown in Fig. 4(d) for Gr/MoS2 and in Fig. 4(e)
for Gr/WS2. These changes are correlated with the varia-
tion of strain in the SCs shown in Fig. 4(c) The band gap
is redshifted for positive δt and blueshifted for negative δt

in agreement with previous theoretical work [40]. Although
strain is minimal in our SC, the resulting band gap variation
is quite significant and is mainly due to the lowering of the
CBM presented in Fig. 4(f). For some angles there is even a
transition from direct to indirect band gap, i.e., from both the
CBM and the valence band maximum (VBM) being at K to
the CBM remaining at K and the VBM moving to �. If we
assume that for small strain (i.e., ∼1%) the shift of the TMDs
energy gap is linear [40], a linear fit of all vdWH (see Figs. S5
and S6 of the SM [50]) indicates a ∼10 meV redshift for both
MS2, similar to experiments [26]. According to our results,
what emerges as universal behavior in Gr/MS2 bilayers is that
the Fermi level is close to the MS2 CBM.

B. WX2/MoX2 heterobilayers

We present results for bilayers consisting of TMD mono-
layers with different metal but the same chalcogen atoms,
i.e., WX2/MoX2, where X = S, Se. Since monolayer lattice
constants are almost the same, these vdWH are almost free
of strain. Representative EBS for WX2/MoX2 are presented
in Fig. 5(a) for WSe2/MoSe2@21.78 and in Fig. 5(b) for
WS2/MoS2@13.18 (EBS for all of our SCs are presented
in Figs. S3 and S4 of the SM [50]). Corresponding mono-

FIG. 6. Interlayer distance (d) for WS2/MoS2 in (a) and
WSe2/MoSe2 in (b), electronic state energy differences (Eg) for
WS2/MoS2 in (c) and WSe2/MoSe2 in (d) for WX2/MoX2 bilayers
as a function of the twist angle (θ ). Points connected with lines
indicate results from the EBS of the vdWH, horizontal lines from
monolayer band structure.

layer band structures are plotted with straight lines. Our
results are in overall agreement with previous findings, which
point to a type-II alignment interpretation for the bands of
WX2/MoX2, i.e., VBM and CBM at the edge of the PBZ
zone are in different layers of the vdWH. This is shown
in the examples of Fig. 5, where CBM is at Kt of MoX2

while VBM is at Kb of WSe2 for WSe2/MoSe2@21.78
in Fig. 5(a), and at �b of WS2 of WS2/MoS2@13.18 in
Fig. 5(b).

Our EBS diagrams contain information about the projec-
tion of each k-point on each PBZ, obtained from Eq. (3), in the
size of the plot point and about the position in its color. Exam-
ples of three real space eigenstates corresponding to points of
Fig. 5(a) are presented. In Fig. 5(c), the highest occupied state
at Kb (blue point) is spatially located at the bottom monolayer,
WSe2. In Fig. 5(d), another extreme case is presented where
the lowest unoccupied state at Kt (magenta point) is spatially
located at the top monolayer, MoSe2. An eigenstate spread in
both monolayers, i.e., the highest occupied state at �b (purple
point), is presented in Fig. 5(e). The electronic structure as a
function of the twist angle exhibits a rich behavior. Unlike
Gr/TMD, lattice mismatch is practically zero (0.009% for
X = S and 0.07% for X = Se) here and so is strain. However,
EBS changes with θ due to changes in interlayer distance.
After relaxing atomic positions in the direction perpendicular
to the monolayers of our vdWH SCs, metal atoms remain on
well-defined planes, and the interlayer distance d is measured
from W to Mo planes. In Figs. 6(a) and 6(b), the interlayer
distance for WS2/MoS2 and WSe2/MoSe2, respectively, is
plotted as a function of the twist angle. The values of d
are in overall agreement with experimental results [20,29],
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and variation with θ is small. In the cases of 0◦ and 60◦,
deviations in the values of d are more significant due to the
very different stacking of “aligned” monolayers. In our SCs,
for twist angle θ = 0◦ the transition metal is always on top of
a transition metal and the chalcogen is on top of a chalcogen
(AA stacking), while for θ = 60◦ the M-atom is again on top
of the M-atom but X is at the center of the hexagon in the
xy-plane formed from the atoms of the other monolayer (BM/M

stacking).
Some important features of the dependence of electronic

structure on twist angle are summarized in Figs. 6(c) and
6(d) for WS2/MoS2 and WSe2/MoSe2, respectively, where
differences between conduction and valence band energies,
Eg, at the high symmetry points � and K of the PBZs (di-
rect and indirect band gaps) are plotted as a function of θ

(points connected with lines, which are a guide to the eye). We
did not find CBM and/or VBM at any other k-points along
the �-K path. The relevant energy differences for monolay-
ers are shown with horizontal lines for comparison. In both
cases, this energy difference at the edge of the PBZ does not
change significantly with respect to the monolayer values.
In Fig. 6(c), the direct band gaps at K of the MoS2 (gray
solid horizontal line at Eg = 1.685 eV) and at K of the WS2

(gray dashed horizontal line at Eg = 1.822 eV) monolayers
are reduced by ∼10 meV for the intralayer transitions in
the vdWH, as shown by circles and squares connected with
black solid and gray dashed lines, respectively. Similarly, in
Fig. 6(d), the intralayer transitions for MoSe2 (gray solid
horizontal line at Eg = 1.427 eV) and WSe2 (gray dashed
horizontal line at Eg = 1.511 eV) are also redshifted in vdWH
by about ∼10 meV. The TMD intralayer electronic transitions
change slightly with the introduction of the other mono-
layer by redshifting of the order of 10 meV, as observed
experimentally [22].

Lattice matching in WX2/MoX2 allows for the effects of
the interaction between monolayers to become dominant, as
opposed to strain effects in Gr/MS2. This interaction splits en-
ergy eigenvalues around the �b and �t points of Fig. 5(a) and
the eigenstates spread in both monolayers as seen in Fig. 5(e).
Similarly, such a split is also present in the conduction band
at the Kb-�b path of the WX2 PBZ. These energy splits are the
reason why MX2 become direct gap semiconductors in their
monolayer form. In [6], it is argued that the transition of direct
to indirect band gap semiconductor of single to multilayer
MoS2 is caused by the combination of Mo-d and S-pz orbitals
near the � point. The split was discussed in [31], where it
was examined how it changes with the interlayer distance.
This is the reason why the band gap changes at different twist
angles. In Figs. 6(c) and 6(d), the smallest energy transition

for all WS2/MoS2 is Kt -� and for WSe2/MoSe2 it is Kt -
Kb (interlayer transition) for most twist angles, suggesting
that interlayer transitions are more likely in WSe2/MoSe2

than WS2/MoS2. In both cases of WX2/MoX2, the interlayer
transitions Kb-Kt display a small variation (∼6 meV) as a
function of the twist angle. We find this interlayer transition
at 1.46 eV for X = S with experimental values at 1.4–1.5 eV
[20,23] and 1.22 eV for X = Se with experimental values at
1.3–1.4 eV [21,24,25]. Agreement with experiments shows
that although DFT is known to perform poorly in predicting
energy gaps, it can provide a good estimation of the optical
gap of TMD monolayers [40], and this remains the case for
heterostructures.

IV. CONCLUSIONS

We performed first-principles calculations for Gr/TMD
and TMD/TMD heterobilayers with near-zero strain by
construction, and we examined their electronic properties
as a function of the twist angle. We introduced a neat
band structure representation for vdWH which allows for a
straightforward comparison with their constituent monolay-
ers. Interlayer interactions in Gr/TMD have negligible effects
so that the Dirac cone of Gr remains unaffected and the TMD
electronic band gap modifications are due to the very small
strain (less than 1%) remaining in simulation cells. As a result
of the interaction with Gr, the Fermi level moves closer to the
CBM of the TMD (n-doping), and energy gaps are slightly re-
duced. This redshift of about 10 meV is universal, and it is also
found in TMD/TMD heterobilayers. Interactions between
TMD monolayers result in hybridization of electronic states
and energy eigenvalues split around the � point. The magni-
tude of energy splitting depends on the interlayer distance and
determines the VBM. We find that interlayer transitions are
more probable in WSe2/MoSe2 than WS2/MoS2. In addition
to the general trends and universal results presented here, we
believe that when excitonic effects are included, our theoreti-
cal approach provides the possibility to make a detailed and
quantitative comparison with experimental techniques such
as photoluminescence (PL) and angle-resolved photoemission
spectroscopy on a case-by-case basis, with the goal to fully
understand the physics of vdWH.
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