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Few-layer quantum materials, such as transition-metal dichalcogenides (TMDs), are paving the path to the
design of high-efficiency devices in the field of microelectronics and optoelectronics. However, heterostructures
of quantum materials coming from different families, while they would immensely broaden the range of possible
applications, remain challenging. Here, we demonstrate the large-scale integration of compounds from two
highly multifunctional families: the three-dimensional conventional semiconductor GaP and the two-dimensional
TMD semiconductor WSe2 which is particularly interesting in terms of its potential for electronic, spintronic,
and photonics applications. We show that a 2H-2H (or AA′A) trilayer of WSe2 can be grown by molecular-
beam epitaxy (MBE) onto gallium phosphide (GaP) substrate. A sharp, high-quality WSe2-GaP interface was
confirmed by scanning high-resolution transmission electron microscopy and x-ray photoemission spectroscopy.
We present a combined experimental and theoretical study of the structure of the valence band of trilayer WSe2.
Nanoangle-resolved photoemission spectroscopy and density-functional theory calculation show that trilayer
electrons populate two distinct subbands associated with the K and � valleys, with effective masses along the
�M direction about 0.27 and 0.5 me, respectively (me is the bare electron mass).

DOI: 10.1103/PhysRevB.109.115437

I. INTRODUCTION

Two-dimensional (2D) semiconducting transition-metal
dichalcogenides (TMDs) are promising candidates for high-
performance electronic and optoelectronic devices because
they exhibit atomically sharp interfaces, atomic thickness,
flexibility, and optical properties suitable for applications [1].
For example, WSe2 is one of the most promising 2D TMDs
for which the band structure is reported in both monolayer and
bilayer phases [2]: it possesses strong spin-orbit coupling, has
large carrier effective masses, and can be isolated down to a
single layer, making it an attractive host for phenomena asso-
ciated with strong spin-orbit and electron-electron interactions
[3]. Beyond the monolayer limit, the TMDs’ band structure
becomes more complicated [4]. For most of the few layers of
thickness TMDs, the locations of the band extrema and their
dependence on controllable parameters like stacking order [5]
or field-effect doping [6,7] remain open questions that can
be answered only by combining experiment and theory [8].
However, as films of TMDs on typical substrates such as
Si/SiO2 are usually composed by isolated flake of variable
thicknesses and stacking order next to each other, tracking
these two properties in a momentum-resolved manner has
proven to be challenging.

Chemical vapor deposition (CVD) is one of the most
promising methods to synthesize TMD films, and the suc-
cessful CVD growth of WSe2 with controlled composition of

*Corresponding author: abdelkarim.ouerghi@c2n.upsaclay.fr

2H, and 3R phases has been reported [9]. However, large-area
epitaxial growth of continuous and seamless TMD films with
low defect density is still a challenging issue. Molecular-beam
epitaxy (MBE) has recently received increased attention as
an alternative method. Because of its superiority in control-
ling the thickness and composition of epitaxial films [10–13],
MBE has been expected to synthesize high-quality and large-
area atomically thin TMD films [14–16]. Such controlled
synthesis of wafer-scale WSe2 films with a deterministic
crystal phase and layering is particularly important for prac-
tical applications in innovative devices [17,18]. In addition,
MBE-grown 2D semiconductors are often synthesized on con-
ventional three-dimensional (3D) semiconductor substrates,
which is of interest for hybrid 2D–3D electronic devices that
would employ the advantages of both the established 3D
semiconductors and unique properties of ultrathin 2D crys-
tals. However, in the current state of the art, MBE-grown
TMD layers typically exhibits a well-determined epitaxial
alignment with the 3D substrate, but small grain sizes in the
2D crystal (few tens of nanometers). In this context, conven-
tional angle-resolved photoemission spectroscopy (ARPES)
measurements with spot size of 50 µm on MBE samples
will typically average over several grains, which is likely
to broaden the experimental full width at half maximum
(FWHM) of the electronics bands [17]. In practice, this broad-
ening obfuscates the fine details of the band structure, which
are key to identify the particular stacking order of the 2D
material. In order to uncover the intrinsic electronic properties
of our particular WSe2 stacking configuration, as obtained
by MBE on commercial GaP(111)B substrate, nano-ARPES
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FIG. 1. Side views and electronic band structure (HSE hybrid functional with spin-orbit coupling) of trilayer WSe2 with different stacking
orders: (a), (b) Top and side views of the crystal structure for 2H and 3R bilayer cases, respectively. Yellow and blue balls denote Se and W
atoms, respectively. (c) Trilayer stacking configurations 2H-2H, 2H-3R, 3R-3R-1 to 3R-3R-4. (d) Electronic band structure of 2H-2H, 2H-3R,
3R-3R-1 to 3R-3R-4, respectively. The Fermi level is set to top of valence band.

with small spot size (600 nm) is required [9]. Reducing the
size of the beam spot reduces the number of integrated grains,
which results in the decrease of the experimental FWHM of
the electronics bands.

In this work, we present a direct measurement of the elec-
tronic band structure of a trilayer WSe2 on a GaP(111)B sub-
strate using nano-ARPES, combined with density-functional
theory (DFT) calculations to determine its intrinsic electronic
properties, such as the electrons populating two distinct sub-
bands associated with the K and � valleys, the corresponding
effective electronic mass (m∗), and the spin-orbit coupling
(SOC). Using DFT calculations, we present the electronic
band structure and the orbital projection band structure of
several WSe2 trilayers’ stacking configurations. Then, we
identify that our experimental trilayer WSe2 exhibits a 2H-2H
stacking order. Using nano-ARPES measurements, we also
demonstrate that the quasi-freestanding electronic bands of
our WSe2 trilayer, as grown on GaP(111)B, lead to elec-
trons populating two distinct subbands with different effective
masses, 0.27 me and 0.5 me, at the K and � points respectively
(where me is the bare electron mass).

II. RESULTS AND DISCUSSION

A. Crystal structure of trilayer WSe2

The electronic properties of the few-layers TMDs [19]
are strongly dependent on their stacking orders. Monolayer
group-VI TMDs have a hexagonal lattice with a honeycomb

structure: it is constructed by X–M–X (X = S, Se; M = Mo,
W) triple atomic planes with strong in-plane interactions
[18,20]. The most stable H phase of single-layer TMDs
belongs to the D3h space group. Bilayer TMDs have two
different stacking orders, as depicted in Figs. 1(a) and 1(b);
the 2H (space group P63/mmc) and 3R (space group R3m).
In both cases, the metal atoms have a trigonal prismatic coor-
dination [21]. In the 2H stacking configuration, M(X) atoms
reside directly above the X(M) atoms of another layer. The 3R
stacking order contains three staggered layers; the X atoms in
the middle layer are on top of the metal atoms of the bottom
layer and under the hollow sites of the top layer [9]. Finally,
trilayer WSe2 has six high-symmetry stacking orders as de-
tailed in Fig. 1(c): (i) 2H-2H, with both top–middle layers
and middle–bottom layers being 2H stacking; (ii) 2H-3R, with
bottom–middle layers having 2H stacking and middle–top
layers having 3R stacking; and (iii) 3R-3R-1(2, 3, 4), with both
the bottom–middle layers and middle–top layers stacked in
3R orders. Concerning the 3R-3R stacking orders, the differ-
ence lies in the relative orientations between the neighboring
layers. In this case, we can name each structure according to
stacking orders and constituent sequences.

Figure 1(d) shows the calculated electronic band struc-
ture for each polytype using Heyd Scuseria Ernzerhof (HSE)
functionals with spin-orbit coupling; the band gap and band
splitting at the K point of each layer are summarized in Table I.
All of these stacking orders exhibit an indirect band gap. For
trilayer WSe2, the conduction-band minimum is located at the
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TABLE I. Geometry parameters and electronic properties of the
trilayer WSe2 for the different stacking orders. d is the interplanar
distances between the bottom–middle and middle–top layers, respec-
tively. Eb is the corresponding cohesive energies for each stacking
order. �SOC indicates the VBM splitting at the K point in the bottom,
middle, and top layers, respectively. The unit of energy is eV. The
optimized lattice constant is a = 3.32 Å for all cases.

Stacking 2H-2H d (Å) Gap (eV) �k
SOC (eV) Eb (meV)

2H-2H 3.214–3.214 1.48 0.66–0.00–0.00 0.0
2H-3R 3.215–3.214 1.43 0.70–0.05–0.00 4.0
3R-3R-1 3.215–3.215 1.37 0.76–0.07–0.03 7.0
3R-3R-2 3.215–3.215 1.37 0.75–0.06–0.05 7.1
3R-3R-3 3.215–3.215 1.39 0.73–0.07–0.00 7.3
3R-3R-4 3.215–3.215 1.41 0.70–0.06–0.00 5.8

Q (Q′) points of the Brillouin zone (BZ), while the valence-
band maxima are at K/K′ and �. Consequently, the lowest
exciton transition in trilayer WSe2 should be momentum-
indirect Q-K or Q-� excitons, in marked contrast to the
momentum-direct K-K transition in the single-layer case. Al-
though the overall dispersion looks nearly similar, there are
differences between all polytypes, especially for the valence
band near the M and K points, where the effect of the strong
spin-orbit interaction and the reduced number of symmetries
of the crystal structure play an important role. Particularly,
comparing 2H-2H and 3R-3R-4 to the rest of the other band

structures around the M point, we notice that the dispersion is
almost identical, but the bands located at the M point [around
−3.5-eV binding energy and circled in Fig. 1(d)] have differ-
ent behaviors. Besides, 2H-2H to 3R-3R-4 all share the same
band structure along the �K high-symmetry direction but
disperse differently along KMK ′, clearly showing the effect
of the stacking order directly on the dispersion of the bands.

By means of DFT, we calculated the total cohesive energies
for the trilayer WSe2 in the different possible stacking orders.
Quantitatively, the computed energy values are summarized
in Table I. Our results show that it is indeed the 2H-2H
and 2H-3R stacking that presents the lowest total energy for
the 3 ML (monolayers). Such calculations are very helpful
in understanding the growth process through estimating the
probability of growth of each phase.

B. Sharp interface and stacking-order trilayer
WSe2/GaP(111) heterostructure

For the growth of trilayer WSe2, we use here com-
mercial GaP(111)B substrates of size 1/6 of 2-inch wafer,
which are thermally deoxidized under combined atomic hy-
drogen and cracked phosphine fluxes in a dedicated MBE
chamber [22]. The MBE procedure for epitaxial growth of
WSe2 requires a Se preexposure of the GaP(111)B surface
at high temperature (700 ◦C), prior to the WSe2 deposition
at 450 ◦C. This Se preexposure of the GaP(111)B is cru-
cial for the correct quasi–van der Waals epitaxy WSe2 on
GaP(111)B substrate [see Figs. 2(a) and 2(b)]. Note that

FIG. 2. Stacking order of the WSe2/GaP(111) heterostructure: (a), (b) RHEED pattern of WSe2/GaP(111) along the respective [11–20]
and [1-100] azimuths of WSe2, after annealing at 600 ◦C under Se flux. (c) High-resolution STEM image with the overlaid atomic structure
of the 2H-2H stacking trilayer WSe2. (d) Corresponding atomic structure of the 2H-2H stacking trilayer WSe2 on the Se-treated GaP(111)
surface.
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this Se-preexposure of the GaP(111)B surface, prior to the
growth, is different than final annealing under Se flux at
650 ◦C of the grown WSe2 layers during 15 min. Figures 2(a)
and 2(b) show reflection high-energy diffraction (RHEED)
patterns taken after the final annealing of WSe2 films on
GaP(111)B under Se flux along two perpendicular azimuths.
The appearance of the sharp elongated streaks in the RHEED
patterns suggests a well-aligned crystal order and a flat sur-
face of WSe2 with the [11–20] WSe2 direction being parallel
to the GaP [1–10] direction. To study the interface and the
stacking order of WSe2/GaP(111) heterostructure, we have
carried out measurement with scanning transmission elec-
tron microscopy (STEM). Figure 2(c) presents an atomically
resolved STEM image acquired in the high-angle annular
dark-field mode. In this mode, the large difference in aver-
age atomic number between GaP and WSe2 produces high
contrast between the WSe2 trilayer and GaP(111) substrate.
The WSe2/GaP interface appears sharp and flat, without in-
terdiffusion between the two materials. A larger-scale image
is presented in Supplemental Material [23], Fig. S1, show-
ing the same configuration across 70-nm lateral width. We
note that the WSe2 trilayer is fully oriented on the GaP(111)
surface. We observe the following epitaxial relationship
with [11−20]WSe2

//[1−10]GaP and [1−100]WSe2
//[11−2]GaP

in the plane and [0001]WSe2
//[−1−1 − 1]GaP out of plane.

This relationship is confirmed by additional in-plane x-ray-
diffraction measurements (see Supplemental Material [23],
Fig. S2). The interlayer spacing between the two WSe2 layers
is (6.45 ± 0.10) Å, which is in very good agreement with the
standard van der Waals (vdW) gap between consecutive layers
in bulk hexagonal WSe2 (6.48 Å) [24]. The vertical separation
between the central W atoms of the first WSe2 layer and the
lower Ga atom is (6.20 ± 0.20) Å, which is consistent with a
quasi-vdW gap between WSe2 and GaP(111), as summarized
in Fig. 2(d). Comparing the orientation of the Se–W–Se bonds
between the upper, middle, and lower WSe2 layers, we con-
firm the existence of the 2H-2H configuration in our sample.

C. Electronic band structure of trilayer WSe2

The samples are capped with amorphous Se to protect them
from surface oxidation between the MBE chamber and the
nano-ARPES measurements. This capping is removed ther-
mally prior to the x-ray photoemission spectroscopy (XPS)
and ARPES measurements. The XPS spectra were recorded
with photon energy hν= 95 eV and at temperature T= 70 K.
XPS survey scan is shown in Supplemental Material [23], Fig.
S3. The detailed spectra of W 4 f and Se 3d core levels are
shown in Figs. 3(a) and 3(b), respectively, both consisting of
one spin-orbit doublet. W 4 f7/2 and W 4 f5/2 peaks are located
at 32.3 and 34.4 eV, respectively, and the peak positions of
Se 3d5/2 and Se 3d3/2 are 54.3 and 55.2 eV, respectively [8].
In both spectra, there is no signature of components at other
binding energies that could be related to gallium, phosphor
oxygen, or carbon bonded to W and/or Se atoms. This con-
firms that the grown WSe2 crystals are obtained by van der
Waals epitaxy and that no interdiffusion and oxidation of the
sample take place.

The MBE growth process is performed in UHV to achieve
a precise control of the number of TMDs layers. In current

FIG. 3. Chemical properties of the WSe2/GaP(111)B het-
erostructure: (a), (b) XPS core-level spectra of Se 3d and W 4 f ,
respectively, measured at hν= 96 eV. (c) Nano-ARPES measure-
ments (hν= 96 eV, T= 70 K) of the electronic structure along the
�KMK ′� high-symmetry directions. The Fermi-level position is
located at the zero of the binding energy (marked by a gray dotted
line).

state of the art, MBE-grown TMD layers typically consist
show small grain sizes [25] of a few tens of nanometers,
so that nano-ARPES is well suited to measure the intrinsic
properties the material [SOC, the m∗ of the WSe2/GaP(111)
heterostructure] [22]. Figure 3(c) show nano-ARPES data
along the high-symmetry directions over the entire Brillouin
zone (hν = 96 eV and temperature T = 70 K). This image
shows that the valence-band maximum (VBM) is located
at 0.8 eV below the Fermi level (EF). The zero of binding
energy (EF) was determined by fitting the leading edge of
the gold at the same photon energies and under the same
experimental conditions. Isoenergy cuts (see Supplemental
Material [23], Fig. S4) show that the K pockets exhibits hexag-
onal symmetry, which indicates that they originate from a
single-orientation WSe2 trilayer on the GaP(111) substrate.
The presence of a single pocket at a unique well-determined
K position in the plane further confirms that the WSe2 film
presents a single orientation, with a unique lattice alignment
between the WSe2 and the GaP(111) substrate, as determined
by TEM (Fig. 2) and x-ray diffraction (Supplemental Material
[23]). Combining the total valence-band mapping in the re-
ciprocal space, and the spatial information in the real space,
we map in Supplemental Material [23], Fig. S5 the spatial
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FIG. 4. Comparison between the experimental and orbital pro-
jection band structure of WSe2/GaP(111): (a), (d) ARPES mea-
surements of the valence band along the K�K ′ and KMK ′

high-symmetry directions of WSe2, respectively (hν= 96, T= 70 K).
(c), and (d) Orbital projected band structure of the trilayer WSe2.
The energy scale is shifted to align with the experiments. The main
projections on the composing orbitals are indicated with the colors
shown on the right of panel.

homogeneity of the sample over 300 µm by, respectively,
integrating the VBM at �, as well as the Se 3d and W 4f
core levels. This confirms the large-scale homogeneity of our
sample.

In Figs. 4(a) and 4(b), we present the ARPES measurement
along the K�K′ and KMK ′ high-symmetry directions. The
sharpness of the different bands indicates a high quality of
the WSe2 layer. Using density functional theory calculations
of Fig. 1(c), we can unambiguously confirm the atomic or-
bital character of each band. For this, we added the k − E
maps of the 2H-2H stacking electronic band structures, uni-
formly shifting the Fermi level of the DFT data to match
the experimental VBM [Figs. 4(c) and 4(d)]. We observe an
agreement over all the investigated k space. The VBM is
at �, indicating the indirect band-gap character of the tri-
layer WSe2, in stark contrast with direct band-gap monolayer
WSe2. Detailed investigation of the valence band at � (see
Supplemental Material [23], Fig. S6), shows that the VBM
may be decomposed into three contributions at the � point,
which reproduces the position of the calculated bands for
WSe2 of trilayer thickness. In the ARPES spectra, the distinc-
tive features include the VBM at �, derived from the W dz2

and Se pz orbitals, the VBM at K point, derived from the
W dx2−y2/dxy and Se px/py orbitals, and the valley between
� and K, derived from a crossover between the W dx2−y2/dxy

orbitals and the W dz2 and Se pz orbitals. Bands of higher
binding energies and along other high-symmetry directions
can also be identified. The distinctive features at the M point
derived from the W dx2−y2/dxy orbitals and Se pz orbitals are
well resolved. The valence bands at the K point of WSe2 are

resolved with excellent quality. They are consistent with the
result of the first-principles calculation [Fig. 1(c)]. The large
band splitting arising in the topmost WSe2 valence band at K
is clearly resolved in the ARPES data. To quantify this band
splitting, an energy distribution curve (EDC) was extracted at
the K point of WSe2, as indicated by the dashed black line in
Supplemental Material [23], Fig. S7. By fitting this EDC with
two pseudo-Voigt curves, we obtain SOC = 520 ± 10 meV.
This value is slightly larger than the 513 meV observed in
monolayer WSe2 exfoliated from a bulk crystal [26] or ob-
tained by CVD [8]. Overall this result confirms the absence of
residual strain between WSe2 on GaP(111) [27]. An analysis
of the curvature of the bands from the nano-ARPES measure-
ments also allows us to deduce the effective mass of trilayer
WSe2. For trilayer WSe2, we determined an experimentally
derived electron effective mass of 0.27 me at K, and an elec-
tron effective mass of 0.5 me at �, which agrees well with
theoretical predictions.

Our DFT calculations show that it is indeed the 2H-2H and
2H-3R stacking that presents the lowest total energy for the
three-layer WSe2. Such calculations are very helpful in under-
standing the growth process through estimating the probabil-
ity of existence for each phase. In order to compare the exper-
imental data and identify the corresponding trilayer stacking,
we superpose the k − E maps of the calculated electronic
band structures for the K�K′ and KMK′ high-symmetry direc-
tion of the BZ [Figs. 5(a)–5(d)]. In Figs. 5(e) and 5(f), the cal-
culated band structure for the two most stable configurations
2H-2H and 2H-3R are overlaid on the second derivative of the
raw data. We observe an agreement over all the investigated
k space and the main features are well reproduced by the cal-
culated band structures along two high-symmetry directions.
However, the calculated bands located at the M point (around
−4.5-eV binding energy) have different behaviors. The width
of the experimental data is clearly matching better with the
calculated data resulting from the 2H-2H stacking around the
M point at −4.5 eV. In Supplemental Material [23], Fig. S8,
we superpose the k − E maps of the calculated electronic
band structures for the different stacking order. We can notice
that specifically at the M point, the bands are wider for the 2H-
2H and 3R-3R-4 stacking, whereas they are getting sharper
for the other stackings, respectively. Since the valence-band
structures of 2H-2H and 3R-3R-4 stacking are quite similar,
one could think of attributing the trilayer WSe2 electronic
dispersion to the 3R-3R-4 stacking configuration. However,
the cohesive energies between the bands is higher for 3R-
3R-4 than for 2H-2H, which eliminates the possibility of the
energetically unstable 3R-3R-4 stacking formation (Table I).

Finally, according to the comparison with the DFT calcu-
lation on trilayer freestanding WSe2 and the STEM image
[Fig. 2(b)], it seems that our trilayer WSe2/GaP(111) hybrid
heterostructure shares the same electronic dispersion as a free-
standing 2H-2H trilayer WSe2. Considering this agreement
and the stability of the corresponding stacking, we confirm
that the trilayer WSe2 can be considered as quasi-freestanding
on the GaP(111)B surface, with no interlayer hybridization.
This indicates that trilayer WSe2 is a promising candidate for
the formation of a 2H-2H stacking order.
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FIG. 5. Comparison of the band structure with the DFT data from 2H-2H and 2H-3R stacking: (a), (b) ARPES measurement of the trilayer
WSe2/GaP(111) structure along K�K ′ and KMK ′. (c), (d) The corresponding second derivative of the raw scans in (a) and (b), respectively.
(e), (f) The calculated band structure overlaid on the second derivative picture in (c) and (d), respectively. The simulation is performed using a
trilayer relaxed structure with a lattice parameter of 3.26 Å and an interlayer vacuum of 15 Å.

III. CONCLUSION

In summary, we demonstrated the molecular-beam epi-
taxial growth of hybrid trilayer WSe2 on GaP(111)B het-
erostructure via quasi–van der Waals epitaxy. We have probed
the surface structure and occupied electronic bands of three-
layer WSe2 on GaP(111) substrate. STEM and RHEED
provided real and reciprocal-space structural measurements
of WSe2, revealing clearly resolved thickness and interface,
respectively. Our nano-ARPES measurements have probed
the valence-band structure and confirmed the 2H-2H stacking
order of trilayer WSe2. We have found an electron effective
mass of 0.27 me at K, and an electron effective mass of 0.5 me

at �. We expect that these results will provide insight for
understanding the optical and electronic properties of trilayer
WSe2 that are important for devices made from this transition-
metal dichalcogenide material.

IV. METHODS

A. Experimental growth of WSe2 trilayer
on Se-terminated GaP(111) substrate

Commercial GaP(111)B substrates (residual n-type doping
2−4.7 × 1016 at. cm−3) are cleaved into regular piece of
1/6 of 2-inch wafer to fit our various sample holders. The
GaP(111)B is deoxidized under cracked phosphine and an
atomic hydrogen flux by ramping the substrate temperature
up to 540 ◦C in a dedicated III–V MBE reactor. The sample is

then transferred under ultrahigh vacuum condition to another
TMD-dedicated MBE reactor for Se passivation. The sample
is heated up to 250 ◦C before being exposed to a Se flux, fur-
ther annealed to 700 ◦C, and kept at this temperature for 3 min.
Such arrangement displays a quasi–van der Waals character,
which is particularly suitable for the subsequent growth of
trilayer WSe2 material. The WSe2 growth is calibrated to ob-
tain a final layer of 3-ML thickness. For this, the temperature
of the Se-terminated GaP(111)B surface is ramped down and
stabilized at 450 ◦C under the Se flux before being exposed
to the W flux from an electron gun evaporator (Telemark
model 575). Finally, the sample is annealed under Se only at
650◦C.

B. Photoemission spectroscopy

The nano-ARPES experiments were performed at the
ANTARES beamline of the SOLEIL synchrotron light source
(Saint-Aubin, France). The nano-ARPES data were taken at
a photon energy of 96 eV, using linearly polarized light. All
ARPES measurements were carried out at a pressure of 10−10

mbar and at a temperature of 70 K.

C. DFT calculation

First-principles calculations were performed using the
plane-wave pseudopotential method as implemented in
the QUANTUM ESPRESSO package [28]. We employed
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norm-conserving fully relativistic pseudopotentials for all
atomic species, with an energy cutoff for the valence wave
function of 60 Ry. Spin-orbit coupling effects on both the
structural relaxation and the electronic dispersion were also
considered by performing noncollinear calculations. Free-
standing monolayers are modeled with ≈20 Å of vacuum
between adjacent trilayers in the supercell in the nonperi-
odic direction (i.e., perpendicular to the surface) and van
der Waals interaction were also considered via the Grimme
(D3) corrections. Structural relaxation was performed via
the Perdew-Burke-Ernzerhof [29] exchange-correlation func-
tional and a Brillouin-zone integration on a uniform grid of
24 × 24 × 1 k points. The final electronic band structure and
energetics for identification of the most stable stacking were
obtained through the Heyd-Scuseria-Ernzerhof 06 exchange-
correlation functional [30] and a Brillouin-zone integration
on a uniform grid of 6 × 6 × 1 k points and a kinetic energy
cutoff for the exact exchange operator of 120 Ry. In order to
obtain the final band structure with hybrid functionals, Wan-

nier interpolation has been performed using p − (f−) orbitals
for Se (W) atoms.
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