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Abstract: The strain in hybrid van der Waals heterostructures, made of two distinct two-dimensional
van der Waals materials, offers an interesting handle on their corresponding electronic band structure.
Such strain can be engineered by changing the relative crystallographic orientation between the
constitutive monolayers, notably, the angular misorientation, also known as the “twist angle”. By
combining angle-resolved photoemission spectroscopy with density functional theory calculations,
we investigate here the band structure of the WS, /graphene heterobilayer for various twist angles.
Despite the relatively weak coupling between WS, and graphene, we demonstrate that the resulting
strain quantitatively affects many electronic features of the WS, monolayers, including the spin-orbit
coupling strength. In particular, we show that the WS, spin-orbit splitting of the valence band
maximum at K can be tuned from 430 to 460 meV. Our findings open perspectives in controlling the
band dispersion of van der Waals materials.

Keywords: twisted heterobilayer; van der Waals materials; spin-orbit coupling; band structure

1. Introduction

The successful fabrication of monolayer graphene (Gr) by mechanical exfoliation has
triggered an intense interest in transition metal dichalcogenides (TMDs, e.g., MX, with
M =W, or Mo and X = S, Se, or Te), which are two-dimensional (2D) semiconductors
whose optical and electronic properties can be tailored as a function of the number of layers
and the stacking orientation [1]. More interestingly, assembling TMD monolayers into
van der Waals (vdW) heterostructures can further modulate these properties through the
choice of materials and the relative alignment between the monolayers [2]. While covalent
heterostructures are governed by a fixed lattice mismatch and interlayer misorientation,
vdW heterostructures present an additional degree of freedom in the arbitrary rotation
angle between the layers, referred to as the “twist” angle. For small twist angles, a long
wavelength periodic strain modulation arises, known as the Moiré superlattice [3]. The
formation of Moiré superlattices between 2D materials directly alters the electronic band
structure [4], and sometimes creates spectacular arrangements [5]. Notably, specific “magic”
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twist angles have been associated to unique dispersion relations with localized flat bands
in bilayer graphene and TMDs [6]. An experimental study using scanning tunneling
microscopy has recently evidenced these quantum-confined electronic states near the band
edges for aligned MoS; /WSe; heterobilayers [7]. Experimentally, the range of “magic”
angles is much wider in TMD/TMD heterostructures than in twisted bilayer graphene
(Gr/Gr), for which the flat band configuration only exists within £0.2° of the magic
angle [3,5]. New variants of twisted hybrid heterostructures have also been proposed,
in which the monolayers are made of distinct 2D materials (e.g., TMD/Gr) instead of
sibling TMD crystals. In such TMD/Gr heterostructures, several electronic features can
be improved with respect to the corresponding TMD monolayer structure, as in the case
of WS, /Gr heterobilayers, which exhibit remarkable advantages compared to monolayer
WS; [8-10]. While MX; monolayers are generally limited by a relatively low carrier mobility
and photosensitivity, the MX; /Gr heterobilayers often offer much improved values, which
leads to direct applications in photodetector and transistor devices [11]. Finally, recent
theoretical and experimental studies have reported that strong spin-orbit interactions (SOI)
can be induced in graphene using MX; /Gr heterobilayers [12-14]. The SOC prevents novel
quantum states from emerging, such as the quantum anomalous Hall state. On the other
hand, owing to their strong SOC, MX; provide an ideal platform to increase the SOC in
graphene by the proximity effect [14-16].

However, less attention has been paid to the modification of the TMD band structure
in these heterobilayers [15]. In particular, the impact of the “twist” angle variations on
the band structure of WS, /Gr heterobilayers has never been investigated experimentally.
Nanoscopic angle-resolved photoelectron spectroscopy (nano-ARPES) is a powerful tech-
nique used to experimentally study and visualize the band structure around the valence
band edge of twisted heterobilayers. Here, using nano-ARPES, we investigate the elec-
tronic structure of WS, /Gr at different twist angles. For all our measured twist angles, we
observe that the graphene bands are n-doped, and that the graphene-derived Dirac point
is located within the WS, bandgap. We experimentally show that the strength of spin-orbit
coupling (SOC) in the WS,-related valence band depends on the interlayer twist angle
between WS; and graphene, and that the SOC value is 30 meV higher than the reference
monolayer value.

2. Materials and Methods

The WS, /SiO; samples were grown by chemical vapor deposition (CVD) in a 1”7
quartz tube furnace. The growth substrate (5i0,/Si(001) was placed in the center of the
furnace and heated to 800 °C. A 25 mg sulphur pellet was placed on a piece of silicon and
positioned upstream in the furnace such that its temperature was approximately 150 °C.
Carrier gas (500 sccm Nj and 15 sccm Hj) was used to bring sulphur vapor into the furnace
for a 30 min growth period. A PMMA-assisted method was employed to transfer the CVD-
grown WS, onto epitaxial monolayer graphene on SiC(0001) [17]. Typical single-crystal
domains with an equilateral triangle shape were obtained by the CVD growth procedure.
The WS, domains transferred onto the graphene retained their triangular shapes, with
lateral sizes of ~20 to ~200 um. To further clean the surface and interface of the WS, /Gr, we
annealed the samples at 350 °C for 120 min in UHV (base pressure below P~10~1" mbar).

The p-PL/Raman measurements were conducted at room temperature, using a com-
mercial confocal Horiba micro-Raman microscope (HORIBA, Palaiseau, France) with a
100x objective, and a 532 nm laser excitation [18]. The nano-ARPES measurements (spot
size about 600 nm) were conducted at the Antares beamline of the SOLEIL synchrotron
(Saint-Aubin, France). We used linearly polarized photons of 100 eV and a hemispher-
ical electron analyzer scienta R4000 with horizontal slits to allow band mapping. All
nano-ARPES experiments were performed at a low temperature of 70 K, and the energy
resolution was about 10 meV.

The band structure calculations were realized with the QUANTUM EPSRESSO
code [19]. We adopted fully relativistic pseudopotentials and performed noncollinear



Nanomaterials 2021, 11, 2921

30f12

simulations to include the spin-orbit interaction. For the exchange-correlation term, we con-
sidered both the PBE and the HSE hybrid functionals [20] to better estimate the band-gap
energy. The self-consistent solution was obtained by adopting a 10 x 15 x 1 Monkhorst-
Pack grid and a cutoff energy of 50 Ry. A vacuum space of 20 A along the vertical direction
was used to minimize the interaction between two adjacent sheets. Cell parameters and
atomic positions were relaxed according to a convergence threshold for forces and energy
of 1073 and 10~* (a.u.), respectively.

3. Results and Discussion

In the absence of other direct experimental investigations on the band structure of
twisted WS, monolayers on graphene, the present nano-ARPES study reveals original
strain-related changes in the band dispersion and SOC strength of WS, /Gr heterostructure.
In a previous report, we have proved that it is possible to resolve the bands of WS, flakes
transferred on an epitaxial graphene underlayer [17]. In the present work, we followed
the same procedure to obtain the WS, /Gr heterobilayer. Here, monocrystalline mono- and
few-layer WS, flakes were first grown on a SiO, /Si substrate using a CVD technique (see
Materials and Methods), and then transferred onto a Gr/SiC substrate [21]. To ensure a
proper cleaning of interfaces, the samples were annealed at 350 °C in vacuum before the
nano-ARPES measurements.

A schematic of the atomic structure of the WS, /Gr hybrid system, which can present
an arbitrary in-plane twist angle, 8, between the monolayers, is shown in Figure la.
Figure 1b presents an optical image of the sample, showing an area with several WS,-
flake-transferred graphene. The overall coverage of the graphene surface by WS, was
approximatively 30%. Because of the poor optical contrast on the SiC substrate, red con-
tours have been drawn to outline the shape of the WS, flakes. As is visible in Figure 1b, the
optical image consists of regular triangular WS, flakes, arbitrarily rotated with respect to
the underlying graphene substrate. While it is possible to directly estimate the value of the
twist angle, 0, between the WS, flakes and graphene from the optical image, more accurate
values can be obtained using nano-ARPES. To this end, nano-ARPES constant energy maps
were recorded outside and inside the WS; flakes. The twist angle, §, was then defined in
the reciprocal space as the angle between the I'Kg, and I'Kws, directions. We obtained
values of 0 = 33°, 11°, 43°, and 16° for Flake 1, Flake 1b, Flake 2, and Flake 3, respectively.

To investigate the optical properties of the WS, flakes, u-PL/Raman spectroscopy
was carried out at room temperature [22]. The vibration modes of Flake 1 can be ob-
tained by using micro-Raman (p-Raman) spectroscopy. Figure 1d shows the p-Raman
scattering spectra obtained before and after transferring the WS, flakes onto graphene. For
both spectra, we observed the in-plane phonon mode, E%g, and the out-of-plane phonon
mode, Ajg. In particular, the E%g(l") mode, observed at 353.8 cm™~! for WS, /SiO,, was
redshifted of 2 cm~! with respect to that of WS, /Gr. Similarly, the A14(I) peak, observed at
417.7 cm~ 1 [23,24] for WS, /SiO,, also shows a small redshift of about 1 cm~! with respect
to that of WS, /Gr. These shifts for both modes confirm the interlayer e coupling between
WS, and graphene, as seen by the PL measurements. These shifts could also be attributed
to a stress reduction when WS; is transferred onto the graphene substrate [17]. Beside
the Ajg and E}, modes, both Raman spectra present a series of overtone and combination
peaks. For WS, /Si0,, the second order Raman peak, 2 LA(M), relative to the longitudinal
acoustic phonons at the M-point in the Brillouin zone (BZ), and the E%g(M) mode, are

observed at 349.8 cm~! and 350.5 cm ™!, respectively [25]. These peaks were redshifted
of lemlor2em™1, compared to those of WS, /Gr, attributable to a strain between the
WS, and the graphene substrate. Additional Raman peaks around 296 cm ! and 323 cm ™!
were combination modes, attributed to the 2LA(M) — 2E§g(l“) and the 2LA(M) — E%g(P)
modes, respectively [8].
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Figure 1. Structural and electronic properties of a WS, /Gr heterostructure: (a) 3D view of graphene on top of monolayer

TMDs. Here, 6 is the twist angle between graphene and the TMD layers; (b) Optical image of the WS, transferred onto the

graphene layer; (c,d) Room temperature PL and micro-Raman spectra of Flake 1 before (1 ML WS, /Si0O,), and after (1 ML

WS, /Gr), transfer.

Before transferring Flake 1 (1 ML) and Flake 1b (2 ML) onto graphene, we measured
their PL spectra on the SiO; substrate (see Supplementary Information, Figure S1). As
shown in Figure S1, the PL intensity of Flake 1 is one order of magnitude higher than that
of Flake 1b. This is consistent with the literature and indicates that a direct to an indirect
bandgap transition occurs when increasing the number of layers of WS, [26]. To study
the electronic coupling between 1 ML of WS, and the graphene, we compare, in Figure 1c,
1 ML of the WS; PL spectra acquired on the SiO; and graphene substrate, respectively.
We observed a drastic quench of the PL intensity for WS, on graphene, attributed to an
interfacial electron transfer from the n-doped graphene substrate to WS, [27-31]. This
electron transfer, thus, reflects the electronic coupling between WS, and graphene. From
the PL spectrum of 1 ML of WS, on graphene, we also extracted the corresponding optical
bandgap value of 1.95 eV, in agreement with previous experimental reports [32-36]. We
noticed, as well, a bandgap decrease of about 40 meV in the case of the WS, /Gr. The
decrease of the PL intensity and the bandgap can be explained by a charge transfer and
strain induced by the graphene layer. The possible band structure and bandgap change in
single layer WS, could be translated by the orientation angle of the flakes with respect to
the graphene substrate and may induce a variation of the properties of WS,. Thus, despite
the clean interface between WS, and graphene [8], both the PL and p-Raman results prove
that the two layers are coupled electronically.

We now turn to the nano-ARPES characterization of the WS, /Gr heterostructures to
study the coupling between the WS, and the graphene substrate. We obtained a sharp
ARPES signal on the graphene and on each individual flake, which we associated with the
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good material quality and sample fabrication. Combining the total valence band mapping
in the reciprocal space, and the spatial information in the direct space, we were able to
extract and to localize, with nanometric spatial resolution, the different contributions of
each material in the final electronic band structure. In Figure 2, we can thus identify and
separate the following dispersion relations: the graphene 7t bands, and the monolayer
(1 ML) WS; and the bilayer (2 ML) WS, valence bands (Figure 2a,b). By integrating the
photoemission intensity in an energy window centered around the valence band maximum
(VBM), while scanning the sample in real space along the two in-plane directions, we ob-
tained spatial maps and morphological information. Figure 2a is centered on the graphene
7 band’s energy, so that high-intensity signal (red color) shows the extent of the continuous
graphene underlayer, while the region covered by WS, crystals appears as low signal
(blue color). Conversely, the map in Figure 2b integrates around the WS, VBM energy
and shows three distinct regions: high (red), medium (yellow), and low (blue) intensities,
which correspond to 2 ML WS,, 1 ML WS;, and graphene, respectively. These two WS, and
graphene nano-ARPES spatial maps (Figure 2a,b) further confirmed the staking sequence
of our heterostructure, as deduced from the previous optical characterizations (PL, Raman)
in Figure 1. Each of these regions (Gr, 1 ML WS,, and 2 ML WS;) displayed a uniform
intensity, attributed to the homogeneity of the electronic properties. The single and robust
Dirac cone at the K high-symmetry points (at k| = 1.703 A=) confirms that the graphene
inside the heterostructure preserves its Dirac linear dispersion, and the massless relativistic
character of the graphene monolayer carriers close to the Fermi level. The analysis of the
7 band dispersion, inside and outside, determines a Fermi velocity vg ~ 1.1 x 10° m/s.
The neutrality level (the Dirac point) in the band structure of the graphene was observed
at a binding energy of about 0.3 eV below Fermi level. The electron doping level can
be estimated to about 9 x 10!2 cm~? (see Supplementary Information, Figure S2) and is
rather high in contrast to isolated monolayer graphene. This doping is explained con-
ventionally by donor-like states associated with the interface layer between the graphene
and the SiC(0001) substrate that overcompensate for the polarization doping from the SiC
substrate [30-34].

We then extracted and analyzed the electronic band parameters along the reciprocal
I'-K direction of the WS, /Gr heterostructure (Flake 1 and Flake 1b), depending on the
thickness of the WS, flakes. The number of branches at the I' point agreed with the
number of layers: one for the monolayer, and two for the bilayer. From the ARPES data in
Figure 2¢,d, we clearly detect the layer-dependent band structure evolution. In particular,
the change from the 1 ML WS, /Gr to the 2 ML WS, /Gr moves the VBM from the K point
for the 1 ML WS, /Gr (1.82 eV binding energy), to the I point for the 2 ML WS, /Gr (binding
energy of 1.62 eV). We thus expect that the 1 ML of WS, /Gr will show a direct bandgap,
VBM, and conduction band minimum (CBM) at the K point, while the 2 ML WS, /Gr is
indirect, with the VBM located at I', and the CBM at K. Therefore, the overall variation
of the WS, /Gr band structure with the WS; thickness (1 ML, 2 ML) is in agreement with
DFT theory [5]. Up to now, our results corroborate closely to those of Coletti et al. on the
photoemission of an epitaxial-aligned (0 = 0°) 1 ML WS, /Gr/SiC heterostructure [9], for
which the relatively weak WS, /Gr interaction causes the constitutive monolayer of the
heterostructure to retain most of the features of their initial band structure. However, a
more detailed look at the TMD-related bands near K reveals important details. In WS,, as
in other TMD materials, the strong spin-orbit coupling (SOC) of transition-metal 4 orbitals
leads to an energy splitting (Asoc) of the valence bands at the six corners (K, K’ points) of
the BZ. This large Agoc value mainly originates from the hybridization between the W dy,
and dy,» and the S pyx and p, bonding states [35]. Using the experimental nano-ARPES
dispersion at K, we can, thus, directly measure the value of Agpc in our samples. For
monolayer WS, this value is predicted to be 430 meV [5], but Coletti et al. [9] already
report a much higher value of Agoc =462 meV for epitaxial (6 = 0°) WS, /Gr/SiC [9], which
suggests that there is some degree of interaction between the WS, and the Gr underlayers.
The band splitting in our sample is about 1 ML WS, /Gr (Flake 1, Agoc~440 meV), and
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2 ML WS, /Gr (Flake 1b, Agoc~400 meV) heterostructures. As those two structures differ
in ML thickness (1 vs. 2 ML), and twist angle 0 (33° vs. 11°), the Agoc difference cannot be
unambiguously attributed to the twist angle effect.

b) 1 ML WS, band
B Flake 2

a)

Graphene band

Flake 1

3

Flake 1b
um

20

E - Er (eV)

I = T T 1 .
00 05 10 15 00 05 10 15
-1 -1
ky(A") ky(A)
Figure 2. Comparison of the electronic band structure between single and bilayer WSe,: (a,b) Spatially resolved ARPES

map of the 7t graphene band and the 1 Ml WS, band; (c,d) ARPES map of single and bilayer WS, along the I'K high-
symmetry directions.

To isolate the impact of the twist angle, we now focus on 1 ML WS; /Gr heterobilayers
at K. Compared to epitaxial vdW heterostructures, which are limited to 6 = 0° but always
present a coupling between the layers, our transferred WS, /Gr heterobilayer can sample
arbitrary twist angles, but the interlayer coupling needs to be confirmed. Figure 3a—c present
the experimental valence band structures acquired by nano-ARPES for 6 = 33° (Flake 1), 43°
(Flake 2), and 16° (Flake 3), using the naming scheme of Figure 1. We found that the Agoc
varied widely, starting from 460 meV at 6 = 16°, down to 440 meV near 6 = 33°, and about
430 meV for 6 =43°. Additionally, we observed that the energy difference between the VBM
atI" and K, (Ark) also varied with the twisted angle. In Figure 3d-{, the second derivative
spectra of the experimental data were compared with the DFT calculations obtained by
HSEQ6 (red lines). The main ARPES features are well-reproduced by the calculations for
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all twist angles, but tensile bi-axial strain must be introduced to obtain the correct Ark
spacing. The total variation from the reference theoretical value of 430 meV is significant
and confirms that our transferred 1 ML WS, flakes effectively couple to the Gr underlayer.
From these measurements, we conclude that the twist angle modulates the SOC strength
in the TMD-related band of 1 ML WS, /Gr heterobilayers, with positive variations up to
30 meV from the reference theoretical value.

E - Er (eV)

H
>
L
ur 3
' ; F
Tl A\ £
A1 '|'|'|'|"_';'|'|.{1'L
00 05 1.0 15 00 05 10 1.5 00 05 10 15
R -1 -1
Kj(A") Ky (A ) Kj(A)

Figure 3. Evolution of the electronic band structure of the WS, /Gr heterobilayer at various twist angles: (a—¢) ARPES band
map along GK of the WS; layer, with twist angles of 16, 33, and 43°, respectively; (d—f) Corresponding second derivative
spectra of the (a—c) panels on which the calculated band structure obtained by HSE06 (red lines) is superimposed. The
tensile biaxial strain used in the simulations is marked next to the experimental twist angle.

We have considered two hypotheses to explain the observed variation of the SOC in
our twisted 1 ML WS, /Gr heterobilayers: (i) electronic coupling via charge transfer; and
(ii) biaxial strain at the WS, /Gr interface [36].

(i) First, we can consider the charge transfer probabilities occurring at specific twist
angles as the main contribution to the Agpc variations. In the present case, the het-
erostructure is formed by n-type graphene and n-type WS,, which creates a Schottky
barrier. The Schottky barrier height (SBH) thus corresponds to the energy difference
between the CBM of the WS; band, and the position of the Fermi level in the graphene
Dirac cone [4]. Since the graphene layer is n-doped, a charge transfer could occur
from the K valley of the graphene to the CBM of the WS,. Following [15,16], the
interlayer interaction between WS, and Gr is proportional to the transfer integral
between the two lattices, which decreases exponentially with the interlayer spacing
in real space, but also requires momentum matching in the reciprocal space. As
illustrated in Supplementary Information (Figure S3), the positions of three specific
k-vectors in the BZ of WS, vary with the twist angle (red circles) and can approach
the CBM of WS, (green symbols). It turns out that the interlayer coupling and, hence,
the spin-splitting of WS,, is maximal when the wavevectors, k?, kze, and k9, approach
the CBM of the WS, located in the Q point (middle point between I' and K) for 6~20°.
While this effect may occur in our structures, the expected order of magnitude (a few
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meV) and angular positions do not match our experiments. Therefore, charge transfer
is not the main contributor to the observed Agpc variations;

(i) Mechanical strain is an expected feature of vdW heterostructures, which assemble
materials of different lattice parameters. Although the vdW interaction is weaker than
covalent bounds, it can still create Moiré superlattices that can affect the material strain
and its electronic properties. The superstructure is governed by the lattice mismatch
and by the rotational and translational misalignments of the two lattices. Here, the
observed angular misalignment, 8 WS, /Gr, combined with the theoretical lattice
mismatch, (ag,~2.46 A, awg~3.16 A), can create a long-range strain modulation,
which can be grossly approximated to a uniform tensile or compressive in-plane
strain [37].

Hence, the latter explanation, (ii), seems to better suit our experimental observations.
To support this argument, we now compare our experimental ARPES data with band
structure calculations computed using DFT. For monolayer WS;, a tensile in-plane biaxial
strain will decrease the vertical distance between the upper and lower sublayers of the S
atoms, which, in turn, reduces the bandgap and affects the Agoc at K [36,38]. In the DFT
calculations, the biaxial strain is applied by modifying the lattice constant of WS,, followed
by a structural relaxation to obtain the most favorable atomic positions.

To further test our calculations, we have performed additional DFT simulations
using another exchange-correlation functional (PBE vs. HSE). In addition to the atomic
structure, Figure 4a shows the calculated electronic band structure for WS; for the tensile
and compressive biaxial strain values (£2%). Although the overall dispersions look similar,
there are differences between all the structures. To compare with the experimental ARPES
result, we first focus on the top of the valence band near the K point. In agreement with
the experiment, our DFT unstrained WS, monolayer is a semiconductor with a 1.58 eV
direct bandgap (i.e., VBM and CBM located at K). The Agoc value depends on the chosen
exchange-correlation functionals (430 meV PBE, 551 meV HSE). We confirm that the Agoc
of the VBM at K increases with the tensile biaxial strain, but that the rather extreme value
of 1% merely increases the Agoc by only 15 meV. The opposite variation is observed for
compressive biaxial strain (see Supplementary Information, Figure S4). The final inferred
Agoc variation, +15 meV per 1% in plane tensile strain, is independent of the chosen
exchange-correlation functionals (PBE or HSE) and matches the existing theoretical results
on WS, and WSe; [36,38]. However, the variation of Agoc at K is not the only marker of
biaxial strain in the WS, band structure. As shown in Figure 4a, the energy position of
the valence band near I also varies critically with the in-plane strain, while that near K
remains mostly static. Therefore, we can estimate the biaxial strain in the WS, layer by
fitting the valence band’s energy position along the I'-K direction. In a first approximation,
we simply used the energy difference, Ark, and we computed tensile biaxial strains of
+0.8% (0 = 16°), +0.3% (8 = 33°), and 0% (0 = 43°). Such strain could arise from the
fabrication process during the cooling down of the sample after the 350 °C annealing. From
these results, we can recalculate, with DFT (PBE), the strain-corrected Agoc_theo Values of
440 meV (0 = 16°), 434 meV (0 = 33°), and 430 meV (0 = 43°). Table 1 summarize these
results, along with the corresponding experimental Agoc data.

Compared with the experimental Agoc values, we see that this simple biaxial strain
model reproduces the sign and the order of magnitude of the Agpoc variations. For such
large strain values, it is important to check the behavior of the conduction band. Here,
the DFT results show the existence of the local minimum of the conduction band along
the I'-K direction (Q point), which should lead from a direct to an indirect bandgap at
about 1% compressive strain (see Supplementary Information, Figure S4). Such a drastic
change should be clearly visible in the optical characterization (PL), thus implying that
only tensile strain was present in our samples. When comparing the charge transfer to the
biaxial strain, we conclude that biaxial strain better reproduces the observed change in
SOC in the TMD-related band of our WS, / Gr heterostructure.
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Figure 4. Structural and electronic properties of WS, under strain: (a) Band structures of
WS, for different strains; (b) DFT calculations of the evolution of SOC under strain (PBE and
HSEOQ6, respectively).

Table 1. Summary of 1 ML WS, /Gr flake properties: experimental twist angle (from ARPES);
energy difference of the VBM Arg; corresponding computed biaxial strain (as determined from DFT);
corresponding theoretical Agoc_theo from PBE functional (reference value 430 meV at 0% strain); and
experimental Agoc measurements.

Flake #3 Flake #1 Flake #2
WS, /Gr twist angle (°) 16° 33° 43°
Valence Ark difference (eV) 0.25 0.31 0.34
Computed biaxial strain (%) +0.8 +0.3 0.0
Theoretical Agoc_theo (MeV) at K 440 434 430
Experimental Agpc (meV) at K 460 £ 5 440 + 5 430 +5
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4. Conclusions

In summary, we studied the electronic structure, using nano-ARPES, of a1 ML WS, /Gr
heterobilayer with different twist angles. Because of the relatively weak coupling between
Gr and WS,, the valence bands of the heterostructure retained some resemblance to their
elementary constituent, but the detailed analysis of the TMD-related bands reveals a large
twist-angle dependence. Specifically, the spin-orbit splitting of the valence band maximum
at K (Asoc) can be tuned from 430 to 460 meV. While theoretical modeling combining the
biaxial strain in the DFT calculation can reproduce some of the features of the band struc-
ture, such extreme Agpc variations currently elude our modeling attempts. On the practical
side, this work implements yet another possible route for tailoring the band structure of
TMD materials: by controlling the twist angle between the TMD/Gr heterojunctions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11112921/s1, Figure S1: Typical Band structure of graphene layer on SiC (0001) (inside
and outside of the WS2), Figure S2: (a) Band-structure calculations of the monolayer WS, along
the high symmetry points of the Brillouin zone for different stress levels. (b) The evolution of the
three wavevectors k? p kz6 and kg as a function of the twist angle 6. The hexagons represent the first
Brillouin zone of (black) graphene, (red) WS; with 6 = 0 and (magenta) WS, with 8 = 20°. The green
symbols represent the evolution of the Q points. (c) Distance between k¥ and Q as a function of 0,
Figure S3: Evolution of the band-structure calculations of the monolayer WS, under strain, Figure S4:
Evolution of the band-structure calculations of the monolayer WS, under strain.

Author Contributions: M.-Q.Z. and A.T.C.J. fabricated the samples; C.E., LK., D.P,, A.O., J.A. and
M.C.A. carried out the nano-XPS/nano-ARPES experiments; J.C., H.H. and C.E. characterized the
samples by means of u-Raman/PL spectroscopy and analyzed the Raman/PL data; M.P. carried the
DFT calculation; C.E., ].C., LK., H.H,, J.A,, D.P, FO., A.O. and M.P. analyzed the data; C.E., M.,
F.O. and A.O. wrote the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: We acknowledge the financial support by RhomboG (ANR-17-CE24-0030), MagicValley
(ANR-18-CE24-0007), and Graskop (ANR-19-CE09-0026) grants.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Novoselov, K.S.; Geim, A.K.; Morozov, S.V,; Jiang, D.; Katsnelson, M.I.; Grigorieva, I1.V.; Dubonos, S.V.; Firsov, A.A. Two-
Dimensional Gas of Massless Dirac Fermions in Graphene. Nature 2005, 438, 197-200. [CrossRef] [PubMed]

2. Zhang, K.; Zhang, T.; Cheng, G.; Li, T.; Wang, S.; Wei, W.; Zhou, X.; Yu, W,; Sun, Y.; Wang, P; et al. Interlayer Transition and
Infrared Photodetection in Atomically Thin Type-II MoTe; /MoS;van Der Waals Heterostructures. ACS Nano. 2016, 10, 3852-3858.
[CrossRef]

3. Cao, Y; Fatemi, V.; Fang, S.; Watanabe, K.; Taniguchi, T.; Kaxiras, E.; Jarillo-Herrero, P. Unconventional Superconductivity in
Magic-Angle Graphene Superlattices. Nature 2018, 556, 43-50. [CrossRef]

4. Pierucci, D.; Henck, H.; Avila, J.; Balan, A.; Naylor, C.H.; Patriarche, G.; Dappe, Y.J.; Silly, M.G.; Sirotti, F,; Johnson, A.T.C.; et al.
Band Alignment and Minigaps in Monolayer MoS,-Graphene van Der Waals Heterostructures. Nano. Lett. 2016, 16, 4054—-4061.
[CrossRef]

5. Wang, L,; Shih, E.M.; Ghiotto, A ; Xian, L.; Rhodes, D.A.; Tan, C.; Claassen, M.; Kennes, D.M.; Bai, Y.; Kim, B.; et al. Correlated
Electronic Phases in Twisted Bilayer Transition Metal Dichalcogenides. Nat. Mater. 2020, 19, 861-866. [CrossRef] [PubMed]

6. Hesp, N.C.H,; Torre, I.; Rodan-Legrain, D.; Novelli, P; Cao, Y.; Carr, S.; Fang, S.; Stepanov, P; Barcons-Ruiz, D.; Herzig-Sheinfux,
E; et al. Collective excitations in twisted bilayer graphene close to the magic angle. Nat. Phys. 2019. [CrossRef]

7.  Rivera, P; Schaibley, ].R.; Jones, A.M.; Ross, ].S.; Wu, S.; Aivazian, G.; Klement, P; Seyler, K.; Clark, G.; Ghimire, N.J.; et al.
Observation of Long-Lived Interlayer Excitons in Monolayer MoSe,-WSe, Heterostructures. Nat. Commun. 2015, 6, 6242.
[CrossRef] [PubMed]

8. Bradford, ].; Shafiei, M.; MacLeod, J.; Motta, N. Synthesis and characterization of WS, /graphene/SiC van der Waals heterostruc-

tures via WO;3_y thin film sulfurization. Sci. Rep. 2020, 10, 17334. [CrossRef]


https://www.mdpi.com/article/10.3390/nano11112921/s1
https://www.mdpi.com/article/10.3390/nano11112921/s1
http://doi.org/10.1038/nature04233
http://www.ncbi.nlm.nih.gov/pubmed/16281030
http://doi.org/10.1021/acsnano.6b00980
http://doi.org/10.1038/nature26160
http://doi.org/10.1021/acs.nanolett.6b00609
http://doi.org/10.1038/s41563-020-0708-6
http://www.ncbi.nlm.nih.gov/pubmed/32572205
http://doi.org/10.1038/s41567-021-01327-8
http://doi.org/10.1038/ncomms7242
http://www.ncbi.nlm.nih.gov/pubmed/25708612
http://doi.org/10.1038/s41598-020-74024-w

Nanomaterials 2021, 11, 2921 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

Forti, S.; Rossi, A.; Biich, H.; Cavallucci, T.; Bisio, F; Sala, A.; Mentes, T.O.; Locatelli, A.; Magnozzi, M.; Canepa, M.; et al.
Electronic Properties of Single-Layer Tungsten Disulfide on Epitaxial Graphene on Silicon Carbide. Nanoscale 2017, 9, 16412-16419.
[CrossRef] [PubMed]

Rossi, A.; Spirito, D.; Bianco, F; Forti, S.; Fabbri, F.; Buich, H.; Tredicucci, A.; Krahne, R.; Coletti, C. Patterned Tungsten
Disulfide/Graphene Heterostructures for Efficient Multifunctional Optoelectronic Devices. Nanoscale 2018, 10, 4332-4338.
[CrossRef]

Henck, H.; Pierucci, D.; Chaste, J.; Naylor, C.H.; Avila, J.; Balan, A.; Silly, M.G.; Maria, C.; Sirotti, F; Johnson, A.T.C.; et al.
Electrolytic Phototransistor Based on Graphene-MoS, van Der Waals p-n Heterojunction with Tunable Photoresponse p-n
Heterojunction with Tunable Photoresponse. Appl. Phys. Lett. 2016, 109, 113103. [CrossRef]

Ghiasi, T.S.; Kaverzin, A.A; Blah, PJ.; Van Wees, B.J. Charge-to-Spin Conversion by the Rashba-Edelstein Effect in Two-
Dimensional van Der Waals Heterostructures up to Room Temperature. Nano. Lett. 2019, 19, 5959-5966. [CrossRef]

Avsar, A.; Tan, ].Y.; Taychatanapat, T.; Balakrishnan, J.; Koon, G K.W.; Yeo, Y.; Lahiri, J.; Carvalho, A.; Rodin, A.S.; O’Farrell,
E.C.T,; et al. Spin-Orbit Proximity Effect in Graphene. Nat. Commun. 2014, 5, 4875. [CrossRef]

Wakamura, T.; Reale, E; Palczynski, P.; Zhao, M.Q.; Johnson, A. T.C.; Guéron, S.; Mattevi, C.; Ouerghi, A.; Bouchiat, H. Spin-Orbit
Interaction Induced in Graphene by Transition Metal Dichalcogenides. Phys. Rev. B 2019, 99, 245402. [CrossRef]

David, A.; Rakyta, P.; Kormanyos, A.; Burkard, G. Induced Spin-Orbit Coupling in Twisted Graphene-Transition Metal Dichalco-
genide Heterobilayers: Twistronics Meets Spintronics. Phys. Rev. B 2019, 100, 85412. [CrossRef]

Li, Y.; Koshino, M. Twist-Angle Dependence of the Proximity Spin-Orbit Coupling in Graphene on Transition-Metal Dichalco-
genides. Phys. Rev. B 2019, 99, 075438. [CrossRef]

Henck, H.; Ben Aziza, Z.; Pierucci, D.; Laourine, F,; Reale, E; Palczynski, P.; Chaste, J.; Silly, M.G.; Bertran, F.; Le Fevre, P,; et al.
Electronic Band Structure of Two-Dimensional WS, /Graphene van Der Waals Heterostructures. Phys. Rev. B 2018, 97, 155421.
[CrossRef]

Nguétchuissi Noumbé, U.; Gréboval, C.; Livache, C.; Brulé, T.; Doudin, B.; Ouerghi, A.; Lhuillier, E.; Dayen, J.-F. Ionic Glass—-Gated
2D Material-Based Phototransistor: MoSe, over LaF; as Case Study. Adv. Funct. Mater. 2019, 29, 1902723. [CrossRef]
Giannozzi, P.; Baroni, S.; Bonini, N.; Calandra, M.; Car, R.; Cavazzoni, C.; Ceresoli, D.; Chiarotti, G.L.; Cococcioni, M.; Dabo,
I; et al. QUANTUM ESPRESSO: A Modular and Open-Source Software Project for Quantum Simulations of Materials. J. Phys.
Condens. Matter 2009, 21, 395502. [CrossRef] [PubMed]

Heyd, J.; Scuseria, G.E.; Ernzerhof, M. Hybrid Functionals Based on a Screened Coulomb Potential. ]. Chem. Phys. 2003, 118, 8207.
[CrossRef]

Zribi, J.; Khalil, L.; Avila, J.; Chaste, J.; Henck, H.; Oehler, F,; Gil, B; Liu, S.; Edgar, ].H.; Giorgetti, C.; et al. Structural and
Electronic Transitions in Few Layers of Isotopically Pure Hexagonal Boron Nitride. Phys. Rev. B 2020, 102, 115141. [CrossRef]
Zribi, J.; Khalil, L.; Zheng, B.; Avila, J.; Pierucci, D.; Brulé, T.; Chaste, J.; Lhuillier, E.; Asensio, M.C.; Pan, A.; et al. Strong Interlayer
Hybridization in the Aligned SnS; /WSe, Hetero-Bilayer Structure. Npj 2d Mater. Appl. 2019, 3, 27. [CrossRef]

Kobayashi, Y.; Sasaki, S.; Mori, S.; Hibino, H.; Liu, Z.; Watanabe, K.; Taniguchi, T.; Suenaga, K.; Maniwa, Y.; Miyata, Y. Growth
and Optical Properties of High-Quality Monolayer WS, on Graphite. ACS Nano. 2015, 9, 4056-4063. [CrossRef]

Gutiérrez, H.R,; Perea-Lopez, N.; Elias, L.A.; Berkdemir, A.; Wang, B.; Terrones, M. Extraordinary Room-Temperature Photolumi-
nescence in Triangular WS, Monolayers. Nano. Lett. 2013, 13, 3447-3454. [CrossRef]

Molina-Sanchez, A.; Wirtz, L. Phonons in Single-Layer and Few-Layer MoS, and WS;. Phys. Rev. B 2011, 84, 155413. [CrossRef]
Ernandes, C.; Khalil, L.; Almabrouk, H.; Pierucci, D.; Zheng, B.; Avila, J.; Dudin, P; Chaste, J.; Oehler, F.; Pala, M.; et al. Indirect to
Direct Band Gap Crossover in Two-Dimensional WSy _ySeay Alloys. Npj 2d Mater. Appl. 2021, 5, 1-7. [CrossRef]

Lorchat, E.; Lopez, L.E.P; Robert, C.; Lagarde, D.; Froehlicher, G.; Taniguchi, T.; Watanabe, K.; Marie, X.; Berciaud, S. Filtering the
Photoluminescence Spectra of Atomically Thin Semiconductors with Graphene. Nat. Nanotechnol. 2020, 15, 283-288. [CrossRef]
Yang, B.; Molina, E.; Kim, J.; Barroso, D.; Lohmann, M,; Liu, Y.; Xu, Y,; Wu, R,; Bartels, L.; Watanabe, K.; et al. Effect of Distance on
Photoluminescence Quenching and Proximity-Induced Spin-Orbit Coupling in Graphene/WSe, Heterostructures. Nano. Lett.
2018, 18, 3580-3585. [CrossRef] [PubMed]

Froehlicher, G.; Lorchat, E.; Berciaud, S. Charge Versus Energy Transfer in Atomically Thin Graphene-Transition Metal Dichalco-
genide van Der Waals Heterostructures. Phys. Rev. X 2018, 8, 011007. [CrossRef]

Pallecchi, E.; Lafont, F; Cavaliere, V.; Schopfer, E; Mailly, D.; Poirier, W.; Ouerghi, A. High Electron Mobility in Epitaxial Graphene
on 4H-5iC(0001) via Post-Growth Annealing under Hydrogen. Sci. Rep. 2014, 4, 4558. [CrossRef] [PubMed]

Pallecchi, E.; Ridene, M.; Kazazis, D.; Mathieu, C.; Schopfer, E; Poirier, W.; Mailly, D.; Ouerghi, A. Observation of the Quantum
Hall Effect in Epitaxial Graphene on SiC(0001) with Oxygen Adsorption. Appl. Phys. Lett. 2012, 100, 253109. [CrossRef]

Ohta, T.; Bostwick, A.; Seyller, T.; Horn, K.; Rotenberg, E. Controlling the Electronic Structure of Bilayer Graphene. Science 2006,
313, 951-954. [CrossRef] [PubMed]

Ristein, J.; Mammadov, S.; Seyller, T. Origin of Doping in Quasi-Free-Standing Graphene on Silicon Carbide. Phys. Rev. Lett. 2012,
108, 246104. [CrossRef]

Kopylov, S.; Tzalenchuk, A.; Kubatkin, S.; Fal’Ko, V.I. Charge Transfer between Epitaxial Graphene and Silicon Carbide. Appl.
Phys. Lett. 2010, 97, 11-14. [CrossRef]


http://doi.org/10.1039/C7NR05495E
http://www.ncbi.nlm.nih.gov/pubmed/29058741
http://doi.org/10.1039/C7NR08703A
http://doi.org/10.1063/1.4962551
http://doi.org/10.1021/acs.nanolett.9b01611
http://doi.org/10.1038/ncomms5875
http://doi.org/10.1103/PhysRevB.99.245402
http://doi.org/10.1103/PhysRevB.100.085412
http://doi.org/10.1103/PhysRevB.99.075438
http://doi.org/10.1103/PhysRevB.97.155421
http://doi.org/10.1002/adfm.201902723
http://doi.org/10.1088/0953-8984/21/39/395502
http://www.ncbi.nlm.nih.gov/pubmed/21832390
http://doi.org/10.1063/1.1564060
http://doi.org/10.1103/PhysRevB.102.115141
http://doi.org/10.1038/s41699-019-0109-3
http://doi.org/10.1021/acsnano.5b00103
http://doi.org/10.1021/nl3026357
http://doi.org/10.1103/PhysRevB.84.155413
http://doi.org/10.1038/s41699-020-00187-9
http://doi.org/10.1038/s41565-020-0644-2
http://doi.org/10.1021/acs.nanolett.8b00691
http://www.ncbi.nlm.nih.gov/pubmed/29852737
http://doi.org/10.1103/PhysRevX.8.011007
http://doi.org/10.1038/srep04558
http://www.ncbi.nlm.nih.gov/pubmed/24691055
http://doi.org/10.1063/1.4729824
http://doi.org/10.1126/science.1130681
http://www.ncbi.nlm.nih.gov/pubmed/16917057
http://doi.org/10.1103/PhysRevLett.108.246104
http://doi.org/10.1063/1.3487782

Nanomaterials 2021, 11, 2921 12 of 12

35.

36.

37.

38.

Dendzik, M.; Michiardi, M.; Sanders, C.; Bianchi, M.; Miwa, ].A.; Grenborg, S.S.; Lauritsen, J.V.; Bruix, A.; Hammer, B.; Hofmann,
P. Growth and Electronic Structure of Epitaxial Single-Layer WS; on Au(111). Phys. Rev. B Condens. Matter Mater. Phys. 2015,
92,245442. [CrossRef]

Amin, B.; Kaloni, T.P.; Schwingenschlogl, U. Strain Engineering of WS,, WSep, and WTe,. RSC Adv. 2014, 4, 34561-34565.
[CrossRef]

Ben Aziza, Z.; Henck, H.; Di Felice, D.; Pierucci, D.; Chaste, J.; Naylor, C.H.; Balan, A.; Dappe, Y.J.; Johnson, A.T.C.; Ouerghi, A.
Bandgap Inhomogeneity of MoS; monolayer on Epitaxial Graphene Bilayer in van Der Waals p-n Junction. Carbon N. Y. 2016,
110, 396-403. [CrossRef]

Nakamura, H.; Mohammed, A.; Rosenzweig, P.; Matsuda, K.; Nowakowski, K.; Kiister, K.; Wochner, P.; Ibrahimkutty, S.; Wedig,
U.; Hussain, H.; et al. Spin Splitting and Strain in Epitaxial Monolayer WSe, on Graphene. Phys. Rev. B 2020, 101, 165103.
[CrossRef]


http://doi.org/10.1103/PhysRevB.92.245442
http://doi.org/10.1039/C4RA06378C
http://doi.org/10.1016/j.carbon.2016.09.041
http://doi.org/10.1103/PhysRevB.101.165103

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

