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ABSTRACT

Twisted van der Waals homo- and hetero-structures have aroused great attentions due to their unique physical properties,
providing a new platform to explore the novel two-dimensional (2D) condensed matter physics. The robust dependence of phonon
vibrations and electronic band structures on the twist angle has been intensively observed in transition metal dichalcogenide
(TMD) homo-structures. However, the effects of twist angle on the lattice vibrational properties in the TMD heterostructures have
not caused enough attention. Here, we report the distinct evolutions of Raman scattering and the underlying interlayer interactions
in the twisted WS»/MoS; heterostructures. The shifts and linewidths of Ex¢(I") and A14(I") phonon modes are found to be twist angle
dependent. In particular, analogous to that of the twisted TMD homostructures, the frequency separations between Ex4(T") and
A+4(I') modes of MoS, and WS; in the twisted heterostructures varying with twist angle correlate with the interlayer mechanical
coupling, essentially originating from the spacing-related repulsion between sulfur atoms. Moreover, the opposite shift behaviors
and broadening of A14(I') modes caused by charge transfer are also observed in the twisted heterostructures. The calculated
interlayer distances and band alignment of twisted WS,/MoS; through density functional theory further evidence our interpretations
on the roles of the interlayer mechanical coupling and charge transfer in variations of Raman features. Such understanding and
controlling of interlayer interaction through the stacking orientation are significant for future optoelectronic device design based on
the newly emerged 2D heterostructures.
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are offering a new platform to study the novel physics
and develop potential applications. For example, it has been
reported that the quantum yield of monolayer transition metal

1 Introduction

The rising van der Waals (vdWs) homo- and hetero-structures

consisting of the same or different kinds of two-dimensional
(2D) layers, have attracted tremendous interests due to their
intriguing properties and extraordinary device performances
[1-3]. Such homo- and hetero-structures can be fabricated
through transfer and chemical vapor deposition (CVD) methods
[4-6]. For example, heterostructures of Sb.0s/WS; and SnS,/
MoS; have been successfully prepared by selective and direct
CVD growth techniques [4, 5]. Specifically, the dangling-bond-
free layered structure and the improvement of growth, exfoliation,
and transfer techniques of 2D materials makes it allowable to
explore more unique optical properties in the vdWs homo- and
hetero-structures with high quality through either selecting
the materials of 2D layers or tuning the stacking orientation
between the layers. The vdWs homo- and hetero-structures

dichalcogenides (TMDs) can be enhanced up to 10% in multiple
quantum wells (MQWs) with the structure unit of graphene/
h-BN/TMDs [7]. The novel transport such as unconventional
superconductivity and optical properties of moiré exciton are
recently discovered in moiré twisted vdWs homo-and hetero-
structures, which are attributed to the modulation of electronic
band structures by the moiré superlattice [8-11]. Recent studies
on interlayer coupling of vertically stacked TMD homo-structures
and hetero-structures, i.e, MXo/MX, and MXo/M’X (M and
M’ are Mo or W; X and X’ stand for S, Se, or Te) have attracted
a great deal of attention [12-15]. For the homo-structures of
TMDs, the interlayer interaction with respect to the interlayer
stacking has been thoroughly explored [16-20], in which not
only the phonon vibrational properties but also the band
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structures show the twist angle-dependent variation behaviors.

For the hetero-structures of TMDs, various interlayer coupling
phenomena have been observed in MoS,/WS; [21-24], WSex/
WS; [25, 26], MoS:/MoSe; [27], MoS,/WSe: [12], MoSe,/WS; [22],
and WSe»/MoSe: [28-31], such as strong photoluminescence
(PL) quenching effect, interlayer exciton formation, ultrafast
charge separation, etc. However, twist angle-dependent phonon
vibrational properties remain largely unexplored in the TMD
hetero-structures which are crucial to understand the interlayer
mechanical coupling and the band alignment of TMD hetero-
structures. Here, in this work, we have performed the systematic
Raman measurements on twisted WS,/MoS; heterostructures.
The interplays of interlayer mechanical coupling and charge
transfer on phonon vibrational features have been associated
with the observed periodic modulations of fingerprinting
Raman modes. Understanding of interlayer interactions of
such artificially formed vdWs structures is fundamentally
important and provides new insights into manipulating the
performances of potential devices.
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2 Results and discussion

The WS2/MoS; heterostructures with various twist angles were
fabricated via a dry-transfer method [6] in combination with
the home-made transfer set-up (See Fig. 1(a) and Methods).
Monolayer MoS, and WS, were first grown through the CVD
method [32, 33]. Then, the optical contrast and fluorescence
imaging techniques were used to identify the monolayer samples
[32, 34, 35]. To transfer monolayer WS, from the substrate to
the polydimethylsiloxane (PDMS) polymer film pre-deposited
on the glass, a dry transfer technique was used. As most of
the monolayer samples are triangular, a batch of the twisted
WS./MoS; heterostructures could be obtained through properly
rotating the samples by means of the optical microscopic system
equipped with the micromanipulator (shown in Fig. 1(a)).
Figure 1(b) shows the schematic of side views of AA (i.e., 3R)
and AB (i.e., 2H) stacking orders of WS,/MoS; heterostructures.
Figure 1(c) depicts the schematic of triangular monolayer
MoS; and WS; with sulfur-terminated zigzag (S-zz) edges. Blue

—— > PMMA

Peel off glass/PDMS

t

Optical
microscope

ide
MS
bstrate

—— > MosS,
——> Si0,/Si

p stage
Align WS, on CVD-grown MoS,

Detach the WS /PMMA film from
sapphire with a drop of water

0=120°

0=60° 0=90°

(a) The transfer process and set-up for WS»/MoS: heterostructures. (b) Side views of AA (3R)- (left) and AB-stacked (right) WS2/MoS:

heterostructures, where Mo, S, and W atoms are represented by purple, green, and pink balls, respectively. The black dashed lines show the superpositions
of metal and S atoms in different layers. (c) The determination of the twist angle 6. The twist angle is defined as the angle that the top WS; layer rotates
counterclockwise around the triangle apex to match the orientation of the bottom MoS:; layer. Blue and red triangles indicate the bottom MoS; layer and
the top WS layer, respectively. (d) Schematics of the heterostructure configurations when € equals to 0°, 30°, 60°, 90°, and 120°. The 120° case is identical
to 0°. Note that, the triangles used for the twist angle definition all have sulfur-terminated zigzag (S-zz) edges.
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and red dashed triangles represent bottom MoS; and top WS
monolayers, respectively. As the two triangles possess the same
edges, the twist angle & in this paper can be defined as the
angle that the top WS; layer rotates counterclockwise around
the triangle apex to match the orientation of the bottom MoS
layer. For instance, the AB-stacked heterostructures have a
twist angle of 60°, where the S (W) atoms of top WS sit right
above the Mo (S) atoms of bottom MoS: (See Figs. 1(b) and
1(d)). The top-view schematics of the rest twisted WS,/MoS,
heterostructures with specific 8 of 0°, 30°, 90°, and 120° are
also illustrated in Fig. 1(d). Note that owing to the periodic
twist, the stacking configuration of 8= 120° is identical to §=
0°. However, in real cases, besides the S-zz edge, the Mo-zz
edge is another most energetically favorable edge orientation.
Thus, to identify 6, the initial value of &@between MoS, and WS;
triangles was first observed through the optical microscope;
then, the method developed by van der Zande et al. [36] was
used to further determine the edge profiles of MoS; and WS,
monolayer triangles. If the edge types of MoS, and WS; are
different, i.e., one belongs to S-zz, and the other is Mo-zz,
additional 60° should be added into the final value of 6. The
uncertainty of the determined &is less than 2°.

To systematically probe the optical properties of the twisted
WS2/MoS:; heterostructures, Raman and PL measurements
have been performed with a WITec confocal Raman system
[34, 37, 38]. All tests were done at room temperature using a
532 nm laser with the power within 100 uW, unless otherwise
stated. The Raman spectra are normalized to the Si peak
located at 520 cm™ (See details in Methods). Figure 2(a) shows
the optical image of WS:/MoS: heterostructure with & equal
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to 23°, where monolayer WS, and MoS; were enclosed by
the white and black dashed curves, respectively. Figure 2(b)
exhibits the typical schematic of type-II band alignment in the
WS./MoS$; heterostructure, which has been reported previously
[21, 39, 40]. The room-temperature PL spectra of pristine
monolayer MoS,, WS,/MoS: heterostructure, and pristine
monolayer WS, are shown in Fig. 2(c), which are represented
by blue, pink, and grey dot points, respectively. The corresponding
colored solid lines are the Lorentzian fitting curves. For
pristine monolayer MoS., two prominent peaks were observed
at around 1.83 and 1.99 eV, which are assigned to negatively
charged A exciton ( X, ) and neutral B exciton ( X;) [41, 42],
respectively. In addition, the negatively charged (X, ) and
neutral A excitons ( X, ) located at 1.98 and 2.02 eV [32, 34,
43, 44], separately, were found to dominate the PL spectrum of
pristine monolayer WS,. In contrast, the WS,/MoS: hetero-
structure demonstrates a distinctive luminescence emission
feature appearing between the X, of pristine MoS; and WS,
monolayers. The emission feature can be well fitted by a
symmetric peak with the extracted position of 1.89 eV using
Lorentzian function. To unravel the underlying origins, we
first take the interlayer interaction associated with charge
transfer into consideration. As presented in Fig. 2(b), a typical
band alignment of type-II is formed in WS,/MoS; heterostructures,
where the hole (electron) can transfer from MoS, (WS;) to
WS (MoS:). Hence, the emissions of X, of MoSy; X, and
X, of WS; enabled by the radiative recombination of active
electrons with holes were quenched due to the charge transfer
[21, 24, 28, 45]. Furthermore, as the electron is accumulated at
the conduction band of MoS;, some alternative band transitions
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(a) Optical image of WS2/MoS; heterostructures with the twist angle of 23°. MoS; and WS, monolayers are enclosed by the black and white

dashed curves, respectively. Scale bar: 15 pm. (b) Schematic of the staggered band alignment in the heterostructure, where the black arrows represent
the electron (hole) transfers from WS, (MoS:) to MoS: (WSz). (c) PL and (d) Raman spectra of pristine monolayer MoS, and WS;, and WS2/MoS.
heterostructures at room temperature. The blue, pink, and grey dot points are the experimental data of pure MoSz, WS2/MoS,, and pure WS,, separately.
The corresponding colored solid lines show the fit curves as a result of multiple peak fit with Lorentzian function. The phonon modes of Exg(I") and Aig(I")
mainly discussed in the main text are labeled aside the fitted peaks with shadows and the corresponding colored arrows point out the peak shift directions
in the heterostructures. The black straight dashed lines in (d) mark the original peak positions in the constituent layers.
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can also possibly happen, like spatially indirect exciton band
transition (interlayer exciton) [46, 47]. However, the interlayer
exciton energy of WS,/MoS: heterostructures is roughly around
1.4 eV [48, 49], far beyond 1.89 eV discovered in our case.
Therefore, in line with the previous studies [41, 44, 50, 51]
of excitons in monolayer TMDs, we assign the dominated
peak of 1.89 eV in the PL spectrum of the heterostructures to
the possible neutral A exciton of monolayer MoS; instead.
Figure 2(d) also exhibits Raman spectra of pristine MoS; and
WS, and WS2/MoS: heterostructure over the frequency range
of 250-450 cm™ at room temperature, which are represented by
blue, grey, and pink dot points, respectively. The corresponding
colored solid lines show the Lorentzian fit curves. The typical
phonon modes of Ex and Ajg at the I' point with frequency
separations of 21.2 and 59.8 cm™ were evidently observed
in pristine MoS, and WS,, respectively, which confirms the
monolayer nature of pristine MoS; and WS [20, 32, 36]. For
the case of WS,, the rest of Raman modes, like 2LA(M), are
found and also labeled, as indicated in the bottom panel of
Fig. 2(d). In comparison with pristine MoS, and WS,, the
Raman features of WS,/MoS; heterostructure displays particular
variations. As seen in the middle panel of Fig. 2(d), first, the
intensity of Ai(I') mode of WS in the heterostructure is
increased by ~ 9 times, compared to that of pristine WS, and
the increasing is also observed to vary with the twist angle
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0 (for details, see Fig. S1 in the Electronic Supplementary
Material (ESM)). Second, both Ex(I") modes of MoS, and WS,
along with the Ag(I") mode of MoS; soften, while the A4 (I")
mode of WS; stiffens. After further examining the evolution of
E(I") and Ajg(I") phonon modes with different twist angles
in the heterostructures (Fig. 3(a)), we found that the softening
and stiffening can be tunable with the twist angle 6. The
similar phenomena have been also found in twisted TMD
homostructures [16-19]. When @1is around 0°, 60° or 120°, the
E2(I') modes of WS, and MoS: were softened by up to 2 and
0.6 cm™, respectively (See Figs. 3(b) and 3(c)); whereas the
Aug(I") modes around 30° or 90° were softened by up to 1.5 cm™
and stiffened by about 0.7 cm™, for MoS; and WS,, separately
(See Figs. 3(d) and 3(e)). Note that although the overtone and
combination modes originating from the Brillouin zone center
and zone edge phonons of WS, may also differ, we do not
discuss them in this work, as they can be affected by many
factors [52, 53], which are beyond our scope of this work.

To explain the origins behind the phenomena, we first
consider the effects on the frequencies of the E5(I") and Aig(I)
phonon modes. Previous Raman studies suggest that the tensile
strain and the enhanced dielectric screening can soften the
E24(I") mode [18, 19, 52-56]. In our case, as the Ex(I") modes
of WS, and MoS: were not split and broadened (See Fig. S2 in
the ESM), we attribute the identical redshifts of the two Ex(T")
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twist angle ranging from 0° to 120°. The dots are experimental data points, while the corresponding solid curves are Lorentzian fitting to the data. The
black dash lines showing the relevant tuning trends are guided for eyes. All of the spectra are normalized and offset. For better clarity, the Exg(I") peaks of
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modes of the heterostructures to the enhanced dielectric
screening [54, 55, 57]. For the Aig(I') phonon mode, it has
been reported that it can be responsive to both interlayer
coupling dependent on the layer number and carrier doping
[19, 58, 59]. The interlayer coupling stiffens the A (T") as the
layer number increases, whereas the carrier doping softens
the Aig(I") as the electron density increases. In WS,/MoS:
heterostructures, the interlayer mechanical coupling stiffens
the Ai(I") modes for both materials; whereas due to the
unidirectional electron transfer from WS, to MoS;, the increased
electron density in MoS; and the reduced electron density in
WS: can also soften and stiffen the Aig(I") modes, respectively.
Thus, the remarkably opposite shifts of the two Aig(I") modes
in the heterostructures are ascribed to the combinational effects
of interlayer coupling and charge transfer-induced doping in
WS: and MoS$: layers. On the other hand, the tuning behaviors
of Ey(I') and Ayg(I') with the twist angle & reveal that the
evolution of interlayer mechanical coupling in the twisted
TMD heterostructures is also possible, analogous to twisted
TMD homostructures.

In line with the previous studies of twisted TMD homo-
structures [16-19], the frequency separation between the
Es(I') and Ajg(I') phonon modes (w, —w;) characterizes
the effective interlayer mechanical coupling strength. The
larger frequency separation indicates the stronger interlayer
mechanical coupling. Therefore, we calculated the frequency
differences (w, — w; ) of MoS, and WS, as shown in Figs. 4(a)
and 4(b), using the extracted peak positions in Figs. 3(b)-3(e).
The error bars are derived from the equation of propagation of
uncertainty (See the ESM). It can be seen that the separations
(w, —wg ) of MoS; and WS; in the heterostructures display
the similar periodic variations, but with different symmetric
downshifts of 2 and 1 cm™, respectively. Interestingly, after

5

the theoretical calculations of interlayer distances of twisted
WS:/MoS: heterostructures, it was found that the pattern of
the variations of the interlayer distances with the twist angle 8
is analogous to that of the separations. Specifically, under 0 =
0°, 38.3° and 60° configurations (See Fig. 4(c)), the interlayer
distances have been estimated as 5.806, 6.576, and 5.838 A,
respectively (Fig. 4(d)), which implies that the interlayer spacing
of 0° and 60° is comparable to each other, but dramatically
smaller than that of 38.3°, thus the WS,/MoS; heterostructures
with the twist angle equal to 0° and 60° are more like “bilayer”
structures in connection with the stronger interlayer mechanical
coupling. In that case, the separations (w, — w;, ) around 0° or
60° turn out to be larger, whereas smaller for # around 30° or
90°, which is consistent with the observation in Figs. 4(a) and
4(b). Combining the experimental results and density functional
theory (DFT) calculations, we conclude that analogous to
twisted TMD homostructures, the frequency separation between
the Exg(I") and Aig(I") phonon modes (w, — w;, ) is also capable
of the characterization of interlayer mechanical coupling in
the twisted WS>/MoS: heterostructures. And at 6 = 0°, 60°, or
120°, the interlayer mechanical coupling is the strongest and
the interlayer distance is the shortest, in accordance with the
previous reports [47, 48, 60]. In addition, as presented in
Fig. 4(a), for the separation (w, — w; ) of MoS,, most of the
orange dot points are below the red dashed lines, other than
like WS, (Fig. 4(b)), of which the separations (represented by
brown dot points) are always above the red dashed lines for all
twist angles. This is due to the extra contribution from the
doping-induced shifts in Aig(I") modes of MoS; and WS..

To further confirm the doping effect, we also analyze
the Aig(I") mode linewidth (FWHM). As shown in Fig. 5, for
the A (I") mode of MoS: in the twisted heterostructures, the
FWHM is broader than that of pure monolayer MoS; and has
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ESM). The red dashed lines and the shaded areas refer to the average value and uncertainty of (w, —w; ) in the constituent layers, respectively.
(c) Periodic unit cells at the twisted configurations of 0°, 60°, and 38.3° for theoretical calculations. (d) The calculated interlayer distance (between Mo
and W atom layers) as a function of twist angle €. Pink ovals are the guide for eyes.
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a maximum upshift of about 1 cm™ around 30° or 90° in
comparison with either 0°, 60°, or 120°. (See Fig. 5(a)) The
analogous variation of the linewidth of A (T") as a function of
twist angle in WS, of the heterostructures is also displayed
in Fig. 5(b). Figures 5(c) and 5(d) present the corresponding
ascending or descending number sequence of Aig(I") FWHM
in Figs. 5(a) and 5(b), respectively, which further reveal the
distinct trend and difference. The pink and blue solid ellipses
highlight the angles around 0°, 60°, or 120°, and around 30° or
90°, respectively. To explain the reasons behind the angle-
dependent variation phenomena, we first need to consider the
impacts on the linewidth of A;(I") phonon mode. As we can
see from the previous studies [19, 52, 54, 59, 61], the linewidth
of Aig(I') mode is mainly affected by interlayer mechanical
coupling, carrier doping and strain. The linewidth of Aig(I')
mode can become narrower as the thickness of TMDs increases
because of the enhanced interlayer mechanical coupling [19,
52, 53, 62]. For instance, with the thickness of WS; increasing
from monolayer to bilayer, the Ai4(I") mode linewidth undergoes
a dramatic reduction by around 1 cm™ [52]. Additionally, in
an electrically gated monolayer TMD transistor, the electrical
doping can also make the linewidth of Ai(I") mode broaden
accordingly [59]. Although the tensile strain is able to broaden
the A (I") mode as well [55, 57, 58], we do not take the strain
effect into consideration of our case as mentioned before,
because the Exg(I") modes are not found to become enlarged in
the twisted heterostructures at the same time (See Fig. S2 in
the ESM). Hence, we attribute the variable linewidths of A,(T")
modes in the twisted heterostructures to the combination
effects of interlayer mechanical coupling and carrier doping.
In the case of the heterostructure, monolayer MoS; is
interfaced with WS, forming a “bilayer-like” structure, where
the Ai(T") modes can become narrower due to the enhanced
interlayer mechanical coupling [19, 53]. In addition, in the

Nano Res.

twisted MoS2/WS; heterostructures, the type-II band alignment
was formed, in which, the electron (hole) transfers from
WS (MoSz) to MoS, (WS,). Thus, for MoS: in the twisted
heterostructures, the broadening effect of Ai(I") mode was
ascribed to the competing of increased interlayer mechanical
coupling and electron doping, which means in the “bilayer”
structure, the increased interlayer mechanical interaction is
capable of reducing the linewidth of Ai,(I") mode, whereas the
electron doping extends the linewidth of A (I"). Besides, in
connection with Fig. 4(d), the similar trend of A(I") linewidth
as a function of twist angle 6 also implies that the interlayer
coupling in the heterostructures with faround 0°, 60°, or 120°
is stronger than that with twist angle #around 30° and 90°, as
the interlayer distance of the twisted heterostructures around
0°, 60° or 120° is comparatively shorter. Thus, the Aig(I')
narrowing occurs in the heterostructures with twist angle &
around 0°, 60°, or 120°, accordingly. It should be noted that
though the charge transfer may also vary with the twist angle,
how the electron density originating from the charge transfer
boosts the trends is not discussed in detail in this work, as the
charge transfer is complicated in some twist angles (See the
ESM for the detailed comparisons of electronic band structures
between different twist angles). For the case of WS,, the trend
is not as obvious as that of MoS; and the linewidths of A4(T")
mode fluctuate across the standard deviation shadow line, as
well. It is possibly caused by the following two reasons. First,
the Aig(T") peak is very weak in the pristine WS,, thus giving a
relatively large standard deviation, which almost hinders the
narrowing effect of Ag(I'). Second, as discussed above, the
little bit of n-doping induced by the charge transfer in WS, of
the twisted heterostructures is expected to decrease the linewidth
of Ai(I") mode, though it is just a plausible estimation, as the
electron-phonon coupling of Ai(I") mode in monolayer WS,
has not been determined yet.
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areas represent the average linewidth and standard deviation of Aig(I") in the constituent layers, respectively. ((c) and (d)) The corresponding sort of
Aug(T) linewidths from (a) and (b) in the descending or ascending sequence for (c) MoS; and (d) WS of the twisted heterostructures, respectively. The
pink and blue solid ovals highlight a group of data extracted from the samples with twist angles around 0°, 60°, or 120°, and around 30° or 90°, respectively.
The orange solid oval highlights the data collected from pure monolayer samples.
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In the twisted heterostructures of TMDs, both interlayer
mechanical coupling and charge transfer effects contribute to
the changes of Raman features, which is unlike the ones of most
studied in homo-bilayer TMDs. In the twisted homostructures
of TMDs, charge transfer effect is absent in the analysis of
twist angle-dependent interlayer interactions since both layers
of the homostructures own the same band structures. In our
case, with the help of PL studies on the dominant negatively
charged (X;) and neutral (X,) A exciton emissions, and
theoretical calculations of the band alignment, the charge
transfer between the heterostructures is further considered to
clarify the Raman scattering modulations in addition to the
interlayer mechanical coupling. More specifically, the in-plane
Ez(I") modes of both MoS, and WS; layers obviously soften
around 0 = 0° and 60°, being similar with the ones of twisted
homo-bilayer TMDs. However, distinct from the identical
blueshift of Aig(I") mode in the twisted homo-bilayer TMDs
[16, 19], the heterostructures of WS,/ MoS; present an enhanced
redshift and a slight blueshift of the out-of-plane Ai,(I") mode
for MoS: and WS, respectively, which is explained in terms of
the presence of interlayer charge transfer induced electron and
hole doping in MoS; and WS, respectively.

3 Conclusions

To sum up, the interlayer mechanical coupling and charge
transfer effects of twisted heterostructures of WS./MoS; have
been investigated by micro-Raman spectroscopy. The type-II
alignment of WS,/MoS; is formed and the interlayer charge
transfer occurs as evidenced by the evolution of PL emission
components in each layer. Moreover, the periodic modulations
of Ex(I") and Aig(I") modes have been revealed by measuring
Raman scattering features of twisted heterostructures of
WS,/MoS.. The changes of Raman peak separation (w, — wy)
and Ag(T") linewidth have been correlated with interlayer
mechanical coupling and charge transfer effects, where the
interlayer mechanical coupling plays a dominant role in these
variations of Raman modes. Our findings are significant for
understanding how the twist angle affects the optical properties
of vdWs TMD heterostructures, which are fundamentally
important for developments of electronic and optoelectronic
applications based on 2D vdWs heterostructures.

4 Methods

4.1 Growth of Mo0S: and WS:

MoS: monolayers were grown on SiO./Si substrates by CVD
method using MoO; and sulfur (Sigma Aldrich) as the reaction
sources [33]. The synthesis process of MoS; was conducted
in quartz tubes with the diameter of 1 inch under temperature
ranging from 700 to 750 °C. The argon gas flowed in the tubes
with the flowing rate of 80 sccm. A silicon boat containing 10
mg MoOs was put in the center of the tube. The SiO./Si
substrate is placed on the boat with the surface downside. We
also have another silicon boat with 0.5 g sulfur powder located
on the upstream. For the synthesis procedure, the temperature
first ramped up to 750 °C in 15 min, and then was kept at the
reaction temperature for about 5-10 min, followed by the furnace
cooling down to room temperature gradually.

Monolayer WS, was grown on sapphire by using the similar
method that has been reported in our previous work [32]. The
growth temperature is comparable to or slightly higher than
that for monolayer WS on SiO»/Si substrates. Commercial sulfur
and WOs powders (> 99.5%, Sigma Aldrich) and ultra-high
purity argon flow of 300 sccm were used as the reaction sources
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and carrier gas, respectively.

4.2 Stacking of WS:/MoS: heterostructures

WS, monolayers were detached from the sapphire substrates via
a dry transfer method and then stacked onto MoS. monolayers
with the help of home-made heterostructure transfer microscopic
system. First, monolayer WS, on sapphires were spin-coated
with PMMA (3% dissolved in tetrahydrofuran (THF)). Second,
the PMMA film was baked at 175 °C for 30 s, followed by
scratching off about 1 mm wide polymer strips at the edges of
sapphires. Note that at least two neighboring edges have to be
scratched, during which, the needful samples should avoid
being damaged. Third, a PDMS polymer (Gel Pak, USA) pre-
deposited on the quartz glass was used to cover the PMMA.
Then, a small droplet of around 1 ml distilled water was put
on the scratched film edges, followed by peeling off the PDMS.
As a consequence, the PMMA associated with monolayer WS,
was transferred onto the PDMS/glass due to the hydrophilic
surface of sapphires. Forth, the PDMS/glass was subsequently
mounted onto the micromanipulator, followed by the alignment
through the optical microscopic system. After finishing the
alignment, the WS,/PMMA was transferred onto monolayer
MoS:; from the PDMS by means of heating at 80 °C. In the
end, the PMMA was washed away by the acetone. To further
remove the residues, the annealing of the samples was performed
under the pressure of 10~ mbar at 300 °C for 4 h. Optical images
of WS,/MoS; heterostructures with different twist angles are
shown in Fig. $4 in the ESM.

4.3 Raman and PL characterizations

Raman and PL spectra were collected using a WITec Alpha300
series confocal microscopic system with a x100 objective lens
of NA = 0.95. An excitation laser of 532 nm (Eiser = 2.33 €V)
is used, unless otherwise stated. The laser spot size is around
500 nm in diameter [37]. Before the measurements, the system
was aligned well and calibrated with the Raman peak of Si at
520 cm™'. We use 2,400 lines per mm grating for the collection
of Raman spectra and a spectral resolution of 0.9 cm™ obtained
through monitoring the linewidth of the Mercury atomic
emission line, was guaranteed [38]. The linewidths of Raman
peaks were corrected through subtracting the extra broadening
of 0.9 cm™ from the fitted values. The laser power was kept less
than 0.1 mW in order to prevent laser-induced heating effect
on the samples. All the Raman spectra are normalized to the
Si peak at 520 cm™.

4.4 Density functional theory calculations

We performed DFT calculations using the Vienna ab initio
simulation package (VASP) program [63]. The local density
approximation (LDA) functional was selected to treat the
exchange-correlation interaction with the plane-wave cutoff
energy of 500 eV. The semi-empirical correction scheme of
Grimme (DFT-D2) was selected to evaluate the effects of vdWs
interaction on the electronic properties of the MoS:/WS,
heterostructures [64]. Different MoS:/WS. heterostructure
configurations with twist angle € equal to 0°, 38.3°, and 60°
were constructed with a vacuum layer larger than 20 A to avoid
the interaction between periodic images along the ¢ axis. The
convergence condition for the energy was chosen as 107 eV,
and the forces on each atom converged to within 0.01 eV/A.
The Monkhorst-Pack scheme was employed to sample the
Brillouin zone with a mesh of 15 x 15 x 1 for the full relaxation
and 25 x 25 x 1 for the self-consistent calculations of both 0°
and 60° twisted MoS,/WS; heterostructures, respectively, while
it holds a mesh of 5 x 5 x 1 for 38.3° twisted one. The band
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structures were calculated along the high-symmetry points
using the path I'-M-K-T by representing the states from MoS;
and WS with blue and red colors, respectively. Spatial maps of
charge density difference for the MoS./WS; heterostructures
were calculated by: p = p(WS,/MoS,) — p(MoS,) — p(WS,),

where p(WS,/ MoS,), p(MoS,), and p(WS,) are the charge
density of the MoS,/WS; heterostructure, pristine MoS; and WS,
respectively. The blue (yellow) distribution represents charge
depletion (accumulation). Note that the isosurface level is taken
as 2.5 x 10" e/A’, and spin-orbit coupling was not involved in
our calculations.
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