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ABSTRACT: The interlayer coupling in van der Waals heterostructures
governs a variety of optical and electronic properties. The intrinsic dipole
moment of Janus transition metal dichalcogenides (TMDs) o!ers a simple
and versatile approach to tune the interlayer interactions. In this work, we
demonstrate how the van der Waals interlayer coupling and charge transfer
of Janus MoSSe/MoS2 heterobilayers can be tuned by the twist angle and
interface composition. Speci"cally, the Janus heterostructures with a sulfur/
sulfur (S/S) interface display stronger interlayer coupling than the
heterostructures with a selenium/sulfur (Se/S) interface as shown by the
low-frequency Raman modes. The di!erences in interlayer interactions are
explained by the interlayer distance computed by density-functional theory
(DFT). More intriguingly, the built-in electric "eld contributed by the
charge density redistribution and interlayer coupling also play important roles in the interfacial charge transfer. Namely, the
S/S and Se/S interfaces exhibit di!erent levels of photoluminescence (PL) quenching of MoS2 A exciton, suggesting enhanced
and reduced charge transfer at the S/S and Se/S interface, respectively. Our work demonstrates how the asymmetry of Janus
TMDs can be used to tailor the interfacial interactions in van der Waals heterostructures.
KEYWORDS: Janus transition metal dichalcogenide, van der Waals heterostructure, interlayer coupling, exciton, twisted bilayer

INTRODUCTION
Janus transition metal dichalcogenides (TMDs) have attracted
tremendous interest due to their mirror asymmetry-induced
properties.1!7 In monolayer Janus TMDs, the transition metal
atoms are sandwiched between two di!erent chalcogen layers,
whose di!erence in electronegativity naturally leads to a built-
in electric "eld in the direction perpendicular to the basal
plane. This built-in electric "eld provides an additional degree
of freedom with which to tune the van der Waals interaction
between adjacent 2D layers. Our previous work has
demonstrated that the out-of-plane dipole moment of Janus
TMDs is capable of enhancing the van der Waals interlayer
coupling by as much as 13% when compared to the
corresponding TMD homobilayers.8 Other works also
investigated Janus TMD heterostructures with high-symmetry
stackings by direct synthesis.8!10 However, the full potential of
Janus TMDs to tune the van der Waals interfacial coupling
awaits further exploration.
The attempt to manipulate interlayer interactions by

changing the twist angle between crystal axes has been
triggered by breakthroughs in magic-angle graphene11,12 and

twisted TMD heterobilayers.13!16 In the twisted van der Waals
heterostructures, localized quantum states and enhanced
electron correlation can arise as a result of the formation of
a moire ! superlattice. Besides the twist angle, the direction of
the intrinsic dipole moment in Janus TMDs can have
signi"cant impacts on the fundamental physical properties.
For example, the carrier separation and recombination can be
manipulated by the intrinsic electric "eld of Janus TMDs.17,18

Upon stacking of Janus TMDs to form homobilayers or
-trilayers, a band o!set is predicted to exist across the layers,
which results in prolonged exciton lifetimes,19 while the
stacking con"guration also plays an essential role in
determining the excitonic behaviors.19,20 Moreover, it is
predicted that the intrinsic dipole moment of Janus TMDs
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can be used to control the plasmon energy21 and the Schottky
barrier of graphene.22,23

In this work, we employed the Janus TMD MoSSe to tune
the van der Waals coupling and charge transfer between MoS2
and MoSSe. The interfacial interactions were tuned through
the twist angle between the MoSSe and MoS2 atomic crystals
and the direction of the intrinsic dipole moment, namely,
whether the sulfur or selenium atoms of the Janus layer are
adjacent to the top sulfur layer in MoS2 (S/S and Se/S
interfaces). For both types of interfaces, the interlayer shear
mode is only evident for small twist angles, similar to the
observation in conventional TMD bilayers. However, the S/S
heterobilayer exhibits a stronger interlayer coupling than the
Se/S heterobilayer as shown by the low-frequency Raman
modes, which is consistent with the smaller interlayer distance
calculated by density functional theory (DFT). Furthermore,
the e!ects of interlayer distance and strain relaxation are
revealed by the high-frequency Raman modes. Moreover,
intralayer excitons, especially the A exciton of MoS2, are
signi"cantly a!ected by the charge transfer process associated
with the intrinsic dipole moment of MoSSe. The interfacial
electron!hole separation is either promoted or inhibited by
the built-in electric "eld at the S/S and Se/S interfaces,
contributing to contrasting photoluminescence (PL) quench-
ing. Our work demonstrates the possibility of using the
asymmetry of Janus TMDs to tailor the interfacial interactions
in TMD heterostructures, providing an additional tool to
design and fabricate Janus TMD-based devices for applications
including optoelectronics, valleytronics, and spintronics.

RESULTS AND DISCUSSION
Stacking-Dependent Interlayer Breathing Modes. We

fabricated Janus MoSSe/MoS2 heterostructures with two types
of interfaces including S/S and Se/S interfaces, in which the

sulfur or selenium side of MoSSe is in contact with the bottom
MoS2 layer (Figure 1a). Monolayer MoSSe was prepared by
the selenization of chemical vapor deposition (CVD)
synthesized MoS2

2 and then transferred onto the as-grown
MoS2 by poly(methyl methacrylate) (PMMA) to form the S/S
or Se/S interfaces (Methods).9 The bilayers were stacked with
a relative angle ! between the crystal axes of MoSSe and MoS2
with ! ranging from 0 to 60°. The twist angle is de"ned as the
angle between the zigzag directions of MoS2 and MoSSe as
shown in Figure 1a. In our Raman analysis, the Raman
frequency was averaged from the least-squares "tting of Stokes
and anti-Stokes Raman spectra. (Typical anti-Stokes Raman
spectra are shown in Figure S1.) As a result, a spectral
resolution of 0.2 cm!1 was achieved.
The low-frequency Raman spectra of the S/S heterobilayer

exhibit clear interlayer shear and breathing modes that are
related to interlayer atomic vibrations (Figure 1b). However,
the low-frequency modes of MoSSe/MoS2 heterobilayers made
by transfer stacking are red-shifted compared to the
heterobilayers fabricated by direct selenization with high-
symmetry 2H and 3R stackings as shown in Figure 1b.8 The
red shift of the Raman frequencies of twisted heterobilayers is
similar to that of twisted bilayer MoS2 whose interlayer Raman
mode frequencies downshift compared to exfoliated MoS2
bilayers. This is explained by the stronger interlayer coupling
in the exfoliated samples, which have better interfacial
quality.24!27

Another behavior similar to twisted bilayer MoS2 is the
dependence of the interlayer mode frequency on the twist
angle. For example, the interlayer shear mode at around 20
cm!1, arising from in-plane interlayer vibrations, is only evident
for heterobilayers with twist angles close to 0 and 60° (Figure
1c, bottom panel), while the twisted MoSSe/MoS2 hetero-
structures exhibit active interlayer breathing modes at around

Figure 1. Low-frequency Raman modes of MoSSe/MoS2 with S/S and Se/S interfaces. (a) Illustration of S/S and Se/S heterobilayers. The
twist angle ! is de"ned as the angle between the zigzag directions of MoSSe and MoS2. (b) Raman spectra of S/S heterobilayers produced by
transfer stacking with di!erent twist angles and fabricated by direct synthesis (2H and 3R). The gray dots are the measured data and the
curves are the "tted peaks. (c) Experimental interlayer breathing mode (top panel) and shear mode (bottom panel) frequencies of the S/S
heterobilayer for di!erent twist angles. The arrows in the insets label the relative vibrations between layers for interlayer breathing and shear
modes. The curve is a guide to the eye. (d) Summary of the interlayer breathing mode frequencies for S/S and Se/S heterobilayers at the
intermediate twist angles for every 10°. The bins are the mean value, and the error bars are the standard deviation of the measured samples
in each bin.
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31!37 cm!1 for all twist angles (Figure 1c, top panel). The
breathing mode frequencies achieve the highest values for !
close to 0° and 60° and are red-shifted by 2!4 cm!1 for
intermediate twist angles between ! = 5° and 55°. This can be
understood by the changes in the local stacking geometry
caused by the relative twist between the TMD layers. The
MoSSe/MoS2 heterobilayers have three high-symmetry stack-
ing patterns at ! = 0° and three at ! = 60° that are related by
in-plane translations (Figure S2).24 For twisted samples with !
close to 0° and 60°, there remain large areas where the atoms
are locally in a high-symmetry arrangement.24,28 However, for
intermediate twist angles between ! = 5° and 55°, the area of
the local high-symmetry regions becomes smaller and even
disappears, leading to reduced interlayer vibrational frequen-
cies.24,28 The transition twist angles of 5° and 55° also coincide
with the structural transition angle ! = 4° of twisted bilayer
MoS2 from the relaxed to the rigid regime as demonstrated by
Quan et al., at which the interlayer breathing mode has a
frequency splitting up to 15 cm!1.28

Figure 1d summarizes the twist-angle dependence of the
measured breathing mode frequencies by grouping the
measurements in bins of 10°. For intermediate twist angles
between ! = 5° and 55°, the MoSSe/MoS2 heterostructure
with the S/S interface exhibits breathing mode frequencies that
reach a local maximum for ! close to 30°, as shown in Figure
1d, top panel. Similar to the S/S heterostructure, the Se/S
heterostructure also shows higher breathing mode frequencies
close to 30° (Figure 1d, bottom panel). This observation
cannot be explained by the reduced area of high-symmetry
regions described above, since the high-symmetry patterns
disappear when ! exceeds 10°.24 Even though several previous
studies on twisted bilayer MoS2 show similar twist-angle
dependence, there is little discussion on the origin of this
e!ect.24,28 In addition, the breathing mode frequency of the
Se/S heterostructure is lower than that of the S/S
heterostructure, especially for ! = 5!15° and 45!55° (Figure
1d), which suggests a weaker interlayer interaction in the Se/S
heterobilayer compared to the S/S heterobilayer. The origin of
the di!erent interlayer coupling of S/S and Se/S hetero-
structures is explained by the interlayer distance, which is
discussed in detail later.
To understand the evolution of low-frequency modes as a

function of the twist angle, we performed DFT calculations to
determine the zone center phonon modes of the MoSSe/MoS2
bilayers with S/S and Se/S interfaces, yielding the predicted
Raman frequencies. We studied MoSSe/MoS2 bilayers in
commensurate supercells with twist angles of ! = 0°, 13.2°,

21.8°, 27.8°, 32.2°, 38.2°, 46.8°, and 60°. For each twist angle,
several distinct con"gurations are possible depending on the
relative horizontal alignment of the two layers. We only
considered the con"gurations with high-symmetry regions that
most closely resemble the untwisted structures with low energy
(Figure S2). Several of the angles allow similar but distinct
structures. The speci"c atomic con"gurations used in the DFT
calculations are shown in Figure S3. The calculated interlayer
shear and breathing mode frequencies in Figure 2a,b are
consistent with the experiments (Figures 1c,d). For ! = 0° and
60°, the calculated shear mode frequencies are around 22!26
cm!1, while the breathing mode frequencies are around 34!38
cm!1, in agreement with the experimental values of 22!27 and
36!37 cm!1. The absence of interlayer shear modes with !
away from 0° and 60° in our measurements is consistent with
the predicted shear mode frequencies below 4 cm!1 (Figure
2a), which is below the instrument detection limit. Compared
to the interlayer breathing mode, the interlayer shear mode is
much more sensitive to the interlayer coupling strength; hence
it is only prominent at twist angles very close to 0° and
60°.24,25 As shown in Figure 2b, the calculated breathing mode
frequencies of the S/S heterobilayer display the same pattern
as the measurements. They exhibit a local maximum frequency
near ! = 30° that decreases by around 1 cm!1 as the twist angle
decreases to 13.2° or increases to 46.8°. A similar trend is
observed for the Se/S interface. Additionally, the calculations
in Figure 2b reproduce the experimental red shift of the
breathing mode of the Se/S heterobilayer as compared to the
S/S heterobilayer (Figure 1d).
The characteristics of the low-frequency Raman modes can

be explained by the interlayer distance, dMo!Mo, de"ned as the
average vertical distance between the Mo atoms in the MoSSe
and MoS2 layers. The lower frequency of breathing modes in
heterostructures with ! = 13.2° and 46.8° is attributed to the
larger interlayer distance as compared to the other twist angles,
for both S/S and Se/S heterobilayers (Figure 2c). The
in#uence of the interlayer distance dMo!Mo on the interlayer
interaction is most obvious when comparing untwisted and
twisted structures. Speci"cally, the interlayer distance dMo!Mo
for ! = 5!55° increases by around 10% compared to dMo!Mo
for ! = 0° and 60° (Figure 2c), leading to a decrease in
breathing mode frequencies by around 8 cm!1 (Figure 2b).

Interlayer Coupling Revealed by High-Frequency
Raman Modes. Interfacial con"gurations alter not only the
low-frequency Raman modes but also the high-frequency
Raman modes. The MoSSe/MoS2 with the S/S interface
displays the E and A1 modes of MoSSe at 354 and 290 cm!1,

Figure 2. DFT calculated low-frequency Raman modes and interlayer distance of MoSSe/MoS2 with S/S and Se/S interfaces. Calculated (a)
interlayer shear mode and (b) interlayer breathing mode frequencies for di!erent twist angles. (c) Calculated interlayer distance for di!erent
twist angles. The curves in panels b and c are guides to the eye.
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and the E! and A1! modes of MoS2 at 383 and 404 cm!1

(Figure 3a and Figure S4 for di!erent twist angles). The
irreducible representations of the lattice vibrations are
determined by the point group symmetry of MoSSe (C3v)
and MoS2 (D3h) monolayers. In Figure 3b,c, we summarize the
average frequencies of the S/S and Se/S heterobilayers with
various twist angles and include the same information for 2H
and 3R MoSSe/MoS2 heterobilayers fabricated by direct
synthesis.8 The heterostructures also possess two bulk
vibrational modes that are sensitive to the number of layers.
These modes, namely, the A1g

2 mode at 441 cm!1 for MoSSe
and at 470 cm!1 for MoS2, are active only in the
heterostructure but not in either MoSSe or MoS2 monolayers
(Figure S5). Since the A1g

2 modes are only Raman-active in
multilayer TMDs, we use the notation for the D3d point group
of 2H MoS2 bilayers.

29

Although the high-frequency Raman modes are not as
susceptible to the twist angles as low-frequency Raman modes,
their frequencies are modi"ed by the stacking symmetry and
the species of atoms at the interface. We "rst analyze the e!ect
of stacking symmetry by comparing directly synthesized and
transfer stacked samples. The directly synthesized 2H and 3R
samples are bilayer MoS2 that has gone through selenization
and have intrinsically ideal S/S interfaces. In comparison with
the 2H and 3R heterobilayers, the MoSSe E and A1 modes of
twisted heterostructures (both S/S and Se/S heterobilayers)
red-shift by 1!4 cm!1, as shown in Figure 3b. This can be
attributed to the relaxation of in-plane compressive strain in
the MoSSe layer after transfer stacking.8 Due to the slight
lattice mismatch between MoSSe and MoS2 monolayers, the
as-grown MoSSe monolayer is con"ned by both the original
MoS2 lattice and the substrate. This compressive strain is
partially relaxed when the MoSSe is detached from the
substrate and transferred onto another as-grown MoS2. In
contrast, for the high-frequency modes of MoS2 in Figure 3c,
the E! mode blue-shifts while the A1! mode red-shifts for the
twisted MoSSe/MoS2 compared to the 2H and 3R
heterobilayers. This is not explained by strain relaxation but
rather by the dependence on layer thickness. For few-layer

TMD, the E! and A1! modes shift to higher and lower
frequencies, respectively, when the number of layers decreases.
This again indicates that the twisted MoSSe/MoS2 possesses
weaker interlayer coupling than MoSSe/MoS2 with 2H and 3R
stackings.
Meanwhile, the in#uence of interface composition (S/S and

Se/S) on the interlayer coupling is re#ected by the frequency
separation of high-frequency Raman modes. For few-layer
MoS2, the frequency separation of the E! and A1! modes, ""M
= "A1! ! "E!, is an indicator of the layer thickness.30 The
typical ""M for MoS2 monolayer (bilayer) is around 19 (22)
cm!1.30,31 Therefore, a value of ""M closer to 19 cm!1

indicates a weaker interlayer coupling in the heterostructure
so that the MoS2 behaves more like a separated monolayer. As
expected, the Se/S heterostructure has a smaller ""M than the
S/S heterostructure, namely, 20.0 cm!1 compared to 20.6
cm!1. This suggests that the Se/S interface has weaker
interlayer coupling compared to the S/S interface, which
agrees with the analysis of the low-frequency Raman modes.
The correlation between frequency separation and interlayer
coupling is more evident from comparison of the 2H and 3R
heterobilayers to the twisted samples. The stronger interlayer
interaction in 2H and 3R heterostructures yields a ""M of
22.7 cm!1, which is around 2 cm!1 higher than the ""M of
twisted heterostructures. It is worth noting that the E! and A1!
mode frequencies do not show a clear dependence on the twist
angles, because they are in#uenced by the strain and defect
conditions of the composite monolayers.32,33 However, ""M
for the twisted S/S heterostructure is higher for twist angles
close to 0° or 60° than the other angles by around 0.6 cm!1

(Figure S6). This twist-angle dependence is similar to
observations in twisted bilayer MoS2

24,34 as well as twisted
WS2/MoS2 heterostructures.

35

Similarly, the frequency separation of the E and A1 modes of
Janus MoSSe, ""J = "E ! "A1

, conveys the strength of
interlayer coupling. According to DFT calculations of 2H
MoSSe with Se/S interfaces (Figure S7), ""J is 64.6 and 60.9
cm!1 for MoSSe monolayers and bilayers, respectively,
demonstrating that the interlayer interaction results in a

Figure 3. High-frequency Raman modes of MoSSe/MoS2. (a) Raman spectra of monolayer MoSSe, monolayer MoS2, and MoSSe/MoS2 with
S/S interface. Frequencies of (b) E and A1 modes of MoSSe and (c) E! and A1! modes of MoS2 in 2H and 3R stackings by direct synthesis
(S/S interface)8 and in twisted heterostructures with S/S and Se/S interfaces produced by transfer stacking. The squares and the error bars
are the mean value and the standard deviation, respectively. The frequency separations for twisted S/S and Se/S heterostructures are labeled
in panels b and c.
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smaller value of ""J. As shown in Figure 3b, ""J of the S/S
heterobilayer (63.8 cm!1) is smaller than that of the Se/S
heterobilayer (67.0 cm!1) by around 3 cm!1. This reduced
""J suggests a stronger interfacial interaction in S/S
heterostructure, which is consistent with the conclusion from
the analysis of ""M. DFT calculations reproduce the
frequency separations as shown in Figure S8. The DFT
calculated ""J for S/S heterostructure is smaller by 2.4 cm!1

than that for Se/S heterobilayer. Both our experiments and
DFT calculations show that the E (MoSSe) and E! (MoS2)
modes have larger frequency variations among twist angles
compared to the A1 (MoSSe) and A1! (MoS2) modes (Figure
3b,c and Figure S8). It suggests that the E and E! modes are
more a!ected by in-plane atomic arrangement since they
represent in-plane vibrations of the chalcogen atoms, and the
in-plane atomic arrangement indeed undergoes structural
renormalization when forming twisted heterostructures.
PL Quenching Due to Interfacial Charge Transfer. In

layered transition metal dichalcogenides, interlayer and
intralayer excitonic behaviors are modulated by a wide range
of physical parameters including interlayer coupling, charge
density distribution, band structure, and defects. The intralayer
excitons of the as-grown monolayer MoS2 are at 1.85 and 2.00
eV, while the transferred MoSSe has the exciton energy of 1.74
eV (Figure 4a). In the twisted heterostructures, the S/S and
Se/S heterobilayers have two PL peaks at the same energies
around 1.84 and 1.97 eV (Figure 4b) corresponding to the A
and B excitons of MoS2, while the intralayer exciton of MoSSe
is not observable due to intrinsically low PL intensity. The
slight decreases of the A and B exciton energies of MoS2 are
consistent with the shifts of the DFT imaginary part of
permittivity of MoS2 under tensile strain (Figure S9). Unlike
low-frequency Raman modes, the experimentally measured PL
energy of intralayer excitons does not explicitly depend on the
twist angle (Figure S10). The PL intensity of A and B excitons
of MoS2 in the heterostructure is reduced by around 5 and 2
times, respectively, compared to the A and B excitons in the
MoS2 monolayer (Figure 4a), which could be explained by the
PL quenching due to interfacial charge transfer.36,37 To
quantify the PL quenching e!ect, we de"ne the PL intensity
ratio of the A and B excitons as the ratio of the PL intensity in
the MoSSe/MoS2 heterobilayer to the PL intensity in the
constituting MoS2 monolayer. A smaller PL intensity ratio

corresponds to a stronger PL quenching e!ect. As shown in
Figure 4c, the PL intensity ratio of the A exciton is around 0.1
and 0.2 for S/S and Se/S heterobilayers, respectively. The
smaller PL intensity ratio of the A exciton in the S/S
heterostructure suggests greater charge transfer at the interface.
Upon photoexcitation, the excited electrons #ow from the
conduction band of MoSSe to MoS2, while holes transition
from the valence band of MoS2 to MoSSe. Thus, the
recombination through intralayer excitons is impaired by the
electron!hole separation across layers. On the other hand, the
PL intensity ratio of the B exciton is around 0.5 for both S/S
and Se/S heterobilayers, which is signi"cantly larger than the
PL intensity ratio of the A exciton.
The photogenerated charge transfer can be a!ected by the

intrinsic electric "eld at the interface. Since the work function
di!erence of the constituent layers a!ects the charge
redistribution, we calculated the work functions of S/S and
Se/S heterostructures as shown in Figure 5a,b. The electro-
static potential di!erence between the two chalcogen layers is
0.77 eV in MoSSe. It imposes di!erent work functions when
di!erent chalcogens are in contact with MoS2 causing an
electrostatic potential di!erence of 0.76 and !0.65 eV across
S/S and Se/S heterostructures, respectively (Figure 5a,b). This
electrostatic di!erence leads to a built-in interfacial electric
"eld with opposite directions in S/S and Se/S heterostructures.
For S/S (Se/S) stacking, the intrinsic interfacial electric "eld
points from MoS2 to MoSSe (from MoSSe to MoS2) as shown
by the DFT charge density di!erence in Figure 5c,d. For Se/S,
there is more electron accumulation close to the S atoms of the
MoS2 layer and more electron depletion close to the Se atoms
of the MoSSe layer. Electrons also tend to accumulate more
near the Mo atoms in MoS2 as compared to the Mo atoms in
MoSSe for Se/S stacking (Figure 5d). In contrast, for S/S
stacking the Mo atoms in MoS2 have less electron
accumulation than the Mo atoms in MoSSe (Figure 5c,
inset). We also conjecture that the built-in interfacial electric
"eld has a larger amplitude in Se/S than S/S in addition to the
opposite direction. This is because the charge density
distribution near the S atoms of MoS2 at the interface is
more uneven in Se/S stacking than S/S stacking. For S/S
heterobilayers, the intrinsic electric "eld pointing from MoS2
to MoSSe promotes electron transfer from MoSSe to MoS2
along with hole transfer from MoS2 to MoSSe. On the other

Figure 4. PL quenching of MoSSe/MoS2. (a) PL spectra of MoS2 monolayer, MoSSe monolayer, and twisted heterobilayers with S/S and Se/
S interfaces. The PL intensity of the MoS2 monolayer is scaled down by a factor of 5. (b) PL energy of the A and B excitons of twisted
heterobilayers with S/S and Se/S interfaces. (c) PL intensity ratio de"ned as the ratio between the PL intensities in the heterobilayers and
the corresponding PL intensities in the MoS2 monolayer for both A and B excitons and both S/S and Se/S heterobilayers.
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hand, electron transfer to MoS2 at the Se/S interface is
opposed by the intrinsic electric "eld. Therefore, the PL
quenching of intralayer excitons could be more e!ective in the
S/S heterostructure than in the Se/S heterostructure because
of the charge transfer facilitated by the built-in electric "eld.
The contrasting PL intensity ratio of A and B excitons can also
be easily understood by the fact that the A exciton resides
closer to the band extrema than the B exciton and is more
in#uenced by interfacial charge transfer.
In addition to the built-in interfacial electric "eld, interlayer

coupling and band hybridization can contribute to interfacial
charge transfer. As we have demonstrated by the phonon
modes, the S/S interface exhibits stronger interlayer coupling
than the Se/S interface. Our DFT band diagrams in Figure 6
also support this conclusion. By comparing the band structures
of the heterobilayers (Figure 6a,b) with the superimposed
band structures of individual monolayers (Figure 6c,d), we
observe that the MoS2 layer in S/S heterostructure becomes an
indirect bandgap semiconductor similar to a conventional
TMD bilayer, while the MoS2 layer in Se/S heterostructure
retains its direct bandgap. This indicates that heterostacking
and the resulting interlayer coupling signi"cantly a!ect the
band structure of the S/S heterobilayer. In contrast, Se/S
stacking does not noticeably alter the band structures of
individual layers. Thus, the PL quenching of MoS2 can be
partially explained by the direct-to-indirect bandgap transition.
Yuan et al. studied the PL behavior of MoS2/WS2 heterostacks
and observed a stronger PL quenching for WS2 than MoS2.

37

They explained the di!erence in PL quenching using DFT
calculations showing that the direct bandgap is maintained in
MoS2, while the WS2 layer in the heterobilayer has a transition

Figure 5. Charge density distribution of Janus MoSSe/MoS2
heterostructures. (a, b) Local electrostatic potential (ionic and
Hartree contributions) for (a) S/S and (b) Se/S heterostructures.
The red dashed line represents the Fermi level. (c, d) Charge
density di!erences for (c) S/S and (d) Se/S heterostructures. The
cyan and yellow areas represent electron depletion and
accumulation compared to the isolated monolayers. The black
arrows label the direction of the electric "eld at the interface.

Figure 6. Electronic band diagrams of (a) S/S and (b) Se/S bilayer heterostructures and (c, d) superimposed band structures of individual
monolayers. Band energies were calculated with a hybrid functional including spin!orbit coupling. The red and blue dots indicate the
projection onto MoSSe or MoS2 layers, respectively, with fainter colors indicating a higher degree of band hybridization. The black arrow in
panel a indicates a possible indirect transition for S/S heterostructure. The band energies of the separate MoSSe and MoS2 layers in panels c
and d are rigidly shifted in energy so that the valence and conduction band extrema match with those of the heterostructures. The Fermi
level for each layer is indicated by a horizontal dotted line of the same color.
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from a direct bandgap to an indirect bandgap. This is
consistent with our observation of a stronger PL quenching
of the MoS2 A exciton for S/S stacking as compared to Se/S
stacking. In addition, the S/S heterostructure exhibits more
band hybridization between the conduction bands close to the
band extrema and between the valence bands at the # point,
compared to the corresponding bands in the Se/S hetero-
structure (Figure 6a,b). It has been demonstrated for
perylenetetracarboxylic dianhydride (PTCDA) molecule/
WSe2 heterojunctions that a higher degree of hybridization
of the WSe2 conduction band with PTCDA unoccupied states
contributes to a larger amount of charge transfer.38 Therefore,
the greater charge transfer in S/S heterostructures can also be
understood by the band hybridization resulting from the
interlayer coupling. One would intuitively think that the
interlayer distance has a substantial in#uence on the charge
transfer dynamics. Nonetheless, a time-dependent DFT study
on MoS2/WS2 indicates that the charge transfer process is
dominated by the coupling between the electronic states rather
than interlayer distance.39 Thus, we conjecture that the
interlayer separation of MoSSe/MoS2 with S/S and Se/S
interfaces is not the key factor for interfacial charge transfer.
This is consistent with our observation that the PL intensity
ratio does not show a clear dependence on the twist angle for
either S/S or Se/S heterobilayers (Figure S11).
Finally, we comment brie#y on the future exploration of

Janus TMDs. Our conclusions about the charge transfer
properties are inferred from the PL quenching behaviors. To
directly probe the charge transfer pathways, pump!probe
transient absorption can provide details on the excited states in
speci"c constituents with temporal resolutions. In addition to
the intralayer excitons, it is important to investigate the
interlayer excitonic transitions, including the exciton lifetime
and the relaxation channels, that might yield further insights
into the e!ects of the intrinsic dipole moment. A computa-
tional study on the MoSSe/WSeTe by Zhou et al. argued that
charge transfer is favored at the Te/Se interfaces while it is
prohibited at the Te/S interface, which is con"rmed by their
nonadiabatic molecular dynamics calculations of the electron
transfer lifetimes.40 From an experimental viewpoint, the
recent developments in the synthesis of Janus TMD
heterostructures9,10 will enable further investigation of Janus
multilayers and the unique properties of their van der Waals
interfaces.

CONCLUSIONS
In summary, we investigated the capability of Janus MoSSe to
tune the van der Waals coupling with monolayer MoS2 and the
subsequent phononic and excitonic properties. We studied the
detailed correlation of those properties with the in-plane twist
angle and the out-of-plane intrinsic dipole moment of Janus
MoSSe. Similar to conventional TMD bilayers, the Janus
heterobilayers exhibit interlayer breathing mode frequencies
that peak at ! = 30° for samples with intermediate twist angles
between 5° and 55°. We also demonstrate that the asymmetry
of Janus MoSSe has fundamental implications for the interlayer
interactions. In particular, the S/S heterobilayer possesses a
smaller interlayer separation and thus stronger interfacial
coupling than the Se/S interface. Such a di!erence is not only
revealed by the interlayer breathing mode frequency but also
re#ected by the frequency separation of the high-frequency
optical phonons. Moreover, the PL quenching of MoS2
intralayer excitons in the MoSSe/MoS2 heterostructure is

in#uenced by the interfacial charge transfer, which is di!erent
for S/S and Se/S interfaces. The stronger quenching in the S/S
heterobilayer is attributed to the enhanced charge transfer
caused by the interfacial electric "eld resulting from charge
density redistribution and band hybridization. Our spectro-
scopic study, integrated with DFT calculations, sheds light on
the dipole-modulated charge transfer and the asymmetry-
induced phonon properties that are only accessible in Janus
TMD-related heterostructures. The fundamental understand-
ing of the microscopic mechanical, electronic, and optical
behaviors of Janus heterostructures provides a facile yet
e!ective approach to manipulating van der Waals interactions
and the corresponding electronic and optical properties.

METHODS
Sample Fabrication. MoS2 monolayer was synthesized using a

seeding promoter perylene-3,4,9,10-tetracarboxylic acid tetrapotassi-
um salt (PTAS) assisted CVD method on SiO2/Si substrate. Then,
the MoS2 on SiO2/Si was cut into two pieces, one of which was
selenized into MoSSe using the method reported in refs 8 and 9 and
stacked onto the other half of MoS2 to form Janus MoSSe/MoS2
heterostructures. For the S/S heterobilayer, the MoSSe was wet-
transferred onto the as-grown MoS2. For the Se/S heterobilayer, the
MoSSe was "rst #ipped over and then transferred onto the MoS2.
Both kinds of heterostructures were annealed at 200 °C in vacuum for
2 h after removing the PMMA layer with acetone.

Optical Spectroscopy. The Raman and PL spectroscopies were
performed on a Horiba LabRAM HR Evolution spectrometer with an
1800/mm grating in backscattering geometry. The 532 nm laser was
employed as the excitation wavelength and focused on the sample
with a 100! objective. An ultralow frequency module was
incorporated to obtain a spectral limit down to 10 cm!1. The spectral
resolution by 1800/mm grating is around 0.2 cm!1. The Raman
frequencies were obtained from the least-squares "tting based on the
Levenberg!Marquardt algorithm using Lorentz functions.

Density Functional Theory. The heterobilayer structures were
modeled using commensurate supercells in a slab geometry, with a
vacuum space of 16 Å. All DFT calculations were performed with the
VASP code41,42 using a plane-wave energy cuto! of 500 eV with PAW
pseudopotentials.43,44 Calculation for twisted cells used the local
density approximation (LDA) exchange-correlation functional. The
atomic structures were relaxed until the forces on each atom were
below 10!4 eV/Å. The #-point phonon frequencies were calculated
using the density functional perturbation theory approach. The
Brillouin zone (BZ) was sampled by a 5 ! 5 ! 1 #-centered grid for
both relaxation and phonon calculations, except for the largest cells,
13.2° and 46.8°, where the k-point sampling was reduced to 4 ! 4 ! 1
for the phonon calculation. The electronic band structures included
spin!orbit coupling and were calculated using the HSE hybrid
functional with an energy cuto! of 280 eV and a screening parameter
of # = 0.4 Å!1 that was optimized by Zahid et al.45 to match the
experimental band gap in MoS2 for single layers, bilayers, and bulk.
The electrostatic potential was calculated with a dipole correction and
includes ionic and Hartree terms but no exchange!correlation
contributions. The energy-dependent dielectric tensor including
excitonic e!ects (Figure S9) was calculated by solving the Bethe!
Salpeter equation after a GW0 calculation of the primitive monolayer
cell with 3 atoms. Spin!orbit interactions were included, the energy
cuto! was 280 eV, and the BZ was sampled with an 18 ! 18 ! 1 k-
point grid. Four occupied and eight valence bands were included.
Calculations in Figure S2 were performed assuming a lattice constant
of 3.1 Å and a vacuum space of 22 Å. The BZ was sampled by a 15 !
15 ! 1 #-centered grid. For a given stacking con"guration, the in-
plane atomic positions were kept "xed, while the out-of-plane
positions were allowed to relax until the forces on each atom were
below 5 ! 10!4 eV/Å.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.1c03779
ACS Nano 2021, 15, 14394!14403

14400

https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c03779/suppl_file/nn1c03779_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c03779/suppl_file/nn1c03779_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c03779/suppl_file/nn1c03779_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c03779?urlappend=?ref=PDF&jav=VoR&rel=cite-as


ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.1c03779.

Experimental Stokes and anti-Stokes low-frequency
Raman spectra, DFT calculated relative energy of high-
symmetry stacking heterostructures, atomic con"gura-
tions considered in DFT calculations for twist S/S
heterostructures, experimental high-frequency Raman
spectra and frequency separations, DFT calculated high-
frequency Raman modes for MoSSe multilayers and
twist heterostructures, DFT calculated imaginary part of
the dielectric constant of MoS2 monolayers, and
experimental PL energy and intensity ratio for di!erent
twist angles (PDF)

AUTHOR INFORMATION
Corresponding Authors
Yunfan Guo ! Department of Electrical Engineering and
Computer Science, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, United States;
Email: yfguo112@mit.edu

Jing Kong ! Department of Electrical Engineering and
Computer Science, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, United States;
orcid.org/0000-0003-0551-1208; Email: jingkong@

mit.edu
Shengxi Huang ! Department of Electrical Engineering, The
Pennsylvania State University, University Park, Pennsylvania
16802, United States; orcid.org/0000-0002-3618-9074;
Email: sjh5899@psu.edu

Authors
Kunyan Zhang ! Department of Electrical Engineering, The
Pennsylvania State University, University Park, Pennsylvania
16802, United States; orcid.org/0000-0002-6830-409X

Daniel T. Larson ! Department of Physics, Harvard
University, Cambridge, Massachusetts 02138, United States;
orcid.org/0000-0001-8528-0280

Ziyan Zhu ! Department of Physics, Harvard University,
Cambridge, Massachusetts 02138, United States

Shiang Fang ! Department of Physics and Astronomy, Center
for Materials Theory, Rutgers University, Piscataway, New
Jersey 08854, United States

Efthimios Kaxiras ! Department of Physics and John A.
Paulson School of Engineering and Applied Sciences, Harvard
University, Cambridge, Massachusetts 02138, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.1c03779

Notes
The authors declare no competing "nancial interest.

ACKNOWLEDGMENTS
K.Z. and S.H. acknowledge the support from National Science
Foundation Award No. DMR-2011839 through the Penn State
MRSEC!Center for Nanoscale Science. Y.G. and J.K.
acknowledge the support from the U.S. Department of Energy
(DOE), O$ce of Science, Basic Energy Sciences, award
number DE-SC0020042, for the synthesis and fabrication of
the Janus TMD and heterostructures. D.T.L. acknowledges
helpful DFT discussions with Michele Pizzochero and Oscar

Gra $näs. D.T.L. and Z.Z. are supported by NSF DMREF Grant
No. 1922165 and the NSF STC Center for Integrated
Quantum Materials, NSF Grant No. DMR-1231319. D.T.L.
is also supported by DOE Basic Energy Science Award No.
DE-SC0019300. Z.Z. is also supported by ARO MURI Grant
No. W911NF-14-0247. The DFT calculations used resources
of the National Energy Research Scienti"c Computing Center
(NERSC), a U.S. Department of Energy O$ce of Science User
Facility located at Lawrence Berkeley National Laboratory,
operated under Contract No. DE-AC02-05CH11231, and the
FASRC Cannon cluster supported by the FAS Division of
Science Research Computing Group at Harvard University.
S.F. is supported by a Rutgers Center for Material Theory
Distinguished Postdoctoral Fellowship. S.H. acknowledges the
support from the National Science Foundation under Grant
No. ECCS-1943895.

REFERENCES
(1) Zhang, J.; Jia, S.; Kholmanov, I.; Dong, L.; Er, D.; Chen, W.;
Guo, H.; Jin, Z.; Shenoy, V. B.; Shi, L.; Lou, J. Janus Monolayer
Transition-Metal Dichalcogenides. ACS Nano 2017, 11 (8), 8192!
8198.
(2) Lu, A.-Y.; Zhu, H.; Xiao, J.; Chuu, C.-P.; Han, Y.; Chiu, M.-H.;
Cheng, C.-C.; Yang, C.-W.; Wei, K.-H.; Yang, Y.; Wang, Y.; Sokaras,
D.; Nordlund, D.; Yang, P.; Muller, D. A.; Chou, M.-Y.; Zhang, X.; Li,
L.-J. Janus Monolayers of Transition Metal Dichalcogenides. Nat.
Nanotechnol. 2017, 12 (8), 744!749.
(3) Li, H.; Qin, Y.; Ko, B.; Trivedi, D. B.; Hajra, D.; Sayyad, M. Y.;
Liu, L.; Shim, S.-H.; Zhuang, H.; Tongay, S. Anomalous Behavior of
2D Janus Excitonic Layers under Extreme Pressures. Adv. Mater.
2020, 32 (33), 2002401.
(4) Lin, Y.-C.; Liu, C.; Yu, Y.; Zarkadoula, E.; Yoon, M.; Puretzky, A.
A.; Liang, L.; Kong, X.; Gu, Y.; Strasser, A.; Meyer, H. M.; Lorenz, M.;
Chisholm, M. F.; Ivanov, I. N.; Rouleau, C. M.; Duscher, G.; Xiao, K.;
Geohegan, D. B. Low Energy Implantation into Transition-Metal
Dichalcogenide Monolayers to Form Janus Structures. ACS Nano
2020, 14 (4), 3896!3906.
(5) Zheng, T.; Lin, Y.-C.; Yu, Y.; Valencia-Acuna, P.; Puretzky, A. A.;
Torsi, R.; Liu, C.; Ivanov, I. N.; Duscher, G.; Geohegan, D. B.; Ni, Z.;
Xiao, K.; Zhao, H. Excitonic Dynamics in Janus MoSSe and WSSe
Monolayers. Nano Lett. 2021, 21 (2), 931!937.
(6) Cheng, Y. C.; Zhu, Z. Y.; Tahir, M.; Schwingenschlögl, U. Spin-
Orbit!Induced Spin Splittings in Polar Transition Metal Dichalco-
genide Monolayers. EPL (Europhysics Letters) 2013, 102 (5), 57001.
(7) Defo, R. K.; Fang, S.; Shirodkar, S. N.; Tritsaris, G. A.; Dimoulas,
A.; Kaxiras, E. Strain Dependence of Band Gaps and Exciton Energies
in Pure and Mixed Transition-Metal Dichalcogenides. Phys. Rev. B:
Condens. Matter Mater. Phys. 2016, 94 (15), 155310.
(8) Zhang, K.; Guo, Y.; Ji, Q.; Lu, A.-Y.; Su, C.; Wang, H.; Puretzky,
A. A.; Geohegan, D. B.; Qian, X.; Fang, S.; Kaxiras, E.; Kong, J.;
Huang, S. Enhancement of van der Waals Interlayer Coupling through
Polar Janus MoSSe. J. Am. Chem. Soc. 2020, 142 (41), 17499!17507.
(9) Guo, Y.; Lin, Y.; Xie, K.; Yuan, B.; Zhu, J.; Shen, P.-C.; Lu, A.-Y.;
Su, C.; Shi, E.; Zhang, K.; HuangFu, C.; Xu, H.; Cai, Z.; Park, J.-H.; Ji,
Q.; Wang, J.; Dai, X.; Tian, X.; Huang, S.; Dou, L.; et al. Designing
Artificial Two-Dimensional Landscapes via Atomic-Layer Substitu-
tion. Proc. Natl. Acad. Sci. U. S. A. 2021, 118 (32), e2106124118.
(10) Trivedi, D. B.; Turgut, G.; Qin, Y.; Sayyad, M. Y.; Hajra, D.;
Howell, M.; Liu, L.; Yang, S.; Patoary, N. H.; Li, H.; Petric !, M. M.;
Meyer, M.; Kremser, M.; Barbone, M.; Soavi, G.; Stier, A. V.; Mu%ller,
K.; Yang, S.; Esqueda, I. S.; Zhuang, H.; et al. Room-Temperature
Synthesis of 2D Janus Crystals and Their Heterostructures. Adv.
Mater. 2020, 32 (50), 2006320.
(11) Cao, Y.; Fatemi, V.; Demir, A.; Fang, S.; Tomarken, S. L.; Luo,
J. Y.; Sanchez-Yamagishi, J. D.; Watanabe, K.; Taniguchi, T.; Kaxiras,
E.; Ashoori, R. C.; Jarillo-Herrero, P. Correlated Insulator Behaviour

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.1c03779
ACS Nano 2021, 15, 14394!14403

14401

https://pubs.acs.org/doi/10.1021/acsnano.1c03779?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c03779/suppl_file/nn1c03779_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Yunfan+Guo%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:yfguo112@mit.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Jing+Kong%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0551-1208
https://orcid.org/0000-0003-0551-1208
mailto:jingkong@mit.edu
mailto:jingkong@mit.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Shengxi+Huang%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3618-9074
mailto:sjh5899@psu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Kunyan+Zhang%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6830-409X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Daniel+T.+Larson%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8528-0280
https://orcid.org/0000-0001-8528-0280
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Ziyan+Zhu%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Shiang+Fang%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Efthimios+Kaxiras%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c03779?ref=pdf
https://doi.org/10.1021/acsnano.7b03186?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b03186?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nnano.2017.100
https://doi.org/10.1002/adma.202002401
https://doi.org/10.1002/adma.202002401
https://doi.org/10.1021/acsnano.9b10196?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b10196?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c03412?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c03412?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1209/0295-5075/102/57001
https://doi.org/10.1209/0295-5075/102/57001
https://doi.org/10.1209/0295-5075/102/57001
https://doi.org/10.1103/PhysRevB.94.155310
https://doi.org/10.1103/PhysRevB.94.155310
https://doi.org/10.1021/jacs.0c07051?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c07051?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.2106124118
https://doi.org/10.1073/pnas.2106124118
https://doi.org/10.1073/pnas.2106124118
https://doi.org/10.1002/adma.202006320
https://doi.org/10.1002/adma.202006320
https://doi.org/10.1038/nature26154
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c03779?urlappend=?ref=PDF&jav=VoR&rel=cite-as


at Half-Filling in Magic-Angle Graphene Superlattices. Nature 2018,
556 (7699), 80!84.
(12) 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 (7699), 43!
50.
(13) Tran, K.; Moody, G.; Wu, F.; Lu, X.; Choi, J.; Kim, K.; Rai, A.;
Sanchez, D. A.; Quan, J.; Singh, A.; Embley, J.; Zepeda, A.; Campbell,
M.; Autry, T.; Taniguchi, T.; Watanabe, K.; Lu, N.; Banerjee, S. K.;
Silverman, K. L.; Kim, S.; et al. Evidence for Moire ! Excitons in van der
Waals Heterostructures. Nature 2019, 567 (7746), 71!75.
(14) Jin, C.; Regan, E. C.; Yan, A.; Iqbal Bakti Utama, M.; Wang, D.;
Zhao, S.; Qin, Y.; Yang, S.; Zheng, Z.; Shi, S.; Watanabe, K.;
Taniguchi, T.; Tongay, S.; Zettl, A.; Wang, F. Observation of Moire !
Excitons in WSe2/WS2 Heterostructure Superlattices. Nature 2019,
567 (7746), 76!80.
(15) Alexeev, E. M.; Ruiz-Tijerina, D. A.; Danovich, M.; Hamer, M.
J.; Terry, D. J.; Nayak, P. K.; Ahn, S.; Pak, S.; Lee, J.; Sohn, J. I.;
Molas, M. R.; Koperski, M.; Watanabe, K.; Taniguchi, T.; Novoselov,
K. S.; Gorbachev, R. V.; Shin, H. S.; Fal’ko, V. I.; Tartakovskii, A. I.
Resonantly Hybridized Excitons in Moire ! Superlattices in van der
Waals Heterostructures. Nature 2019, 567 (7746), 81!86.
(16) Seyler, K. L.; Rivera, P.; Yu, H.; Wilson, N. P.; Ray, E. L.;
Mandrus, D. G.; Yan, J.; Yao, W.; Xu, X. Signatures of Moire !-Trapped
Valley Excitons in MoSe2/WSe2 Heterobilayers. Nature 2019, 567
(7746), 66!70.
(17) Ceballos, F.; Bellus, M. Z.; Chiu, H.-Y.; Zhao, H. Ultrafast
Charge Separation and Indirect Exciton Formation in a MoS2!MoSe2
van der Waals Heterostructure. ACS Nano 2014, 8 (12), 12717!
12724.
(18) Rivera, P.; Schaibley, J. R.; Jones, A. M.; Ross, J. S.; Wu, S.;
Aivazian, G.; Klement, P.; Seyler, K.; Clark, G.; Ghimire, N. J.; Yan, J.;
Mandrus, D. G.; Yao, W.; Xu, X. Observation of Long-Lived
Interlayer Excitons in Monolayer MoSe2!WSe2 Heterostructures.
Nat. Commun. 2015, 6 (1), 6242.
(19) Li, F.; Wei, W.; Wang, H.; Huang, B.; Dai, Y.; Jacob, T.
Intrinsic Electric Field-Induced Properties in Janus MoSSe van der
Waals Structures. J. Phys. Chem. Lett. 2019, 10 (3), 559!565.
(20) Song, B.; Liu, L.; Yam, C. Suppressed Carrier Recombination in
Janus MoSSe Bilayer Stacks: A Time-Domain ab Initio Study. J. Phys.
Chem. Lett. 2019, 10 (18), 5564!5570.
(21) Cavalcante, L. S. R.; Gjerding, M. N.; Chaves, A.; Thygesen, K.
S. Enhancing and Controlling Plasmons in Janus MoSSe!Graphene
Based van der Waals Heterostructures. J. Phys. Chem. C 2019, 123
(26), 16373!16379.
(22) Li, Y.; Wang, J.; Zhou, B.; Wang, F.; Miao, Y.; Wei, J.; Zhang,
B.; Zhang, K. Tunable Interlayer Coupling and Schottky Barrier in
Graphene and Janus MoSSe Heterostructures by Applying an External
Field. Phys. Chem. Chem. Phys. 2018, 20 (37), 24109!24116.
(23) Cao, L.; Ang, Y. S.; Wu, Q.; Ang, L. K. Janus PtSSe and
Graphene Heterostructure with Tunable Schottky Barrier. Appl. Phys.
Lett. 2019, 115 (24), 241601.
(24) Huang, S.; Liang, L.; Ling, X.; Puretzky, A. A.; Geohegan, D. B.;
Sumpter, B. G.; Kong, J.; Meunier, V.; Dresselhaus, M. S. Low-
Frequency Interlayer Raman Modes to Probe Interface of Twisted
Bilayer MoS2. Nano Lett. 2016, 16 (2), 1435!1444.
(25) Puretzky, A. A.; Liang, L.; Li, X.; Xiao, K.; Sumpter, B. G.;
Meunier, V.; Geohegan, D. B. Twisted MoSe2 Bilayers with Variable
Local Stacking and Interlayer Coupling Revealed by Low-Frequency
Raman Spectroscopy. ACS Nano 2016, 10 (2), 2736!2744.
(26) Lui, C. H.; Ye, Z.; Ji, C.; Chiu, K.-C.; Chou, C.-T.; Andersen, T.
I.; Means-Shively, C.; Anderson, H.; Wu, J.-M.; Kidd, T.; Lee, Y.-H.;
He, R. Observation of Interlayer Phonon Modes in van der Waals
Heterostructures. Phys. Rev. B: Condens. Matter Mater. Phys. 2015, 91
(16), 165403.
(27) Lin, M.-L.; Tan, Q.-H.; Wu, J.-B.; Chen, X.-S.; Wang, J.-H.;
Pan, Y.-H.; Zhang, X.; Cong, X.; Zhang, J.; Ji, W.; Hu, P.-A.; Liu, K.-
H.; Tan, P.-H. Moire ! Phonons in Twisted Bilayer MoS2. ACS Nano
2018, 12 (8), 8770!8780.

(28) Quan, J.; Linhart, L.; Lin, M.-L.; Lee, D.; Zhu, J.; Wang, C.-Y.;
Hsu, W.-T.; Choi, J.; Embley, J.; Young, C.; Taniguchi, T.; Watanabe,
K.; Shih, C.-K.; Lai, K.; MacDonald, A. H.; Tan, P.-H.; Libisch, F.; Li,
X. Phonon Renormalization in Reconstructed MoS2 Moire ! Super-
lattices. Nat. Mater. 2021, 20, 1100.
(29) Chiu, M.-H.; Li, M.-Y.; Zhang, W.; Hsu, W.-T.; Chang, W.-H.;
Terrones, M.; Terrones, H.; Li, L.-J. Spectroscopic Signatures for
Interlayer Coupling in MoS2!WSe2 van der Waals Stacking. ACS
Nano 2014, 8 (9), 9649!9656.
(30) Li, H.; Zhang, Q.; Yap, C. C. R.; Tay, B. K.; Edwin, T. H. T.;
Olivier, A.; Baillargeat, D. From Bulk to Monolayer MoS2: Evolution
of Raman Scattering. Adv. Funct. Mater. 2012, 22 (7), 1385!1390.
(31) Mouri, S.; Miyauchi, Y.; Matsuda, K. Tunable Photo-
luminescence of Monolayer MoS2 via Chemical Doping. Nano Lett.
2013, 13 (12), 5944!5948.
(32) Parkin, W. M.; Balan, A.; Liang, L.; Das, P. M.; Lamparski, M.;
Naylor, C. H.; Rodríguez-Manzo, J. A.; Johnson, A. T. C.; Meunier,
V.; Drndic !, M. Raman Shifts in Electron-Irradiated Monolayer MoS2.
ACS Nano 2016, 10 (4), 4134!4142.
(33) Rice, C.; Young, R. J.; Zan, R.; Bangert, U.; Wolverson, D.;
Georgiou, T.; Jalil, R.; Novoselov, K. S. Raman-Scattering Measure-
ments and First-Principles Calculations of Strain-Induced Phonon
Shifts in Monolayer MoS2. Phys. Rev. B: Condens. Matter Mater. Phys.
2013, 87 (8), 081307.
(34) van der Zande, A. M.; Kunstmann, J.; Chernikov, A.; Chenet,
D. A.; You, Y.; Zhang, X.; Huang, P. Y.; Berkelbach, T. C.; Wang, L.;
Zhang, F.; Hybertsen, M. S.; Muller, D. A.; Reichman, D. R.; Heinz,
T. F.; Hone, J. C. Tailoring the Electronic Structure in Bilayer
Molybdenum Disulfide via Interlayer Twist. Nano Lett. 2014, 14 (7),
3869!3875.
(35) Wu, L.; Cong, C.; Shang, J.; Yang, W.; Chen, Y.; Zhou, J.; Ai,
W.; Wang, Y.; Feng, S.; Zhang, H.; Liu, Z.; Yu, T. Raman Scattering
Investigation of Twisted WS2/MoS2 Heterostructures: Interlayer
Mechanical Coupling versus Charge Transfer. Nano Res. 2021, 14 (7),
2215!2223.
(36) Xu, R.; Yang, J.; Zhu, Y.; Yan, H.; Pei, J.; Myint, Y. W.; Zhang,
S.; Lu, Y. Layer-Dependent Surface Potential of Phosphorene and
Anisotropic/Layer-Dependent Charge Transfer in Phosphorene!
Gold Hybrid Systems. Nanoscale 2016, 8 (1), 129!135.
(37) Yuan, J.; Najmaei, S.; Zhang, Z.; Zhang, J.; Lei, S.; Ajayan, P.
M.; Yakobson, B. I.; Lou, J. Photoluminescence Quenching and
Charge Transfer in Artificial Heterostacks of Monolayer Transition
Metal Dichalcogenides and Few-Layer Black Phosphorus. ACS Nano
2015, 9 (1), 555!563.
(38) Guo, Y.; Wu, L.; Deng, J.; Zhou, L.; Jiang, W.; Lu, S.; Huo, D.;
Ji, J.; Bai, Y.; Lin, X.; Zhang, S.; Xu, H.; Ji, W.; Zhang, C. Band
Alignment and Interlayer Hybridization in Monolayer Organic/WSe2
Heterojunction. Nano Research 2021, DOI: 10.1007/s12274-021-
3648-9.
(39) Zhang, J.; Hong, H.; Lian, C.; Ma, W.; Xu, X.; Zhou, X.; Fu, H.;
Liu, K.; Meng, S. Interlayer-State-Coupling Dependent Ultrafast
Charge Transfer in MoS2/WS2 Bilayers. Advanced Science 2017, 4 (9),
1700086.
(40) Zhou, Z.; Niu, X.; Zhang, Y.; Wang, J. Janus MoSSe/WSeTe
Heterostructures: A Direct Z-Scheme Photocatalyst for Hydrogen
Evolution. J. Mater. Chem. A 2019, 7 (38), 21835!21842.
(41) Kresse, G.; Furthmu%ller, J. Efficient Iterative Schemes for ab
Initio Total-Energy Calculations Using a Plane-Wave Basis Set. Phys.
Rev. B: Condens. Matter Mater. Phys. 1996, 54 (16), 11169!11186.
(42) Kresse, G.; Furthmu%ller, J. Efficiency of ab-Initio Total Energy
Calculations for Metals and Semiconductors Using a Plane-Wave
Basis Set. Comput. Mater. Sci. 1996, 6 (1), 15!50.
(43) Blöchl, P. E. Projector Augmented-Wave Method. Phys. Rev. B:
Condens. Matter Mater. Phys. 1994, 50 (24), 17953!17979.
(44) Kresse, G.; Joubert, D. From Ultrasoft Pseudopotentials to the
Projector Augmented-Wave Method. Phys. Rev. B: Condens. Matter
Mater. Phys. 1999, 59 (3), 1758!1775.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.1c03779
ACS Nano 2021, 15, 14394!14403

14402

https://doi.org/10.1038/nature26154
https://doi.org/10.1038/nature26160
https://doi.org/10.1038/nature26160
https://doi.org/10.1038/s41586-019-0975-z
https://doi.org/10.1038/s41586-019-0975-z
https://doi.org/10.1038/s41586-019-0976-y
https://doi.org/10.1038/s41586-019-0976-y
https://doi.org/10.1038/s41586-019-0986-9
https://doi.org/10.1038/s41586-019-0986-9
https://doi.org/10.1038/s41586-019-0957-1
https://doi.org/10.1038/s41586-019-0957-1
https://doi.org/10.1021/nn505736z?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn505736z?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn505736z?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms7242
https://doi.org/10.1038/ncomms7242
https://doi.org/10.1021/acs.jpclett.8b03463?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b03463?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b02048?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b02048?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b04000?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b04000?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CP04337J
https://doi.org/10.1039/C8CP04337J
https://doi.org/10.1039/C8CP04337J
https://doi.org/10.1063/1.5130756
https://doi.org/10.1063/1.5130756
https://doi.org/10.1021/acs.nanolett.5b05015?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b05015?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b05015?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b07807?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b07807?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b07807?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.91.165403
https://doi.org/10.1103/PhysRevB.91.165403
https://doi.org/10.1021/acsnano.8b05006?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41563-021-00960-1
https://doi.org/10.1038/s41563-021-00960-1
https://doi.org/10.1021/nn504229z?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn504229z?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201102111
https://doi.org/10.1002/adfm.201102111
https://doi.org/10.1021/nl403036h?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl403036h?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b07388?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.87.081307
https://doi.org/10.1103/PhysRevB.87.081307
https://doi.org/10.1103/PhysRevB.87.081307
https://doi.org/10.1021/nl501077m?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl501077m?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s12274-020-3193-y
https://doi.org/10.1007/s12274-020-3193-y
https://doi.org/10.1007/s12274-020-3193-y
https://doi.org/10.1039/C5NR04366B
https://doi.org/10.1039/C5NR04366B
https://doi.org/10.1039/C5NR04366B
https://doi.org/10.1021/nn505809d?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn505809d?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn505809d?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s12274-021-3648-9
https://doi.org/10.1007/s12274-021-3648-9
https://doi.org/10.1007/s12274-021-3648-9
https://doi.org/10.1007/s12274-021-3648-9?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s12274-021-3648-9?urlappend=?ref=PDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/advs.201700086
https://doi.org/10.1002/advs.201700086
https://doi.org/10.1039/C9TA06407A
https://doi.org/10.1039/C9TA06407A
https://doi.org/10.1039/C9TA06407A
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c03779?urlappend=?ref=PDF&jav=VoR&rel=cite-as


(45) Zahid, F.; Liu, L.; Zhu, Y.; Wang, J.; Guo, H. A Generic Tight-
Binding Model for Monolayer, Bilayer and Bulk MoS2. AIP Adv. 2013,
3 (5), 052111.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.1c03779
ACS Nano 2021, 15, 14394!14403

14403

https://doi.org/10.1063/1.4804936
https://doi.org/10.1063/1.4804936
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c03779?urlappend=?ref=PDF&jav=VoR&rel=cite-as

