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Abstract:

Interlayer coupling plays essential roles in the quantum transport, polaritonic, and
electrochemical properties of stacked van der Waals (vdW) materials. In this work, we report the
unconventional interlayer coupling in vdW heterostructures (HSs) by utilizing an emerging 2D
material, Janus transition metal dichalcogenides (TMDs). In contrast to conventional TMDs,
monolayer Janus TMDs have two different chalcogen layers sandwiching the transition metal
and thus exhibit broken mirror symmetry and an intrinsic vertical dipole moment. Such a broken
symmetry is found to strongly enhance the vdW interlayer coupling by as much as 13.2% when
forming MoSSe/MoS, HS as compared to the pristine MoS, counterparts. Our noncontact

ultralow-frequency Raman probe, linear chain model, and density functional theory calculations
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confirm the enhancement and reveal the origins as charge redistribution in Janus MoSSe and
reduced interlayer distance. Our results uncover the potential of tuning interlayer coupling

strength through Janus heterostacking.

Introduction

The unraveled potential of stacking and twisting van der Waals (vdW) materials to generate
unconventional quantum phenomena, such as Mott insulating,'? superconductivity,>* and
topological polaritons,® has been witnessed in recent years. In stacked two-dimensional (2D)
layers, interlayer coupling modified by the twisting angle or the external electric field governs
their transport and photonic properties.®® Thus, controlling and even enhancing the interlayer
vdW coupling can significantly push fundamental understanding and benefit device applications
of 2D heterostructures (HSs). Recently, a new type of 2D materials termed Janus transition metal
dichalcogenide (TMD) has been theoretically proposed'® !> and experimentally realized by
selenization or sulfurization through chemical vapor deposition (CVD)!3 !4 or low-energy
implantation from pulsed laser deposition (PLD) plasma.'> In contrast to conventional TMDs, the
chalcogens on one side of Janus TMD are different from those on the other side (Figure 1a). It
follows that monolayer Janus TMDs have broken mirror symmetry to the basal plane and an
intrinsic out-of-plane dipole moment due to the electronegativity difference between the
chalcogens.!® Intuitively, the reduced symmetry of polar Janus TMDs leads to unconventional
optical and electronic properties absent in conventional TMDs. For instance, it has been
experimentally demonstrated that the lack of mirror symmetry in monolayer MoSSe is
responsible for out-of-plane piezoelectricity,!® incident angle-dependent second harmonic

generation,!3 and surface-enhanced Raman scattering of biomolecules.!” Furthermore, the



intrinsic dipole moment in Janus TMDs theoretically contributes to effective charge separation,'®
extra-long exciton lifetime,' remarkable photocatalytic water-splitting,”>?! and giant Rashba
splitting.??

For Janus TMD related HSs, the intrinsic dipole moment is expected to play a key role in
the interlayer coupling by functioning as a built-in electric field, a technique widely used to tune
the interlayer coupling in vdW HSs,?? as well as to modulate the valley degree of freedom in
nonpolar TMDs.?*?> To probe the interlayer coupling in Janus TMD related HSs, low-frequency
(LF) Raman spectroscopy offers a vibrational-frequency detection limit down to several cm™!
(<I meV). Originating from the relative vibrations between layers, LF modes are fingerprints of
both thickness and stacking configuration for a wide range of 2D materials, such as MoS,,26-%°
WSe,,?? and black phosphorus.3'32 Hence, the LF modes of Janus TMDs and Janus TMD related
HSs are promising to signify the strain- and dipole-modulated interfacial properties. Despite the
great theoretical efforts,!9"1218722 there have been very few experimental investigations into the
optical properties of vdW HSs involving Janus TMDs.

Here, we focus on probing the interlayer coupling of MoSSe/MoS, HSs (i.e., Janus HSs)
by LF Raman spectroscopy. For the first time, Janus HSs were directly converted from CVD-
grown few-layer MoS,; by in situ selenization where only the top layer of S atoms was replaced
by Se atoms. The characteristic E’ and A;" Raman modes of the MoSSe and MoS, constituents in
the Raman spectra confirm the successful synthesis of Janus HSs. As compared to pristine
bilayer MoS,, bilayer Janus HSs (MoSSe/MoS,) exhibit an enhancement of interlayer coupling
up to 13.2%, as revealed by experimental LF shear and breathing modes. The overall
enhancement can be well explained by a reduced interlayer distance as a result of charge

redistribution in the polar Janus MoSSe that contributes to additional Coulombic ion—dipole



interactions. The compressive strain in the Janus MoSSe due to lattice mismatch with the bottom
MoS, layer, as revealed by high-frequency (HF) Raman shifts, also plays an important role in
achieving the enhanced interlayer coupling. The effects of both intrinsic dipole and strain on the
interlayer coupling have been confirmed by density functional theory (DFT) calculations. Our
study reveals the enhanced interlayer interactions in vdW HSs that involve polar Janus TMDs,
which will facilitate the design of electronics, optoelectronics, and valleytronics based on the

assembly of layered materials where the interlayer coupling is crucial to the device performance.

Results

Polar Janus TMD HS. The synthesis process of monolayer MoSSe and MoSSe/MoS, HS is
shown in Figure 1b. The CVD-synthesized MoS, samples (monolayer, bilayer, and trilayer) are
placed in the center of a quartz tube. The top layer of S atoms is stripped off by remote hydrogen
plasma and controllably replaced with Se atoms.!3 As shown in Figure lc, monolayer MoSSe
flake maintains the triangular shape with an atomically flat surface as pristine MoS,. The
medium-angle annular dark-field scanning transmission electron microscopy (MAADF-STEM)
image shows the hexagonal lattice of monolayer Janus MoSSe corresponding to the crystal
structure in Figure la. The hexagonal pattern of MoSSe differs from that of MoS,33* by the
higher contrast of Se atoms. The stoichiometric structure of MoSSe can also be distinguished
from MoS, by Raman and photoluminescence (PL) spectra, which exhibit the A;" mode at 289.5
cm! and the E’ mode at 355.0 cm™! and one emission peak at 1.71 eV (Figure 1d,e),
respectively, that is consistent with the previous report.!3

In terms of the MoSSe/MoS, HSs (referred to as Janus HSs or simply HSs), there are five

configurations including bilayer (AA, AB) and trilayer (AAA, AAB, ABA) HSs as illustrated in



Figure 2a, in which AA and AB denote 3R and 2H stackings, respectively. For trilayer HSs,
AAB as an example means that the bottom interface (MoS,/MoS,) is 3R stacking, while the top
interface (MoSSe/MoS,) is 2H stacking. In Figure 2b, all types of HSs show three prominent HF
Raman modes: the A;’ mode around 290 cm™! of the Janus MoSSe constituent (J), the E' mode
around 382—384 c¢cm™!, and the A," mode around 405—407 cm™! of the MoS, constituent (M).
Here, we use the prevalent A;" and E’ notations to represent the out-of-plane and in-plane lattice
vibrations for simplicity. Detailed symmetry labels based on group theory are listed in Tables S1
and S2. To verify the successful conversion of MoSSe/MoS, HSs, we performed hyperspectral
Raman imaging on the multilayers before (Figures S1—S3) and after Janus conversion (Figure
2c¢). The number of constituent layers can be easily interpreted from the HF modes of Raman
imaging in a fast and nondestructive manner as shown by the AAB HS in Figure 2¢. The increase
of the number of MoS, layer from the periphery to the center (monolayer MoSSe to AA HS to
AAB HS) is shown by the stepped Raman intensities of HF modes.?> On the contrary, the Raman
intensity of MoSSe is relatively uniform across the flake, which confirms the complete and
uniform selenization of the surface area. In addition to HF features, the Janus HSs exhibit
distinct Raman modes in the LF regime (Figure 2d). The LF modes around 22 and 38 cm™! of the
bilayer HSs are attributed to interlayer shear and breathing modes, representing in-plane and out-
of-plane vibrations between adjacent layers (Figure 2e), respectively.

In Figure 3 we summarize the Raman frequencies and show the difference between HSs
and pristine MoS, bilayers in detail. The frequency for each measurement shown as the light-
colored dots in Figure 3a is the average of Stokes and anti-Stokes mode frequencies (Figure S4).

As shown in Figure 3a, left panel, bilayer AA and AB HSs display slight differences in terms of

mode frequency. The average shear mode of AA HSs a)?A'HS =23.0 cm™! is blue-shifted by 0.7



cm! to that of AB HSs, whereas the average breathing mode wéA’HS = 38.5 cm! is red-shifted
by 0.8 cm™!. As a reference, pure bilayer MoS; also displays the same trend in that the AA MoS,
shear (breathing) mode frequency is higher (lower) than that of AB MoS, (Figure 3a, right
panel). DFT calculations reproduce perfectly the LF modes of bilayer Janus HS and MoS, along
with their distinctive features as shown in Figure 3b. The similarities between the LF modes of
MoS, and HS suggest that Janus HSs inherit the crystal configurations and interfacial properties
from pristine MoS, to some extent. In comparison to pristine MoS,, the average shear and
breathing modes of AA and AB HSs show red-shifts of around 1 cm™ in the experiments, which
are also well captured by DFT calculations exhibiting frequency red-shifts of about 2—4 cm™'.
The overall decreases in LF mode frequencies of Janus HSs are related to the larger atomic mass
of MoSSe and the change in the vdW force between the atomic layers. The LF modes of trilayer
HSs summarized in Figure S5 will be discussed later.

Enhanced Interlayer Coupling. From the measured LF Raman modes, we can approximate the
interlayer force constant of Janus HSs using the linear chain model:?°

K = 2nwc)?*u (1)

Here, K represents the interlayer force constant, o is the interlayer vibrational frequency, ¢ is the
speed of light, and p is the reduced mass per unit area. The lattice constants of monolayer MoSSe
and MoS, obtained from MAADF-STEM are both a = 3.16 A. Hence, the reduced mass per unit
area values for bilayer MoS, and Janus HS are approximated to be 1.537 x 107 and 1.733 x 107°
kg m™2, respectively (details in Supporting Information section 3). Table 1 summarizes the in-
plane and out-of-plane interlayer force constants K obtained from the LF modes using the linear
chain model. Standard deviations of the experimental K are typically a few percentages of the

corresponding K values (Table S3). For pristine MoS, with AB stacking, the experimental in-
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plane and out-of-plane interlayer force constants are K =2.81 x 10" Nm™ and K
= 8.88 x 10! N m3, consistent with mechanically exfoliated 2H MoS, multilayers with K, =
2.82 x 10" N m™ and K, = 8.90 x 10! N m 3.2 Meanwhile, the interlayer force constants for

AB HS are K25 =307 x 10! N m™3 and K2%"° = 9.50 x 10! N m™3, much higher than the

corresponding MoS, values. Surprisingly, the interfacial force constants of bilayer Janus HSs

AAHS ,ABHS ,AAHS AB,HS
K, ", K, 7, K, ", and K,

are all enhanced significantly by 7.0—13.2% as compared to
their pristine MoS, counterparts, as explicitly shown in Table 1. Furthermore, Table 1 reveals
two intriguing features: the enhancement of AA HSs is greater than that of AB HSs, and the
absolute increase of K, (out-of-plane) is higher than the absolute increase of K, (in-plane).

The observation of both LF modes with strong intensities in our MoSSe/MoS; is proof of
clean interface and high-symmetry stacking. For most cases of artificially stacked TMD HSs, the
interlayer shear mode is not observable as a consequence of an uncontrollable interfacial
environment.’® However, even under optimal interfacial conditions, the interlayer coupling of
vdW HSs is generally weaker than that of homobilayers. For example, Zhang et al. reported a
MoS,/WS, HS by CVD synthesis,>” which has a clean interface but without any intrinsic out-of-
plane dipole. The shear and breathing modes of their MoS,/WS, HS are reported to be at 18 and

31 cm™!, respectively. Using the linear chain model, interlayer force constants of MoS,/WS, HS

are KZIOSZ/WSZ =22 x 10" N m™ and KE/IOSZ/WSZ = 6.4 x 10" N m™3, which are evidently

lower than both of bilayer MoS, (Table 1) and WS, (Ky'>2 =33 x 10! N m> and K, 2 = 7.9 x
10" N m73).3® This comparison shows that the enhanced interlayer coupling in our polar
MoSSe/MoS, HSs is fundamentally different from that in nonpolar vdW HSs. Here, we

hypothesize that the reason for this enhanced interlayer coupling of Janus HSs involves the



modulation of interlayer spacing, which is attributed to the effects of intrinsic dipole and
compressive strain of polar Janus MoSSe (Figure 3c¢).

Origins of the Enhanced Interlayer Coupling. To clarify how interlayer coupling is affected by
Janus TMD, we performed DFT calculations with vdW-DF (optB86b-vdW type)3® correction on
bilayer HS and MoS, with the lattice constants @ = 3.0, 3.1, 3.2, and 3.3 A. It is worth noting that
the theoretical lattice constants a of relaxed MoSSe and MoS, monolayers are 3.23 and 3.16 A.

The DFT calculations with @ = 3.1 A yield the increase of interlayer force constant AK =

3.5-12.4% as shown in Table 1, which is very close to the experimental values (AK
7.0—13.2%). Additionally, it also gives the most reasonable MoS, mode frequencies (Figures S6
and S7). The consistency of experiments and DFT with a = 3.1 A results suggests that the top
Janus MoSSe layer is confined by the original MoS, lattice and is subjected to a significant
compressive strain due to lattice mismatch. In particular, calculations using other a values do not
show the overall enhancement of interlayer coupling (Table S4), which implies that the
compressive strain in Janus MoSSe is critical in forming an enhanced interlayer interaction. To
provide a better understanding, the calculated lattice constant a and the interlayer distance of the
relaxed monolayers and HSs are listed in Table S5.

The interlayer spacing dy,, defined as the Mo—Mo distance along the z direction, is
reduced after heterostacking and is directly related to the enhancement of interlayer interactions.
According to DFT calculations, dy, of the HS is always smaller than that of MoS, (Figure 4a,b).
Thus, the enhancement of interlayer coupling after Janus conversion is explicitly explained by
the reduced interlayer spacing of polar Janus HSs in comparison to that of pristine MoS,. We use

A to represent the absolute decrease of each parameter after heterostacking, for example, Ady, =

dvo(MoS,) — duvo(HS). The decrease of interlayer spacing Ady, for AA and AB HS with a



3.0-3.3 A is around 0.01-0.02 A as shown in Figure 4a. For @ = 3.1 A corresponding to the
experimental lattice constant, Ady;, of AB HS is much smaller than that of AA HS by around
50%. This is consistent with the experimental observation that AB HSs have less enhancement of
interlayer coupling than do AA HSs (Table 1). It also suggests that interlayer coupling in polar
Janus HS is extremely sensitive to the microscopic interfacial configuration. Using five different
types of vdW corrections in DFT, the reduced interlayer spacing is perfectly replicated for
bilayer Janus HSs with a = 3.1 A (Figure S8).

The interlayer spacing comprises three parts: Mo—S distance in the bottom MoS, (d,),
interfacial S—S distance (ds), and S—Mo distance in the top MoSSe (d3), among which d, is
mostly unaffected by selenization (Figure S9). Comparing AA and AB stackings for a = 3.0-3.1
A, Ads is the parameter that shows the obvious difference (Figure S9¢c,d), while Ad, and Ads do
not change much between AA and AB (Figure S9a,b,e,f). Hence, the different enhancement
behaviors between AA and AB HSs can be explained by the modulation of ds. On another note,
Adj 1s solely dictated by the top Janus layer rather than the nanoscale stacking geometry, because
its value is almost the same for AA and AB HSs (Figure S9e,f). In MoSSe, structural asymmetry
changes the distribution of the p orbitals of S and Se atoms protruding outside the layer. As a
consequence, electrons are more likely to reside at the S side. As shown in Figure 4c,d, the
intrinsic dipole moment between S and Se atoms in MoSSe greatly rearranges the atomic
configuration and shortens the S—Mo distance d; by around 0.01 A in comparison with d; of
bilayer MoS,. The shortened S—Mo distance brings about a decreased Mo—Mo distance dy, that
causes enhanced interlayer interactions (Figure 4a,b). The asymmetric charge density distribution
has been theoretically predicted in several Janus TMD related HSs such as MoSSe/WSe,,?!40

MoSSe/graphene,*' and multilayer Janus TMDs.*? Above all, the origin of enhanced interlayer



coupling can be explicitly explained by the modulated atomic interlayer spacing dy;, as a result
of the intrinsic dipole moment.

An alternative way to understand the reduced interlayer spacing dy, is through
Coulombic ion—dipole and dipole—dipole interactions (details in Supporting Information section
5). The intrinsic dipole moment of monolayer MoSSe is predicted to be 0.033 |e¢|-A by DFT
calculations pointing from S to Se where e is the unit charge. The electric field of the dipole
3(p-RR—p

moment is expressed as E(R) = K, , where p denotes the dipole moment, R is the

1

4meg

distance between the ion and dipole with R as the unit vector, and K, = . Bader charge

analysis*® predicts that the Mo ion in the bottom layer possesses 1.21e| positive charges (Table
S6). Consequently, the attractive force between the intrinsic dipole and the bottom Mo ion is
around Fyioine = 7.29 x 10712 N, which translates to a displacement of —0.009 A. Besides, DFT
calculations indicate that a dipole moment of 0.007 |e| - A is induced in the bottom nonpolar
MoS; layer in Janus HS (Figure S10), which increases the Mo—Mo distance by 0.002 A. Taking
both ion—dipole and dipole—dipole interactions into consideration, they lead to a total decrease of
Mo—Mo distance by 0.007 A, consistent with the DFT result of Ady, = 0.009 A for AB HS
(Figure 4b). Conclusively, we show that the intrinsic dipole moment in Janus MoSSe takes up a
significant role in reducing the interlayer distance, which thus strengthens the interlayer coupling
of the polar Janus HS.

In terms of trilayer HSs, one LF Raman peak can be observed at around 28 cm™ for all
three stackings (Figure 2d), which resembles the degenerate shear and breathing modes in
trilayer MoS, (Figure S2).262° Among the trilayer HSs, only the LF modes of AAA HSs are
blue-shifted by 1.8 cm™! as compared to that of pure trilayer MoS, (Figure S5). Similar to the

case of bilayers, this observation validates that Janus heterostacking favors AA stacking over AB
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stacking because the interface between top MoSSe and middle MoS, in AAA HSs is still AA
stacking as opposed to the AB interfaces of AAB and ABA HSs. DFT calculations reproduce the
LF mode frequencies of trilayer HSs (Figure S5c¢), in which shear and breathing modes of AAA
HS have a splitting of 2.1 cm™!, consistent with the larger line width of LF modes of AAA HSs
(Figure 2d). Calculations also reveal that the interlayer spacing between top MoSSe and middle
MoS, is smaller than the spacing between two bottom MoS, for the trilayer HSs (Figure S11).
Expectedly, AAA HS has a smaller interfacial distance between the top MoSSe and the middle
MoS,; than do AAB and ABA HSs, which further supports our comparison between AA and AB
stackings.
Strain in Janus HS. The predicted strain condition in Janus HSs, that is, compressive strain in
MoSSe, is reflected by the frequency-shifts of HF Raman modes (Figure 5). The average MoSSe
(J) Ay’ mode for bilayer AA and AB HSs is at 290.8 and 291.0 cm™!, while it shifts to a lower
frequency around 290.0 cm™! for trilayer HSs (Figure 5a). All of them are at higher frequencies
than the A;" mode of monolayer MoSSe (289.5 cm™). The blue-shifts of the A;" mode are
consistent with our DFT calculations shown in Figure 5d. DFT calculations also suggest that the
A" mode of monolayer MoSSe blue-shifts (red-shifts) under compressive (tensile) strain, similar
to conventional TMDs (Figure S12a). Thus, it can be inferred that the MoSSe constituent in
Janus HSs suffers from compressive strain, and the compressive strain of bilayer HSs is stronger
than that of trilayer HSs because the middle MoS, layer in the trilayer HS serves as an additional
strain buffer.

Next, we examine the strain in the MoS, component by comparing the MoS, (M) A" and
E" modes of HSs to those of pure MoS, (Figure 5b,c). For bilayer HSs, both (M) E’ and A’

modes for AA and AB HSs are relatively red-shifted by around 1 cm™! as compared to those of
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pure MoS,, which is consistent with our DFT calculations (Figure 5e,f) and can be explained by
a tensile strain in the MoS, component.** 46 Previous work reported that red-shifts of the E' mode
by 2 ecm™! and the A, mode by 1 cm™! correspond to 0.4% tensile strain in bilayer MoS,,*’ which
means a change of 0.01 A in lattice constant. This amount of tensile strain is difficult to be
captured by the STEM measurement directly. The tensile strain in the MoS, component can be
attributed partly to the lattice mismatch from top MoSSe and to the global tensile strain due to
the thermal expansion coefficient difference between MoS, and SiO, substrate.*® As for the
trilayer HSs, the MoS, (M) frequency differences between HSs and pure MoS, are much smaller,
which indicate the strain is less prominent in trilayer HSs than in bilayer HSs. In particular, both
the experimental and the theoretical (M) A;" modes of HSs and pure MoS, display blue-shifts
from bilayer to trilayer by 2 and 1 cm™!, respectively, as shown by the dashed lines in Figure
5b,c and e,f. Similar features have been reported in graphene/MoS, HSs in that the A;" mode
frequency increases from 403 to 405 cm™' when the bottom MoS, changes from monolayer to

bilayer,3* which is explained by a higher restoring force in trilayer HSs.

Conclusion

We present an unprecedented enhancement in the interlayer coupling of vdW HSs
(MoSSe/MoS,) that involves the polar Janus TMD MoSSe, whose complete and uniform
conversion has been proved by HF Raman measurements. In the Raman LF regime, both shear
and breathing modes of MoSSe/MoS, HSs are observed with frequencies in agreement with our
DFT calculations. Unlike previously reported vdW HSs where the interlayer coupling is weaker
than homobilayers, we show that the interlayer coupling strength of MoSSe/MoS, HSs is

enhanced significantly as compared to that of the pure MoS, counterparts. This enhancement is
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directly explained by a reduced interlayer distance dyj, as a result of intrinsic dipole moment
using DFT calculations, which can be understood through Coulombic ion—dipole interactions.
DFT calculation also shows that the compressive strain in MoSSe is essential for determining the
enhanced interlayer force constant. The anticipated compressive strain in MoSSe and tensile
strain in MoS, are revealed by the experimental and calculated HF Raman modes. Our work
unfolds the enhancement of the interfacial coupling in MoSSe/MoS, HSs due to Janus
heterostacking, which is fundamentally different from nonpolar vdW HSs. Such abnormal
interlayer coupling is essential for engineering electronic and optoelectronic devices utilizing
vdW heterostacking. By modulating the intrinsic dipole moment in Janus TMD related HSs,
carrier transport and electron—hole recombination dynamics can be tuned through the
strengthened interlayer coupling, which facilitates future applications such as light detection,

catalysis, and energy harvesting.

Materials

Material Synthesis. Monolayer MoSSe/monolayer MoS, (bilayer HS) and monolayer
MoSSe/bilayer MoS, (trilayer HS) were synthesized by direct selenization of CVD grown
bilayer and trilayer MoS,. The pristine bilayer and trilayer MoS, on SiO,/Si substrates were
placed in the middle of a quartz tube in a furnace, and the selenium powder was placed at the
upstream of the quartz tube. Before the sulfur stripping process, the base pressure was pumped
down to 10 mTorr to remove the residual air in the system. Hydrogen plasma with a power
density of 50 W and H, flow of 20 sccm were used to strip off the top-layer sulfur atoms. Similar

to the previous method,!? the selenium atoms replaced the sulfur atoms. The plasma-assisted
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CVD selenization only converted the top surface sulfur, while the second and third layers of
MoS, covered by the first layer were well protected, to result in MoSSe/MoS, HSs.

STEM Measurement. The atomic structure of the sample was observed using the aberration-
corrected Nion UltraSTEM 100 at the Oak Ridge National Laboratory’s Center for Nanophase
Materials Sciences User Facility operated at 60 kV. In a standard treatment, the sample was
baked in a vacuum at 160 °C for 8 h before insertion into the microscope column. The vacuum
level at the sample volume during the experiments was <3 x 107° mbar. The convergence
semiangle of the electron probe is 30 mrad, and the collection semiangle of the electron energy
loss spectrum is 48 mrad. The medium angle annular dark field (MAADF) collection semiangle
range is 54—200 mrad. Electron current was kept between 50 and 60 pA during all of the
imaging.

Optical Measurement. Raman measurements were performed on a Horiba Labram spectrometer
with an excitation wavelength of 532 nm. A 100x objective was used to focus the laser and
collect the scattered light. Laser power was controlled below 0.1 mW to avoid local heating and
oxidation of the samples. Both Stokes and anti-Stokes Raman scattering were measured and
averaged to obtain accurate values of the Raman mode frequencies. A 1800/mm grating in the
Raman spectrometer and numerical fitting of the measured Raman spectra offer a spectral
accuracy of 0.1 cm™!. PL measurements were performed on the same setup with the same
acquisition parameters.

DFT Calculations. We have employed the first-principles DFT calculations for the simulations
of the mechanical and electronic properties of the Janus HS, implemented in the Vienna ab initio
simulation package (VASP).#>*0 The Projector Augmented-Wave method’! was used for the

pseudopotential formalism, and the Perdew—Burke—Ernzerhof (PBE)>? parametrized functional
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with vdW-DF (optB86b-vdW type) corrections’® was used for the exchange-correlation (x-c)
energy. A vacuum region with a thickness of around 15 A was included to reduce the interaction
between repeated units in the slab geometry under periodic boundary condition. The structures
were fully relaxed until the forces were smaller than 5 x 10# eV/A. The calculations were
converged with an energy cutoff 500 eV and a I'-centered 23 x 23 x 1 Monkhorst—Pack k-mesh
grid. The phonon modes at I point were evaluated by deriving the Hessian matrix within the
density functional perturbation theory (DFPT). The DFT results using the vdW-DF (optB86b-
vdW type) corrections®® with DFPT can be replicated using other x-c¢ functionals, including the
DFT-D3 with zero damping,>® DFT-D3 with Becke—Johnson damping,>* and the original vdW-
DF (optB86bvdW type)*® with finite difference method to calculate the I" point phonons as

shown in Figures S13 and S14 and Table S7.
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Figure 1. Synthesis and characterizations of Janus MoSSe. (a) Crystal structure of MoSSe
monolayer: bottom view (up) and side view (down). (b) Schematics of the synthesis procedure of
Janus MoSSe and MoSSe/MoS, HSs. (c) Atomic force microscopy (AFM, top left), optical
microscopy (OM, bottom left), and MAADF-STEM images (right) of monolayer MoSSe. Scale
bars: 2 um for AFM and OM, 1 nm for MAADF-STEM. (d) Raman and (e) PL spectra of CVD-

synthesized MoS, and Janus MoSSe show differences in lattice vibrations and photoemissions.
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Figure 2. MoSSe/MoS, HSs. (a) Optical microscopy images and corresponding atomic stacking

configurations of Janus HSs with AA, AB, AAA, AAB, and ABA stackings in the center. Scale

bars: 4 um. Enlarged structures are shown in the second row, where white dashed triangles

circumvent the top MoSSe layer, and the black ones in trilayer HSs enclose the middle MoS,

layer. The top two layers in AAA HSs are indistinguishable under an optical microscope. Scale

bars: 1.2 um. (b) Raman spectra of MoSSe/MoS, HSs show the high-frequency modes of Janus

MoSSe (J) and MoS, (M) components. (c) Raman intensity maps. Left: the A;" mode of MoSSe

(J). Right: the total intensity of the E" and A;" modes of MoS, (M). Scale bars: 2 um. (d) LF shear

mode (SM) and breathing mode (BM) corresponding to the highlighted region in (b). (e)

lustration of interlayer shear and breathing modes.
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Figure 3. LF modes of bilayer HSs and pristine MoS,. (a) Experimental shear mode (navy) and
breathing mode (green) of HSs and MoS,. Light-colored dots show the measured values of
several samples. Squares are the mean values, and error bars represent the standard deviations of
the samples measured. (b) DFT calculations of shear mode (navy) and breathing mode (green) of

HSs and MoS,. (c) Illustration of intrinsic dipole and strain in bilayer Janus HS under laser

illumination.
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Figure 4. Interlayer spacing by DFT calculations. (a,b) Interlayer spacing dy, of Janus HS
(purple) and pristine MoS, (green) with (a) AA and (b) AB stackings for lattice constant a =
3.0-3.3 A. dy, is defined as the distance along the z direction between Mo atoms in the two
layers. The open squares present the absolute decrease in interlayer spacing after selenization.
Adyio = dyio(M0S;) — duo(HS). (c,d) Mo—S and Mo—Se distances of bilayer (c) HSs and (d) MoS,
for @ = 3.1 A. Columns from left to right are the Mo—S and Mo—Se distances in the z direction

from bottom to top.
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Figure 5. HF Raman modes of HSs and pristine MoS,. (a,b) Experimental results of (a) the
Janus MoSSe (J) A" mode frequency and (b) the MoS, (M) E’ and A, mode frequencies of
Janus HSs. The purple line indicates the experimental A;" mode frequency of an individual
MoSSe monolayer. (¢c) The MoS,; (M) E’ and A" mode frequencies of pristine MoS,. Some error
bars are too small to be visible. (d—f) DFT calculations of the HF modes corresponding to the

experimental values in (a)—(c).
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Table 1. Interlayer Coupling Strength by Linear Chain Model”

force constant AAHS AAMoS, AKAA ABHS ABMoS, AKAB
Experiment K. (10 Nm?3) 326 2.88 0.38 (13.2%)  3.07 2.81 0.26 (9.3%)

K. (10°Nm?3) 9.13 8.29 1.02 (10.1%) 9.50 8.88 0.62 (7.0%)
calculation (@ K, (10°Nm?3)  3.00 2.67 033 (12.4%) 298  2.67 0.31 (11.6%)
~3.1 A) K(10°Nm?) 921 8.90 031(3.5%) 9.88  8.79 1.09 (12.4%)

HS __ KMOSZ

“Percentages in the brackets are defined as — -
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