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ABSTRACT Transition metal dichalcogenides monolayers and black phosphorus thin
crystals are emerging two-dimensional materials that demonstrated extraordinary optoe-

lectronic properties. Exotic properties and physics may arise when atomic layers of different

materials are stacked together to form van der Waals solids. Understanding the important
interlayer couplings in such heterostructures could provide avenues for control and creation
of characteristics in these artificial stacks. Here we systematically investigate the optical and
optoelectronic properties of artificial stacks of molybdenum disulfide, tungsten disulfide,

and black phosphorus atomic layers. An anomalous photoluminescence quenching was B I . I T
observed in tungsten disulfide—molybdenum disulfide stacks. This was attributed to a e "

direct to indirect band gap transition of tungsten disulfide in such stacks while molybdenum disulfide maintains its monolayer properties by first-principles
calculations. On the other hand, due to the strong build-in electric fields in tungsten disulfide—black phosphorus or molybdenum disulfide—black phosphorus

stacks, the excitons can be efficiently splitted despite both the component layers having a direct band gap in these stacks. We further examine optoelectronic

properties of tungsten disulfide—molybdenum disulfide artificial stacks and demonstrate their great potentials in future optoelectronic applications.
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he exciting physics of two-dimen-
Tsional (2D) materials have been ex-

tensively studied in graphene.'®
However, the absence of a band gap in the
electronic structure of graphene imposes
limitations in many of its possible applica-
tions.>” Inspired by their implications, a grow-
ing interest has recently been focused on
other 2D materials beyond graphene® '®
Among these materials, 2D transitional metal
dichalcogenides (TMDs) made of transition
metals in groups IV, V, VI, and VII, and chalco-
gens such as S, Se, or Te are particularly
interesting owing to their richness in material
compositions and electronic structures.'®'®
Their monolayer structures typically consist
of a plane of metal atoms sandwiched by
two planes of chalcogens.'”'® MoS, and WS,
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monolayers are two most widely studied 2D
TMDs with unique electrical and optical prop-
erties. Similar to graphene, many approaches
such as mechanical exfoliation,® "' chemical
exfoliation'”?° and chemical vapor deposi-
tion (CVD)?'~% have been explored for their
preparations.

When exfoliated from the bulk, mono-
layer MoS, will transform from an indirect
band gap semiconductor to a direct band
gap semiconductor. Accordingly, the band
gap will change from ~1.2to ~1.9eV.2* WS,
shows similar trends as predicted by
calculations®>?® and confirmed by exper-
iments.”” However, in order to meet the
demand of realistic device applications, it
is very important to establish strategies
to modulate physical properties of these
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emerging 2D semiconductors.”® One very promising
approach to afford such property modulation is by
creating artificial stacks of dissimilar 2D TMDs,?® which
has recently been demonstrated in transistor and
solar cell devices. The development of tunneling field
effect transistor with high on/off ratios of ~10°2° high
photocurrent generation with the external quantum
efficiency larger than 30%, and large absorption proper-
ties in these heterostructured stacks makes good ex-
amples of this approach3%®' The similar structural
properties of monolayer MoS,, WS, and other 2D TMDs
combined with their unique band structure differences
suggest fascinating possibilities as they are brought
together,*?3* and deserve further examinations.

Meanwhile, black phosphorus (BP) has recently at-
tracted huge attention as it is the bulk phase of phos-
phorene, a new member of the 2D materials family. Few-
layer BP has shown well-behaved p-type characteristics
with a high carrier mobility of ~1000 cm?/V-s, in
contrast to n-type MoS, and WS,.3%%” Therefore, one
would expect very different interactions between
MoS,—WS, stacks and MoS,—BP, WS,—BP stacks. How-
ever, the understanding of interlayer coupling behavior
between 2D TMDs and BP still remains elusive.

In this work, we systematically investigate the
Raman and photoluminescence (PL) properties of arti-
ficial TMD bilayer stacks of MoS,, WS,, MoS,—WS,
heterostructures with varied stacking order, as well as
MoS,—BP, WS,—BP stacks. We first demonstrate the
effectiveness of the preparation method by comparing
our results to reports on natural bilayers. Next, we
employ our approach to prepare MoS,—WS, and
MoS,—BP, WS,—BP stacks and characterize their cor-
responding Raman and PL properties. Our finding
shows that while only WS; has a significant PL quench-
ing effect in the artificial stacked heterostructures of
MoS,—WS,, both MoS, and WS, show dramatic
quenching in MoS,—BP and WS,—BP heterostacks.
Furthermore, both PL peaks of MoS, and WS, have a
blue-shift after forming stacks with BP. We explore
possible mechanisms behind these observations using
first-principles calculations. Our calculation indicates
that the interactions between MoS, and WS, layers
retain the direct band gap at the K point in the MoS,
layer while an indirect gap formed in the WS, layer. This
explains the observed weakening of PL peak in WS, as
indirect band gap requires the participation of phonon
in PL process. In MoS,—BP and WS,—BP heterostacks,
the MoS,—BP shows a type-ll band alignment and
WS,—BP has a type-l band alignment. Both component
layers have a direct band gap, but the build-in electric
fields in these stacks are strong enough to split the
excitons, leading to a significant reduction in their
recombination, and this explains the PL peak of MoS,
remaining impaired in such direct-gap system. Also, the
band gap of MX, layer in these heterostructures is
slightly reduced by about 10 meV compared to the value
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in freestanding case, which is in excellent agreement
with our blue-shift measurements of the coresponding
PL peaks. We finally characterize the photodetector
properties of typical MoS,—WS, stacks suggesting po-
tential applications in future optoelectronics.

RESULTS AND DISCUSSION

To prepare artificial stacks, we utilized a liquid transfer
technique described in Figure 1. Two steps of transfer
were applied with poly(methyl methacrylate) (PMMA) as
medium and NaOH as etchant (Supporting Information).
By using this liquid transfer technique, we are able to
prepare MoS, bilayers, WS, bilayers, WS,—MoS, (with
alternate sequences), MoS,—BP (top/bottom), and
WS,—BP (top/bottom) heterostacks. Figure 1 shows a
schematic illustration of the transfer process and a typical
optical image of these heterostacks with WS,—MoS,
(top/bottom) configuration at the end of step 2. The
effectiveness of the transferring technique is confirmed
by careful Raman and PL evaluations of artificial stacks of
bilayer MoS, and WS, as compared to their natural
bilayer counterparts (see Supporting Information).

After successful preparation of different artificial
stacks, we next probe the Raman and PL properties
of WS, and MoS, heterostructures. We prepare these
stacks with alternative top-bottom sequences in order
to take into account of the environmental and di-
electric effects. It is known that the dielectric environ-
ment can have significant effect on the band gap
properties of these atomic layers.3® Therefore, to have
a comprehensive investigation of the stacking order
role, we alternate the stacking sequence with the
understanding that the monolayer on top will experi-
ence different dielectric environments as in the re-
versed stacking order. Figure 2a shows the Raman
spectra of MoS; only area (black dotted line), WS, only
area (red dotted line), and the stacked area (blue dotted
line) for the WS,—MoS, (top/bottom) bilayer hetero-
structures. It can be clearly seen that the overlapped
area has both the peaks from MoS, and WS,, indicating
the existence of both MoS, and WS,. The Raman peak
positions show little change as compared to pristine
samples of each type. This indicates that the van der
Waals interactions, stacking-induced structural changes,
and long-range Coulombic interactions are not strong
enough in these stacks to induce shifts in the Raman
modes of these bilayers. However, the normalized PL
characteristics of the stacked area in Figure 2c show a
distinctly different behavior. In the non-overlapped area,
the PL of WS, has a much higher intensity than that of
MoS,. The normalized intensity of WS, is ~9.1 and that
of MoS; is ~2.3. But in the stacked area, the intensity of
WS, quenches to ~5.6, a decrease of ~38.5%, while the
PL intensity of MoS, has a lesser change.

To confirm this phenomenon is not induced by
the dielectric environment, we next consider the alter-
native stacking sequence and its role in the PL
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Figure 1. In step 1, PMMA is coated on MoS, as grown on SiO,/Si substrate (brown). After etching SiO, substrate with NaOH,
the PMMA film with MoS, samples was transferred to marked SiO,/Si substrate (pink). PMMA is then removed by DMF and
rinsed thoroughly in DI water. To remove the remaining residues, sample is annealed at 200 °C using a mixture of H,/N, (20%
H,, 80% N,) at pressure of 0.1 Torr for 1 h. In step 2, using the same procedure, we transfer WS, to the same marked Si
substrate. After removing PMMA, a second annealing using the same conditions is applied to make sure the two layers
contact well with each other. Inset: typical optical picture of heterostacks; the scale bar is 5 um.

quenching observed in heterobilayer of MoS, and WS,.
The Raman spectra acquired from MoS,—WS, (top/
bottom) stacks in Figure 2b show clear peaks for MoS,
and WS,. The signature difference between the spec-
trum and Figure 2a is the change in the relative
intensity of the two species. As expected in this con-
figuration, the intensity of MoS; peaks is stronger and
WS, signal is weaker. However, no change in the peak
positions is observable, similar to the earlier stacking
configuration discussed before. For the PL spectra in
the stacking area (Figure 2d), the intensity of WS,
decreases even more significantly, from ~10.8 to
~4.4, a decrease of ~59.3%. This further confirms the
observed WS, PL quenching behavior in these stacks.
Compared to the stacks made of the same materials,
the heterostacks are made of two different materials
with mismatched band positions; WS, has a lower
work function of ~4.6 eV compared to that of MoS, of
~5.1 eV3'3? The band mismatch could potentially
induce interactions between WS, and MoS, layers
resulting in the observed anomalous PL behaviors.

To gain further insight into the PL intensity changes
in the heterobilayers of MoS, and WS,, we perform
first-principles electronic structure calculations based
on density-functional theory as implemented in VASP
code (see Method section for details).*°~*? Figure 2e
presents the band structure of MoS,—WS, heterobi-
layer, which overall displays a distinct indirect band
gap. However, the electronic feature differs in the two
component layers: the MoS, layer retains a direct band
gap at the K point ,while the WS, layer has formed an
indirect gap around the Fermi level, with the valence
band maximum (VBM) at I" point and conduction band
minmum (CBM) at K point. As the indirect band gap
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requires the aid of phonon for PL, the conresponding
peak is significantly weakened (now the PL peak of WS,
layer should be largely due to its direct band gap at K
point that is only 0.11 eV wider than the indirect gap),
whereas the nearly direct band gap in the MoS, layer
tends to maintain the corresponding PL peak (the
formation of trions also contributes to the unchanged
PL as discussed later), in good agreement with our
experimental observations. Given that VBM at the T’
point contains a fraction of S 3p, states from both
layers, the robust PL peak of the MoS, layer suggests
that the key photo excitation is through the states at
the K point, where localized d orbitals enable strong
dipole transitions. The layer-dependent electronic fea-
ture is in contrast with homogeneous MoS, or WS,
bilayer where both show an indirect band gap and thus
significantly weakened PL peaks. The distinct PL fea-
tures of the two component layers in the heterobi-
layers of MoS; and WS; are also attributed to the built-
in electric field between the two layers. The electro-
static potential energy profile shows a potential energy
difference of 1.3 eV between the W and Mo layers.
Indeed, it seems that the bands belonging to the WS,
layer shift upward with respect to those belonging to
the MoS; layer, resulting in a type Il band alignment
(see inset in Figure 2e). The photoexited quasi-particles
in the heterostructure may thus be splitted in different
layers, further impairing the PL intensity of the system.
However, this effect should be the secondary mechan-
ism as the band offset across the heterostructure
is only 0.3 eV, less than the exciton binding energy,
~0.8 eV,* typical for MX, layers. This is also confirmed
by calculations using Heyd-Scuseria-Emzerhof (HSE)
function. In the HSE band structures of the MoS,—WS,
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Figure 2. (a) Raman spectra of only MoS, (black dotted line), only WS, (red dotted line), and the stacked area (blue dotted line)
for WS,—MoS, (top/bottom) samples. (b) Raman spectra of only MoS, (black dotted line), only WS, (red dotted line), and the
stacked area (blue dotted line) for MoS,—WS, (top/bottom) stacks. (c) PL spectra for the same areas as in (a). The WS, PL
intensity decreases ~38.5%, while the PL intensity of MoS; has much less change. (d) PL spectra for the same areas as in (b). (e)
Electronic band structure of the WS,—MoS, bilayer, with spin—orbit coupling considered. The bands projected to W and Mo
3d orbitals are highlighted by green and blue circles. The circle size reflects the weight of the orbital components in the bands.
Inset: schematic band alignment and illustrative transfer of photoexcited carriers within the bilayer. (f) Plane averaged
electrostatic potential along the normal of the WS,—MoS, and BP—MoS, bilayers. The potential differences across the

bilayers are provided.

heterostructure, the band offset is increased to 0.45 eV
(Supporting Information Figure S4), still much smaller
than the exciton binding energy in 2D MX,. We also
consider the effect of crystal orientation by calculating
a randomly stacked MoS,—WS, heterostructure with a
twist angle of 28° (Supporting Information Figure S5)
and find similar band alignment as in Figure 2e, in-
dicating that the analysis is robust against change in
crystal orientation.

It is known that negative trions will be formed as a
result of charge accumulation in the charge transfer
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process.**~* Indeed, the main peak in both MoS, and
WS, before stacking can be decomposed into the
exciton (X) peak and the negative trion (X™) peak under
the assumption that all the peak are Lorentzian
(Supporting Information Figure S2a,b), indicating the
unintentional n-doping in MoS, and WS,. Upon stack-
ing these two materials together, by fitting the PL
spectrum of the stacked region, we find that in MoS,,
the PL spectral weight of the negative trion (X™) peak
increases compared to that of the exciton (X) peak
(Supporting Information Figure S2c), suggesting the
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electrons are accumulated additionally in MoS,. Apply-
ing the same analysis to WS,, we find that WS, shows
the opposite trend. The spectral weight of the negative
trion (X7) peak decreases compared to that of the
exciton (X) peak, indicating that the electrons are
depleted from WS,. This can be understood from our
calculations. In MoS,—WS, stacks, electrons tend to
transfer from WS, layer to MoS, layer due to the type I
band alignment, resulting in electron accumulation
and trion formation in MoS,, while electron depletion
and trion removal in WS,. However, the drastic de-
crease of both trion peak and exciton peak (Supporting
Information Figure S2¢) is different from the literature
and cannot be explained solely by the removal of trion.
This suggests that the electron depletion is probably
only one of the contributing factors to the PL quench-
ing in WS,. Therefore, we consider the direct to indirect
transition in WS, as a major reason for the PL quench of
WS, in MoS,—WS, heterostacks, and attribute the
charge transfer between these two component layers
as a secondary mechanism. Adjusting the built-in
electric field by, for example, intergating the MX; layer
with other 2D materials is possible to increase the band
offset and control the electron—hole separation. This
not only allows us to engineer the PL behavior in the
bilayer but also improve the performance of TMD
based photovoltaic devices, as demonstrated below
with black phosphorus and MX, heterostructures.

Black phosphorus has recently attracted people's
attention as it is the bulk phase of phosphorene, a
monolayer analogue of graphene. Few-layer BP has
shown well-behaved p-type characteristics with a high
carrier mobility of ~1000 cm?/V-s, in contrast to the
typical n-type characteristics of MoS, and WS,. More-
over, our first-principles calculations show that the
potential difference between the monolayer BP and
MoS, could reach up to 7.3 eV, almost a 3-fold increase
from that between MoS, and WS, monolayers. Thus,
the MoS,—BP and WS,—BP heterostacks are antici-
pated to have different behaviors from the MoS,—WS,
or WS,—MoS, heterostacks. Following this rationale,
we changed one of our stack materials to exfoliated
few-layer BP and prepared MoS,—BP (top/bottom) and
WS,—BP (top/bottom) heterostacks. The Raman spec-
tra of these stacks are shown in Figure 3ab. Both
MoS,—BP and WS,—BP samples show the correspond-
ing characteristic Raman peaks in the stacked area,
indicating the successful preparation of stacks of TMDs
with BP. However, unlike the earlier scenario in hetero-
stacks of MoS, and WS, where the PL of MoS, only has
a slight suppression due to its almost direct band gap
structure, in MoS,—BP and WS,—BP heterostacks the
PL spectra of both MoS, and WS, show a significant
quenching effect: a decrease of ~66.1% in MoS, and
~50.9% in WS, (Figure 3c,d). In addition, the PL peak of
MoS; shifts from ~670 to ~661 nm, and the peak of
WS, shifts from ~621 to ~616 nm, respectively.
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Again, we examine the band structure of these two
heterobilayers, as shown in Figure 3, panels e and 3f,
respectively, by first-principles calculations. For simpli-
city, we use monolayer BP and MX; in our model since
the MX, monolayer mostly interacts with the top BP
layer. Additional calculations using bilayer BP show no
significant changes in results. The typical thickness of
few-laer BP is ~8 nm, and we can observe the similar
phenomenon when MX, monolayer is stacked on
thicker BP around 20 nm. Interestingly, both compo-
nent layers in the MoS,—BP heterostack have a direct
band gap at the I' point, thereby ensuring a high
photoadsorption efficiency. However, the MoS,—BP
heterostack shows a type-ll band alignment, with a
large band offset of 0.8 eV comparable to the exciton
binding energy. Therefore, the build-in electric field in
the MoS,—BP heterostack can be strong enough to
split the excitons, leading to a significant reduction in
their recombination. This well explains our experiment
that the PL peak of the MoS; is still quenched in such
direct-gap system. The same analysis holds for the
WS, —BP heterostack, except that it has a type-l band
alignment owing to the higher built-in electric field
and larger band gap of the WS, layer. As such, there
should be a strong PL peak for the BP, but the band
gap of multilayer BP (~0.3 eV) is too small to observe
the peak with our instruments. Analysis of the trion
formation in these two heterostacks (Supporting
Information) further suggests the electron accumula-
tion induced by charge transfer between the compo-
nent layers and can be well understood from our
calculations. It is worthy to note that the band gap of
MX;, layer in these heterostructures is slightly reduced
by about 10 meV compared to the value in freestand-
ing case, in excellent agreement with our measure-
ments of blue-shift in the corresponding PL peaks. This
is because the physical thickness of MX, is increased in
the heterobilayer, and hence, the quantum confine-
ment effect along the vertical direction is weakened.

To acquire more information about the junction
characteristics, we perform electrical and photocurrent
measurements on one of the MoS,—WS, heterostacks.
The measured current—voltage (IV) of a representative
device made from these samples is shown in Figure 4a.
The inset in Figure 4a is the device geometry used in
our measurements. As expected, the IV shows the
characteristics of a strong barrier. Due to the aniso-
tropic transport properties of these atomic layers, one
anticipates to see a large barrier for transport between
layers. We measure the transfer curves for these
devices, which also show the large influence of the
barrier, reducing the mobility down to 0.017 (cm?/(V s))
as compared to 1—20 (cm?/(V s)) in case of MoS,
(Figure 4b). The mobility was estimated using the
equation,

p = [dlgs/dVig] x [L/(WC;V)] M
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Figure 3. (a) Raman spectra of MoS, only area (black dotted line) and the stacked area (red dotted line) for MoS,—BP
heterostack. The stacked area has both the MoS, peaks and BP peaks. (b) Raman spectra of WS, only area (black dotted line)
and the stacked area (red dotted line) for WS,—BP heterostack. (c) PL spectra for the same areas as in (a). (d) PL spectra for the
same areas as in (b). (e and f) Electronic band structure of the (e) MoS,—BP and (f) WS,—BP heterostacks. The bands projected
onto W, Mo, and P atoms are distinguished by green, blue, and pink circles. Inset: schematic band alignment and illustrative

transfer of photoexcited carriers within these heterobilayers.

where L and W are the channel length and width. C;, the
capacitance between the channel and the back gate
per unit area, is estimated to be 1.3 x 107* Fm ™2 (C; =
go&,/d, where g,=3.9 and d = 285 nm). We next evaluate
the photocurrent properties of these devices using a
543 nm laser. The IV characteristics measured for three
light intensities are shown in Figure 4c. From these
measurements, we estimate the external quantum
efficiency of 8% using the relationship,

_ (Ids/e)
(P/E2)

where Iy is the photocurrent, e is the electron charge, P
is the light power, and E; is the photon energy. We also

EQE ()
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measure the gate dependent photocurrent properties
of the devices showing higher response in the device
at negative gate voltages. This is understandable since
similar to MoS, devices, the contact Schottky barrier at
negative bias can filter the stray current in the device,
resulting in better photoresponse in the devices. We
also estimate the photoresponsivity of our device at
—80 V gate voltage. Our results show reasonable
sensitivities comparable to previous measurements
on MoS,; and silicon photodetectors. Overall, our elec-
trical and photocurrent results show good character-
istics with great potential for the stacked structure in
future opto-electrical applications. It is anticipated that
tailoring stacking materials (replacing MoS, or WS,
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Figure 4. (a) Current—voltage (IV) curve on a representative device made on MoS,—WS, heterostructures. Inset: The device
geometry used in our measurements. (b) Transfer curves at V4, = 0.1 V and V,; from 0 to 60 V. (c) Photocurrent properties of
these devices using a 543 nm laser at different power (0.5, 6, and 40 nW). (d) Photoresponsivity of the devices at different laser

intensity using a 543 nm laser.

with BP, for example) or contact electrode materials
allows for better charge injection and collection pro-
viding better photodetection and photovoltaic proper-
ties in these devices. Actually, one recent work has
demonstrated that p-type black phosphorus/n-type
monolayer MoS, stack shows a maximum photodetec-
tion responsivity of 418 mA/W.*” Further investigations
on different configurations of these heterostructures
are worthy to be thoroughly explored.

CONCLUSION

In this paper, we study the interlayer coupling
behaviors of stacked MoS, WS, bilayers, heterobi-
layers of MoS, and WS, with varied stacking order
and MoS,—BP, WS,—BP heterostacks. We demonstrate
that while only WS, has a significant PL quenching
effect in the artificially stacked heterobilayers of MoS,
and WS, regardless of the stacking orders, both MoS,
and WS, show dramatic quenching in MoS,—BP and
WS,—BP heterostacks. Meanwhile, both PL peaks of
MoS; and WS, have a blue-shift after forming a hetero-
stack with few-layer BP. Our first-principles calculations

METHODS

PL Measurements. PL measurements were performed by fo-
cusing the laser radiation centered at 514 nm from an argon-ion
laser onto the stacks via a 50x objective lens. The laser
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indicate that the interactions between the MoS, and
WS, layers retain a direct band gap at the K point for
MoS,, while forming an indirect gap for the WS, gives
rise to the corresponding significantly weakened PL
peak in WS,. In MoS,—BP and WS,—BP heterostacks,
the MoS,—BP heterostack shows a type-ll band align-
ment and WS,—BP heterostack has a type-l band align-
ment. Even both of the component layers still have a
direct band gap; the build-in electric fields in these
heterostacks are strong enough to split the excitons,
leading to a significant reduction in their recombination
and subsequently a strongly quenched PL peak of the
WS, and MoS,. In addition, the band gap of MX,
monolayer in these heterostructures is slightly reduced
by about 10 meV as compared to the value in the
freestanding case, which is in excellent agreement with
our measured blue-shift of the corresponding PL peaks.
Finally, our photocurrent measurements demonstrate
reasonable electrical and photocurrent properties in
typical MoS,—WS, heterostacks, offering promising
potential applications of these artificial heterostacks in
future photodetector and photovoltaic devices.

excitation power was about 25 uW at the sample. The reflec-
tance radiation was collected and analyzed using a grating
spectrometer equipped with a liquid nitrogen cooled charge-
coupled device camera.
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Device Fabrication. Using conventional photolithography
processes followed by e-beam evaporation, the field effect
devices were prepared on the MoS,—WS, heterostacks. For
the lithography process, we used photoresist S1813 and LOR8
as an adhesive layer, and mask aligner (SUSS Mask Aligner
MJB4). Ti/Au (4 nm/36 nm) were used for metallization of
photolithography patterns and to fabricate the source and
drain electrodes. The photoresist was removed by acetone
and PG-REMOVER.

Transport Measurements. All electrical measurements are per-
formed in a Lakeshore probe station under vacuum conditions
(<107° Torr) to minimize environmental effects. The device was
analyzed using an Agilent B1500A Semiconductor Device Ana-
lyzer. The photocurrent measurements were performed using a
543 nm laser at different power and an applied gate voltage
ranging from 0 to 60 V.

Theoretical Methods. Calculations were performed with the
Vienna Ab Initio Simulation Package (VASP),"**' using the
projector-augmented wave method*? for the core region and
density functional theory (DFT) based on the generalized
gradient approximation (GGA) of Perdew-Burke-Emzerhof*®
with a plane-wave kinetic energy cutoff of 350 eV. A vacuum
layer of 20 A isolates neighboring periodic images and the
Brillion zone is sampled by 16 k-points for geometry relaxation
and 60 k-points for band structure calculations. All atomic
positions are relaxed using conjugate-gradient techniques until
the force on each atom is less than 0.01 eV/A. When calculating
the electronic structures, we take into account the spin—orbit
coupling effect for the MX,—BP heterostructure bilayer. For the
MoS,—BP heterobilayers, spin-unpolarized DFT is used since the
spin—orbit coupling cannot be computationally afforded for
the large supercell and it only qualitatively modifies the band
structures.
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