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ABSTRACT: Band offsets between different monolayer
transition metal dichalcogenides are expected to efficiently
separate charge carriers or rectify charge flow, offering a
mechanism for designing atomically thin devices and probing
exotic two-dimensional physics. However, developing such
large-area heterostructures has been hampered by challenges in
synthesis of monolayers and effectively coupling neighboring
layers. Here, we demonstrate large-area (>tens of micro-
meters) heterostructures of CVD-grown WS2 and MoS2
monolayers, where the interlayer interaction is externally tuned from noncoupling to strong coupling. Following this trend,
the luminescence spectrum of the heterostructures evolves from an additive line profile where each layer contributes
independently to a new profile that is dictated by charge transfer and band normalization between the WS2 and MoS2 layers.
These results and findings open up venues to creating new material systems with rich functionalities and novel physical effects.
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Recently, single unit-cell thick semiconducting transition
metal dichalcogenides (sTMDs) attracted much interest

owing to their unique physical properties. When isolated to
monolayers, sTMDs undergo a crossover from indirect
bandgap in the bulk to direct bandgap in two-dimensional
(2D) monolayers and absorb and emit light rather efficiently.1

The band structure renormalization as a function of the number
of layers originates mostly from relatively strong interlayer
coupling, which results in shifts in the conduction and valence
band edges at different rates at various symmetry points in the
Brillouin zone.2−6 Built on the basis of monolayer sTMDs,
vertical sTMDs heterostructures formed by stacking up these
monolayers offer a rich collection of physics and functionalities.
For example, novel, atomically thin charge-separating devices
can be envisioned using these heterostructures because of the
wide range of bandgaps and band offsets available among these
sTMDs.7 However, forming sTMD heterostructures with
mechanically exfoliated monolayer flakes is impractical, while
large-area growth of high-quality sTMD monolayers is still
under development.8,9

In this work, we report on formation, tuning, and
characterization of large-area, 2D heterostructures using
chemical vapor deposition (CVD) - grown MoS2 and WS2

monolayers.8−11 In these heterostructures, the interlayer
coupling can be tuned externally with vacuum annealing, so
that the system behaves between the limit of isolated,
independent monolayers and the limit of coupled hetero-
bilayers. Our results not only present the first, large-area, bilayer
sTMD heterostructures as a material platform to study unusual
2D effects but also offer new venues to control optical
properties of sTMDs by externally tuning the interlayer
coupling.
WS2/MoS2 heterostructures were prepared from CVD grown

monolayers using conventional PDMS stamping method (see
Methods and Supporting Information Figure S1). In this
notation, the former material, WS2 in this particular case, refers
to the top (transferred) monolayer, whereas the latter material
(MoS2) is a monolayer directly grown on the substrate. Figure
1a−e shows typical optical image and Raman/photolumines-
cence (PL) mapping of a WS2/MoS2 heterostructure prepared
on SiO2 (300 nm)/Si substrates. Because the vibrational
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frequencies of MoS2 and WS2 are vastly different,12,13 Raman
mapping clearly shows distinct signal from each of the two
layers; in contrast, the ground-state (1s) excitonic light
emissions from MoS2 and WS2 are relatively close to each
other in energy, and mapping at the WS2 PL peak position
(2.01 eV)14−17 is shadowed by contributions from the PL
shoulder of more luminescent (>2−4 times) MoS2, as well as
the strong edge luminescence in WS2.

14 The Raman and PL
spectra taken on the as-transferred heterostructure can be
described as “additive” (Figure 1f,g), that is, each layer
contributes independently to the overall signal irrespective of
the other layer. This is in stark contrast to exfoliated bilayer
sTMDs where the band structure is significantly renormalized
to indirect bandgapfrom direct bandgapin monolayers owing to
strong interlayer coupling, which can be described as a
relaxation in quantum confinement along the thickness
direction.1 The Raman spectrum of the heterostructure displays
in-plane (E′) and out-of-plane (A′1) modes of MoS2 and WS2
at the same frequencies as in their monolayers;18,19 the PL
spectrum features two separate emission bands at 1.85 eV from

MoS2 (PMoS2) and 2.01 eV from WS2 (PWS2) (Figure 1f,g). The

lack of band renormalization in as-transferred heterostructures
implies that the stacked monolayers behave as if they are
isolated from each other and exert negligible amount of
influence onto each other. This is observed also in the as-
transferred inverse heterostructures, MoS2/WS2 (Supporting
Information Figure S2).
Indeed, atomic force microscopy (AFM) line scans confirm

that these as-transferred heterostructures have an interlayer
separation significantly higher than their expected equilibrium
value. For example, tapping mode line scans typically yield
thickness (step height) around 0.8 nm for monolayers and
multiples of 0.8 nm for additional layers.8,20−22 On the
contrary, the stamped WS2 monolayer has a step height of
∼1.6 nm (Figure 2a) measured from the MoS2 bottom layer.
The large step height can be attributed to unintentional
residues trapped between the WS2 and MoS2 monolayers
during the transfer process. We found that the step height can
be reduced from 1.6 nm toward the expected 0.8 nm by mild

Figure 1. WS2/MoS2 heterostructures. (a) Optical image taken from a monolayer WS2/MoS2 heterostructure prepared by PDMS stamping CVD-
grown WS2 onto MoS2 monolayer. (b,c) Raman mapping at the A′1 mode, 408 cm−1 (MoS2) and 421 cm−1 (WS2), and (d,e) PL mapping at 1.85
(MoS2) and 2.01 eV (WS2). (f) Raman and (g) PL spectra of MoS2 and WS2 monolayers and an as-transferred WS2 /MoS2 heterostructure. The
laser excitation used to obtain the three PL spectra has an intensity ratio of 1:5:2. Scale bar is 10 μm in all figures.

Figure 2. Changes in the interlayer coupling of WS2/MoS2 with post-transfer thermal anneal. Tapping mode AFM-measured surface morphology of
the heterostructure (a) before and (b) after the thermal annealing. Scale bar, 2 μm. (c) Cross-sectional height profiles of a monolayer WS2 on SiO2
surface (black) and on MoS2 before (blue) and after (red) the thermal anneal. (d) Raman spectrum taken on WS2/MoS2 (top panel) and the inverse
structure, MoS2/WS2 (bottom panel), before and after annealing at 70 °C for 12 h. The arrows highlight the shift of the A′1 Raman peaks. (e,f)
HRTEM images of MoS2/WS2 heterostructure before and after annealing. (g,h) Zoomed-in images of the MoS2/WS2 heterostructure corresponding
to the dashed frame in panels e and f, respectively. (i,j) FFT images of the MoS2/WS2 heterostructure before and after annealing.
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vacuum annealing (<0.133 Pa, 120 °C, 6 h) as shown in Figure
2a−c. This is consistent with the possibility that such annealing
is able to drive out trapped residual molecules, such as water.23

From tight-binding theory or quantum tunneling model, the
interlayer interaction is expected to be exponentially sensitive
to the interlayer distance. As a result, the vibrational modes may
stiffen due to increased restoring forces acting onto the layers.
However, comparison between the as-transferred and annealed
WS2/MoS2 heterostructures reveals that only the out-of-plane
(A′1) mode of the top layer (transferred WS2) stiffens (by a
small amount on the order of 4−5 cm−1), while all the other
peaks (A′1MoS2, E′MoS2, and E′WS2) remain at the same position
(Figure 2d top panel). The bottom monolayer MoS2 is CVD-
grown on the substrate, therefore, its vibration is mostly
dominated by strong interaction with the substrate, and its
A′1MoS2 peak is thus insensitive to the much weaker interlayer
coupling with the top WS2 layer. In-plane modes (E′MoS2 and
E′WS2) are typically less susceptible to changes in the interlayer
coupling12 and indeed do not display any notable shift after the
annealing. The stiffening of the out-of-plane mode of the top
WS2 layer is thus an indication of enhanced interlayer coupling
by the annealing. To further test this, we also prepared the
inverse heterostructure, MoS2/WS2, where the top layer
becomes MoS2 that is transferred onto the bottom, as-grown
WS2 monolayer. In agreement with the expectation, annealing
in vacuum again leads to stiffening of the out-of-plane mode of
the top layer (A′1MoS2 peak in this case) (Figure 2d).
Our high-resolution transmission electron microscopy

(HRTEM) images (Figure 2e−h) show that the annealing
step does not induce any structural defects such as phase
change on the heterostructures; based on the fast Fourier
transform (FFT) images of the heterostructures (Figure 2i,j),
there is no evident chemical reaction between the MoS2 and
WS2 monolayers. In addition, the split spots (inset in Figure
2g,h) confirm the presence of MoS2 and WS2layers. This
implies that the observed changes in the optical properties of
the heterostructures are attributed to effects arising from
changes in interlayer distance by the annealing.
Similar to the observed stiffening in the vibrational spectra,

the enhanced interlayer coupling also affects the excitonic light
emission of the heterostructures. When the layers are not
interacting with each other as in the case of as-transferred
heterostructures, the PL is a simple “additive” spectrum with
the emission peaks of MoS2 and WS2 monolayers independ-
ently added together (Figure 3a). Here, we note that the PMoS2

is typically 5−10 times stronger than PWS2, possibly due to

differences in their radiative/nonradiative recombination times
and higher density of defects in WS2 associated with its higher
growth temperatures. After annealing the WS2/MoS2 hetero-
structures for different duration times, the PL spectrum
gradually changes from additive to “renormalized”. After
multiple-peak fitting to the measured PL spectra (for fitting
details see Supporting Information Figure S3), the overall trend
can be summarized as follows (Figure 3b,c).
(1) A new PL peak (Phetero) emerges at 1.94 eV, and its

integrated intensity grows for prolonged annealing time.
(2) Upon the annealing, PMoS2 and PWS2 gradually decrease.

After 12 h of annealing, both PMoS2 and PWS2 peaks are barely

observable as minuscule features appearing at lower and higher-
energy shoulders of the Phetero peak.

(3) Another weak emission peak (Pindirect) appears at 1.75 eV,
and the peak position rapidly and eventually red-shifts to ∼1.5
eV.
Before we discuss these trends with the density functional

theory (DFT) calculations, excitonic interactions, and charge
transfer processes, we provide a phenomenological explanation.
When monolayers are well separated from each other (as-
transferred heterostructures), each layer emits light that is
specific to itself, MoS2 (PMoS2) or WS2 (PWS2). After the
annealing, the two monolayers start to electronically couple to
each other, and their band structure gradually changes from the
isolated limit toward the true heterostructure, bilayer limit. This
is manifested in the PL spectrum as a gradual reduction in PMoS2

and PWS2 and appearance of the Phetero and Pindirect peaks.
Because the Pindirect peak position changes rapidly with the
degree of coupling (annealing time), we attribute this to
phonon-assisted, indirect bandgap transition, which involves
the valence band maximum (VBM) at the Γ-point and the
conduction band minimum (CBM) at the K-point.2 To test this
scenario, we also transfer CVD monolayer MoS2 onto MoS2,
forming MoS2/MoS2 homostructures (see Supporting Infor-
mation Figure S4). These as-transferred MoS2 homostructures
only display emission at PMoS2. Upon annealing, a new, weak PL
peak develops at lower energies and shifts to a position in
agreement with the indirect-bandgap, Γ → K transition often
observed in exfoliated bilayer MoS2.

1 Indeed, this is consistent
with the evolution in the PL spectrum of exfoliated sTMDs
from monolayers to multilayers,1,2,13,17 where a new, indirect-
bandgap emission line emerges for increasing number of layers.
To provide an insight on the observed phenomena, we have

carried out DFT calculations on the heterostructures by
including the spin−orbit coupling (SOC) interactions. The
latter effect is known to be large for monolayer sTMDs and
splits the VBM level at the K-symmetry point by 0.15 and 0.4

Figure 3. PL of WS2/MoS2 heterostructure in response to post-
transfer thermal anneal. (a) PL spectrum of an as-transferred WS2/
MoS2 heterostructure displaying emission from conventional MoS2
and WS2 monolayers. After annealing for 3, 6, and 12 h, the PL
spectrum is significantly modified: new PL peaks appear at 1.95 eV
(Phetero) and at 1.79 eV (Pindirect), where the latter eventually shifts
down to ∼1.50 eV. (b) Evolution of PL peak position and (c)
integrated PL intensity of the PMoS2, PWS2, Phetero, and Pindirect peaks with

annealing.
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eV for MoS2 and WS2, respectively, as shown in Figure 4a. In
Figure 4a, we show the calculated band structure of WS2/MoS2
heterostructure at the equilibrium interlayer separation distance
(d = deq = 6.23 Å). On the basis of the orbital character, the
valence and conduction bands are displayed using different
colors ranging from blue (orbitals contribution from WS2) to
red (MoS2). These VBM and CBM values depend on the
interlayer interaction strength. For example, reduction in the
interlayer spacing modifies the VBM and CVM values at high
symmetry points as shown in Figure 4b and Supporting
Information Figure S5, especially the VBM at Γ-point.
The VBM at Γ (CBM at Γ-K) originates from hybridization

between dz2 orbital of Mo or W and p orbital of S (dx2‑y2,xy of Mo
or W and p of S), whereas the VBM (CBM) at the K-point is
mostly composed of the Mo- or W- dz2 (dx2‑y2,xy) orbitals.
Because of the different orbital character, the VBM and CBM
energies at these high symmetry points respond very differently
to the interlayer coupling (Supporting Information Figure S5).
For example, by varying the interlayer distance, while the VBM
and CBM at K-point change only by 50−70 meV (Figure 4b),
the VBM at Γ-point involving p-d orbital coupling changes
dramatically. Because of such sensitivity of the VBM at the Γ
point, we attribute the Pindirect emission, which rapidly redshifts
with thermal annealing, to phonon-assisted optical transition
across the Γ(VBM) → K(CBM) indirect bandgap. On the
other hand, the PL peak Phetero at 1.95 eV is approximately 60
meV below PWS2, and this amount of energy is lower than the
accuracy of DFT calculations; therefore, it is difficult to draw a
concrete conclusion within the DFT framework regarding the
exact origin of the Phetero emission. Here, we note that the
strength of the interlayer interaction also depends on interlayer
registry such as A−A and A−B (Bernal stacking), and as a
result, physical properties of the heterostructures could be
affected by theorientation angle between the two layers as
observed in graphene and graphitic materials. However, DFT
calculations show that once the MX2 heterostructure reaches
the equilibrium distance, different interlayer registry config-
urations change the VBM at Γ point only by ∼50 meV, and do
not influence the optical bandgap significantly (Supporting
Information Figure S6). Such contrast between graphene and
sTMDs heterostructures stems from the fact that the band
structure of covalently bonded graphene is exponentially

sensitive to the coupling between pz orbitals. In contrast, in
sTMDs, the VBM and CBM at K-point is dictated by in-plane
metal-chalcogen bonding,and the VBM at Γ-point is relatively
insensitive to orientation angleat the equilibrium distance as a
result of weak interaction between dz2 and pz orbitals with low
charge densities. Consistent with these discussions, 2D
heterostructures with randomly different orientation angles do
not exhibit detectably different PL spectrum.
To elucidate the Phetero emission, we consider excitonic

effects and ultrafast charge relaxation across the heterostructure.
On the basis of DFT calculations,7 the WS2/MoS2 hetero-
structure forms a type-II band alignment in equilibrium
condition, where the VBM and CBM of WS2 are higher than
that of MoS2 (Figure 5b). For this type of band-alignment,
large electric field develops across the ∼1 nm thick junction;
this leads to strong exciton splitting by which holes (electrons)
are rapidly swept from MoS2 to WS2 (from WS2 to MoS2).
Assuming that the hole mobility (μh) is ∼0.1 cm2/(V s), the
time it takes for holes to drift from MoS2 to WS2 is given by τh=

Figure 4. DFT calculations of WS2/MoS2 heterostructures and direct to indirect gap transition. (a) Band structure of AB-stacked WS2/MoS2
heterostructure at interlayer distance d = 6.23 Å (natural equilibrium state). (b) Energies for the band-edge states as a function of the interlayer
distance d. The vertical dotted lines denote distance d at the equilibrium state.

Figure 5. Band alignment and charge transfer at the heterostructures.
(a) Schematic of the heterostructures displaying strongly coupled (A)
and weakly coupled (B) regions with interlayer spacing of dA and dB,
respectively. Here deq ≤ dA < dB where the deq is the interlayer distance
at equilibrium. (b) The band alignment at the K-point for the WS2/
MoS2 heterostructure in Region B, and at the Γ- (VBM) and K-
(CBM) points in Region A.
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d2/[μh·Δ(VBM)] ∼ 0.3 ps (Figure 5b). This time scale is
significantly shorter than typical recombination lifetimes in
these materials.24 Therefore, the MoS2 (WS2) monolayer in the
heterostructure is expected to be immediately depleted of holes
(electrons) and accumulated of electrons (holes). It has been
established25−28 that heavy accumulation with electrons in
these monolayer semiconductors would favor the formation of
negatively (positively) charged exciton, namely, eeh or X− trion
(ehh or X+ trion); as such, the trion recombination emission
intensity would grow at the cost of the neutral exciton (eh)
recombination emission intensity. The trion peak is redshifted
from the neutral exciton by an amount given by the binding
energy of the extra free carrier to the neutral exciton, ranging
from 30 to 60 meV at room temperature depending on the
Fermi level.25

On the basis of this analysis, we attribute the Phetero peak to
X+

WS2 in the heavily hole-accumulated WS2 monolayer, which is

approximately 60 meV below the original PWS2 peak (X0
WS2).

However, this model equally considers MoS2 and WS2;
therefore, it does not explain the different behavior of MoS2
in the heterostructure, that is, the gradual disappearance of the
PMoS2 peak but in absence of a trion peak, X−

MoS2, emitted from
the electron accumulated MoS2 monolayer.
On the basis of our earlier discussions, we speculate that the

thermal annealing gradually drives out liquid residues trapped
between the layers, and possibly causes a spatially inhomoge-
neous 2D heterostructure composed of strongly (Region A)
and weakly (Region B) coupled regions (Figure 5a). In Region
A, the interlayer distance is close to the equilibrium value deq,
and the VBM at Γ in Region A becomes higher than MoS2
VBM at K in Region B (Figure 4b). As a result, Region A acts
as a hole funnel where the holes in the heterostructure are not
only swept to WS2, but also to the VBM of region A (Figure
5b). This process further drainsthe remaining holes from the
MoS2 layer in addition to the earlier hole transfer from MoS2 to
WS2, leading to quenching of both eh and eeh emissions in
MoS2 across the entire 2D heterostructure. In contrast, the
CBM of Region A stays at the same level as in Region B for
both MoS2 and WS2 (Figures 4 and 5b), because the CBM
energy level at the K symmetry point is dominated by orbital
coupling between in-plane d orbitals of metal and in-plane p
orbitals of chalcogen atoms, naturally insensitive to the
interlayer coupling. As a result and unlike the case of MoS2,
remaining electrons in WS2 are not funneled to region A, and
ehh (trion) emission from the WS2 layer remains relatively
unaffected by the spatially inhomogeneous interlayer coupling.
Therefore, the asymmetric behavior in trion emissions from
MoS2 and WS2 layers originates fundamentally from the
different bonding character in the heterostructure.
In summary, we have demonstrated large-area 2D hetero-

structures formed using CVD-grown monolayer WS2 and MoS2
where the interlayer coupling could be tuned by vacuum
thermal annealing. As a function of the coupling strength, the
light emission evolves gradually from an additive spectrum, that
is, MoS2 and WS2 monolayers contribute separately to the light
emission of the heterostructure, to coupled spectrum where the
light emission is dictated by charged exciton recombination and
phonon-assisted, indirect-bandgap transition. Our results high-
light the significance of interlayer coupling and charge transfer
in tuning the light emission and absorption of sTMDs and offer
a general route to prepare large-area sTMD tandem structures

for fundamental study as well as electronic and photovoltaic
applications.

Methods. Sample Preparation. The MoS2 and WS2
monolayers were grown at by high-pressure CVD technique
(see Supporting Information) at 690 C° for 5 min onto SiO2/Si
substrates.8 Heterostructures were prepared using PDMS
stamping technique as below. PDMS was spin coated on
CVD grown monolayer WS2/SiO2/Si and cured at 120 °C for
>3 h. PDMS/WS2/SiO2/Si sample is baked at 70 °C for 2 h to
eliminate air bubbles formed at the monolayer WS2 and PDMS
interface and to increase the adhesion between WS2−PDMS.
PDMS/WS2 sample is separated from the SiO2/Si substrate by
mildly etching SiO2 in 1 mol/L KOH solution for 0.5−2 h.
PDMS/WS2 sample is transferred to DI water to reduce KOH
residue, and then it is transferred onto CVD grown monolayer
MoS2 on SiO2/Si substrate for 5 min using long-distance
microscope (Stamping process). Afterward, PDMS substrate is
peeled off slowly from the SiO2/Si substrate, leaving the
monolayer WS2 on top of MoS2 (see Supporting Information),
as shown in Figure 1a.

Raman/PL Spectroscopy and AFM Measurements. Heter-
ostructures were measured using commercially available
Raman/PL spectrometer (Renishaw Inc.) with 488 nm laser
source. Raman and PL measurements were taken on a 5 μm2

laser spot size with 10 μW power. Samples were characterized
using commercially available AFM (Veeco Inc.) in contact
mode.

Transmission Electron Microscopy (TEM) Measurements.
HRTEM and TEM-electron energy loss spectroscopy (EELS)
measurements were performed on the WS2/MoS2 hetero-
structures using FEI Titan 80−300 environmental TEM
operated at 80 kV. EELS measurements show that W M3
edge is present in the studied region implying that the WS2/
MoS2 heterostructure exists (Supporting Information, Figure
S7).

DFT Calculations. DFT calculations were performed using
Vienna ab initio simulation package.29 The six outer-most
electrons for transition-metal and chalcogen atoms were treated
as valence electrons. The core−valence interaction was
described by the frozen-core project or augmented wave
method.30 The generalized gradient approximation of Perdew−
Burke−Ernzerh31 was adopted for exchange-correlation func-
tional. Energy cutoff for plane-wave expansion was set to 400
eV. Brillouin zone sampling was performed with Monkhorst−
Pack special K-point meshes.
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1. CVD growth and dry-transfer technique 

The MoS2 and WS2 monolayers were grown by high-pressure CVD technique (see methods) 

onto SiO2/Si substrates. As seen in Fig. S1 a, c, the CVD MoS2 monolayers are continuous over 

1mm with large, single-domain crystals reaching up to 75 microns. The CVD WS2 monolayers 

grew in individual triangle islands of ~ 5-50 microns in size. We first transferred WS2 

monolayers onto PDMS substrates (Fig. S1 b) and then stamped WS2 monolayers onto CVD 

MoS2 monolayers, which formed vertical heterostructures of WS2/MoS2. In Fig. S1d, The 

overlap region of MoS2 and WS2 monolayers presents a 2D WS2/MoS2 heterostructure for study, 

showing slightly darker contrast than the MoS2 and WS2 monolayers. The WS2/MoS2 

heterostructure region covers an area over 20×40 µm2, which is suitable for electrical device 

fabrication and optical measurements that require large-area samples. 



 

 

Figure S1. a. Optical image of monolayer WS2 islands CVD-grown on 90nm SiO2/Si 

substrates, and b. on PDMS substrate.  c. Optical image of monolayer WS2 islands CVD-grown 

on 90nm SiO2/Si substrates. d. Optical image of as-stamped WS2/MoS2 heterostructures obtained 

from the monolayers in b and c. e. and f., more images showing larger-area WS2/MoS2 

heterostructures but with multiple domains.  

2. Inverse heterostructures (MoS2/WS2) 

In the main text, we argue that the lack of band renormalization is also valid for inverse 

heterostructures, i.e. when MoS2 monolayers are transferred onto WS2 monolayers.  In Fig. S2, 

we show the PL signal from MoS2, WS2, and MoS2/WS2 heterostructures. The data for the 

heterostructure display features (PL response is additive) similar to WS2/MoS2 heterostructures.    



 

Figure S2. PL spectra taken at the same laser excitation energy on MoS2 and WS2 monolayers, 

and as-transferred MoS2/WS2 heterostructure where the former (MoS2) is the top (transferred) 

layer.  

3. Multiple-peak fitting to measured PL spectra 

In Fig. 3b-c (main text), we display integrated PL intensity and PL peak position at various 

annealing times. We used Origin 8.1 software to fit the overall measured PL spectra using 

multiple-Lorentzian functions. The fitting procedure involved self-iteration process until the 

fitting reached complete iteration limit. In Fig. S3, we display individual fitting peaks describing 

the PL spectrum of the heterostructures after 3, 6, and 12 hours of annealing. The definition of 

each peak is given in the legend.  



 

Figure S3. Multiple-peak fitting to measured PL spectra of as-transferred, and 3h, 6h, and 12h 

annealed WS2/MoS2 heterostructures. Lorentzianlineshape was used in the fitting to the PL 

spectra.    

4. MoS2/MoS2 homostructures and annealing-induced indirect-gap transition 

Exfoliated bilayer MoS2 is an indirect bandgap semiconductor and displays a broad PL peak at 

1.6 eV. In contrast, as-transferred MoS2/MoS2 homostructure behaves as an isolated monolayer 

MoS2 without visible peak around 1.6 eV. After the annealing, a weak and broad PL peak 

develops at 1.6 eV. Here, the annealed MoS2/MoS2 homostructure has a lower PL intensity ratio, 

Pindirect/Pdirect, than that of the exfoliated bilayer MoS2, probably because the two layers are still 

not uniformly strongly coupled as in the latter case.  



 

Figure S4. Comparison between the homostructures of MoS2/MoS2 and exfoliated bilayer 

MoS2. For exfoliated bilayer MoS2, PL peak is located at 1.55 eV whereas for 

MoS2/MoS2homostructures (MoS2 transferred onto MoS2) does not have any peak in the same 

energy range. After annealing, interlayer coupling increases and weak PL peak starts to develop.  

5. Density functional theory (DFT) calculations: Effects of interlayer distance and 

interlayer stacking on electronic bandstructure 

Effects of interlayer distance (d):Interlayer coupling strength (distance) strongly influences 

the VBM at the Γ point. When the distance between the two layers decreases, the VBM at Γ 

point is pushed up (Fig. S5), and has contributions from both MoS2 and WS2 monolayers. The 

indirect gap between Γ and K decreases as the layer distance decreases. On the other hand, the 

coupling has little effect on the band-edge states at the K point. The VBM at K comes from WS2 

and CBM at K point comes from MoS2. Variation in the direct gap at the K point is quite small 

(< 50 meV) when d varies. 



 

Figure S5Band structure of the WS2/MoS2 heterostructure at different interlayer spacing, d, 

from 12.23 Å (no interaction) to deq = 6.23 Å (equilibrium state). Blue and red denote the orbital 

contributions from MoS2 and WS2 layers, respectively.  

Effects of interlayer orientation:In Fig. S6, we show the effect of interlayer registry on the 

calculated electronic bandstructure of the WS2/MoS2. Depending on the orientation (AA vs AB), 

the bandgap at the K point remains unchanged and VBM at the Γ point increases only slightly by 

~50 meV, implying that the interlayer orientation virtually has no effect on the luminescence 

appearing between 1.8-2.0 eV and only a minuscule effect on Pindirect at 1.5 eV. Such insensitivity 

to orientation dependence is a result of orbital characters of the CBM and VBM at high 

symmetry points. More specifically, VBM and CBM states at the K point mainly originate from 

the cation d orbitals, which are localized in the center of the monolayer, and are rather insensitive 



to interlayer coupling strength, whereas the VBM at the Γ point is a result of interaction between 

the transition metal dz2 and chalcogenpz orbital, which is slightly sensitive to the interlayer 

stacking differences. 

 

Figure S6Calculated bandstructure of the WS2/MoS2 heterostructure in the AA and AB 

(Bernal) stacking registry. 

 

6. Transmission Electron Microscopy (TEM) analysis 

TEM-electron energy loss spectroscopy (EELS) measurements were performed on the 

WS2/MoS2 heterostructures using FEI Titan 80-300 environmental TEM operated at 80 kV. 

EELS measurements shows that both W and Mo signalsare present in the studied region(Fig. 

S7). 

 



 

Figure S7EELS measurements of W M3 edge in the regions of WS2/MoS2 heterostructure 

(red) and monolayer MoS2only (blue). 

 

7. Raman spectrum study with more Laser lines 

Raman spectra using 514 and 633 nm laser lines, together with our original laser line 488 nm, are 

shown here to fully understand the vibration modes the heterostructure. 

In Fig. S8a, the 514 nm laser excitation shows the resonance of the 2LA(M) peak at 352 cm-1 for 

WS2 (452 cm-1 for MoS2). But the measured Raman peaks shows even smaller differences in 

terms of peak position before and after annealing, compared to those measured in 488 nm laser 

line.For comparison, we also measured the monolayer MoS2 and WS2 region near the annealed 

heterostructure sample (Fig. S8a). 

With the 633 nm laser line, Raman peaks are relatively weak due to the strong background signal 

(Fig. S8b). Its variation in Raman spectrum is subtle before and after annealing, compared to 

those of 488 laser line.  

 



 

 

Figure S8Raman spectrumof the WS2/MoS2 heterostructuremeasured before and after 6-hour 

annealing, together with monolayer MoS2 and WS2 (on annealed sample chip), using a. 514 and 

b. 633 nm laser as excitation source. 

8. PL mapping after annealing 

Spatially resolved PL was presented in Fig. 1 for as-stamped samples. For the annealed samples, 

similar spatially resolved PL maps at Pindirect and Phetero peaks, respectively, are shown in Fig.S9. 

While we hope to distinguish Region A (Pindirect only) from Region B (Phetero only) on the 

heterostructure, the PL mapping is unable to resolve that. This indicates that the sizes of these 

regions within the overlapped area are smaller than the diffraction limit of our optics (~ 

wavelength). 

 



Figure S9 Spatially resolved PL maps at Pindirect(a) and Phetero(b) peaks, respectively.  


