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Transition metal dichalcogenides (TMDs), being valley selectively, are an ideal system hosting excitons. Stacking
TMDs together to form heterostructure offers an exciting platform to engineer new optical and electronic properties in
solid-state systems. However, due to the limited accuracy and repetitiveness of sample preparation, the effects of interlayer
coupling on the electronic and excitonic properties have not been systematically investigated. In this report, we study the
photoluminescence spectra of bilayer-bilayer MoS,/WS; heterostructure with a type II band alignment. We demonstrate
that thermal annealing can increase interlayer coupling in the van der Waals heterostructures, and after thermally induced
band hybridization such heterostructure behaves more like an artificial new solid, rather than just the combination of two
individual TMD components. We also carry out experimental and theoretical studies of the electric controllable direct
and indirect infrared interlayer excitons in such system. Our study reveals the impact of interlayer coupling on interlayer
excitons and will shed light on the understanding and engineering of layer-controlled spin-valley configuration in twisted
van der Waals heterostructures.

Keywords: two-dimensional materials, transition metal dichalcogenides (TMDs) heterostructure, band hy-

bridization, interlayer exciton
PACS: 78.66.—w, 73.40.—c

1. Introduction

Monolayer transition metal dichalcogenides (TMDs) are
an atomically thin semiconductor with inversion asymmetry
and strong spin—orbit coupling (SOC),!!! the associated spin-
and valley-dependent selection rules result in a plethora of
unique optical properties.>* By stacking TMDs heterostruc-
tures with a type II band alignment,[>~7! it favors ultrafast
charge transfer of electrons and holes to different layers af-
ter optical excitation, and eventually leads to a formation of
long-lived interlayer exciton in the low energy range.®° Re-
cent focus has been placed on finding and understanding the
collective behaviors induced by the strong electronic interac-

tions in this system. Similar to twisted bilayer graphene,!'%!1]

DOI: 10.1088/1674-1056/abeee3

twisted TMDs structures offer an unique platform to engi-
neer the electronic band structure and the emergent optical
properties. [>12~14] Though excitonic effects and optical spec-
tra have been studied in many experiments, the results vary
greatly even for the same type TMDs heterostructure. The
observed phenomenon disunion in experiments strongly sug-
gests a delicate interplay between the crystal lattice, inter-
layer coupling, band hybridization, and moiré effect in the
heterostructures.!”14->2 A feasible way to engineer such in-
terplay as well as the electronic/optical properties of TMDs
heterostructures is badly in need for the application in the area
of optoelectronics and valleytronics.

Here we study the photoluminescence (PL) spectra of
near 0° aligned bilayer-bilayer MoS,/WS, heterostructures,
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and demonstrate thermal annealing as an effective means to in-
duce hybridization effects in commensurate van der Waals het-
erostructures. By employing thermal annealing, we observe a
more efficient interlayer charge transfer in the heterostructure
indicating a stronger interlayer coupling. Moreover, the PL
spectra in the low energy range undergo the transition from
multiplet narrow emissions dominated by periodic moiré po-
tential to a couple of emissions dominated by hybridized elec-
tronic states. The electric controllability and valley-dependent
polarization of the interlayer exciton are also revealed. Our re-
sults indicate that after thermally induced band hybridization
the heterostructure behaves more like an artificial new solid,
rather than just the combination of two individual TMD com-
ponents.

2. Sample preparation

Figure 1(a) shows a schematic diagram of our device,
we prepare h-BN encapsulated near 0° aligned bilayer-bilayer
MoS,/WS,; heterostructure with few-layer graphene (FLG) as
top gate by van der Waals-mediated dry transfer approach em-
ploying propylene carbonate (PC) stamp./?>%4 Firstly, FLG,
h-BN, bilayer MoS,, and bilayer WS, flakes are exfoliated
onto Si0; (300 nm)/Si substrate. And then PC stamps are used
to pick up h-BN flake, bilayer MoS,, bilayer WS,, and another
h-BN flake in sequence with accurate alignment based on an
optical microscope. The sandwiched structure is then trans-
ferred onto SiO; (300 nm)/Si substrate, and finally another
FLG is transferred on it as a top gate by dry transfer technique.

(a)

——

Finally, metal contacts to the heterostructure and FLG are pat-
terned by the standard micro-fabrication processes including
e-beam lithography (EBL), metal evaporation Ti (3 nm)/Au
(40 nm), and lifting-off. Figure 1(b) shows an optical image
of the device, where the bilayer MoS; and bilayer WS, are
sketched by red and black dotted lines, respectively.

3. Results and discussion

Micro-photoluminescence (PL) measurements are per-
formed on the as-prepared heterostructure, the sample is held
at 10 K and excited under a continuous-wave 532 nm laser
with a spot size of 1.5 um. The blue curve in Fig. 1(c)
shows the PL spectra in the energy range of intralayer exci-
tons. The heterostructure shows three dominated PL peaks,
which we attribute to the indirect exciton of bilayer MoS, or
WS, (~ 1.53 eV), neutral A exciton (A?) of WS; (~ 1.98 eV),
A and its negatively charged exciton (A®) of bilayer MoS,
(~1.92 eV), respectively. The blue curve in Fig. 1(d) shows
the PL spectra in the energy range of interlayer excitons for
the twisted bilayer-bilayer MoS,/WS, heterostructure. By
using Gaussian functions to fit the spectra we get multiplet
emissions from several nearly equally spaced interlayer exci-
ton resonances, and the averaged full width at half maximum
(FWHM) of the emissions is 22.4 meV, these behaviors are
the signature of interlayer excitons trapped in moiré potential
(Fig. S1). Our results demonstrate that except for monolayer-
monolayer case, moiré interlayer exciton can also manifest in
the twisted bilayer-bilayer TMDs heterostructure.
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Fig. 1. (a) Schematic diagram for the bilayer-bilayer MoS,/WS;. (b) Optical image of the heterostructure. (c) Low temperature PL spectra of
intralayer excitons for bilayer-bilayer MoS,/WS, heterostructure before and after thermal annealing. (d), (e) Low temperature PL spectra of

interlayer excitons before and after thermal annealing, respectively.
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Fig. 2. (a), (b) Calculated band structure of bilayer MoS, and WS, with orbital analysis in presence of SOC, respectively. (c), (d) Calculated
band structure of 0° and 180° twist angle bilayer-bilayer MoS,2/WS; heterostructures with orbital analysis in presence of SOC, respectively.

In order to study the influence of thermal annealing on
the electronic band structure and light-matter interaction of
the heterostructure, we anneal the sample in the Ar/H, atmo-
sphere at 300 °C and then perform PL measurements. The red
curve in Fig. 1(c) shows the exciton PL spectrum after ther-
mal annealing in the intralayer range. The emission intensi-
ties of WS, A exciton (~ 1.98 eV) as well as the intralayer
indirect exciton (~ 1.53 eV) are drastically quenched, indicat-
ing a stronger interlayer coupling and more efficient interlayer
charge transfer. Moreover, the multiplet emissions of the in-
terlayer excitons (Fig. 1(d)) vanish after thermal annealing, in-
stead two prominent PL peaks emerge with energy red shift as
shown in Fig. 1(e). The two emerging peaks show much larger
line width and weaker intensity, distinct from the emission of
moiré exciton whose line width is relative narrow. Besides, we
perform the PL measurement at different sites of the sample,
such two peaks can be detected throughout the heterostructure
(Fig. S2), suggesting such transition induced by thermal an-
nealing is universal.

PL spectroscopy tools give access to details of the elec-
tronic band structure of the heterostructure, the distinct behav-
ior of intra- and inter-layer excitons before and after thermal
annealing indicates that thermal annealing alters the interlayer
coupling of the van der Waals heterostructure and greatly in-
duces band hybridization. Note that thermally induced ro-
tation has been demonstrated in graphene/h-BN system. (23]
Similarly, one can expect that two small angle twisted bilayers
studied here will tend to align with each other during thermal

annealing. Significantly, due to the small lattice mismatch be-
tween MoS, and WS,, the heterostructure will be commensu-
rate at near 0° (180°) twist angle, with the smallest layer sep-
aration and nearly ideal R-type (H-type) stacking geometries
that free of moiré effect (Fig. S3). Moreover, the increased
interlayer coupling will induce giant hybridization, the hy-
bridization strongly modifies the bands structure and induces
band shift, as a consequence, the heterostructure behaves more
like a new solid rather than just the combination of two indi-
vidual TMD components.

To better understand the hybridized band structure of the
bilayer-bilayer MoS,/WS, heterostructure, we perform den-
sity wave functional theory (DFT) calculation. The band struc-
tures of pristine bilayer MoS, (WS;) are shown in Figs. 2(a)
and 2(b), where an indirect band gap of 1.31 eV (1.39 eV) is
consistent with literature.>-28] Similarly, the band structure
of a closely aligned bilayer-bilayer MoS,/WS, heterostruc-
ture is calculated and shown in Figs. 2(c) and 2(d) for 0° and
180°, respectively. The calculated results show typical type
IT band alignment with charges distributed in different layers,
and no obvious difference is found between the two align-
ments. Crucially, the interlayer coupling results giant inter-
layer hybridization so the band structure of the heterostructure
is not merely the superposition of the two components. Unlike
monolayer MoS,/WS, heterostructure that has been studied
widely, the optical transition of interlayer exciton in bilayer-
bilayer MoS,/WS; heterostructure is more complicated due to
the presence of multiple indirect transitions at high symmetry

057801-3
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points in the Brillouin zone. The electrons prefer to stay at K
and Q. valley of the conduction band (Q, is the energy mini-
mum along K, to I), while the holes tend to occupy the I and
K, valley of the valance band, giving rise to multiple relaxation
paths of interlayer exciton. Specifically, there are three pos-
sible indirect transitions, i.e., Iv—Q., Iy,—-K., Ky,—Q., and one
direct K,—K_ transition. Hence, the observed two prominent
interlayer excitons in bilayer-bilayer MoS,/WS, heterostruc-
ture after thermal annealing might correspond to different in-
trinsic relaxion transitions with electrons and holes residing in
different valleys of the Brillouin zone.

The spatially indirect interlayer exciton possesses an out-
of- plane electric dipole and can couple to the static electric
field. When applying a vertical electric field E, an interlayer
exciton exhibits linear Stark shifts, and the magnitude of the
Stark shift is given by A = uE, where i = ed is the intrin-
sic dipole moment and d is the vertical displacement of the

1291 As the wavefunction distributions of

electron—hole pairs.
electrons and holes are quite different at each critical point in
the Brillouin zone, the electron—hole separations for interlayer
excitons with different transitions have corresponding varia-
tional parameters. Therefore, it is an effective way to distin-
guish the transition paths of interlayer excitons by comparing
their dipole-moment values.

Figure 3(a) shows the PL spectra at different top gate volt-
ages, and their interlayer nature is revealed from the Stark
effect in the linear shift of the peak (black dotted line in
Fig. 3(b)). Labeled as IX1 and IX2, the two interlayer exci-
tons exhibit significantly different linear slops of Stark shift
(Fig. 3(b)). The IX1 is red shifted from 1.34 eV to 1.21 eV
while X2 is from 1.35 eV to 1.29 eV as the top gate voltage is
changed from 6 V to —4 V. This clearly indicates that the two
interlayer excitons are distinct with different dipole-moments
as well as different electron-hole separations. In our experi-
ments the ratio of p between IX1 and IX2 is 2.1, estimated
from the dashed lines in Fig. 3(b). It should be noted that the
top gate will not only induce an out of plane electric field but
will also modulate the charge density of the heterostructure
leading to the variation of the PL intensity.

Comparing the experimental data to the DFT calculation,
we ascribe IX1 and IX2 to K,—K. and K,—Q. transitions, re-
spectively. We firstly rule out the I,—Q. and I,—K, indirect
transitions, whose gaps are 1.01 eV and 1.1 eV, respectively.
This is because given the large binding energy (~ 0.2 eV) of
interlayer exciton in TMD heterostructures, %311 the exciton
energy of I,—Q. and I,—K. transition is so small (< 1 eV)
that beyond our detection range. According to the previous re-
sults in twisted monolayer-monolayer MoS,/WS, heterostruc-
ture, the ratio of the Stark shift for K,—K_ to that for K,—Q. is
around 2.39, which agrees well with the ratio of IX1 to IX2.
In this regard, we tentatively assign the interlayer IX1 and X2

to Ky—K. and K,—Q, transitions, respectively.
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Fig. 3. (a) Gate dependence of the interlayer excitons under 532 nm
excitation. (b) Color map of interlayer excitons photoluminescence as
a function of applied gate voltage. The black dashed lines are guides to
the eye indicating the Stark shift of interlayer excitons IX1 and IX2.

To further confirm the origin of IX1 and IX2, we per-
form polarization-resolved PL spectra and study their valley-
dependent polarization selection rules. Figures 4(a) and 4(c)
(4(b) and 4(d)) show the polarization-resolved PL spectra of
interlayer (intralayer) excitons at 10 K, excited by 532 nm cir-
cularly polarized light. It is clearly shown that the interlayer
excitons possess robust negative circular polarization, whereas
the intralayer A® and A~ excitons have the positive dichroism,
indicating the opposite chirality between them. More signif-
icantly, IX1 is totally suppressed and indistinguishable with
background under co-circularly polarized detection. We thus
quantify them by the degree of circular polarization, defined as
Po= (14 —1_)/(I+ +1_), where I (I_) denotes the intensity
of the co-polarized (cross-polarized) PL component with the
excitation. While IX2 shows relatively small negative circular
polarization, IX1 gives giant negative circular polarization that
exceeds 65% (inset of Figs. 4(a) and 4(c)).

Such distinct difference of circular polarization between
IX1 and IX2 can be interpreted as a result of their relaxation
paths, which also confirms our expectation on their origin.
Circular polarization is locked with the spin polarization in
the heterostructures, and it varies dramatically between differ-
ent stacking order at atomic scale and different valley of the
Brillouin zone.!*?! For both the conduction and valance bands
around K valley, the corresponding Bloch wavefunctions are

057801-4
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in-plane, predominantly from the d orbitals of Mo and W
atoms. Consequently, interlayer hopping between the upper
and lower layers is small, which, together with site dipole-
field, largely enhances the spin-polarization effects. There-
fore, the IX1 exciton, which corresponds to the transition be-
tween K, and K valleys, exhibits large circular polarization.
However, the IX2 corresponds to the transition between Ky
and Q. valleys, as the considerable out of plane p, character of
chalcogens at Q valleys leads to significant interlayer hopping
and seriously weakens the spin-polarization, which gives rise
to the exhibiting relatively small circular polarization. 333!
At last, we point out that, compared with monolayer-
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—+0 detect
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monolayer case,*%! in bilayer-bilayer TMD heterostructure
layer number as a new degree of freedom will bring more
unique phenomenon to the system. Apart from the layer
dependent band structure, which will bring infrared direct-
and indirect-interlayer excitons that we have demonstrated
here, electric modulated spatial wavefunction distributions of
the bounded electrons and holes between the layers are also
expected. Such controllability under the quantum confined
regime combining with the spin-layer locking effect makes
bilayer-bilayer TMDC heterostructure a promising platform to

study Bose—FEinstein condensation and dissipationless exciton.
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Fig. 4. Polarization-resolved PL spectra near the interlayer (a) and intralayer (b) excitons of the bilayer-bilayer MoS,/WS, heterostructure
using 4o (top) and —o (bottom) excitation of 532 nm. The insets in (a) show the calculated circular polarization of interlayer excitons.

4. Conclusion and perspectives

In conclusion, we demonstrate that thermal annealing can
increase interlayer coupling in the van der Waals heterostruc-
tures, and after thermally induced band hybridization such het-
erostructure behaves more like an artificial new solid, rather
than just the combination of two individual TMD components.
We carry out experimental and theoretical studies of excitons
in near 0° aligned bilayer-bilayer MoS,/WS, heterostructure
with strong interlayer coupling, demonstrate the electric con-
trollable direct and indirect infrared interlayer excitons in such
system. Our results reveal the impact of interlayer coupling on
the excitonic properties of van der Waals heterostructures, and
will also shed light on the understanding and engineering of
spin-valley configuration in such system.
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