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Abstract: In 2H stacking bilayer MoS,, the exciton with an interlayer nature has been evidenced
due to the hybridization of hole states among both layers. The transition energy of this interlayer
exciton is located between the A and B excitons. In this work, we investigate the evolution of optical
properties in stacking MoS; bilayers with the twisted angles ranging from 0° to 60°, especially
focusing on the interlayer exciton. The clear modulations of the exciton responses are observed
by the room-temperature reflectance. The interlayer exciton transition is observed in the artificial
stacking bilayer MoS, with the twisted angle around 60°. We found that the interlayer exciton is very
sensitive to the twisted angle. Once the stacking angle deviates the 2H stacking by a few degrees, the
interlayer transition is quenched. This is due to the bilayer symmetry and interlayer coupling of this
unique system.
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1. Introduction

Transition metal dichalcogenides (TMDCs), such as molybdenum disulfide (MoS,),
are direct band gap semiconductors in their monolayer limit and indirect band gap semi-
conductors in bulk form [1-4]. They possess optical transitions in the visible and near
infrared range. The semiconducting properties extend the applications of two-dimensional
(2D) materials beyond what graphene achieves alone [5-7]. The light-matter interaction in
monolayer is governed by Coulomb bound electron-hole pairs, excitons, with exceptionally
large binding energy. As the second layer is added, the light matter interaction is strongly
modified since the band structure varies and the new interlayer exciton (IE) complexes can
form [8-11]. A bilayer formed by artificial stacking of two monolayers exhibits a crucial
degree of freedom—the twisted angle between the layers. The important properties of 2D
van der Waals bilayers, such as the valley dynamics [12] and spatial diffusion [13-15], are
dominated or strongly affected by the twist angle. In the MoSe; / WSe; heterobilayer, 2°
changes in the twist angle could bring one order of magnitude of difference to the interlayer
exciton lifetimes [9]. These IEs in TMDC heterostructure have a large out-of-plane perma-
nent dipole, which permit efficient field control in on-chip miniaturized structures [16].
Interestingly, the IE states have been also evidenced in the homobilayer and multilayer
system, such as bilayer MoSe; and MoS, [17-19]. Due to the coupling with intralayer
excitons, these new type of interlayer excitons have greater oscillator strength. This highly
tunable exciton transition holds great potential for the spin-valley physics and nano-scale
Moire interactions.
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The monolayer of semiconducting TMDCs is arranged in a trigonal prismatic structure,
where the inversion symmetry is absent. Due to the rotation symmetry of a TMDCs
monolayer, different situations are represented by the stackings with twist angles ranging
from 0° to 60°. By tuning the important knob, with a twisted angle, the binding energy
of charged exciton and the indirect bandgap in MoS; bilayers were found to be efficiently
tuned [20,21]. The relative angles are also crucial as the inversion symmetry is restored
(still lacking) in the 2H (3R) stacking. Theoretical and experimental studies have shown
that varying the interlayer twist angle could allow or remove the interlayer hopping,
and thus control the interlayer coupling and introduce the interlayer exciton in 2H MoS,
bilayers [17,19,22]. The interlayer exciton possesses a higher (20%) oscillator strength of the
intralayer exciton, which allows the absorption or reflectivity detections. As the hole state
of the IE is delocalized over the two layers, the transition energy is typically larger than
the intralayer K-K exciton energy. This is different from the WSe; bilayer system, where
the IE energy is lower than the intralayer ones, at about 150 meV [12,23]. In bilayer WSe,,
the interlayer transition arises from the K-Q transition. The Q state (more delocalization
than K) in the conduction band is at lower energy and thus the corresponding IE transition.
The previous studies of the IE in bilayer MoS; have focused on the H or R stacking at
cryogenic temperatures [17,19]. In the hBN encapsulated artificially stacked twist-angle
bilayers, the IE PL emission was observed at low temperatures that appear only at the 62°
sample [24]. This IE emission was not clearly detectable at the evaluated temperature, as
the relaxations to lower intralayer emissions or the non-radiative channels are active. Thus,
room-temperature, easily performed measurements to investigate the interlayer coupling
and the IE would still be favorable.

In this paper, we show that the reflectance of the artificially stacked MoS, samples on
the transparent substrates is sufficient to reveal such effects. Without the hBN encapsulation,
we directly fabricate MoS; bilayer samples with the twist angles ranging from 0° to 60°
using angle-resolved dry transfer system. The exciton transitions are characterized by the
reflectance measurements. By selectively positioning one layer of MoS; onto another one,
we found the IE transition can be restored and tuned. The A-B exciton splitting energy
is around 140 meV for bilayers with twist angles from 0° to 55°” however, this increased
to 170 meV for the 2H stackings. This reflects the valence band interlayer coupling. The
IE transition is active only at the twisted angles that are close or equal to the 2H stacking,
which is due to the strict symmetry conditions of the interlayer coupling of hole states. Our
results indicate that the up boundary of the deviation should be around +3°.

2. Experimental Method

In this work, monolayer and bilayer MoS, were fabricated by the mechanical exfo-
liation with adhesive tape from a bulk crystal (2D semiconductors, Inc., USA). Then, the
samples were transferred onto a transparent substrate such as sapphire and quartz with the
help of polydimethylsiloxane (PDMS); this is depicted in Figure 1a. Here, the samples are
naturally formed 2H MoS, bilayers, where the top and bottom layers have an equivalent
twist angle 6 = 60° or 180°. The different twist angles of MoS, bilayer were achieved by
stacking two monolayers with a certain angle determined initially by the regular edges (for
details, see Supplementary Materials). The precise twist angles were then determined by
the polarization-resolved second-harmonic generation (SHG) measurements. The incident
laser is from a mode-locked ultrafast laser, Ti: sapphire laser system (Chameleon Ultra II,
Coherent Inc., USA), at 800 nm and is linearly polarized. The SHG signal with parallel
polarization component to the excitation laser has a six-fold rotational symmetry pattern.
The SHG signals were collected from individual monolayers and bilayer regions using a
back-reflection geometry. Depending on the twist angle, the interference of the signals from
the top and bottom layers generates SHG with different intensity from the bilayer sample.
For example, the SHG intensity will be stronger (weaker) in the 3R (2H) stacking than in
the monolayer. By comparing the six-fold pattern of the top and bottom monolayers and
the intensity of the homojunction region [25], we can easily deduce the twist angles of
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the samples. The details of the measurements and results of each sample described in the
Supplementary Materials.
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Figure 1. (a) Optical microscopy images of 2H MoS, bilayer samples exfoliated from bulk on
the sapphire (upper panel) and quartz (lower panel) substrates. (b) Schematic diagram of the
interlayer excitons in 2H bilayer MoS, in real-space (upper panel). Additionally, the illustration of
the interlayer excitons transition in k-space (lower panel). (c) Differential reflectance (AR/R) for
the MoS, homobilayer samples on the sapphire (the blue line) and quartz (the red line) substrates
corresponding to (a).

The optical spectroscopy was performed by a homemade micro-spectroscopy set-
up. The reflectance spectra were measured with a broadband tungsten—halogen lamp
as the light source. The signal from the samples was coupled to fiber and then collected
through spectrometer with a liquid nitrogen-cooled charge-coupled device detector (PyLoN,
Princeton Instruments Inc., USA). All measurements were performed at room temperature.
To avoid the damage of samples by heating or by radiation, the laser power was set to the
order of microwatts during the measurements of PL or Raman.

3. Results and Discussion

Optical microscope images of exfoliated MoS;, bilayers on sapphire (upper panel) and
quartz (lower panel) substrates are presented in Figure 1a. Here, the samples are the natural
2H bilayers, where the interlayer exciton can be formed with electron in one layer and the
hole hybridized over the two, as shown in the upper panel of Figure 1b. The 2H MoS,
bilayers provide an ideal model to investigate the interlayer hybridization of the valance
band with the larger band offset from the hopping term [22]. The corresponding interlayer
exciton consists of the conduction band (CB) and valence band (VB) edge states at the K
points as illustrated in the lower panel of Figure 1b. The hole hybridization of the top VB
with the lower energy band in the second layer endows the interlayer large electric dipole.
The differential reflectance (AR/R) of the bilayer MoS, is derived from white light reflected
from the bilayer sample and the transparent substrate via AR/R = (Rsam — Rsyp)/Rsam,
where Rgam is the intensity reflection coefficient of the sample and Ry, is for the one from
sapphire or quartz.

Figure 1c shows the differential reflectance of the homobilayer MoS; at room temper-
ature on the sapphire and quartz substrate, where three distinct transitions are resolved.
The two transitions at 1.88 eV and 2.05 eV are assigned to the intralayer A and B excitons,
respectively. In the monolayer, the A and B exciton transitions originate from direct transi-
tions at the K point of the Brillouin zone, where a large VB splitting presents due to the
strong spin—orbit coupling in TMDCs. However, in the optical measurements this energy
splitting will be modified by the different exciton binding energies. In the R stacking MoS,
bilayers, this A-B exciton splitting energy will be a similar value to the interlayer hole
hopping vanished. As shown in Figure 1c, the 170 meV splitting is larger than the typical
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spin-orbit coupling energy that is around 140 meV. This means that, in our 2H sample, the
strong interlayer coupling in the valence band is turned on and the A-B splitting is deter-
mined by the band offset and the interlayer hopping [26]. The slight interlayer coupling
between the bottom layer valence band and the top layer conduction band is a symmetry
allowed by small value, as the larger band is offset [24]. Thus, the typical observed A-B
splitting is more or less the same as the monolayer. In addition, the prominent IE response
is clearly visible between the A and B excitons at 1.95 eV, i.e., 70 meV above the A exciton,
consistent with the previous reports [17,19,24]. The interlayer exciton in 2H MoS; bilayer is
another indicator of the strong interlayer coupling. Since the substrates are transparent,
the real absorption A(w) could be determined by dg (w) = *A(w), where 0g (w) is the

reflectivity [27]. The reflectance of the samples on quartz is hiugher than sapphire because of
the lower refractive index of quartz. The deduced absorption of the two samples is similar,
which is ~15% for A exciton, ~14% for B exciton.

In order to investigate the interlayer coupling in the twisted bilayers, we compare
the reflectivity of the 2H homobilayer and the artificial stacking bilayer samples with
different twist angles. Figure 2a shows some of the representative twist-angle samples.
To determine the precise twist angles, we performed the SHG measurements, as shown
in Figure 2b. From this polar plot SHG signal, one can distinguish the zigzag direction
but not directly the R or H stacking. We also compare the SHG intensity from the bilayers
to the monolayers (for details, see the Supplementary Materials). The R stacking SHG
is stronger than the individual single layers, while the H stacking is opposite [28]. The
typical reflectance spectra of the selected bilayers on sapphire substrates with twist angles
of 0°-60° accompanied with the naturally exfoliated 2H bilayer MoS; are presented in
Figure 2c (referred to as Homo). The interlayer exciton in this homobilayer sample is
clearly resolved, while the main absorption features of other twist angle samples are quite
similar. The interlayer excitons of the 2H stacked bilayer MoS; (that is, 60° twisted angle)
samples can be observed by differential reflectance spectroscopy. In 3R stacking (i.e., twist
angle 6 = 0°), there is no interlayer transition. This is because, under this stacking of
configurations, the delocalization of the holes is not allowed, resulting in the suppression
of hole hopping [21,24].

Next, we focus on the twist angle-dependent IE transition. In the artificial stacking
MoS,; bilayers, the IE response is restored when the relative angle is close to 60°, though the
angle tolerance is very limited as shown in Figure 2c. For the samples with twisted angles,
where deviation from 2H stacking larger than about £3°, the IE transition disappears.
This observation is inconsistent with the low temperature PL results of 62° twisted MoS;
bilayer encapsulated in hBN [24]. As the IE energy is higher than the A exciton, the
direct PL intensity is typically weak from this hot emission. Therefore, the encapsulation
with atomically flat surface and cryogenic temperature are needed. This is due to the
higher oscillator strength of the IE, which allows the detection by absorption or reflectivity
(transparent substrates required) at room temperature. In our measurements, the IE signal
disappears at about 57°, 3° deviating from the 2H stacking, which means that there is very
high angle sensitivity in these IE states. Considering the uncertainty of measurements of
twisted angle, we speculate that interlayer excitons in MoS, bilayers can only be optically
observed when the twisted angle is in the range of 60° £ 3°. This angle-sensitive effect can
be associated with changes in the interlayer distance between monolayers with different
twist angles. In 2014, Wang Feng et al. showed that in bilayer MoS,, the interlayer coupling
strength of electronic states near the band edge depends on the interlayer distance and
has nothing to do with the lattice alignment in the horizontal direction through theoretical
calculations. When the twist angle is 0° and 60°, the interlayer distance is the smallest
and the interlayer coupling is the strongest, which is mainly due to the repulsive steric
effects [20]. Therefore, the bilayer MoS, with twist angle around 60° makes it easier to
observe the interlayer excitons due to the enhanced interlayer coupling effect. Another
crucial reason is that the twist angle causes the momentum space of the two layers to
be mismatched, resulting in the inhibition of interlayer hopping [28]. Inside this small
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angle range, the interlayer control by pressure engineering could be a sufficient strategy to
explore the interaction between the IE with out-of-plane dipole and the moiré potential.
The reflectance measurements could provide an easy approach as it is compatible with the
typical diamond anvil cell [29-31].
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Figure 2. (a) Optical microscopy images of twisted bilayer MoS;. The yellow and blue dotted line
represents the upper and bottom monolayer MoS,, the purple dotted line represents the bilayer
regions. (b) SHG signal from the individual monolayer region of the MoS; bilayer with 62° (or
equivalently 58°) twist angle. The yellow squares (green dots) represent the SHG signals of the top
(bottom) MoS; and the solid lines are the fitting curves. (c) Reflectance spectra of MoS; bilayers
with different twist angles. (d) Dependence of A (black squares) and B (red dots) exciton transition
energies of 14 MoS, bilayers with different twist angles. Gray and orange shaded area is a guide to
the eye to indicate the140 meV and 170 meV energy scales. The purple triangle represents the energy
of the interlayer excitons.

The typical spin—orbit splitting value in the valence band is about 140 meV in mono-
layer MoS,. Our results in Figure 2d also demonstrate that the A-B exciton differences are
affected by the twist angle. The A-B exciton splitting of 3R stacking and the twist angles
between 0° and 55° bilayers are around 140 meV, which is dominated by the valence band
spin-orbit coupling energy and is insensitive to the twist angle. The energy splitting of
the bilayers around 60° is increased to 170 meV. As theoretical and experimental results
demonstrated, the interlayer hybridization exists in the 2H stacking [26,32]. Therefore,
this energy is a good indicator of the interlayer coupling, as shown in Figure 2d. The
A-B splitting increases after the twist angles increase to larger than 55° and the interlayer

exciton appears (purple triangles in Figure 2d). Quantitatively, the interlayer coupling
2
energy can be derived by | = %ﬂzﬁ, where the Sy denotes the energy splitting of

the A-B exciton and the Agp is the spin-orbital splitting [32]. Here, we take the values
from Figure 2d and obtain the hopping term around 48 meV at a twist angle of around 60°,
which is similar as the experimental results [22,24,32] and the calculations [8].
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The interlayer quality is one of the key parameters, as the fabrication process may
introduce absorbates that decrease the coupling. We note that the absorption intensity of
artificially stacked 60° interlayer excitons is slightly weakened relative to the intrinsic 60°
sample, which may be due to some contamination during the stacking process, resulting in
weakened interlayer coupling, as shown in Figure 2c. Annealing is an effective method
that could improve the sample quality to make the stake as a whole system. We annealed
those samples using quartz as the substrates under an argon atmosphere 200 °C for 2 h.
Figure 3a is the differential reflectance of the bilayer MoS, with twist angles of 58° before
and after annealing. After annealing, the absorptions of A and B excitons are decreased
and the relative ratio between the two peaks is reduced. Meanwhile, both of the two peaks
are red shifted. The peak width of the two peaks is slightly narrowed after annealing [33].
Our results also suggest that some defects may be introduced in the annealed samples.
Figure 3b,c show the PL spectra of bilayer MoS, with twist angles of 54° and 58° on quartz
substrates. At the 54° twist angle, the PL intensity of the A excitons in the bilayer position
is more or less the sum of in the two individual monolayers, indicating the weak coupling
between the two layers. In stark contrast to the twist angle 58°, the PL intensity is lower in
the bilayer region compared to that of the monolayer region, as shown in Figure 3c. The
significant emission of the indirect transition arises at about 1.5 eV, which indicates that
the bilayer profile is restored with stronger interlayer coupling. It is known that the R and
H stackings are the two favorable geometries with the smaller interlayer distance, where
the indirect emission is located at lower energy in these two cases [20,24]. The PL result
of the samples in our works is in good agreement with this behavior (see Figure S3). The
quench of the direct transition PL in Figure 3c arises from the change in the band type
after the stacking. However, in some of our bilayer MoS; with 60° twisted angles, the PL
intensity is doubled compared to the monolayers. Meanwhile, the A-B exciton splitting is
measured at about 150 meV. These two observations are consistent, which means that the
real coupling is absent. We note that the sufficient evaluation of interface quality of TMDCs
stacks should be on account of the combined analysis of reflectance, PL and the band details.
In our work, the samples were fabricated by the simple stacking and the general annealing
process. This type of sample is suitable for microscopic optical measurements with a
moderate homogeneity across the bilayer regions (see Figure 54). Nevertheless, optimizing
the van der Waals stacks for the transport measurements or large-area applications requires
a special process.
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Figure 3. (a) Reflectance spectra of the bilayer MoS, with twist angles of 58° before (red line) and
after (bule line) annealing. The bilayer is on the quartz substrate. (b,c) PL spectra of bottom, top layer,
and bilayer regions of sample with twist angle of 54° (b) and 58° (c).

4. Conclusions

In this work, we investigate the optical properties of MoS; bilayers with different twist
angles focusing on the interlayer coupling effects. The strongest coupling has been observed
in stacked MoS, bilayers with twist angles close to 60°, which well reproduce the structure
of 2H form in natural MoS;. In both exfoliated and artificially stacked MoS; bilayers, the IE
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transition is well resolved by reflectance at room temperature. Simultaneously, the larger
A-B exciton splitting appears when the twist angle approaches 60°. These results indicate
that the interlayer hole hopping is very sensitive to the relative twisted angle, where only a
few degrees could completely turn off the coupling due to the strict symmetry condition.
Our work emphasises the twist angle as an efficient knob for the interlayer engineering of
the van der Waals homobilayers.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ cryst12060761/s1, Figure S1-1: Schematics of the transfer process;
Figure S1-2: (a—n) Optical microscopy images of twisted bilayer MoS, with the twist angle of 0°,
3°,10°,16°, 23°, 24°, 31°, 41°, 42°, 50°, 55°, 56°, 58° and 60°, respectively. The yellow dotted line
represents the upper monolayer MoS,, the blue dotted line represents the bottom monolayer MoS,,
and the purple dotted line represents the twist angle bilayer region; Figure S2: Left. Polar plot for
PSHG from the top (black square) and bottom (red circle) layers of each sample, the solid line (black
for top layers and red for bottom) is the corresponding fitting curve. Right. The SHG intensity
for monolayer regions and homojunction regions. (a—n) represents the samples at a twist angle of
0°, 3°, 10°, 16°, 23°, 24°, 31°, 41°, 42°, 50°, 55°, 56°, 58° and 60°, respectively; Figure S3: Twist
angle-dependent energy positions of indirect excitons obtained by Gaussian fitting of PL spectra;
Figure S4: (a—c) Optical microscopy image of MoS, bilayer with the twist angles of 10°, 23° and
60°, respectively. The numbers represent the different positions where the PL are detected. (d—f) PL
spectra of different positions correspond to the positions in (a—c), respectively.
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