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ABSTRACT: Monolayer transition metal dichalcogenides have strong intracovalent 1| 2L —
bonding. When stacked in multilayers, however, weak van der Waals interactions | B %
dominate interlayer mechanical coupling and, thus, influence their lattice vibrations. \ “ I\ l 2
This study presents the frequency evolution of interlayer phonons in twisted WS, S | <
bilayers, highly subject to the twist angle. The twist angle between the layers is VAN [ v W%a
controlled to modulate the spacing between the layers, which, in turn, affects the P:M 2 e
interlayer coupling that is probed by Raman spectroscopy. The shifts of high-frequen . %5 0 3 80
q - o Y o 2 TR v Twist angle Raman Shift

E}, (T) and A, (I') phonon modes and their frequency separations are dependent on
the twist angle, reflecting the correlation between the interlayer mechanical coupling
and twist angle. In this work, we fabricated large-area, twisted bilayer WS, with a clean interface with controlled twist angles.
Polarized Raman spectroscopy identified new interlayer modes, which were not previously reported, depending on the twist angle.
The appearance of breathing modes in Raman phonon spectra provides evidence of strong interlayer coupling in bilayer structures.
We confirm that the twist angle can alter the exciton and trion dynamics of bilayers as indicated by the photoluminescence peak
shift. These large-area controlled twist angle samples have practical applications in optoelectronic device fabrication and twistronics.

KEYWORDS: two-dimensional materials, moire phonons, low-frequency phonons, interlayer coupling, Raman spectra, exciton dynamics,
bilayer WS,

1. INTRODUCTION such as strong Coulomb binding effects, tunability of the band
gap in the visible region, quantum confinement, and the largest
spin—orbit coupling of about 0.4 eV.® Furthermore, due to the
reduced effective carrier mass, the WS, ML has a high electron
mobility of 100 cm®/(V s) among other semiconducting 2D
TMDs.” These properties make the WS, ML an ideal
candidate for studying the interplay of spin—orbit coupling,
interlayer coupling, and phonons with the defgree of freedom of
the twist angle in the bilayers of TMDs.'"'

The stacking of two or more individual MLs leads to the
emergence of the interlayer exciton, where the electron and
hole are spatially located in different monolayers. The twist
angle between the individual MLs of TMDs while stacking can
greatly influence the strength of interlayer excitons.” In
twisted bilayer TMDs, where the electronic bands of the
constituent monolayers are energetically degenerate, the
interlayer hybridization becomes dominant and significantly
modifies the bilayer eigenstates depending on the twist angle."”
Understanding the interlayer interactions of such artificially

The discovery of flat bands at the magic angle of 1.1° in
twisted graphene systems brought about rich studies of
correlated insulating states and unconventional superconduc-
tivity and also inspired the search for similar properties in other
stacked two-dimensional (2D) materials." 2D transition metal
dichalcogenides (TMDs) remain one of the prominent
candidates for this search. TMDs are a class of semiconductor
compounds denoted by MX,, where M is a transition metal
atom sandwiched by two chalcogen (X) atoms in a hexagonal
crystalline structure. They have an intriguing set of properties
including but not limited to atomic-scale thickness, a direct
band gap for the monolayer in the visible region, strong spin—
orbit coupling, and a strong nonlinear response such as second-
harmonic generation (SHG).” ™ These characteristics make
the study of TMDs very interesting and invaluable to the fields
of optoelectronics, spintronics, energy harvesting, and nano-
electronics.”® Monolayers of the same or different constituent
materials can be stacked together to form bilayers of TMDs.
The stacking can be performed at various angles between the
crystal axes of two monolayers, called the twist angle. The
additional degrees of freedom created by this bilayer stacking
opened various possibilities to control the optical and
electronic properties of TMDs.”

The tungsten disulfide (WS,) monolayer (ML) is an
interesting 2D TMD that exhibits some unique properties
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Figure 1. (a) As-grown WS, monolayer (marked as 1L) deposited on the 2 in. scribed c-plane sapphire wafer. AFM images of the as-grown WS, at
(b) center and (c) edge regions confirm the high-quality coalesced monolayer with few bilayer (2L) islands.
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Figure 2. Schematic of the transfer process for fabricating large-area stacked twisted bilayers of WS, with precise control of the twist angle. The
multiple steps involved coating with PMMA, delamination, mask alignment, stacking, and annealing.

formed van der Waals (vdWs) structures is fundamentally
important, as it provides new insights into enhancing the
performances of potential optoelectronic devices.

When there is either a relative twist angle or a difference in
the lattice constant for the two periodic patterns, long moiré
period superlattices emerge. Recently, moiré superlattices of
semiconducting property have attracted interest as a
potentially simpler and more robust platform for simulating
the Hubbard model on an emergent lattice. Vibrational
properties and the band structures depend on the twist angle
because of the strain or buckling of chalcogen atoms
changing.14'15 For twisted TMDs, the phonon vibrational
properties and the band structures depend on the twist angle
because the strain or buckling of chalcogen atoms changes the
interlayer distances. The moiré patterns in vdWs structures
create a periodic potential based on the interlayer interactions,
which can impose modulation on the electronic structures of
the constituents. For example, interlayer coupling strength and
the number of flat moiré bands increase at small twist angles,
and the Dirac velocity of quasi-particles becomes zero.'*'®

In this work, we present an experimental study of low-
frequency Raman modes and moiré phonons, which can be
used to probe the strength and dependence of interlayer
coupling on the twist angle in homobilayer WS,. We fabricated

2903

large-area WS, bilayers by applying an etchant and solution-
free transfer of as-grown WS, MLs. Then, we conducted a
detailed study of optical, polarized Raman scattering, and
photoluminescence (PL) spectroscopic measurements to
uncover the relationship between the stacking angle and
interface coupling of twisted bilayers. Our work may provide
insights into moiré physics, as moiré phonons are extremely
sensitive to layer twisting. The twist angle can change the
interlayer separation between the monolayers of a stacked WS,
bilayer and can be used to infer the interfacial coupling, which
is associated with a change in PL and shifts in the band gap and
Raman modes.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Fabrication. This section describes
the experimental methods used to fabricate and characterize
single-crystal, large-area, high-quality samples of bilayer WS,.
Only a few studies have considered the stacking of epitaxial
films of TMDs transferred from large-area films of epitaxial-
grown MoS, with controlled twist angles17 and demonstrated
the dependence of their electrical properties on the twist angle.
The reason for such few studies might be attributed to the
numerous challenges, such as precise control of the twist angle,

https://doi.org/10.1021/acsami.3c14708
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Figure 3. (a) Optical absorption spectra show dominant excitons present in the spectra of ML and BL WS,. (b) Intralayer lattice vibration modes

are present in BLs.

the size of the transferred film, and different surface energies of
TMDs, resultin% in weak adhesion between constituent layers
and substrates.'

Figure 1 shows epitaxially grown films of WS, using the
procedure described in Section 4. The wafer-scale WS, films
require epitaxial growth and coalescence of oriented domains
to form a continuous monolayer. The monolayer WS, used in
preparing vdWs structures was grown by the MOCVD method
on 2 in.-diameter c-plane sapphire substrates. Chubarov et al.
report that well-defined parallel steps on sapphire substrate
guide TMD domains to align in one direction during the
nucleation stage of growth, and later, these domains coalesce
into a single film during the ripening stage.'” Transmission
electron microscopy analysis confirmed coalesced single-crystal
regions with the same crystallographic direction and largely
free of inverse domain boundaries. Furthermore, electron
diffraction also confirmed that WS, monolayers were single-
crystalline.”” The crystallographic direction (c-plane) of the
sapphire substrate leads to the epitaxial alignment of WS,
domains that coalesce into a continuous film. Figure 1a shows
the predetermined crystallographic direction of the coalesced
regions. Figure 1b,c shows the atomic force microscopy
(AFM) images of the complete coverage of the WS, ML and a
few small bilayer (BL) islands. The AFM confirmed the high
quality of monolayer WS, as indicated by a complete absence
of pinholes, bubbles, or cracks in the film.

Figure 2 shows the etchant-free transfer of the film, which is
a crucial process for obtaining clean bilayer interfaces. In the
first step, a layer of PMMA was coated on the WS, film,
followed by thermal treatment at 130 °C for cross-linking of
PMMA with the film. Next, poly(dimethylsiloxane) (PDMS)
and deionized water were used as transferring medium and full
delamination (peeling off) of WS, films from the sapphire
substrates. Since the sapphire substrate is hydrophilic and the
TMD films are hydrophobic, these contact forces of action can
separate the film from the substrate, and the film floats on
water. In the second step, a mask slide was prepared with the
delaminated film, and a target substrate was placed on the
transfer stage along the known crystallographic direction. In
the third step, by the controlled movement of the stage in the
z-direction, the substrate was brought close to the mask slide
while keeping the x and y directions fixed. The bottom
substrate is kept fixed, and then, the second layer is aligned and
oriented along the sharp edge to achieve a precise twist angle.
After the interfacial contact between the two layers was
achieved, the stage was heated to soften the PDMS and thus
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release the film, followed by annealing in an argon flow at 400
°C for 4 h. Other studies used acetone to remove PMMA,
which left a visible amount of residue on the transferred films,
causing the creation of undesirable pores in the films.”>*" To
avoid unnecessary pores or cracks in step four, we make use of
annealing in a controlled environment to improve the
interactions between the two stacked layers. WS, was grown
on a scored sapphire wafer using a high-precision dicing saw to
make sure that the cut sapphire had maximum parallel
alignment. The crystal axis of the transferred WS, layer was
with the sharp edge of the monolayer sitting on a sapphire
substrate. The top layer is oriented relative to the bottom layer
using a motorized transfer system (HQ Graphene, HQ2D
MOT) whose built-in software optically determines the best
alignment and final twist angle of the two edges during real-
time stacking. The edges of each layer are very straight and
sharp, ensuring high accuracy of the twist angle, as seen in the
optical image of bilayer WS, (see Figure S1). The AFM image
demonstrates that the surfaces of all of the transferred films are
clean and uniform. This transfer method provides a clean
interface between the two TMD layers that are never exposed
to any chemical and thus show much less PMMA residue on
the transferred layer.

2.2. Absorption Measurements. The optical properties
of TMDs are dominated by tightly bound electron—hole pairs
(excitons) and lattice vibration modes (phonons). Strong
exciton—phonon interactions can result in the enhanced
intensity of phonon modes close to the Rayleigh background.
Figure 3a shows the optical absorption spectra of monolayers
and stacked bilayers of WS,. In the absorption spectrum of the
WS, ML, two peaks corresponding to the A exciton at 2 eV
and the B exciton at 2.39 eV are present due to the interband
dipole-allowed exciton transitions. In contrast, a broad peak
around 2.86 eV for the C exciton is observed due to the
transitions between the highest valence band and the first three
lowest conduction bands around the I'-point of the Brillouin
zone.”” Figure S3 in the Supporting Information shows the
optical absorption spectra, including different cases of the twist
angle in the bilayer. On transitioning from the ML to the BL,
the absorption intensity of bilayer WS, increases by 8%
because of the band nesting (conduction and valence bands are
parallel to each other) near C excitons. The band nesting
results in a strong light—matter interaction” and causes the
van Hove singularity feature, which are saddle points of energy
dispersion in the k-space in the joint density of states.”*
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Figure 4. Low-frequency Raman spectra (LFRS) of ML and BL WS, without a twist angle with laser excitation at (a) 532 nm (2.34 eV) and (b)
488 nm (2.54 eV). Each spectrum is an average of at least two locations on the sample.
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With the change in the band gap from direct to indirect in
going from the ML to the BL, the resonant Raman conditions
also change. WS, shows a strong spin—orbit interaction with a
value of 0.39 eV that allows exciton—phonon resonance
features to appear spectrally.”” Large energetic separation of
excitons allows observation of the redshifts of the A exciton
and the blue shift of the B exciton in the absorption spectra for
BLs. These exciton shifts are not significantly large but still
result in a change in the electronic band structure (Figure 3a).
Excitons are confined in the plane of the monolayer, but in
bilayers, the excitonic wave functions near high-energy C
excitons overlap in momentum space. This can lead to the
appearance of an increased number of phonon modes (Figure
3b). Hence, Raman spectra as a function of laser energy
excitation allow us to understand the spectral features
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corresponding to phonon interactions in layered TMDs and
the strength of coupling of excitons and phonons.

2.3. Raman Spectroscopy. Raman spectroscopy measures
inelastic scatterings of phonons, which provides a quick,
nondestructive, and noninvasive method for characterizing
thickness, crystallinity, and interlayer interactions in 2D
materials. Raman scattering experiments can also measure
the energy of a specific phonon mode of a crystal that is
Raman-active by vibrational symmetry.”® Polarized Raman
spectra of TMDs as a function of laser excitation energy allow
us to understand the dependence of the scattering intensity on
the crystal symmetry and polarization-dependent Raman
tensor of phonon modes in TMDs. In the case of polarized
Raman spectroscopy, the polarization of the incident photons
and the scattered photons is controlled such that the selection
rules for Raman scattering from phonon modes allow accurate

https://doi.org/10.1021/acsami.3c14708
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mode assignments, which is not always possible in unpolarized
Raman measurements.”” The intensity of the Raman mode can
be described as I « le;R-¢l, where R is the Raman tensor of
the vibration mode, and ¢; and ¢, are the polarization vectors of
the incident and scattered photons, respectively. If the
polarization of the incident and scattered photons has an
angle between them (e.g, ¢ = (sin 3, cos 5, 0), e, = (0,1,0)),
then the intensity of the Raman tensor for shear modes will
have p-dependence, while the breathing modes will be
independent of f where f = 0° for parallel and f = 90° for
cross-polarization.”®

Ultralow-frequency (ULF) Raman modes can reveal
interlayer interactions as they correspond to the vibrations of
constituent layers. The individual layer is a large ensemble of
atoms that experiences intralayer restoring forces within its
layer. In contrast, weak vdWs forces between two layers result
in low-frequency (LF) Raman peaks, depending on the
stacking angle. The LF and ULF modes lie below 100 and
50 cm™!, respectively. The interlayer ULF modes can be
divided into in-plane shear (S) and out-of-plane breathing (B)
vibration modes with dependencies on excitation polarization.
Because these modes are susceptible to interlayer coupling,
they can be used not only for measuring layer thickness but
also for probing the effects of the twist angle on the vibrational
modes. Twist angle-dependent ULF remains largely unex-
plored in TMD homostructures because ULF modes are
hardly observed because they are in close vicinity of the
Rayleigh background.”” By using resonant laser excitation, we
can probe these ULF modes. Figure 4 shows the laser
excitation-dependent low-frequency Raman spectra (LFRS) of
monolayer and bilayer WS, with no twist angle. In the case of
the WS, ML at a laser excitation energy of 2.34 eV, the peak at
28 cm™' (Figure 4a) is the second-order longitudinal acoustic
(LA) mode due to the interaction with the substrate.”” These
polarized Raman spectra were obtained with the linear
polarization direction of scattered light parallel (XX config-
uration) or perpendicular (XY cross-configuration) to that of
the incident excitation beam, as shown in the Supporting
Information (Figure S4). For the BL, the narrow peak at ~28.0
cm™ can be detected only in the cross-polarization, thus
identified as a B mode (Figure 4a). A much weaker peak at
~46 cm™! corresponds to the interlayer S mode since it is
observed in both XX and XY polarizations. Figure 4b shows
that when the laser excitation energy (2.54 eV) is close to the
B exciton resonance, the intensities of peaks get enhanced near
resonances because of the interactions of phonons with the B
exciton states. The 2L shows more spectral features, with a
peak at 17.6 cm™' corresponding to the S mode, another peak
at 21.6 cm™' corresponding to the B mode, and a final peak at
31 cm™" corresponding to the transverse acoustic TA phonon
mode.

Figure S shows the LFRS for the WS, BL with different twist
angles. The mode at 28 cm™ is present in all of the cases of
twisted bilayers and monolayers, while the mode at 46 cm™ is
absent in monolayers (Figure Sa). The improved interlayer
coupling due to the annealing of artificially stacked samples is
confirmed by the presence of a mode at 46 cm™". The mode at
46 cm™' could be attributed to the weak scattering cross-
section and low-intensity second-order LA modes in the BL.*!

Our results confirm that the intensity of interlayer S modes
in bilayers is more sensitive to the interlayer separation
distance compared to the interlayer B modes. The force
constants for B modes are less sensitive to the lattice mismatch
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present in the homobilayers. Therefore, we mainly observe the
interlayer B modes for homobilayers. Both S and B modes in
the ULF range are sensitive to the twist angle in bilayers.”” The
LA and B modes shift by 1 cm™' wavenumber in bilayers
compared with monolayers, indicating that the layers in the
twisted structures are not electronically decoupled in the out-
of-plane direction. The prominent peak corresponding to the B
mode is clearly visible in Figure Sa, while the S mode is hardly
observable due to the weak intensity.

Figure 5b shows the two prominent peaks at around 356 and
419 cm™". The typical phonon modes of Eig and Ay, at the I'*-
point with frequency separations of 61 cm™ ' are observed in
the pristine WS, monolayer. The position of Eig peaks is not
sensitive to twist angles, while the A, peaks shift with the twist
angles, being consistent with the previous results.”> The
softening of A;, phonons with increasing twist angle indicates
that the interlayer coupling is strongest for small twist angles.
Twisted bilayers of TMDs can introduce periodic potential
that can modify the dynamics of interacting layers to generate
moiré phonons within the superlattice. Moiré phonons are
inactive in natural bilayers but become active in artificially
stacked twisted bilayers due to the folding of the phonon bands
by the moiré superlattice.’* Figure Sc shows folded acoustic
and optical moiré phonons reflected in the Raman spectra of
twisted bilayers. The appearance of moiré phonons for a range
of twist angles gives rise to the localization of electronic states
and the enhancement of electron—electron interactions,
signifying the strong interlayer coupling.

The splitting of the A;; Raman mode, denoted as FAj,
stems from the off-center phonons of the monolayer coupled
with the lattice vectors of the moiré reciprocal space (Figure
5c). The moiré phonons FAj, at different twist angles are
derived from distinct different wave vectors of the phonon
dispersion. The frequency and intensity of FA;, modes also
depend on the twist angles. The trend in Raman spectra shows
that FA,;, modes red-shift until the twist angle of 3° and then
remain nearly constant until the twist angle of 30°. Figure 5d,e
shows the peak position of E}, A;; phonon modes and
frequency separation between the E%g (I') and A, (") phonon
modes (w, — wg) as a function of the twist angle. The peak
positions are determined by Lorentz fitting in Raman spectra
[Figure S2]. Eig mode red-shifts going from the monolayer to
the bilayer. The variation of the E%g mode with the twist angle
is not significant; it slightly changes for different twist angles,
while A;, shows better dependence. The frequency separation
and position of the A;, mode can be used to characterize the
effective interlayer coupling strength. The strength of interlayer
coupling can be used in determining the interlayer distance,
which is defined as the distance between the planes of W
atoms in separate layers. In bilayers, the two energetically
stable, high-symmetry stackings are AA (twist angle of 0) and
AB (twist angle of 60). The DFT calculations show that the
value of interlayer distance for AA and AB stackings is 6.21 and
6.42 nm, respectively.”> For twisted bilayers, interlayer
distances are between the maximum and minimum values of
high-symmetry stacking, suggesting strong interlayer coupling.
The interlayer distance in twisted systems varies with the twist
angle because of symmetry reduction and steric repulsion
effects.” ™7 If interfacial coupling weakens with the twist
angle, this leads to larger interlayer distances, softened in-plane
modes, and stiffened out-of-plane modes.”® A large twist angle
implies an increased interlayer distance and weak coupling. We
summarized the peak position of the Ej, (I') and A, (T') in
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Figure 6. (a) Unpolarized low-frequency Raman spectra of the monolayer compared to bilayers having a range of twist angles with a laser excitation
of 488 nm (2.54 eV) and (b) cross-polarized configuration of polarization Raman spectra as a function of the twist angle. In the cross-polarization
configuration, the interlayer B mode is suppressed, and the S mode is more prominent.
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Figure 7. (a) PL spectra of pristine monolayer WS,. The red and green curves show the results of multiple peaks fit with the Lorentzian function.
For pristine WS,, trions (X;') and neutral excitons (X,) are located at 1.98 and 2.02 eV, respectively. (b) PL of differently twisted bilayers in
comparison to the monolayer. The intensity of photoluminescence decreases going from the monolayer to the bilayer. (c) Shift of the direct band
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Figures 5d and the corresponding frequency separation as a
function of twist angles in Figure S5d,e, respectively. We
observe that the Eég and Aj, modes are sensitive to the twist
angle, and their fluctuation is dependent on interlayer
coupling. Previous work has shown that the moiré lattice can
be divided into three different regimes of relaxed, rigid, and
transition (twist angle < 6°) lattice.” In the transition regime,
the fluctuation of high-frequency Raman modes in terms of
line width and position is more visible. The largest separation
of 63.23 cm™! is achieved at a twist angle of 2°, which indicates
strong interlayer coupling in the transition regime (Figure Se).

To confirm the strength of the interfacial coupling of our
samples, we performed polarized Raman spectroscopy in the
ULF region (Figure 6). In our results, under the unpolarized
Raman configuration, the S mode disappears above 2° and
reappears again at 20 and 30°. When the two layers of a TMD
are rotated 180° with respect to each other, the most stable
stacking 2H (or AB stacking) is obtained.”” In natural
homobilayers, commensurate 2H stacking is mostly present.
Meanwhile, in twisted bilayers, a lattice mismatch appears due
to the twist angle, creating an incommensurate lattice
structure. As the two adjacent layers are bound together by
the weak vdWs interaction, the interlayer coupling in +K
valleys can be largely suppressed by the giant spin—orbit
splitting.*' The reappearance of the S modes at large angles
can be understood in terms of the lack of commensurate lattice
and weak interlayer coupling.*>** The observation of the same
interlayer (B) and (S) mode frequencies for the twisted bilayer
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WS, with twist angles smaller than 3° provides evidence of
atomic reconstruction (ie., rearrangement of atoms within the
individual layers). The formation of a moiré pattern is expected
to cause atomic reconstruction and is largely influenced by the
competition between strain and interlayer coupling at different
twist angles.”* For small twist angles (<3°), bilayers will try to
achieve stable stacking (2H), and hence, the atomic
reconstruction causes softening of modes, demonstrating
strong interlayer coupling. When the twist angle rises above
the threshold angle (>2°), the reconstruction no longer occurs,
and the moiré superlattice becomes stable.’* This stability
leads to a significant softening of the interlayer B mode
because the moiré superlattice creates periodic modulations in
the lattice and results in the mixing of the in-plane and out-of-
plane modes. This mode then stiffens again with a decreasing
moiré period or increasing twist angle because of strain in the
lattice. In our results, the interlayer B mode shows the change
in terms of varied intensity, line width, and shift in the mode
position depending on the twist angles.

The Raman measurements reveal that the interlayer (B) and
(S) modes shift significantly with small twist angles,
demonstrating their sensitivity to the interlayer stacking and
coupling strength. In contrast, for twist angles between 9 and
15° where the stacking is found to yield mismatched lattices
without any moiré superlattices, the S mode is not observed
because its effects are expected to occur at very low frequency
(<10 cm™). The appearance of the very LF spectral features
(in terms of intensity) is because of the in-plane layer—layer
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shear vibrations that lead to virtually no restoring forces
associated with the mismatched stacking (i.e., very weak
interlayer shear coupling).

2.4. Photoluminescence Measurements. We used
photoluminescence (PL) characterizations to further probe
the optical properties of the twisted bilayer WS, as a function
of twist angles. Figure 7a shows a much higher PL intensity for
monolayer WS, compared to the bilayer WS, because of the
direct-to-indirect band gap transition. A single peak corre-
sponding to the A exciton resonance at ~619 nm (2 eV) is
observed for the monolayer (Figure 7a). The PL in the
monolayer originates from the direct exciton transition
between the conduction band minimum and the valence
band maximum (VBM). The PL intensity is slightly
asymmetric, indicating the presence of trions in addition to
neutral excitons.”> The high-energy component of PL
corresponds to excitons, whereas the tail of the PL at slightly
lower energy corresponds to negatively charged trions whose
binding energies are tens of meV (Figure 7a). In contrast, the
PL spectra of the bilayer show a decrease in intensity and a
much broader peak. Energy and charge transfers are the main
reasons for reducing the PL intensity in bilayer WS,.** The
exciton dynamics in TMDs can also be influenced by ambiance
factors, such as temperature. At low temperatures, dark exciton
states are present in TMDs, which cannot recombine directly
and thus quench PL intensity.”* In addition, with an increase in
temperature, the PL intensity of the moiré exciton rapidly
decreases and disappears at temperatures higher than ~30 K.
In twisted bilayers, the TMD moiré potential also influences
exciton dynamics and exciton radiative lifetimes. This is mainly
because the thermal energy is greater than the trapping
potential energy, and the exciton-bound state under§oes
thermal dissociation assisted by thermal excitation.”*’
Interestingly, recent ultrafast pump—probe experiments
suggest that their lifetime is mostly temperature-independent,
although the lifetime of charge carriers increases from a few
tens of picoseconds to more than a nanosecond going from the
monolayer to a few layers.*’

In homobilayers, electron transfer occurs between states
with the same energy. In the case of heterobilayers, charge
transfer is more prominent as electrons and holes are spatially
separated in each layer. However, in homobilayers, the energy
transfer is significant. In the band structure, the conduction
band is dominated by the d-orbitals of W atoms and the
valence band by the p-orbitals of S atoms. The changing
interlayer interaction with changing twist angles causes
variations for both orbitals and thus leads to band shifting in
bilayers. Depending on the twist angle, the continuous shift in
PL indicates a change in the indirect band gap energy (Figure
7b). More excitons are relaxed through the indirect pathways
rather than direct K—K transition, hence lowering the total PL
intensity. For the small range of twist angles, the PL peak
shows a large redshift, and the maximum redshift is at 2°. In
the case of small twist angle bilayers, the separation between
top and bottom monolayers is a minimum compared to the
large twist angles of bilayers. The minimum separation at small
twist angles strengthens the interlayer coupling. The constant
position of B and S modes in the phonon spectra up to 2° also
supports the interpretation of the lattice reconstruction. This
reconstruction is also seen in the stable stacking. After 2°, the
moiré period is stable, and the modulations in the electronic
structure induced by the periodic potential are reflected by the
blue shifts in PL peak positions with small variation. The
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trends in PL spectra are consistent with the phonon dispersion,
suggesting that the strongest interlayer coupling occurs at a
small but nonzero twist angle (Figure 7c). However, for twist
angles greater than 10°, PL red-shifts significantly because of
the weakened interlayer coupling. We observed higher PL
intensity peaks at twist angles of 30° and 10° and much weaker
and broader peaks at 2° and 20°. This variation in intensity
with the twist angle can be attributed to the strength of
interlayer coupling and interlayer distance. For example, the
low PL intensity is because of the strong interlayer interaction
from the minimized steric effect.”” The value of the direct band
gap is known to remain constant when the twist angle of
bilayer TMDs changes.40 However, in our PL measurement,
shifts in the peak position as much as 15 nm were observed
with changing twist angles (Figure 7b). This peak shift in PL is
also reported in similar studies.”®*”*° One possible explan-
ation is that the variation of the PL line depends on the
contribution of trions and excitons excited in the monolayer.**
The PL peaks of the direct band gap are the convolution of
excitons (X,) and trions (X;') (Figure 7a). In this explanation,
the strength of the interlayer interaction changing with the
twist angles is supposed to cause changes in relative intensities
of trions and excitons. Ji et al. reported the PL spectra of
homobilayers dominated by dynamics of excitons and trions.
In this work, the binding energy of trions is dependent on the
twist an%le, which influences the shape of the convoluted PL
peak.””* Furthermore, the absorption spectra (Figure S3)
show the position shift of the A exciton depending on the twist
angle and thus support the peak shift seen in our PL results.
Another possible reason for the shift in the PL peak is that
mechanical strain is an expected factor in twisted bilayers of
WS,, which can affect its band gap, high-frequency phonons,
and excitonic states, resulting in a shift in the photo-
luminescence (PL) peak. The twist angle changes the
crystallographic directions between the bilayers, also causing
strain. Although strain lowers the band gap in twisted TMDs,
the weaker interactions between twisted bilayers at large twist
angles can also contribute to lowering the band gap.” Thus, it
is difficult to estimate the origin and the relative magnitude of
the strain and quantitatively attribute it to the observed
variations in the PL shift. Importantly, we do not observe the
splitting of E%g phonons in Raman spectra, indicating that the
effect of mechanical strain is minimal.** Also, the annealing
method used in our bilayer fabrication supports minimizing
strain effects observed in the PL shift.* Additional experiments
and theoretical calculations may be needed to gain a deeper
understanding of the results pertaining to the trends in the PL
spectra.

3. CONCLUSIONS

In this work, we have demonstrated that Raman phonon
modes are efficient probes in understanding the strength of
moiré phonons arising in twisted bilayer TMDs. Resonant
Raman scattering reveals distinct spectral features of the LF
phonons. Scanning from a small twist angle to a large angle,
there is a consistent shift in the characteristic modes, implying
softening and stiffening of the modes. In contrast to the ULF
interlayer Raman modes, the high-frequency modes are much
less sensitive to interlayer stacking and coupling; the maximum
variation in frequency is about 1 cm™' in bilayers, depending
on the twist angle. The interlayer B modes show small
variations with different twist angles, as the mismatched
stacking leads to almost constant interlayer B mode coupling.
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In cases where the number of multiple B modes increases,
their origin indicates nonuniform coupling across the interface
because of transfer-induced localized strains. Specifically,
polarized Raman spectroscopy can identify the S modes
observed in the cases of twisted bilayers, implying a strong
interaction in bilayers. Because of the clean and large interfaces
of stacking monolayers, the LF modes are clearly visible in
most twisted bilayer samples. The PL results shed light on the
trend of trions and neutral excitons in bilayers, depending on
the twist angle. The etchant-free transfer of TMD monolayers
may provide high-quality van der Waals interfaces and well-
controlled twist angles for the fabrication of advanced
optoelectronic devices using twisted bilayer TMDs.

4. METHODS

4.1. Metal-Organic Chemical Vapor Deposition (MOCVD)
Growth. The WS, monolayers used in preparing van der Waals
structures are coalesced unidirectional films grown on a 2 in.-diameter
c-plane sapphire substrate. The WS, samples were grown using a
multistep metal—organic chemical vapor deposition (MOCVD)
technique involving the nucleation, ripening, and lateral growth of
domains. A cold-wall, horizontal, low-pressure MOCVD reactor was
used for the growth. The multistep growth started with the first step
of heating the sapphire substrate to the nucleation temperature
between 850 and 1000 °C under an H, carrier gas flow. In the second
step, the gaseous precursors W(CO)s and H,S were introduced at
1000 °C, with the ripening of triangular domains of WS,."” Ripening
refers to the surface diffusion of W-rich adatoms or the migration of
W-rich WS, clusters. The nucleation and ripening steps provide a
means to control the density, size, and orientation of WS, islands,
which are essential for achieving coalesced monolayer films. After the
growth, as the third step, the sample was annealed in H,S for a few
more minutes to compensate for desulfurization. This step is followed
by cooling the sample to 300 °C to avoid WS, decomposition. Finally,
a high-quality, high-grain, boundary-free epitaxial film of WS, is ready
to use for the characterization and transfer process.

4.2. Absorption, Raman, and PL Measurements. The optical
absorption measurements were performed using an Agilent UV—vis-
NIR spectrophotometer. Raman measurements were performed by
using a HORIBA LabRAM HR Evolution Raman microscope with
laser wavelengths of 532 and 488 nm (ULF). For Raman and PL
measurements, a grating with 1800 grooves per mm and 300 grooves
per mm was employed. Before the measurements, the system was
aligned well and calibrated with the Raman peak of Si at 520 cm™.
Raman WS, signature positions, as well as the position and intensity
of the near band gap emission in PL from WS, were mainly used to
confirm the formation of monolayer films.

4.3. AFM Measurements. A Bruker Icon atomic force micro-
scope (AFM) was used to study the surface morphology, domain size,
coverage, and thickness of the deposited layers. Scanasyst air probe
AFM tips with a nominal tip radius of ~2 nm and spring constant of
0.4 N/m were employed for the measurements, and images were
collected using peak-force tapping mode.
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