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Enhanced Interlayer Interaction in Top-Layer Twisted Trilayer

MoS, with Moiré Superlattice

Yalin Liu, Tiantian Zhang, Jun Zhou, Meijie Zhu, Zihan Zhao, Weifeng Zhang,
Yibiao Feng, Xiaopeng Guo, Nan Liu, Jiacai Nie, Shanshan Chen,* and Ruifen Dou*

Moiré superlattices, induced by an angular mismatch in layered materials
provide a new index of freedom to manipulate the correlated electron states
and many-body properties of excitons. Here, trilayer MoS, homostructures
with the 3R configuration between the middle (M) and the bottom (B) layer
and the top-to-middle (T-M) interlayer twists ranging from 10° to 40° are
fabricated via NaCl-assisted chemical vapor deposition. The twist-dependent
interlayer interactions are systematically investigated by polarized low
frequency (PLF) and high frequency (HF) Raman spectroscopy. PLF Raman
results show that the energy shift in the shear mode, the breathing modes of
LB;; and LB, is respectively the much in 14°- and 28°-T-M twisted trilayer,
among as-prepared trilayer MoS, homostructures. Moreover, the T-M twist
further affects the optical properties of the twisted MoS, trilayer, evidenced by
the photoluminescence (PL) spectroscopy. Moiré excitons are enhanced in the
top-layer twisted MoS, trilayer with a T-M twists of 28°, which may originate
from the interlayer exciton trapped by the periodical moiré potential. The
present work demonstrates that the trilayer homostructures tuned by

twist angle, generally engender interlayer
momentum mismatch and thus lead to
a mini moiré Brillouin Zone.'”” There-
fore, moiré superlattices provide a novel
and attainable platform to engineer the en-
ergy band structures and correlated elec-
tronic properties owing to the electron
confinement from the periodical moiré
superlattices.®?] It has been reported that
unconventional superconductivity and Mott
insulating states are observed in “magic-
angle” twisted bilayer graphene.>”’] Anal-
ogous to the graphene-based moiré su-
perlattice, twisted bilayer heterostructures
and homostructures comprised of transi-
tion metal dichalcogenides (TMDs) further
exhibit ultraflat bands in the low energy
regime, giving rise to strong correlated
physics at small twist angles.[>191°] Besides,
for TMD-based twisted bilayer heterostruc-

interlayer twists can be an ideal system to tune the energy band structures
and exciton properties for their potential applications in the nano-optical

electronics.

1. Introduction

Moiré superlattices, formed through vertical stacking two layers
of 2D materials with different lattice constants or with a small
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tures with relative small twist angles (<2°),
periodical moiré patterns also offer new
possibilities to probe novel optoelectronic
excitations such as moiré excitons.[20-26]
It was initially reported that moiré ex-
citons were interlayer excitons composed
of electrons and holes belonging to different layers, which are
trapped by periodically moiré potentials in the type-IIband-
aligned heterostructures.[?’] The intrinsic nature of moiré exci-
tons originating from the internal spatial electron-hole correla-
tions can be held in the moiré superlattices.[®*! Very recently,
both theoretical and experimental works show that the origin of
moiré excitons confined by the moiré superlattice may be the
modulated intralayer Wannier excitons.?*3% This means that the
strong hybridization from interlayer and intralayer excitons can
be generated in twisted heterobilayers and homobilayers.!18:2331]

Except for the TMD-based moiré superlattices with a small
twist angle, the intense moiré exciton peaks appear in the bilayer
MoS, with larger interlayer twists of 21.8° and 27.8° defined as
the commensurate angle, which predominantly result from the
miniband in refolded Brillouin zones.?”] Theoretical calculations
also predict that the TMD-based moiré superlattices with a com-
mensurate angle may host ultraflat energy bands, thus leading to
the correlated electron states and moiré excitons phenomena.*]
This implies that the properties of moiré excitons in the twisted
homobilayers might be more complex due to both hybridiza-
tion and moiré superlattice potentials highly correlated to the
lattice reconstruction over a range of twist angles as well as the

© 2024 Wiley-VCH GmbH


http://www.advopticalmat.de
mailto:rfdou@bnu.edu.cn
mailto:schen@ruc.edu.cn
https://doi.org/10.1002/adom.202400907
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202400907&domain=pdf&date_stamp=2024-06-24

ADVANCED
SCIENCE NEWS

OPTICAL

www.advancedsciencenews.com

interlayer distance.[2>7163233] However, to date, the deep investi-
gation of moiré excitons in homobilayer system is still less due
to the difficult in precisely fabrication of twisted homostructure
with a clean interface and the strong interlayer interaction. More
importantly, twisted trilayer system exhibits similar properties
as those of the bilayer structures, such as the strong electron
correlated states found in twisted trilayer graphene structure.>!l
Therefore, controllable preparation of twisted TMD-based ho-
motrilayer with versatile interlayer twists is a prerequisite for reg-
ulating the interlayer interaction strongly coupled to moiré su-
perlattices and thus modulating their exotic correlated electronic
properties and exciton-related many-body properties.

In this contribution, trilayer MoS, homostructures with the 3R
(twist angle of 0°) stacking configuration from the bottom to the
middle layer and the top-to-middle (T-M) interlayer twists rang-
ing from 10° to 40° were fabricated by design via NaCl-assisted
chemical vapor deposition (CVD). The twist-dependent interlayer
interactions are systematically investigated by polarized low fre-
quency (PLF) and high frequency (HF) Raman spectroscopy. PLF
Raman results show that peak positions of the shear mode of S5,
the breathing modes of LB;; and LB;,, representing the trilayer
interlayer interaction, are red-shift in the top-layer twisted trilayer
(tT) MoS, superstructures with a non-zero T-M twist, compared
to the top-layer tT MoS, with a 0° (60°) T-M interlayer twist. More-
over, the energy shift of the shear mode of S;; and the breath-
ing modes of LB;, and LB5; are the largest for the 28°-T-M tT
MoS, and the 14°-T-M tT MoS, respectively, which means that
interlayer coupling for the tT MoS, system at a special interlayer
twist, approaching to the commensurate angle, can be enhanced
by the periodical moiré potential. The T-M twist further affects
the many-body exciton complexes in the tT MoS,, which are ra-
tionally evidenced via the room-temperature and variable tem-
perature photoluminescence (PL) spectroscopy. Our PL results
demonstrate that the indirect energy gap is gradually expanded
with the T-M twist closing to about 30°. Moreover, moiré excitons
were observed in the top-layer tT MoS, with the commensurate
T-M twists of 14° and 28° and enhanced in the top-layer tT MoS,
homostructures with a special twist of approximate 28°, which
is owing to the interlayer excitons confined by the correspond-
ing periodical moiré potential. The present work demonstrates
that trilayer homostructures tuned by interlayer twists might be
an ideal system to explore the energy band structures and exci-
ton properties for their potential applications in the nano-optical
electronics.

2. Results and Discussion

2.1. Raman Measurement of Top-Layer Twisted Trilayer MoS,

Figure 1a shows representative optical microscope images of the
trilayer Mo$S, with different top-to-middle (T-M) interlayer twists
of about 0°, 60°, 14°, 28° and 30°. More optical microscope im-
ages of bilayer and top-layer tT MoS, could be seen in Figure S1
(Supporting Information). The top-layer tT structures are fabri-
cated through irregular changing the substrate temperature and
the carrier gas (Ar) flow, which means that the growth equilib-
rium process is no longer continuous so as to form the energeti-
cally metal-stable stacked bilayer and trilayer patterns with inter-
layer twists between the top, the middle and the bottom layer. The
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detailed growth process is schematically described in Figure S2
(Supporting Information) and the growth mechanism of the top-
layer tT MoS, homostructures will be discussed elsewhere. Here,
we can clearly discern the different layers of twisted MoS, trilayer
based on the color contrast in Figure 1a, as highlighted by the
black, blue and yellow dashed lines correspondingly drawing the
contours of the bottom, middle and top layer, respectively. The
T-M interlayer twist angle (0 _ ) is determined by the relative
rotation angle between two vertically stacked triangles, as shown
by the rotation angle of dashed lines of the top and the middle
triangle in the right panel of Figure 1a. Under this definition, the
deviation of twist angles is normally + 1°. The bottom-to-middle
(B-M) interlayer twist angle is defined as 6, _ ,, similar to that of
01 _ \ shown in Figure S1j (Supporting Information).

To investigate the evolution of phonon vibrations and inter-
layer coupling in twisted MoS, trilayer, the low-frequency (LF)
Raman spectra were obtained in tT MoS, homostructures with a
3R stacking in B-M and T-M interlayer configuration (8,_,, =
0°, 6;_, = 0°) (named as 3R-3R) in Figure 1b. For compar-
ing the Raman results from the bilayer and trilayer MoS, ho-
mostructures, Raman spectroscopy studies are carried out in bi-
layer MoS, with 3R and 2H (twist angle of 60°) stacking forms
and trilayer MoS, with 3R-3R, 2H-3R, 3R-2H and 2H-2H are
shown in Figures S3 and S4 (Supporting Information), respec-
tively. Herein, a dark blue line in Figure 1b displays a shear (S)
mode S, at 16.40 cm™ and a LF breathing mode (LB;,) at 28.17
cm™!, similar to the former study on the trilayer MoS, with a
3R stacking structure.3>=71 The parallel and the vertically polar-
ized Raman spectroscopy was performed to distinguish the dif-
ference in the shear mode and the breathing mode. Generally,
the parallel polarized LF Raman spectrum contains the parallel
components of the shear mode and the breathing mode, whilst
the vertical component of the shear mode can be only detected
by the vertical polarized LF Raman spectrum.>>3¢38-40] The red
curve representing the parallel polarized LF Raman spectrum in
Figure 1b shows two peaks, respectively, corresponding to S;,
mode at 16.40 cm™' and LB;, mode at 28.17 cm™'. The blue
curve of the vertical polarization Raman spectrum displays one
peak, protruding at 16.40 cm™!, which contains only the verti-
cal component of S;, modes. To explore the layer number ef-
fect on Raman vibration modes, Raman measurements were fur-
ther performed for the 3R stacking bilayer MoS,, as shown by
the green curve in Figure 1b. This curve displays a shear (S,,)
mode at 22.87 cm™ and a LF breathing (LB,;) mode at 39.08
cm~L[*1] The parallel polarized LF Raman spectrum represented
by the purple curve from the 3R bilayer MoS, shows a S,; mode
at 22.87 cm™! and a LB,; mode at 39.08 cm™!. The yellow curve
from the vertical polarized LF Raman spectrum only displays
one peak, corresponding to vertical component of the S,; shear
mode at 22.87 cm™'. Figure 1b clearly shows a red shift of the
shear mode (S;,, 16.40 cm™!) of the trilayer MoS, with the 3R-
3R stacking mode, comparing with that (S,,, 22.87 cm™') of the
3R stacking bilayer MoS,. Meanwhile, a new breathing mode
of LB;, at 28.17 cm™! appears in 3R-3R stacking trilayer MoS,,
which is not present in the 3R stacking bilayer MoS,. The dif-
ference of Raman vibration in trilayer and bilayer MoS, is ratio-
nale because of the LF Raman phonon modes determined by the
interlayer van der Waals interaction highly sensitive to the layer
numbers.
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Figure 1. Optical microscope and Raman spectroscopy study of the twisted trilayer MoS,. a) Optical microscope images of the trilayer MoS, with
different top-to-middle (T-M) interlayer twists of about 0°(3R), 60°(2H), 14°, 28° and 30°. The scale bar in (a) is 5 um. b) Unpolarized low-frequency
Raman spectra (the black line) and vertical (the blue line) polarized Raman spectra, as well as corresponding unpolarized Raman spectra (the green
line), parallel (the purple line) and vertical (the yellow line) polarized Raman spectra from the bottom bilayer of trilayer MoS, of 3R-3R. c—g) Unpolarized
low-frequency Raman spectra (the black line), parallel (the red line), and vertical (the blue line) polarized Raman spectra, and corresponding unpolarized
Raman spectra (the green line), parallel (the purple line) and vertical (the yellow line) polarized Raman spectra from the bottom bilayer of trilayer MoS,
with the 3R bottom-to-middle (B-M) configuration and top-to-middle (T-M) twists of 14°, 28°, 29°, 31°, and the 2H B-M configuration and T-M twist of
36°. The different colored dots in (a) display Raman measurement locations for bilayer and trilayer MoS,. h,i) Low-frequency Raman intensity mapping
images from 3R-3R-1/2 and 3R-28° trilayer MoS, samples respectively, obtained at different frequencies as shown on top of the image. The scale bar in
(h,i) is 2 um.
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Due to breaking the lattice symmetry caused by the introduc-
tion of the T-M interlayer twist and thus the variation in stacking
configurations in trilayer MoS,,!*] the Raman vibration modes
of top-layer tT MoS, homostructures characterized with stacking
configurations of 3R-14°, 3R-28°, 3R-30°, 3R-31°, and 3R-36° ex-
hibit different traits in Raman modes depending on T-M inter-
layer twists, as depicted in Figure 1c—g. Here, the abbreviation of
3R-0;_,, means a 3R stacking configuration from the bottom to
the middle layer and a top layer twisted angle of 6 in the tT MoS,
homostructure. Obviously, the black curve representing the LF
Raman spectrum for the as-grown top-layer tT MoS, with the con-
figurations of 3R-14°, 3R-28°, 3R-30°, 3R-31°, and 3R-36° shows
three peaks, which can be respectively attributed to a shear mode
S;; and two breathing modes of LB,; and LB;, from the left to the
right. The parallel (the red line) and the vertical (the blue line) po-
larization LF Raman in Figure 1c—g further confirm the energy
positions of the shear mode and two breathing modes, similar as
the analysis of Figure 1b. The comparable LF Raman spectra of
bilayer MoS, (the green, the purple and the yellow curves) from
the green dot in corresponding top-layer tT trilayer samples are
provided in Figure 1c—g. Moreover, LF Raman mapping images
obtained at the respective vibration frequency of the shear mode
and the breathing mode (Figure 1h,i; Figure S5a—d, Supporting
Information) distinctly discern the top and middle layer and fur-
ther evidence the high-quality and homogeneous performance of
the whole twisted trilayer MoS, homostructures.

For probing into the phonon mode evolution with the varia-
tion in T-M interlayer twists, the LF Raman spectra from different
top-layer tT MoS, samples are put together in Figure 2a. Mean-
while, the peak positions of the shear mode and two breathing
modes are summarized in Table S1 (Supporting Information).
We can see that the S;; mode from the trilayer MoS, with T-M
twists of 13°, 14°, 28°, 30°, and 31°display almost the similar
frequency of about 23 cm™ as shown in Figure 2b. Moreover,
the S;; mode at 23 cm™! is in red-shift and far away from that
(16.40 cm™) of trilayer MoS, with a twist angle of 0° and 60°,
as shown in Figure 2a. As for two breathing modes, LB;, and
LB,, is in red shift of about 4.5 cm™" (Figure 2c) and is about 1
cm™! (Figure 2d) for the 14° and 13°-+T MoS,, respectively. The
red-shift energies of the LB;; and LB, modes are the great for
the 14°-tT MoS, homostructure, compared to those of other as-
prepared tT MoS, homostructures. Similar phenomenon exists
in the sample of 13°-tT MoS, due to the very close twist angle to
14°. Raman vibration modes are strongly sensitive to the stacking
configurations. A slight deviation in atom registrations in trilayer
homostructures results in different Raman vibration modes, as
shown in Figure 2f,g, respectively corresponding to four different
stacking forms of 3R-3R-1/2, 3R-3R-3/4 (Figure S6a—d, Support-
ing Information). Figure 2f,g apparently indicate the generation
or annihilation in the phonon vibration modes depending on dif-
ferent atom registrations. Figure 2h,i describe the phone vibra-
tion modes of 3R-2H and 2H-2H. Therefore, the phonon vibra-
tion, directly revealing the interlayer interaction, can be obviously
adjusted by the introduction of the twist angle in trilayer MoS,.
LF Raman spectra related to the T-M interlayer twists are sum-
marized in Figure 2e, which tells that the interlayer interaction
can be strongly tuned by the twisted top layer in MoS, trilayer.
With the T-M interlayer twist increasing from 0° to 13°, 14°, 28°,
30° and 31°, the interlayer distance is gradually expanded and the
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lattice mismatch between the top and the middle layer is gener-
ated, resulting in peak positions of the shear mode approaching
to that of 3R bilayer MoS, and thus the interlayer decoupling for
samples of 3R-30° and 3R-31° tT MoS,.

In addition to LF Raman vibrations tuned by the T-M interlayer
twist and thus the interlayer coupling, the high frequency (HF)
Raman spectroscopy further manifests the evolution of phonon
vibrations in tT MoS, with the variation of the T-M interlayer
twist. Figure 3a shows a series of HF Raman spectra from 3R bi-
layer MoS, and tT MoS, homostructures with a 8 _ ,, twist of 0°,
13°, 14°, 28°, 30°, 31° and 60°. Obviously, two prominent peaks
located at around 382 cm™! and 404 cm™! are observed, being as-
signed to the in-plane E;g and out-of-plane A;, phonon modes,
respectively. Herein, the ]:"21g mode for the as-grown samples of
13°-,14°-,28°-,30°-, and 31°-tT MoS, remains unchangeable with
the introduction of the T-M twist angles, comparing to that of 0°
(60°)-twisted trilayer MoS, .’} However, the A, mode clearly dis-
plays a twist angle-dependent redshift, as shown in Figure 3b.
The energy of two vibration modes in HF Raman spectra are
summarized in Table S1 (Supporting Information). The twist
angle-dependent A, mode is mainly determined by long-range
Coulombic interlayer interactions and interlayer van der Waals
interaction, respectively.l2] Therefore, the energy difference be-
tween the E;g mode and the A;, mode (Aw = w,-»;) may char-
acterize the interlayer interaction, namely, the stronger interlayer
coupling generally corresponds to the greater energy difference.
In the present case, the energy difference between two HF Ra-
man peaks (Aw) in trilayer MoS, structures with a T-M twist of
about 14° and 28° is a bit greater than that of other samples of
30°-, and 31°-trilayer MoS,, which is close to that of 0°- and 60°-
MosS, trilayer, as shown in Figure 3c. This means that the T-M
interlayer coupling for samples of 14°- and 28°- is stronger than
that of trilayer MoS, with a T-M twist angle of 30° and 31°. More-
over, the interlayer coupling is gradually weakened with the T-M
twist angle approaching to 30°. Besides, the moiré phonon mode
located at 407 cm™, is related to the A, phonon branch (FA,,)
and visible in HF Raman curves for 13°-, 14°-, 28°-, 30°- and 31°-
twisted trilayer MoS, patterns in Figure 3a, originating from the
off-center phonons of the monolayer linked with the lattice vec-
tors of moiré reciprocal space.2331]

Figure 3b further shows that FA,, peaks exhibit a sine-like be-
havior related to a T-M twist angles, in agreement with the pre-
vious studies on moiré phonon.!'*37#2l It is worth noting that
the peak energy of the FA;, moiré phonon is increased in the
twisted trilayer MoS, with a 6., of 14°, which might be due to
the phonon energy matching well the potential energy of moiré
superlattices. The moiré phonons in the moiré superlattices with
the different twists stem from diverse wave vectors of phonon
dispersion, which provides an effective way to manipulate the
phonon dispersion, further generating the phonon-assisted elec-
tron excited states in K space and energy band structures.

2.2. Special Optical Properties of Top-Layer Twisted Trilayer MoS,

We investigate the energy band structures and the excitonic
properties of tT MoS, patterns via room-temperature (RT) and
low-temperature PL spectroscopy. Figure 4a shows a serial of
RT PL spectra of tT MoS, patterns with various T-M twist
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Figure 2. Low-frequency Raman characterization of the twisted trilayer MoS, and 3R bilayer MoS,. a) Low-frequency Raman spectra from trilayer MoS,
homostructures with 3R configuration in B-M interlayer and T-M twist angles of 0°, 13°, 14°, 28°,30°, 31° and 60° and bilayer MoS, with 3R configuration.
b—d) Peak position of S3;, LB3; and LBj, in LF Raman spectra of tT MoS, homostructures with a twisted top layer. The red dashed line in (b) represents
the peak position of S,; of MoS, bilayer with a 3R configuration. e) The variation of peak positions of S3;, LB3; and LB, in tT MoS, homostructures
relative to the trilayer MoS, with a 0° T-M interlayer twist. f-i) The schematics and the corresponding shear mode and breathing mode of trilayer MoS,
with different stacking configurations of (f) 3R-3R-1/2, (j) 3R-3R-3/4, (h) 3R-2H/2H-3R and (i) 2H-2H configuration.

angles on SiO,/Si surface. The RT PL spectra of the black
curve obtained at the 0°-twisted trilayer MoS, pattern show three
prominent peaks with the positions located at around 1.819 eV,
1.939 eV, and 1.316 eV, respectively.*’] The PL peak energy at
1.819 eV originates from the oscillation of the A excitons (X*),
which is caused by the bound electron-hole pairs due to the
strong Coulomb interaction in TMD semiconductors. The peak
at 1.95 eV is the energy location of the B exciton (XB), gener-
ated by the spin-orbital splitting in K space. In addition, the
lower energy peak at 1.316 eV can be attributed to the indirect
excitons (X!) from the different layers,[**! occurring due to in-
direct momentum Q-K transition corresponding to the top of
the valence band and the bottom of the conduction band. The
typical schematic image of the X* exciton, X® exciton and (X)
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exciton radiative transition is shown in Figure S7 (Supporting
Information).

Remarkably, Figure 4a shows the energy evolution of X' with
the variation in twist angles. With increasing the T-M twist angles
from 0° to 30°, the low energy peak energy of X! (in Figure 4a)
is gradually enlarged from 1.316 to 1.388 eV and the correspond-
ing peak intensity is strengthened as well. However, the peak en-
ergy of X' is reduced from 1.388 to 1.360 eV with the T-M twist
changing from 30° to 60°. The energy variation of X' with the T-M
twist angles is displayed in Table S2 (Supporting Information) in
SI, which directly demonstrates that the electron band structures
can be tuned by different moiré superlattices with consideration
of the interlayer interaction. It is well-known that the weakened
interlayer coupling in TMD-based moiré superlattices would
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Figure 3. High-frequency Raman characterization of the twisted trilayer MoS, and 3R bilayer MoS,. a) HF Raman spectra of twisted trilayer MoS,
samples with a B-M 3R configuration and T-M twist angles from 0°, 13°, 14°, 28°, 30°, 31°, to 60°. b) The energy position of the E;g, the Ay, and the

FA;; Raman modes as a function of a T-M twist angle, dash lines are from the linear ( E;g, Avg) and sinusoidal (FA) fitting. c) The energy difference

between A, and E;g (Aw) as a function of the T-M twist angles, the red dashed line represents the frequency difference between the A, and the E;g

modes of 3R bilayer MoS,.

result in a decrease in the bandgap at I" point in K space, caus-
ing an enlarged indirect band gap. The indirect band gap is in-
creased to the most value in top-layer tT MoS, homostructures
with a twist angle of 30°, meaning the weak interlayer coupling
in the 30°-tT-MoS, The results are in good agreement with the
previous PL results!l on increasing an indirect band gap in the
bilayer MoS, with a 30° twist. Besides, Figure 4a shows that the
energy of the X* exciton at 1.830-1.837 eV (X*) (see Table S2,
Supporting Information) from the twisted trilayer homostruc-
tures are greater than that (1.819 eV, the black line) of the un-
twisted trilayer samples. The exciton at 1.931-1.940 eV (X®) is
unsensitive to T-M twist angles for the tT MoS, homostructures,
compared to that of the untwisted trilayer homostructures. It
is accepted that!!*l the primary exciton peaks originate from in-
tralayer scattering, so their energies are independent of the twist
angles. Meanwhile, the X exciton peak broadening is more re-
markable in some special twisted homostructures including 14°-,
20°-, and 28°-tT MoS,. The energy blue shift and the broader peak
in the XA exciton can be ascribed to the interlayer coupling im-
pacted by the periodical commensurate structure induced by the
high commensurate angles such as 15.2°, 21.8°, and 27.8° be-
tween the top and the middle layer, which is previously reported
in the study of the twisted bilayer MoS, with the commensurate
angles.[??]
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To understand the reason of the energy broadening in the
XA exciton for the as-grown tT MoS, homostructures, the low-
temperature PL measurements at 10K are comparably performed
for samples of 14°-, 20°-, 28°-, 30°-, and 31°-tT MoS, homostruc-
tures. Figure 4b shows the low-temperature PL spectra of the
above mentioned trilayer MoS, homostructures. The correspond-
ing normalized low-temperature PL spectra are shown in Figure
S8a (Supporting Information). Except for the primary A and B
excitons labeled as X* and X® in Figure 4b, two additional peaks
located at around 1.6 eV and 1.7 eV can be identified respec-
tively in the low-temperature PL spectra from the samples of 14°-,
20°-, 28°-, 30°-, and 31°-tT MoS, homostructures. Based on the
former research on the twisted bilayer MoS, homostructures,
the peak projected at about 1.7 eV might be related to the de-
fect emission (XP),l**] originating from the localized excitons
bound by defects such as grain boundary or vocation generated
during the CVD growth procedure. This peak is further observed
in LT PL spectrum from the single layer MoS,, strongly evidenc-
ing that the peak of 1.7 eV cannot be associated with the differ-
ent stacked structures and indeed caused by the defect-bound
localized excitons of the monolayer in Figure S8b (Supporting
Information).***l As for another peak located on the left side of
the defect emission peak in the low-temperature PL spectrum,
this radiation recombination can be assigned to the interlayer
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Figure 4. PL properties of top-layer tT MoS,. a) The room-temperature PL spectra of tT MoS, homostructures with a 3R B-M configuration and the T-M
twist angles of 0°, 13°, 14°, 28°,30° and 31° b) Low-temperature PL spectra of 3R-14°, 3R-28°, 3R-30°, and 3R-31° tT MoS, at 10K. c—e) Low-temperature
PL spectra of the (c) 3R-14°, (d) 3R-28°, (e) 3R-30° tT MoS, fitted by the Gaussian function. f) Side view of the atomic registration model of 3R-28° tT
MoS,. g) Schematic illustration of the moiré superlattice formed in a tT MoS, with 3R-28° in real space, and the moiré potential period labeled as ay. h)
The moiré superlattice in (g) leads to periodic modulation of the electrostatic potential of the twisted homotrilayer, showing three highlighted regions
with the threefold rotational symmetry (AA, BM°/S | BS/Mo) which may retain excitons and complexes of exciton.

excitons (X'). Comparing to the energy of the X! exciton dis-
tributed in the range of 1.367-1.388 eV for the twisted trilayer
MoS,, the energy X! peak shift to the high energy of approxi-
matel.6 eV. Significantly, this energy value is very close to the en-
ergy of moiré excitons, previously reported in the literature about
high-angle twisted bilayer MoS,.[??] In essence, moiré excitons
belong to the interlayer excitons, which can be trapped by the pe-
riodical moiré potential formed by the large-angle commensurate
superlattices in twisted bilayer MoS,.[?2]

To ensure the formation of moiré excitons, the low-
temperature PL spectra are fitted by the Gaussian function as
shown in Figure 4c—e and Figure S8c¢ (Supporting Information),
corresponding to the 3R-14°, 3R-28°, 3R-30°, and 3R-31° tT MoS,
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homostructures, respectively. Figure 4c shows four peaks, the A
exciton (X* = 1.867 eV), the B exciton (X® = 2.028 eV), a defect
emission peak (XP = 1.742 eV), and the interlayer exciton (X' =
1.689 eV), respectively. Similar phenomena can be observed in
Figure 4d,e, and Figure S8c (Supporting Information). The en-
ergy values of different exciton states are listed in Table S3 (Sup-
porting Information). We can clearly see that the intensity of in-
terlayer moiré (X') is variable in the tT MoS, with different T-M
interlayer twists, which is evidenced by the ratio between the X!
and X* (namely, R, ,). The value of R, is changeable and gradu-
ally decreased from 0.604, 0.583, 0.182, and 0.118 for the 3R-14°,
3R-28°, 3R-30°, 3R-31° tT MoS, samples. This means that inter-
layer excitons can be bound by the moiré potential, which only
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happens on the commensurate superlattices caused by the com-
mensurate large twist angles such as 13.2° and 27.8°. In this case,
two T-M twist angles of 14° and 28° are pretty close to the above
two commensurate angles. The detailed stacking structures of
twisted trilayer MoS, are shown in Figure 4f-h. It tells that there
are high symmetric atom stacking locations of AA, AB and BA in
the moiré superlattices (Figure 4h), which induces the moiré po-
tential larger than that of the incommensurate superlattices from
the 3R-30° and 3R-31° tT MoS, homostructures. Accordingly, the
interlayer excitons, named as moiré excitons, can be trapped in
these high symmetric dots, resulting in the energy shift and in-
creased intensity in LT PL spectra.

3. Conclusion

In conclusion, high-quality tT MoS, homostructures with the
twisted top-layer were successfully fabricated via a NaCl-assisted
CVD method. The evolution of the interlayer coupling in twisted
trilayer MoS, was investigated by Raman and PL spectra. Ra-
man and PL results show the trilayer interlayer interaction are
sensitively dependent on the commensurate twist angles of 14°
and 28°. Moiré excitons, were observed in the top-layer twisted
MoS, trilayer with T-M twists of 14° and 28° and enhanced in
the top-layer twisted trilayer MoS, homostructures with special
twists of approximate 28°, which originates from the interlayer
excitons trapped by the periodical moiré potential. The present
work demonstrates that the trilayer homostructures tuned by in-
terlayer twists can be an ideal system to tune the energy band
structures and exciton properties for their potential applications
in the nano-optical electronics.

4. Experimental Section

CVD Growth of the Top-Layer Twisted Trilayer (tT) MoS, Structures:
The top-layer twisted trilayer MoS, patterns were grown on 300-nm-thick
SiO, /Si substrate by a NaCl-assisted CVD method, with crystal sizes rang-
ing from 10 to 20 um. During CVD growth process, MoO; powder (99.9%,
5 mg, Alfa Aesar) and sulfer powder (99.95%, 50 mg, Alfa Aesar) were
placed on different temperature zones, meanwhile, the SiO, /Si substrate
was upside down set away from the MoOj3 precursor with the distance of
1 cm. Here, the argon gas was used as the carrier gas with the gas flow
rate ranging from 50 to 100 sccm for the growth of twisted trilayer MoS,
crystals. The furnace temperature was ramped from 30 °C to 700 °C for
20 min, the reaction time was kept for 10 min under atmospheric pres-
sure. The temperature of the MoO5 and sulfur precursor was set at 800 °C
and 130 °C, respectively. After finishing the MoS, growth, the CVD system
was cooled down to room temperature without any assistance.

Measurement of Raman and PL Spectroscopy: Low frequency and high
frequency Raman spectra were measured at room temperature using a
micro-Raman system (Horiba, LabRAM HR Evolution NANO) equipped
with 1800 lines mm~" gratings with laser energy of 2.33 eV (532 nm). A
%100 objective lens (numerical aperture = 0.90) was used to focus the
laser beam to a spot ~1 um in diameter on the sample surface.

PL and LT PL spectra were recorded with a confocal Raman microscope
(InVia, Renishaw U.K.) at room temperature with a 532 nm He-Cd laser
as the excitation source. The 100 lines mm~! grating is used in the PL
measurements.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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