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Homo-Site Nucleation Growth of Twisted Bilayer MoS, with

Commensurate Angles

Jun Zhou, Haojie Huang, Zihan Zhao, Zhenglong Dou, Li Zhou, Tiantian Zhang,
Zhiheng Huang, Yibiao Feng, Dongxia Shi, Nan Liu, Jian Yang, J.C. Nie, Ququan Wang,

Jichen Dong,* Yungqi Liu, Ruifen Dou,* and Qikun Xue*

Moiré superlattices, composed of two layers of transition metal
dichalcogenides with a relative twist angle, provide a novel platform for
exploring the correlated electronic phases and excitonic physics. Here, a
gas-flow perturbation chemical vapor deposition (CVD) approach is
demonstrated to directly grow MoS, bilayer with versatile twist angles. It is
found that the formation of twisted bilayer MoS, homostructures sensitively
depends on the gas-flow perturbation modes, correspondingly featuring the
nucleation sites of the second layer at the same (homo-site) as or at the
different (hetero-site) from that of the first layer. The commensurate twist
angle of ~#22° in homo-site nucleation strategy accounts for ~16% among the
broad range of twist angles due to its low formation energy, which is in
consistence with the theoretical calculation. More importantly, moiré
interlayer excitons with the enhanced photoluminescence (PL) intensity and
the prolonged lifetime are evidenced in the twisted bilayer MoS, with a
commensurate angle of 22°, which is owing to the reason that the strong
moiré potential facilitates the interlayer excitons to be trapped in the moiré
superlattices. The work provides a feasible route to controllably built twisted
MoS, homostructures with strong moiré potential to investigate the
correlated physics in twistronics systems.

1. Introduction

Since the discovery of Mott insulating states
and unconventional superconductivity in
magic-angle bilayer graphene,*? the in-
terlayer twist angle has been a new de-
gree of freedom for tuning the energy band
structure and exotic electron correlated phe-
nomena due to the confinement of elec-
trons in the moiré superlattices of twisted
layered materials. Analogous to graphene-
based twisted bilayers, moiré superlattices
composed of transition metal dichalco-
genide (TMD) materials exhibit novel phys-
ical phenomena, such as Mott insulat-
ing states,3°l Wigner crystal states,l’™]
and quantum anomalous Hall effect.*")
More significantly, plenty of research stud-
ies show that moiré excitons are gener-
ated in TMD-based twisted heterobilayers
of MoSe,/WSe, 111l WSe, /WS, and
MoSe, /WS, 1617l which originates from
the effect of moiré superlattice on inter-
layer excitons with electrons and holes
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residing in different layers with the type-I1 band alignment.[18-20]
Very recently, it was reported that interlayer excitons can be
trapped in the moiré superlattice of twisted MoS, homobilayer
with a commensurate twist angle of 21.8°.2!1l The commensu-
rate angles are theoretically predicted to some “magic” angles
in TMD-based homobilayer, with which the twisted homobi-
layer (THB) structures are explored for the ultra-flat bands and
corresponding correlated electron states.??l This means that
the TMD-based THB structures with commensurate angles
provide a new platform to engineer the energy band structures
and many-body properties of excitons. However, to date, there
is still less contribution deliberated to the study of twist angle
dependent moiré excitons in TMD-based THB. Therefore, the
fabrication of TMD-based THB is a prerequisite for a deep
understanding of the twist angle driving the moiré effect on the
interlayer excitons (IE).

For the controllable fabrication of twisted layered materials,
much efforts have been made to develop different routes in-
cluding transfer methods, for example, polymer-based dry trans-
fer or liquid-assisted wet transfer,2*?] folding methods,?! as
well as chemical vapor deposition (CVD) methods.[?72°] The
shortcoming of the transfer and folding approaches is the
introduction of the interfacial contamination, defects, wrin-
kles, and bubbles, which greatly inhibit the performances of
twisted layered materials utilized in the real twistronic nan-
odevices. As for the CVD method, it is a well-accepted feasi-
ble, and easy approach to acquire high-quality large scale 2D
materials.[?$2] However, the direct growth of the TMD-based
THB architectures with controllable twist angles by using the
CVD method still remains less reported. Therefore, it is nec-
essary to develop a universal CVD approach to directly grow
twisted TMD homobilayers and further understand the growth
mechanism behind this universal growth way, which may pro-
vide a feasible route to engineer the impact of the twist-angle-
dependent moiré superlattice on the energy band structures
and moiré potential trapped excitons in the TMD-based THB
structures.

Here, a universal CVD growth approach is designed to suc-
cessfully build MoS, bilayer homostructures with versatile twist
angles ranging from 8° to 56° by using the gas-flow perturba-
tion mode. This method enables the nucleation site of the sec-
ond layer to be the same (the homo-site nucleation) or different
(the hetero-site nucleation) from that of the first layer, which cor-
respondingly depends on the different growth processes mainly
including the continuous variation of the gas flow and the discon-
tinuous variation of the gas flow. Through counting the distribu-
tion of twist angles of over 2000 twisted MoS, bilayer patterns
grown by the homo-site nucleation mode, we find that the frac-
tion of the commensurate twist angle near to ~#22° (and ~32°)
accounts for nearly 16%, except that the distribution of the twist
angle of 30° is the highest approaching to about 9% of the total
angle population. The higher formation probability of commen-
surate twist angles is mainly driven by the lower formation en-
ergy of the THB MoS,, as intensively illustrated by our theoretical
simulation. Moreover, we find that the distribution of twist an-
gles obeys the normal distribution under the continuous growth
mode.

Additionally, low temperature (LT) photoluminescence (PL) re-
sults demonstrate that the PL intensity of interlayer excitons is
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prominently enhanced and the peak position of interlayer exci-
tons strongly depends on the PL excitation power in the twisted
homobilayer MoS, at the commensurate twist of x22° (x32°),
compared to that of the THB structures at incommensurate an-
gles. This verifies the formation of moiré excitons originating
from interlayer excitons trapped by the deep moiré potential re-
sulting from a commensurate angle between two neighboring
layers. Compared to the radiative combination lifetime (2200 ps)
of the interlayer excitons in bilayer MoS, at incommensurate an-
gels, the lifetime of the trapped moiré interlayer excitons is pro-
longed significantly up to ~520 ps for the as-grown bilayer MoS,
structure with a twist of ~22°, further suggesting that the ori-
gin of moiré excitons comes from the interlayer excitons. Our
work provides a feasible method to build the twisted layered ma-
terials, which holds the clean and stable interface to scalably
explore exotic quantum phenomena and potentially enable the
development of quantum computing and quantum information
science.

2. Results

2.1. The Homo-Site and Hetero-Site Nucleation Growth Mode

For the bilayer TMD materials, AA and AB stacked patterns are
easily prepared during the CVD growth process due to their low-
est formation energy.[?’! Accordingly, changing the growth micro-
environment through the introduction of the gas-flow perturba-
tion to break the growth equilibrium state might be a feasible
experimental method to prepare the desirable twisted TMD bi-
layer structures due to overcoming a higher formation energy
barrier.?%! In our experiments, the Ar gas flow is exclusively set
as a changeable value during the overall CVD growth process.
Other growth parameters such as the substrate temperature and
the growth interval are shown in detail in the Methods section.
The CVD setup used to fabricate the THB MoS, structures is
schematically displayed in Figure S1 (Supporting Information).
The top-colored polyline in Figure 1a shows the gas-flow fluctu-
ating with the growth interval. In our experiment, the whole pro-
cess during the CVD growth of the MoS, crystal can be divided
into three stages: the initial stage (I) (0-3 min) associating with
the substrate temperature increased up from room temperature
to 800 °C, the nucleation and the growth stage (II) (3-7 min),
and the coalescence stage (III) (7-10 min) with a constant sub-
strate temperature of 800 °C. The initial stage (I) is related to
pre-nucleation for the growth of MoS,, which is independent of
the variation of the gas flow rate. For the third growth stage (III),
this process can be called the after-nucleation period. In other
words, the as-grown THB MoS, grains commence to coalesce,
and a multigrain THB MoS, structure might be produced. The
most significant stage, determinedly affecting the formation of
the twist angle between two neighboring layers, is the second
growth stage (II). During this stage, the carrier gas flow pertur-
bation distinctly influences the nucleation sites of the top layer
and the related orientation between the top and the bottom layer.
A large number of reproducible experimental results display that
the regularly varied gas flow (the top curve of Figure 1a), that
is the constant value of the gas flow changed rate (the bottom-
colored line of Figure 1a) promotes the appearance of rotation
angle between the neighboring layers and the nucleation sites
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Figure 1. The homo- and hetero-site nucleation strategy for the direct growth of THB MoS, structures. a, d) The top image shows the variation in Ar
gas flow with the growth interval corresponding to the homo-stie and the hetero-site nucleation growth mode, respectively; the bottom image displays
the variation rate of the carrier gas flow with the growth interval, in which the growth interval is divided into three stages: the pre-nucleation stage (1)
(0-3 min), the nucleation and growth stage (Il) (3—7 min), and the coalescence stage (lll) (7-10 min). b, e) A schematic model of the as-grown twisted
homobilayer MoS, with an interlayer twist, respectively corresponding to the homo- and hetero-site nucleation mode. c,f) Representative OM images
of as-grown twisted homobilayer MoS, patterns with twist angles of ~ 22°, 25°, 38°, and 45° for the homo-site and the hetero-site nucleation mode,

respectively.

of the top MoS, layer located at the same nucleation position as
that of the bottom layer, which is named as the homo-site nucle-
ation mode. This is easily understood that the sudden change of
the gas flow may interrupt the growth of the first layer. Mean-
while, the sharp increase in the gas flow will easily induce the
change of the carrier gas flow direction in the micro-area, which
generates the growth rotation of the second layer relative to the
first layer. This situation is very similar to the previous results on
the CVD growth of twisted bilayer MoSe, through the reverse-
gas flow method to change the direction of the gas flow after
completing the growth of the first layer.?!] However, the stable
gas-flow rate may hold the same surrounding microscopic envi-
ronment during the growth of bilayer MoS,. In this case, the nu-
cleation sites for the bottom and the top layer are located at the
same location, which is the same as that of the growth of bilayer
TMDs without the Ar flow perturbation.[3?) Previous research on
the growth mechanism of 2D layered materials structures have
proved that the nucleation site is normally located in the symmet-
ric center of the monolayer crystal.[?>32] The schematic structural
model of the homo-site nucleation growth of the THB structures
is shown in Figure 1b. The interlayer twist between two layers
and the same nucleation sites for the top and the bottom layer are
highlighted as the 6 angle and a green dot at the same site, respec-
tively. Because there is a distinct relationship between the shape
of monolayer MoS, grown by CVD and its crystal orientation, the
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interlayer twist () is defined according to the relative direction
of the top and bottom triangle edges.*"! Figure 1c shows serials
of representative optical microscopy (OM) images of THB-MoS,
with twist angles of around 22°, 25°, 32° and 45° on SiO, /Si sub-
strate, which are directly fabricated under the growth condition
in the gas flow rate shown in Figure la. The twist angle (6) be-
tween the top and bottom layer can be experimentally measured
by the green and blue dashed lines in the upper left corner im-
age in Figure la. In our experiments, the deviation of twist an-
gles is normally about + 0.5°. The green dot located in Figure 1c
represents the same nucleation site for the top and bottom layer.
According to the symmetric axis of the patterns respectively com-
ing from the top and bottom layers, one can easily discern that the
centers of the top and bottom layers of THB MoS, in Figure 1care
overlapped at the same site, evidencing the suggested homo-site
nucleation growth mode.

In our experiments, the interlayer twist can be tuned by ir-
regularly manipulating the variation of the Ar gas flow. The top
and the bottom polyline in Figure 1d respectively show the inho-
mogeneous variation of the gas flow and the irregular variation
rate with the growth interval. Under the above growth condition,
we can obtain THB MoS, structures at a wide range of twist an-
gles, which are intuitively shown by OM images of Figure 1le.
Obviously, the nucleation sites of the top and the bottom are
completely diverse due to the allotopic symmetric centers of the
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individual top and bottom layer, as indicated by both symmet-
ric centers (the green and the blue dot) obtained from the top
and the bottom layer, respectively. This kind of growth pro-
cess is referred as the hetero-site nucleation mode. The twisted
structures fabricated by CVD through the hetero-site nucleation
mode are schematically displayed in Figure 1le. The nucleation
sites belonging to the top and the bottom layer are marked as
a green and a blue sphere in Figure le, respectively. In this
case, the interlayer twist is still discerned according to the ori-
entation between two triangle edges. The main difference be-
tween the irregular and regular change of the gas flow is the
nucleation sites of the top and bottom are varied with the ir-
regular change rate of the Ar gas flow (the bottom curve of
Figure 1d). This can be interpreted by the unstable surrounding
microscopic environment resulting from the irregularly chang-
ing gas flow rate during the growth of bilayer MoS, A sim-
ilar phenomenon has been observed in the CVD growth of
twisted bilayer graphene with the hetero-nucleation site growth
strategy.3%!

To confirm the influence of the gas flow fluctuation on the nu-
cleation site of the top layer and the introduction of the twist
angle between neighboring interlayers, similar regular and ir-
regular variations in the gas flow rate are designed intention-
ally (Figure S2a,b, Supporting Information). The correspond-
ing as-grown THB MoS, structures by using the gas flow tur-
bulence are shown in Figure S2c¢,d (Supporting Information),
which respectively reproduce the growth processes of the homo-
site and hetero-site nucleation mode. On the contrary, the sta-
ble bilayer MoS, structures with AA (0°) or AB (60°) stacking
configurations are easily generated during the CVD growth of
TMD materials with the constant Ar gas flow, as shown in Figure
S2e,f (Supporting Information). Meanwhile, a selected-area elec-
tron diffraction (SAED) pattern (Figure S2g, Supporting Infor-
mation) is obtained, corresponding to the OM image of the
twisted bilayer MoS, with a twist angle of 20.3° (the left top im-
age in Figure S2¢, Supporting Information). To intuitively iden-
tify stacking configurations and twist angles existing in as-grown
THB MoS, patterns, aberration-corrected scanning transmission
electron microscopy (STEM) images were further obtained in
the representative THB MoS, structures, as shown in Figure
S3a,d,e (Supporting Information). These STEM images com-
bined with corresponding SAED patterns in Figure S3b,f (Sup-
porting Information) and schematic superlattices in Figure S3c,g
(Supporting Information) directly show the periodical moiré pat-
terns, corroborating the evidence of twist angles of 13.4° and
26.7° from the representative twisted bilayer patterns, respec-
tively. Accordingly, one conclusion can be made that the regu-
lar perturbation of the gas-flow rate during stage II helps to di-
rectly obtain twisted bilayer MoS, at the homo-site nucleation
growth mode, while the gas-flow varied irregularly facilitates to
grow twisted bilayer MoS, based on the hetero-site nucleation
mode.

2.2. Growth Mechanism of the THB MoS, Directly Fabricated by
CVvD

It is known that the introduction of the gas-flow oscillation dur-
ing the CVD growth of MoS, is a key parameter for engineering
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the formation of a twist angle between two neighboring layers in
bilayer MoS,. To understand the reason of the formation of twist
angles dominantly ranging from 8° to 56°, the twist angles are sta-
tistically counted including thousands of twisted bilayer samples.
Interestingly, two twist angles of ~22° and 32° very nearing to the
commensurate angle of 21.8° and 32.2° account for about 16%
within counted twist angles beyond 1000 for the as-grown twisted
bilayer MoS, through the homo-site nucleation mode (Figure 2a).
Except for a 30° twist angle (%9%), the formation probability of
these two commensurate angles is relatively larger compared to
other rotation angles. However, this phenomenon is not repro-
ducible in the statistical counted twist angles formed during the
hetero-site nucleation growth of THB-MoS, (Figure 2b). In the
circumstance of the hetero-site nucleation mode, the rotation an-
gle of 30° appears highest frequently among over 2000 samples
of twisted bilayer MoS, with the discontinuous gas flow. Mean-
while, it is clearly discerned that THB-MoS, homostructures with
a small twist angle (< 4°) is not easily to directly grow.[213% In a
word, the statistical results on twist angles in Figure 2a,b) present
a normally distributed population, which evidences that twist an-
gles at a wide range of from 16° to 46° can be grown easily by
designing the experimental parameters.

Density function theory (DFT) calculations were performed
to understand the above experimental phenomenon. Figure 2c
shows the interlayer binding energy profile of a commensurate
THB MoS, supercell as a function of its interlayer twist angle
(Figure S4, Supporting Information). It can be seen that the
strongest binding energies correspond to the 3R and 2H crystal
structure with a rotation angle of 0° and 60°, respectively. Hence,
the 3R and 2H stacking MoS, structure are preferential to form
during the growth of the MoS, bulk material. However, no obvi-
ous preference is observed for other twist angles. Previous stud-
ies have shown that the orientation of a 2D crystal grown on a
substrate is determined at its nucleation stage, where the inter-
action between the edges of the 2D crystal and the substrate plays
a dominant role.[**] To reveal this effect, the relative stabilities of
a small triangular MoS, island on a perfect MoS, surface with
different twist angles are calculated (Figure 2d; Figure S5, Sup-
porting Information). It is found that the structure with a twist
angle smaller than 18° or larger than 42° is unstable and spon-
taneously optimized to the structure with 0° or 60° twist angle,
consistent with our experimental observation that structures with
too small or too large twist angles are scarce. We further testi-
fied this point by optimizing a larger triangular MoS, island on a
MoS, surface with a twist angle of 10°, which also spontaneously
rotates to 0° (Figure 2e,f). More importantly, local minima are
found in the relative energy profile for the twisted angles rang-
ing from 20° to 32° (Figure 2d), which may be corresponding to
special commensurate angles including 22° and 32° observed in
our experiments. It is noted that the above DFT calculations pro-
vide thermodynamic insights into the twist angle distribution in
THB MoS,. To realize the growth of bilayer MoS, islands with
a relatively large proportion of moiré superlattices, the introduc-
tion of a kinetic factor, i.e., the gas flow perturbation, is indis-
pensable. During the CVD growth of MoS, layered structure, af-
ter the nucleation of the first MoS, layer, a sudden increase of
Ar is introduced as a gas-flow perturbation, which would pro-
vide more active molybdenum and active sulfur species to fuel
the nucleation of the second layer so as to promote the growth
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Figure 2. The statistical distribution of twist angles and theoretical calculation of the formation energy for THB MoS,. a, b) The statistic distribution of a
wide range of twist angles for the as-grown THB MoS, grown through the homo-site and the hetero-site nucleation mode, respectively. c,d) The binding
energy profile (c) of the THB MoS, with different twist angles for the bulk and the relative energy profile (d) of a small triangular MoS, island on MoS,
surface with different twist angles calculated by the DFT. e,f) The atomic structure model of twisted bilayer and zero-twisted bilayer schematically shows
that the THB MoS, can spontaneously reverse back to an energetically stable AA or AB stacked structure with a twist angle of 10°.

of the second MoS, layer (Figure S6, Supporting Information).
A sudden carbon-source supply enhancement is previously re-
ported to be capable of generating new nucleation of the second
graphene layer with a rotation angle related to the first layer.2% In
our case, the thermodynamically preferential orientation of the
new layer at 0° and 60° would be broken by a different local envi-
ronment resulting from a sudden increase of the Ar gas flow, en-
abling the presence of interlayer twist and the formation of THB-
MoS, with a high probability, which is evidenced by the recent
report.l**]

2.3. Exploring the Optical Properties of THB MoS, at Versatile
Twist Angles

First, the crystal quality of as-grown THB structures at versa-
tile twist angles was inspected via Raman spectroscopy measure-
ments. Figures 3a and S7 (Supporting Information) show repre-
sentative Raman intensity mapping images of THB MoS, struc-
tures with various twist angles respectively grown through the
homo-site and hetero-site nucleation mode (labeled in Figures).
The mapping images are obtained by collecting the intensity of
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Figure 3. Determination of the twist angles and the interlayer interaction of THB MoS, at a wide range of twist angles. a) Raman intensity mappings
of 22°-THB MoS, grown through the homo-site nucleation mode, which is obtained through collecting the intensity of the A;; mode. b,c) LF and HF
Raman spectra of a series of bilayer MoS, with different twist angles grown via homo-site nucleation mode.
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the A;, modes (the peak energy at ~404 cm™). Raman mapping
images from Figure 3a and Figure S7a—e (Supporting Informa-
tion) display the homogenous Raman intensity of A,, vibration
in the whole THB MoS, structures at different twist angles, sug-
gesting that the as-grown.

THB MoS, possesses a defect-free, uniform, and high-quality
crystal structure. The low-frequency (LF) and high-frequency
(HF) Raman spectroscopy are universally adopted as a diagnostic
tool to characterize the twist angle-dependent interlayer coupling
in TMD bilayer.**’] The LF and HF Raman spectroscopy mea-
surements of THB MoS, with different twist angles grown via the
homo-site nucleation mode shown in Figure 3b,c further prove
that twist angles exist in as-grown THB MoS, patterns. First,
compared with the LF Raman spectrum of bilayer MoS, with 0°
showing a shear (S) mode at 22.87 cm™ and the breath (B) mode
at 39.08 cm, the S mode is nonexistent and the B mode shifts to
the low energy of ~37.08 cm! with the introduction of twist an-
gles in THB MoS,. Moreover, the HF Raman spectra in Figure 3¢
show that FA,, peaks exhibit a sine-like behavior related to twist
angles, in agreement with the previous studies on moiré phonon
originating from the folded phonon vibration modes.[**-38] These
characteristics of the LF and HF Raman spectra provide rational
evidence of engineering the interlayer interaction through the in-
troduction of the interlayer rotation angle in 2D layered semicon-
ductor materials, which thus affects their optical and excitonic
properties.

It is well-known that in the type-II band aligned stacked TMD
heterostructures and the twisted bilayer homostructures, a novel
excitonic state of the interlayer exciton can be created,''-17:2!]
where the Coulomb coupled electron and the hole are separated
between two individual layers as shown in Figure 4a. Considering
the twisted homobilayer structure, the moiré potential can arise
due to different local interactions within the periodical moiré
pattern. As shown in Figure 4b, Figures S8 and S9 (Support-
ing Information), a moiré pattern with a twist angle close to 0°
(60°) is composed of high-symmetric AA and 3R (2H, A’B and
AB’) regions and transition areas between them. DFT calcula-
tions were performed to investigate the electronic band struc-
tures and estimate the moiré potential in THB MoS, (See Sup-
porting Information for calculation details). We found that the
variation in direct (indirect) bandgaps between AA and 3R stack-
ing bilayer MoS, is 78 meV (402 meV), while that between 2H,
A’B and AB’ stacking bilayer MoS, is 37 meV (306 meV). There-
fore, the indirect exciton moiré potential depth is much larger
than the direct exciton moiré potential depth, and the moiré po-
tential depth for THB MoS, with a twist angle close to 0° is
slightly larger than that with a twist angle close to 60°. Figure 4c,d
shows the fitted indirect (I'-K) and direct (K-K) exciton moiré po-
tentials for a THB MoS, with a twist angle close to 0°, where
the minimum and maximum are located at AA and 3R stacking
regions, respectively.[12213% The exact crystalline symmetry, de-
pending sensitively on the fine details of the rotation center, crit-
ically affects low-energy response properties.*”) Thus the peri-
odical superlattice causes the electronic dispersion in moiré mo-
mentum space and moiré superlattice assists strong interlayer
tunneling via Umklapp scattering, which opens new channels
for electron kinetics!*!l and optical transitions.[*>*] Therefore,
moiré superlattice not only provides the deep moiré potential to
trap the interlayer excitons and intralayer excitons but also boosts
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the super-exchange between them through these high symmetric
sites.

In the present experiments, we have measured the optical
properties of THB MoS, structures at different twisted angles
by using the PL spectroscopy at room temperature and low tem-
perature (10K). Figure 4e shows the room-temperature (RT) PL
spectra of the as-grown THB MoS, structures at different twist
angles of 0°, 22°, 25°, 32° and 45°. One can find that three char-
acteristic peaks from the A exciton (X*), the B exciton (XB), and
the interlayer exciton exist in the RT PL spectra of THB MoS,.
The peaks located at lower energy of 1.4-1.6 eV originating from
the emission of the indirect exciton (X'E) strongly depend on twist
angles. The peak from the indirect exciton directly indicates the
optical bandgap of bilayer MoS,, demonstrating the indirect I'-
K transition in K space corresponding to the top of the valence
band and the bottom of the conduction band. Tuned by the twist-
dependence interlayer interaction, these optical energy bandgaps
upshift with the twist angle varying from 0° to 30° or 60° to 30°.
These results are well consistent with our DFT calculations. The
calculated direct K-K bandgaps (= 2.2 eV) of THB MoS, show
marginal dependence on its twist angle (Figure S8, Supporting
Information). Given the exciton binding energy in bilayer MoS,
of 300-400 meV and the spin-orbital coupling effect,!**] the direct
K-K bandgaps are responsible for the XA and X® excitons. For in-
direct I'-K excitons, the most stable 3R (0°) stacking bilayer MoS,
shows a much lower I'-K bandgap (1.72 eV) than that (2.12 eV)
of the meta stable AA stacking structure. With the increase of
twist angle from 0°, AA stacking regions appear in THB MoS,
and thus lead to the upshift of indirect bandgaps. Similarly, the
most stable 60°-twisted 2H stacking bilayer MoS, shows a lower
I'-K bandgap (1.821 eV) than that (2.07 eV) of the meta stable A'B
stacking structure (Figure S9, Supporting Information). Decreas-
ing the twist angle from 60° would also lead to the increase of I-K
bandgaps due to the appearance of A’'B stacking regions.

Besides, one exciton peak in PL spectra of the bilayer MoS,
with a wide full width at half-maximum (FWHM) means that
there may be excitonic complexes except for the natural exci-
ton and the charged exciton. It has been reported that the de-
crease of temperature leads to crystal lattice contraction!*’] and
reduced thermal vibrations,***®! which contributes to identify-
ing the compositions of many-body exciton complexes. There-
fore, different excitonic states including defect excitons (XP)!*7]
and moiré exciton (XME)11-1721] trapped in the different sites of
moiré superlattice related to twisted angles might be detected in
low temperature PL spectroscopy.

Figure 4f shows the PL spectra of bilayer MoS, at rotation an-
gles of 0°, 22°, 25°, 32° and 45°, measured at low temperature
of 10K and the laser excitation power of 0.20 mW. Compared to
the room-temperature PL spectra (Figure 4e), X* exciton peaks at
approximately 1.90 eV in low-temperature PL spectra of twisted
bilayer show a narrow FWHM, almost independent of twisted an-
gles. Moreover, a new characteristic peak is observed on the left
side of the X* exciton peak near 1.78 eV in bilayer and monolayer
MosS,. This photon excitation peak can be attributed to the defect-
bound local exciton peak (XP), which is consistent with previous
literature reports.[*’] The defect exciton state (XP) usually reflects
the crystal quality of the layered MoS,. In our case, the XP ob-
served in all as-grown samples including bilayer and monolayer
MoS, structures might result from the grain boundary effect due
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Figure 4. Calculation of the moiré potential and low-temperature (T = 10 K) PL spectra characterization of bilayer MoS, with various twist angles. a)
Illustration of the light-induced charge separation and the formation of interlayer exciton in the THB-MoS, structure. b) Schematic illustration of the
moiré superlattice formed in bilayer MoS, at a twist angle close to 0° with the moiré unit cell outlined in black. The high symmetric AA and 3R stacking
regions are highlighted by red and blue circles, respectively. ¢,d) Fitted moiré potential for K-K (c) and G-K (d) moiré excitons in HTB MoS, with a
twist angle close to 0°. e) PL spectroscopy data at room temperature obtained in samples of the MoS, monolayer and THB MoS, with different twisted
angles. f) PL spectroscopy data at low temperature (10K) obtained in samples of the MoS, monolayer and THB MoS, with different twisted angles. The
used laser power is 0.20 mW. g) The intensity ratio of the interlayer excitons (X'F) and the A excitons (X*) measured from the low temperature PL with a
laser power of 0.20 mW. h) PL spectrum at low temperature (10K) of the THB MoS, at a twisted angle of 22° with a laser power changing from 0.20 to
0.52 mW. i) The deconvoluted PL curve of the THB MoS, at a twisted angle of 22°. j) PL spectrum at low temperature (10K) of the THB MoS, at a twisted
angle of 32° with a laser power changing from 0.20 to 0.52 mW. k) Average electrostatic potential difference between neutral and positively charged THB
MoS, at a twisted angle of 22°. I) Brillouin zones of the THB MoS, at a twisted angle of 22° (black hexagons) and its component monolayers (red and
blue hexagons). m) Electronic band structure of the THB MoS, at a twisted angle of 22°. The K path is chosen along the one in (I).
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to the multi-step growth of bilayer MoS, through the gas-flow
perturbation. Meanwhile, a new peak, located at the energy range
from 1.50 to 1.62 eV depending on twisted angles, appears on the
left side of the XP peak in the PL spectra of THB MoS, at different
twisted angles, which still originates from X'E similar to thatin PL
spectra measured in room temperature. Moreover, the twisted an-
gle has an obvious impact on the intensity of X'E. To understand
the twisted angle effect, the intensity ratio of the X'E and the X*
peak of the THB MoS, at twisted angles of 0°, 22°, 25°, 32°, and
45° is calculated by the function of R = Iz /Iys. The relationship
of the intensity ratio with the twist angle is displayed in Figure 4g.
Itis clearly found that the R-value corresponding to the commen-
surate angle of 22° is the largest, near to 2 among those from THB
MoS, at twisted angles of 0°, 25°, 32° and 45°. The sharply en-
hanced PL intensity might be due to the interlayer excitons con-
fined by the deep moiré potential in the different high symmetric
sites in moiré superlattices, as shown in Figure 4¢,d.[214849] Sig.
nificantly, the energy value of interlayer exciton trapped by moiré
potential is ~1.54 eV, very close to the previously reported that
bilayer MoS, at the commensurate twist angle with 21.8° shows
an intense moiré exciton peak at 1.60 eV.?!l To ensure the for-
mation of XME, the low-temperature PL spectroscopy is compara-
bly performed with different laser excitation power of 0.20 and
0.52 mW at an excitation wavelength of 532 nm, as shown in
Figure 4h. This clearly shows a blue shift in the energy position of
XME with increasing the laser power, which agrees well with pre-
vious results.['17172122] Meanwhile, the low-temperature PL spec-
trum of 22°-THB MoS, structure with the power of 0.52 mW is
fitted by the Gaussian function as shown in Figure 4i, indicat-
ing four main peaks, the A exciton (X* ~1.92 eV), the B exci-
ton (X® ~ 2.03 eV), the defect emission peaks (XP ~ 1.74 eV),
and the interlayer exciton (X' ~1.52 eV), respectively. This fur-
ther verifies the rational analysis of the many-body exciton com-
plexes. Notably, Figure 4j shows that the laser-power dependent
PL spectrum further appears on the sample of 32°-THB MoS,,
demonstrating a blue shift in the energy position of the interlayer
exciton with increasing the laser power. However, the PL spectra
with changeable laser power performed samples of THB-MoS, at
incommensurate angles including 0°, 15°, 20°, 24°, 30°, and 60°
are shown in Figure S10 (Supporting Information), which have
no clues to display the PL spectra influenced by the laser power.
Meanwhile, the R-value of 32°-THB MoS, is larger than 1 com-
pared to those from THB MoS, structures at incommensurate
angles (Figure 4g). This means that the intensively enhanced in-
tensity of XME is strongly related to commensurate twisted angles
of 22° and 32° due to the notable effects on optical excitations re-
sulting from a deep moiré potential at the special commensurate
angle.[132148:49]

We further calculated the averaged electrostatic potential dif-
ference (A E) map between the neutral and the positively charged
(loss of one electron per unit cell) state of the THB MoS, with
a commensurate angle of 22° (Figure 4k, See Supporting Infor-
mation for calculation details), which can provide a quantitative
understanding on the distribution of moiré potential at atomic
scale. One finds that the variation in AE is 120 meV, which is
well consistent with our experimentally estimated moiré poten-
tial depth. Previous studies have proposed that band folding is
also responsible for the strong moiré exciton of THB MoS, with a
commensurate twist angle.[*>% Figure 41,m shows the Brillouin
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zone and band structure of the 22°-THB MoS,. A strong indirect
G-A exciton can be found. Therefore, we believe that both the
deep moiré potential and band folding contribute to the strong
indirect moiré exciton in the THB MoS, with a commensurate
angle of 22°.

2.4. The Lifetime of Different Exciton Complexes

Recent studies on van der Waals heterostructures have reported
the long photoluminescence lifetime and diffusion length of in-
terlayer excitons.[1>2! In the twisted bilayer homostructures and
heterostructures at a small or a commensurate twist angle, the
twist-angle induced moiré pattern generates a periodic poten-
tial landscape that may change the binding energy of the exci-
tons and thus lead to unique photoluminescence lifetimes for
the interlayer moiré excitons. The photoluminescent lifetime of
interlayer moiré excitons can be experimentally determined us-
ing time-resolved (TR) PL spectroscopy. This technique involves
probing the dynamics of moiré exciton emission as a function
of time, providing access to the exciton lifetime and dynamics.
Here, TRPL spectroscopy is comparably carried out in samples
of THB MoS, structures at a commensurate angle of 22° and
varied incommensurate angles (see Figure S11, Supporting In-
formation). Figure 5a,b shows TRPL lifetime mapping images
of ~#22°-THB MoS, structure measured with the emission wave-
length filtered by the bandwidth of 550750 nm and 750-900 nm,
respectively. The individual monolayer triangular boundaries in
THB MoS, at ~22° can be obviously discerned at the energy range
from 1.65 eV to 2.25 eV in Figure 5a, illustrating the strong emis-
sion from the direct excitons of X*. However, the PL from the
bilayer region is relatively weak. In contrast, the TRPL lifetime
mapping image in Figure 5b mainly displays a resonant emis-
sion from the interlayer indirect exciton of X', where the bottom
monolayer is hard to be identified. Figure 5c,d displays a serial of
PL decay curves, respectively corresponding to the XA and X' ex-
citons for the THB MoS, with varied twist angles. In general, the
TRPL decay curve is composed of the fast and slow radiation pro-
cesses of excitons. To understand the recombination dynamics of
the excitons engineered by moiré pattern, the typical TRPL decay
curves are fitted by the function of!>3

I=1Iy+ A7+ Aes 1)

which is shown in the top and bottom inset of Figure 5e. Here,
I represents the fluorescence intensity decreasing over the mea-
surement time, while I, represents the initial fluorescence inten-
sity; 7,and 7, is the fast and slow lifetime corresponding to the
fastand the slow radiative recombination process, respectively; A,
and A is respectively corresponding to the weight of the fast and
the slow lifetime, respectively. Accordingly, it was found that the
fast lifetime weight (Aj) and slow lifetime weight (A) of X* in the
THB-MoS, are both maintained ~60% and 40% respectively, as
shown by the black and red curve in Figure 5f, which is consistent
with the minimal change in the peak of X* in room-temperature
PL spectrum with respect to the twisted angle. On the contrary,
for the interlayer indirect exciton X'E, the fast lifetime weight (A})
and slow lifetime weight (A’) have an obvious dependence on the
twisted angle (Figure 5g), which is related to the sensitivity of
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Figure 5. Lifetime of different exciton complexes. a,b) Time-resolved (TR) PL mapping images of 22°-THB MoS, collected with 550-750 nm (X" exciton)
and 750-900 nm (X'E exciton) bandpass filters, respectively. c,d) TRPL decay curves correspond to the X* and X'E excitons of THB MoS, with varied
twist angles. ) TRPL curves from ~22°-THB-MoS$, respectively corresponding to the X* and X'E excitons, which are fitted by the bi-exponential function.
f,g) Lifetime weight coefficients of Ar (A7) and A, (A!) resulting from the fast and slow radiative recombination processes of the XA (X'E) exciton, respec-

f

tively. h,i)) Lifetime of 7 (T}

the indirect bandgap to the twist angle. Interlayer excitons, cor-
responding to the indirect excitonic transition from the K to I"
point in the Brillouin zone, involve a recombination process that
requires phonon-assisted participation to satisfy the conservation
of momentum law. Therefore, the lifetime of the interlayer ex-
citon can be prolonged, which means the longer lifetime of the
exciton measured at room temperature may express the recombi-
nation dynamics. The red curve in Figure 5h, i respectively shows
the slow lifetime of X' (z/) and X* (z,), suggesting the slow life-
time (z/) of X'® is largest (x520 ps) at ~22°-THB-MoS, structure
among as-grown THB MoS, at an incommensurate angle. This
result further verifies that the moiré potential impacts the local-
ization, and the binding energy of interlayer excitons due to the
moiré superlattice confinement of interlayer excitons in differ-
ent superlattice sites. Eventually, the radiative recombination dy-
namic of the excitons can be engineered through the moiré su-
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) and 7 (r!) corresponding to the fast and slow radiative recombination processes of the X* (X'E) exciton, respectively.

perlattices of bilayer at a commensurate angle and thus lifetime
is lengthened.

3. Conclusion

In summary, a universal CVD growth of twisted bilayer MoS,
with versatile twisted angles is designed. This method enables
the direct growth of twisted bilayer through a homo-site nucle-
ation mode or hetero-site nucleation mode, which correspond-
ingly depends on the different growth processes mainly includ-
ing the continuous variation of the gas flow and the discontin-
uous variation of the gas flow. The twisted angle distributions
are reasonably interpreted by the DFT calculations of the forma-
tion energy. Moreover, the moiré excitons are directly measured
by using PL spectroscopy at low temperature, which is verified
by the lengthening photoluminescent lifetime for the interlayer
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excitons from THB MoS, structure with a commensurate angle
and attributed to the deep moiré potential confinement as calcu-
lated by the DFT. Exploring moiré excitons in twisted bilayer ho-
mostructures at a commensurate angle provides insights into the
interplay between the moiré-induced potential, electronic struc-
ture, and excitonic behavior, offering opportunities for advanc-
ing our understanding of exotic quantum phenomena and poten-
tially enabling the development of next-generation optoelectronic
devices.

4. Experimental Section

Sample Fabrication: The twisted homobilayer MoS, patterns were
grown on 300-nm-thick SiO,/Si substrate by CVD. During CVD growth
process, MoO; powder (99.9%, 5 mg, Alfa Aesar) and sulfur (99.95%,
50 mg, Alfa Aesar) were placed in different temperature zones. Meanwhile,
the SiO,/Si substrate was upside down placed away from the MoO; pre-
cursor at a distance of T cm. Here, the argon gas was used as the car-
rier gas for the MoS, crystal whole growth. The furnace temperature was
ramped from 27 to 800 °C for 20 min with a continuously or discontinu-
ously changeable gas flow rate. The reaction time was kept for 10 min un-
der atmospheric pressure with the gas-flow perturbation (Figure 2; Figure
S3, Supporting Information). The temperature of the MoO; and S precur-
sor was set at 800 and 130 °C for the reaction time, respectively. After fin-
ishing the twisted bilayer MoS, growth, the CVD system was cooled down
to room temperature without any assistance.

Experimental Setup: OM images of tB-MoS, on SiO,/Si substrates
(SiO, thickness: 300 nm) were obtained by OM (BX51M, Olympus Com-
pany).

The room temperature PL spectra were measured with a confocal Ra-
man microscope (InVia, Renishaw U.K.) equipped with 100 lines/mm grat-
ings and x 100 objective lens with a 532 nm He-Cd laser as the excitation
source.

The room temperature Raman spectra and low temperature PL spectra
were measured at T = 300K and T = 10K using a micro-Raman system
(Horiba, LabRAM HR Evolution NANO) equipped with 1800 lines/mm
gratings, X 100 objective lens, and 600 lines/mm gratings, x 50 objective
lens with laser energy of 2.33 eV (532 nm), respectively.

The time-resolved PL lifetime imaging was measured in a fluorescence
lifetime microscope (PicoQuant MicroTime 200) using a pulse laser exci-
tation with a wavelength at 630 nm and a repetition frequency of 5.0 MHz.
The emission of direct exciton XA was collected using a bandpass filter with
a bandwidth of 550-750 nm (1.65-2.25 eV), and the emission of interlayer
indirect exciton X'E was collected using a bandpass filter with bandwidth
of 750-900 nm (1.38-1.65 eV).

Density Functional Theory Calculations: Density functional theory
(DFT) calculations were performed by using the Vienna ab initio simu-
lation Package. The detailed calculation methods are provided in Supple-
mentary Materials.

Supporting Information

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