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Reconfiguring nucleation for CVD growth of
twisted bilayer MoS2 with a wide range of
twist angles

Manzhang Xu 1,2,3,10, Hongjia Ji1,10, Lu Zheng1,2,3, Weiwei Li1,2,3, Jing Wang4,
Hanxin Wang 1, Lei Luo1, Qianbo Lu 1,2,3, Xuetao Gan 4, Zheng Liu 5,6,7,
Xuewen Wang 1,2,3 & Wei Huang 1,2,3,8,9

Twisted bilayer (TB) transition metal dichalcogenides (TMDCs) beyond TB-
graphene are considered an ideal platform for investigating condensedmatter
physics, due to the moiré superlattices-related peculiar band structures and
distinct electronic properties. The growth of large-area and high-quality TB-
TMDCs with wide twist angles would be significant for exploring twist angle-
dependent physics and applications, but remains challenging to implement.
Here, we propose a reconfiguring nucleation chemical vapor deposition (CVD)
strategy for directly synthesizing TB-MoS2 with twist angles from 0° to 120°.
The twist angles-dependentMoiré periodicity can be clearly observed, and the
interlayer coupling shows a strong relationship to the twist angles. Moreover,
the yield of TB-MoS2 in bilayer MoS2 and density of TB-MoS2 are significantly
improved to 17.2% and 28.9 pieces/mm2 by tailoring gas flow rate and molar
ratio ofNaCl toMoO3. Theproposed reconfiguringnucleation approachopens
an avenue for the precise growth of TB-TMDCs for both fundamental research
and practical applications.

In recent years, twisted bilayer (TB) graphene, especially magic-angle
graphene, has become a fascinating material for advancing the field of
twistronics. They provide an ideal platform for the investigation of
superconductivity, Mott insulation state, quantum anomalous Hall
effect, and quantum critical point1–4. The exciting properties of TB-
graphene are naturally expected to extend to TB-transition metal
dichalcogenides (TB-TMDCs)5,6. Similar to TB-graphene, the periodic

Moiré patterns can be formed in TB-TMDCs, which results in the reg-
ulation of electronic band structure and further producing a series of
interesting physical phenomenon7–11. However, these TB-TMDC mate-
rials have neither been naturally formed in bulk materials nor synthe-
sized via traditional growth methods due to their unfavorable manner
in thermodynamical processes. Therefore, to develop a distinctive
approach for the direct synthesis of high-quality and large-area
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TB-TMDCs with a wide range of twist angles from 0° to 120° would be
significantly important to investigate their intriguing physical prop-
erties and potential applications.

In order to accomplish this, two-step stacking and folding meth-
ods have been proposed for artificially controlling the twist angles.
However, the polymer residues, time-consuming, low success rate, as
well as ultra-low yield result in unavoidable interlayer contamination,
which negatively impacts the interlayer coupling12,13. On the contrary,
one-step chemical vapor deposition (CVD)method offers an approach
todirectly growcleanTB-TMDCs. Thus, directgrowthof TB-TMDCs via
CVD is currently regarded as a highly promising technique, owing to its
excellent quality and scalability14,15. The TB-TMDCs always show non-
twisted structure (0°-TB-TMDCs or 60°-TB-TMDCs) due to the ener-
getically favorable bilayer in CVD process12,16. It is well known that the
rotations between monolayer and bilayer in TB-TMDCs need to over-
come a high energy barrier. Therefore, there are fewer reports for the
CVD synthesis of TB-TMDCs compared with bilayer TMDCs17,18. Sever
approaches have been adopted for the synthesis of TB-TMDCs, such as
controlling nucleation rate, temperature enhancement, as well as
introduction of catalyst. Specifically, Liu et al.16 reduced the nucleation
rate at the initial stage, which can obtain a high proportion of bilayer
MoS2, and acquire break trough of high yield of TB-MoS2 in bilayer
MoS2 (~5%). Han et al.19 introduce the Mo foil instead of MoO3, which
can reduce the nucleation rate and avoid introducing impurities. Shao
et al.20 introduced the tin (Sn) into the CVD system for reducing the
stacking energy of WS2. A similar approach has also been adopted for
the synthesis of twisted WSe2/WSe2 homostructure21. Zheng et al.22

enhanced the reaction temperature to 1100 °C to overcome the angle
mismatch in bilayer WS2, while only non-twisted structure can be
observed under a reaction temperature of 850 °C. However, it is still
challenging to prepare large-area and clean TB-TMDCs with a wide
range of twist angles by CVDmethod especiallywith small twist angles.
Therefore, an efficient approach for growing TB-TMDCs, especially
with good repeatability, high yield, and diverse twist angles is urgently
required. In addition, establishing the correlation between the syn-
thesized results and CVD parameters is still highly desirable but
fraught with challenges.

Here, we propose a reconfiguring nucleation strategy for the
direct synthesis of clean TB-TMDCs with thermodynamically unfa-
vorable twisted stacking structures. As one example, the synthesized
TB-MoS2 has a wide range of twist angles from 0° to 120°. The
exceptional crystalline quality of the grown TB-MoS2 is verified by the
atomic-resolution lateral force microscopy (LFM) and clear Moiré
patterns in scanning transmission electron microscopy (STEM). The
Raman and photoluminescence (PL) spectra show a strong relation-
ship between interlayer coupling and the twist angles. In addition, the
key parameters for CVDgrowing of TB-MoS2 have beenproposed. This
synthesis strategy has been extended for preparing high-quality TB-
WS2, sheding light on the precisely controllable growth of other 2D
TMDCs with controllable interlayer twists.

Results
Synthesis of TB-MoS2
A space-confined CVD method was developed to grow TB-MoS2, as
illustrated in Fig. 1a (see Methods for details). The MoO3 and sulfur
powder were adopted as Mo and S source, respectively. With the
assistance of NaCl, TB-MoS2 is grown on SiO2/Si substrate. As
demonstrated in Fig. 1b, the twist angle is defined by the angular dif-
ference along the corresponding edges of the top and bottom layers
(indicated by dashed green and red lines, respectively). The twist
angles are determined from the bright field (BF) optical microscopy
(OM) images with an error of about 0.8° (Supplementary Note 1 and
Supplementary Fig. 1). The polarization-resolved second harmonic
generations (SHG) is a precise technique to determine the orientation
of 2D materials. To evaluate the accuracy of twist angle from BF-OM,

the SHG has been recorded in the location of monolayerMoS2 and TB-
MoS2 (Fig. 1c–f). Monolayer MoS2 exhibits a three-fold rotational
symmetry in its crystalline structure, while the SHG responsewith a six-
fold rotational symmetry with six petals when the polarization of the
incident laser is parallel (perpendicular) to the polarization of the SHG
signal23. The polarization dependence of the SHG intensities in TB-
MoS2 with respect parallel components is shown in Fig. 1e. The 0°-TB-
MoS2 shows the superposed SHG fields with consistent SHG orienta-
tion excepted for the SHG intensity. In the 95.3°-TB-MoS2 (Fig. 1f), the
SHG orientation ofmonolayerMoS2 is consistent with the polarization
direction of 0°-TB-MoS2. The polarization direction of each layer is
determined by the angle between the respective armchair direction
and the pump laser polarization of each layer. The phase difference of
SHG in two layers of SHG is determined by the twist angle. Therefore,
six-fold rotational symmetry of SHG remains in the twisted area, and
the azimuthal angle of SHG is half of the twist angle. The difference of
azimuthal angle from SHG is calculated to be 47.7°, which is roughly
half of the twist angle for 95.3°-TB-MoS2. More TB-MoS2 with twist
angles of 9.2°, 21.0°, 32.7°, 74.9°, 81.0°, and 84.7° show the SHG azi-
muthal angle of 4.5°, 10.5°, 16.3, 37.3°, 40.3°, and 42.5, respectively
(Supplementary Figs. 2 and 3). The SHG results indicate that the
measured twist angles from the optical images are accurate and reli-
able. Due to the convenient operation, the OM was adopted to mea-
sure the twist angles of TB-MoS2, basedon the sharp edges of theMoS2
crystals. Figure 1g clearly demonstrates that TB-MoS2with awide range
of twist angles from 0 to 120° are successfully grown by the proposed
space-confined CVD method. In addition, the dark-field (DF) OM ima-
ges confirm the clean surface in the TB-MoS2 (Supplementary Fig. 4).

Characterization of TB-MoS2
The area of monolayer and bilayer in TB-MoS2 can be clearly identified
by the BF-OM, DF-OM, atomic force microscope (AFM), and scanning
electronmicroscope (SEM) images. As noticed in Supplementary Fig. 5,
the in situ BF-OM, DF-OM, SEM, and AFM images of a typical TB-MoS2
with a twist angle of 21.9° indicate that clean and homogeneous TB-
MoS2 is successfully synthesized. The typical Raman and PL spectra
were taken from the 101.3°-TB-MoS2, while the single spectrum of
monolayer and bilayer are recorded from the location in the dotted
area of TB-MoS2 (Supplementary Fig. 6a). The Raman peaks of
monolayer MoS2 are located around 385.8 and 401.6 cm−1 (Fig. 2a),
which is corresponding to E1

2g mode (the in-plane vibration of Mo and
S atoms) and A1g mode (out-of-plane vibration of the S atom),
respectively16,19,24. Compared to monolayer MoS2, TB-MoS2 shows a
higher Raman intensity attributed to the strongly increased Raman
intensity resulting from the increase in layer number25–29. Besides, the
frequency of the E1

2g mode decreases (Δω = 2.4 cm−1), while the fre-
quency of the A1g mode increases (Δω = 2.1 cm−1). This is caused by the
long-range Coulombic interaction between the Mo atoms. In addition,
the enhancement of interlayer interactions leads to restoring forces on
the increased S atoms30. The Raman intensity mappings of A1g and E1

2g
with a mapping size of 18μm × 18μm are shown in Fig. 2b and Sup-
plementary Fig. 6b, respectively. The monolayer and bilayer MoS2 can
be distinguished easily from the Raman mapping due to the strong
contrast. The uniform intensity observed throughout the mapping
region indicates the crystalline uniformity of monolayer and bilayer in
101.3°-TB-MoS2 sample. In addition, clear contrast is observed in the
monolayer and bilayer area in the Raman mapping for the position of
maximum of 101.3°-TB-MoS2 in the range around E1

2g and A1g , which is
attributed to the large shift for the A1g and E1

2g vibration frequency
(Fig. 2c, d). Compared to the peak locations formonolayerMoS2, a red
shift of E1

2g model (2.3 cm−1) and a blue shift of A1g (2.0 cm−1) are
observed for bilayer MoS2, which is consistent with the Raman spec-
trum in the literature31–33. Moreover, the bilayer MoS2 shows a more
homogeneous Raman shift across the whole mapping region, indi-
cating a high consistency of vibration mode in 101°-TB-MoS2.
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The PL spectra and PLmapping of the 101°-TB-MoS2 are shown in
Fig. 2e–g. In the monolayer MoS2, two peaks are observed at energy
levels of 1.81 and 1.95 eV, corresponding to A exciton and B exciton,
respectively. For thebilayerMoS2, a red shift of 0.4 eV is observed forA
exciton, while the B exciton remains at 1.95 eV. Compared to mono-
layer MoS2, the A exciton exhibits weaker PL intensity, while the B
exciton has a consistent PL intensity in the PL intensity mappings of

bilayer MoS2 (Fig. 2f, g). In addition, a noticeable emission shift is
observed around A exciton between monolayer and bilayer, while no
significant change is observed in the B exciton, as shown in Supple-
mentary Fig. 6c, d. This is consistent with previous reports24,34–36. The
blue shift of A exciton can be attributed to a decrease in the binding
energy37. The reduced emission intensity of A exciton canbe caused by
the charge redistribution under interlayer interaction at the van der
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Fig. 1 | Growth of twisted bilayer MoS2 (TB-MoS2). a Illustration of the chemical
vapor deposition (CVD) setup for the synthesis of TB-MoS2. b Schematic atomic
configuration of TB-MoS2 with a twist angle due to a relative lattice alignment
between two layers. c, d Typical bright field optical microscopy (BF-OM) of 0° and
95.3°-TB-MoS2, the green and red circles indicate the top and bottom layers,
respectively. e, f Polar plots of parallel components of second harmonic

generations (SHG) intensity of 0°-TB-MoS2 and 95.3°-TB-MoS2. The raw data and
corresponding fitted curves of the monolayer (greed) and TB-MoS2 (red) are
measured from the circles area in (c) and (d), respectively. The intensity has been
normalized. g BF-OM images of the as-grown TB-MoS2 with twist angles from 0 to
120°. Scale bars: 10μm in (c), (d), and (g).
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Waals interface in bilayer MoS2. Moreover, the constant emission
intensity of B exciton may be attributed to the similar hole con-
centration in the valence state of monolayer and bilayer MoS2

38. The
Raman and PL results suggest the successful synthesis of high-quality
TB-MoS2.

The ability to visualize atomic lattices and moiré superlattices
nondestructively is critical for the rapid development of 2D materials,
and the scanning probe approach offers an attractive option for
achieving this goal. The LFM, which measures nanoscale friction by
using widely available AFM, proves particularly useful for

nondestructive imaging across various types of 2D materials under
ambient conditions39,40. Figure 2h shows a typical AFM image of 90.0°-
TB-MoS2. The corresponding BF-OM and DF-OM images are shown in
Supplementary Fig. 7. The thicknesses of monolayer and bilayer MoS2
are 1.0 and0.7 nm, respectively. The LFMraw imagesofmonolayer and
bilayerMoS2 aswell as the corresponding fast Flourier transform (FFT)
images are shown in Fig. 2i–l. As demonstrated, the periodic lattice
structures of monolayer and bilayer are clearly observed from the
high-resolution LFM raw image (Fig. 2i, k). The hexagonal points are
observed in the corresponding FFT images, as shown in Fig. 2j, l,
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Fig. 2 | Characterization of TB-MoS2. a Typical Raman spectra of monolayer and
101.3°-TB-MoS2. The dashed lines represent the E1

2g and A1g peak positions of TB-
MoS2. b Raman intensity mapping for A1g mode of 101.3°-TB-MoS2. c, d Raman
mappings for position of maximum of 101.3°-TB-MoS2 in the range around E1

2g and
A1g , respectively. e Typical photoluminescence (PL) spectra of monolayer and
bilayer in 101.3°-TB-MoS2, which is taken from the dots in panel (d). The dashed
lines represent the A exciton position of TB-MoS2. f, g PL intensity mapping for A
exciton and B exciton of 101.3°-TB-MoS2. h Atomic force microscope (AFM) image
of typical 90.0°-TB-MoS2. The dashed lines represent the orientation of the bottom
(green) and top (red) layer, respectively. The height profile shows the thicknesses

of monolayer and bilayer MoS2. i, j High-resolution lateral force microscopy (LFM)
raw image and corresponding fast Fourier transformpattern of themonolayer area
in 90.0°-TB-MoS2. k, l High-resolution LFM raw image and corresponding fast
Fourier transform pattern of the bilayer area in 90.0°-TB-MoS2. m Atomic-
resolution LFM raw images of the monolayer and bilayer in 90.0°-TB-MoS2 and
corresponding schematic diagram of atomic lattice of 90.0°-TB-MoS2. The insets
illustrate the fast Flourier transform (FFT) patterns of atomic-resolution LFM raw
images. Scale bars: 5μm in (b)–(d) and (f)–(h), 5 nm in (i) and (k), 5 nm−1 in (j) and
(l), 1 nm in (m), and 5 nm−1 in the inset of (m).
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demonstrating a hexagonal crystalline structure of monolayer and
bilayerMoS2. It is also seen that the FFT patterns have different angles,
which is ascribed to the different lattice orientations in the monolayer
and bilayer of the 90.0°-TB-MoS2. The atomic lattice images of
monolayerMoS2 are less sharp compared to the bilayerMoS2, which is
caused by the relatively rough surface of the substrate. The accurate
atomic-resolution LFM raw image of monolayer and bilayer TB-MoS2
with an angle of 90.0° is shown in Fig. 2m. The FFTs of the monolayer
and bilayer MoS2 show a slight deformation due to the thermal drift,
which is a typical challenge encountered for AFM system that operate
in non-vacuum environments40. It should be noted that the Moiré
periodicity is not directly observed in the LFM images and the corre-
sponding FFT pattern of the bilayer area in TB-MoS2, which may be
attributed to nanoscale friction induced by the interaction between
the AFM tip and surface S atoms. In contrast, the twist angle can be
identifiedby generating twosets of hexagonal points fromFFT analysis
with the twist angle of 29.8° (Supplementary Fig. 8). This is consistent
with AFM and OM results for 90.0°-TB-MoS2. Importantly, atomic lat-
tices of monolayer and bilayer MoS2 match well with the LFM results
(Fig. 2m), indicating a twist angle between them in TB-MoS2, corro-
borating the measurement from FFT results and OM images.

Commensurate superlattices in TB-MoS2
The twist angles of synthesized TB-MoS2 are further investigated using
an aberration-corrected STEM-high-angle annular dark field (HAADF)
with an advanced STEM corrector (ASCOR). By employing ASCOR
corrector on FEI Themis Z, the atomically fineMoiré features in the TB-
MoS2 are recorded. The damage-free imaging condition and high
spatial resolution ensure highly precise and accurateMoiré patterns. A
representative HAADF-STEM image with Moiré features in TB-MoS2 is
shown in Fig. 3a, while its corresponding HAADF-STEM image can be
seen in Fig. 3b. The selective area electron diffraction (SAED) is further
adopted to characterize the TB-MoS2. As illustrated in Fig. 3c, the SAED
of monolayer MoS2 exhibiting hexagonal points, which reflects the
single crystalline structure of the monolayer MoS2. The representative
SAEDpatternof the bilayerMoS2 displays two sets of hexagonal points
with a relative rotation (Fig. 3d), confirming the twist angle between
the monolayer and bilayer MoS2. The SAED patterns exhibit 6-fold
symmetry. InmonolayerMoS2, the intensity of If110g is lower than If100g,
while the opposite intensity can be founded in the TB-MoS2 (Supple-
mentary Fig. 9) due to the relatively weak interactions between the
monolayer and bilayer. The FFT patterns of monolayer and bilayer TB-
MoS2 are shown in Fig. 3e, f. The FFTs show a consistent orientation
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Fig. 3 | Commensurate superlattices in TB-MoS2. a Atomic-resolution high-angle
annular dark field (HAADF) scanning transmission electron microscopy (STEM)
image of 21.9°-TB-MoS2. b HAADF-STEM image of the 21.9°-TB-MoS2. The dashed
lines represent the edges of the bottom (green) and top (red) layer of MoS2,
respectively. The green and red circles indicate the monolayer and bilayer regions
for the measurement of SETM and SAED, respectively. c–f SAED and fast Flourier
transform (FFT) patterns of monolayer and bilayer in 21.9°-TB-MoS2 in (b). The
green and red hexagonal points represent the bottom and top layer rotation
orientations, respectively. g Enlarged white box region in (a) showing the detailed

atomic features in each Moiré pattern, and the white rhombus indicates a Moiré
period of 0.83 nm. h Atomic-resolution HAADF-STEM image of the monolayer and
bilayer MoS2 at the interface of the 21.9°-TB-MoS2 with the corresponding atom
model. i–l Atomic-resolution HAADF-STEM images of a series of commensurate
superlattices and corresponding atommodels of 34.5°, 86.9°, 97.7°, and 104.7°-TB-
MoS2, respectively. The insets are the corresponding FFT patterns of TB-MoS2 with
measured twisted angles. Scale bars: 2 nm in (a), 5μmin (b), 5 nm−1 in (c)–(f), 1 nm in
(g) and (h), 2 nm in (i)–(l), and 5 nm−1 in the inset of (i)–(l).
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compared with the SAED. The twist angle can be determined from the
FFT and SAED patterns and determined to be precisely 21.9° (Supple-
mentary Note 2 and Supplementary Figs. 10 and 11), confirming a 21.9°
misorientation between the monolayer and bilayer (Fig. 3d, f). Based
on the real-space STEM (Fig. 3g), theMoiré superlattice of the TB-MoS2
can be clearly observed andmeasured to be 0.83 nm. As noticed, each
Moiré superlattice repetition with a 0.83 nm in both x and y directions
suggests the presence of rotational symmetry in a commensurate
21.9°-TB-MoS2

41,42. The STEM image of the interface between the
monolayer and bilayer is utilized to study the termination interfaces of
the TB-MoS2. As shown in Fig. 3h, the observed Moiré patterns is a
direct evidence of epitaxial growth. Note that the periodic Moiré pat-
terns are also noticed at the interface, indicating that the bilayer MoS2
is epitaxially grown on the monolayer MoS2.

MoreHAADF-STEM and SAED characterizations are performed on
the TB-MoS2 with several other twist angles (Fig. 3i–l and Supple-
mentary Fig. 12). It is found that twist angles are measured to be 34.5°,
86.9°, 97.7°, and 104.7°from the HAADF-STEM images. The SAED pat-
terns of 34.5°, 86.9°, 97.7°, and 104.7°-TB-MoS2 show that two groups
of hexagonal arrays of diffraction spots are observed with angles of
25.5°, 26.9°, 22.3°, and 15.3°, respectively (Supplementary Fig. 12). Note
that the twist angles obtained from the HAADF-STEM image and SAED
pattern have a certain relationshipdue to the 3-fold rotation symmetry
of the monolayer MoS2 lattice, as follows:

θSAED =θSTEMð0<θSTEM ≤ 30�Þ ð1Þ

θSAED = 60� � θSTEMð30�<θSTEM ≤60�Þ ð2Þ

θSAED =θSTEM � 60�ð60�<θSTEM ≤90�Þ ð3Þ

θSAED = 120� � θSTEMð90�<θSTEM ≤ 120�Þ ð4Þ

Here, the θSAED represents the twist angle between two adjacent
diffraction spots in the SAED,while theθSTEM represents the twist angle
obtained fromtheHAADF-STEM image (samewith theOM).Therefore,
the calculated θSAED from the SAED are 25.5°, 26.9°, 22.3°, and 15.3°,
which are consistent with the FFT results from the HAADF-STEM
images of 34.5°, 86.9°, 97.7°, and 104.7°-TB-MoS2. Besides, the Moiré
patterns of 34.5°, 86.9°, 97.7°, and 104.7°-TB-MoS2 are directly
observed from HAADF-STEM images, as shown in Fig. 3i–l. For the TB-
MoS2, the Moiré periodicity (L) can be calculated based on the fol-
lowing equation43:

L=
að1 + δÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 × ð1 + δÞ× ð1� cosθÞ+ δ2
q ð5Þ

while θ represents the relative twist angle, a is the lattice constant of
MoS2, and δ represents the lattice mismatch between two twisted
layers. For TB-MoS2, there is no lattice mismatches. Therefore, the
equation can be simplified as:

L=
a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 × ð1� cosθÞ
p ð6Þ

For bilayer MoS2, a is equal to 0.3165 nm according to the com-
putational equation of the Moiré periodicity. The Moiré periodicity of
34.5°, 86.9°, 97.7°, and 104.7°-TB-MoS2 can be theoretically deter-
mined to be 0.71, 0.68, 0.81, and 1.18 nm, respectively. From the
HAADF-STEM images, the FFT patterns of the TB-MoS2 with twist
angles of 25.5°, 26.9°, 22.3°, and 15.3° are shown in Fig. 3i–l. The clear
Moiré patterns are observed, showing a distinct TB-MoS2 stacking

mode and high crystalline quality. Furthermore, the uniformity of
Moiré periodicity across the observed region suggests that 2D inter-
face between TB-MoS2 bilayers is pristine. The moiré periods are
measured to be 0.73, 0.70, 0.82, and 1.18 nm in 34.5°, 86.9°, 97.7°, and
104.7°-TB-MoS2, which are close to that of the theoretically calculated
values. The TB-MoS2 exhibits rotational order without translational
symmetry, indicating the formation of a high-quality quasi-crystalline
system. Based on the STEM results, it is thus concluded that the syn-
thesized TB-MoS2 has high crystallinity, displaying clear Moiré peri-
odicity and defined twist angles.

Evolution of spectral properties of TB-MoS2
The twist angle-dependence spectral properties ofTB-MoS2 are further
investigated. Due to theD1

3h symmetry ofmonolayerMoS2 and theD3
3d

symmetry of bilayerMoS2, the twist angle is optimized from0°~120° to
0°~60° (Supplementary Fig. 13). The Raman spectra of the TB-MoS2 at
different twist angle in the range of 370–415 cm−1 is shown in Fig. 4a. As
noticed, the vibration frequency of E1

2g and A1g modes shift under the
evolutive of twist angles. TheA1g vibrationmode shows red shift, while
the E1

2g mode has opposite behavior (Fig. 4b). With the increase in the
twist angle, the E1

2g vibration frequency first increases and then
decreases, exhibiting the lowest vibration frequency at twist angle of
0° and 60°. The A1g vibrationmode has the opposite behavior with the
highest vibration frequency at twist angle of 0° and 60°. Compared
with the 0° (60°)-TB-MoS2, the A1g (E1

2g) vibration frequencies at other
angles demonstrate a constant red shift (blue shift), which is consistent
with previous reports16,19,24. The red shift of E1

2g mode is associatedwith
a decrease in the dielectric screening when the twist angle increases.
This is caused by the increase of the long-range Coulomb interaction
between the Mo atoms, resulting in an increase in the effective
restoring forces on the atoms. The A1g mode only involves interlayer
vibrations of S atoms, and the slight blue shift is attributed to the
weakening of interlayer interactions with the increase of twist
angles30,44,45.

The frequency difference between E1
2g and A1g (ωA1g

� ωE1
2g
) is

related to the twist angles. As shown in Fig. 4c, the ωA1g
� ωE1

2g
reaches

its maximum value at 0° and 60°, and decreases in the ranges of
0°–20° and 60°–40°. A global minimum value is obtained at the twist
angle of 30°. The ωA1g

� ωE1
2g

can serve as the effective indicator of
interlayer coupling. In otherwords, the larger separationof the E1

2g and
A1g peaks, the stronger is the interlayer coupling. Thus, the interlayer
coupling strength is the strongest at 0° and 60° due to the minimum
interlayer separation according to DFT calculation46,47. The S atoms are
almost vertically aligned at 30°. Therefore, the interlayer separation is
maximized, resulting in the lowest coupling strength. Except for the
phonon energies, the Raman intensity also shows the strong relation-
ship to the twist angle, as shown in Fig. 4d–f. The intensity ofA1g (IA1g

) is
compared with intensity of E1

2g (IE1
2g
). Both peak intensities reach the

global maxima at around 0° and 60° and then decrease upon
approaching 30°. Besides, the peak intensity ratio of E1

2g to A1g

(IE1
2g
=IA1g

) shows a W-shaped change with the twist angles (Fig. 4e),
demonstrating a twist angle-dependent behavior.

The evolution of band structure and electronic coupling of TB-
MoS2 have also been investigated based on the dependence of the
twist angle on the PL spectra for TB-MoS2. As demonstrated in Fig. 4f,
all the PL emission spectra of TB-MoS2 are well fitted into three peaks,
namely A exciton (1.82 eV), B exciton (1.95 eV), and trion (A-, 1.80 eV).
The A and B exciton are combined by the electron and hole, and the
corresponding emission process at K point of Brillouin zone is shown
in Fig. 4g. The A exciton arises from direct excitonic transitions
between the minimum of the conduction band (CBM) and the max-
imum of the valence band (VBM). The B exciton is derived from direct
excitonic transitions between the CBM and the valence-band splitting
(VBS). The A- is ascribed to the excess carrier concentration in MoS2
layers, as illustrated in Fig. 4g 48. The PL emission energies of the A, B
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exciton and A- show a strong correlation with the twist angles (Fig. 4h).
Comparedwith the 0° and 60°-TB-MoS2, the PL emission energies of A
and B exciton exhibit a slight red shift (1.82–1.86 eV for A exciton and
1.92–1.96 eV for B exciton) in the ranges of 0°–20°and 60°–40°, while
keep constant at around 20°–40°. This indicates that the direct exci-
tonic transitions at K point is slightly sensitive to the twist angle, which
is consistent with previous reports13,19,35,47,49. The relationship between
the twist angles and energy disparity between the B and A excitons
(EB � EA) is shown in Fig. 4i. The EB � EA has the maximum difference
under the twist angles of 0° and60°, and thendecreases in the rangeof
0°–20° and 60°–40°. A globalminimumdifference reaches at 30°. The
VBS is strongly dependent on interlayer coupling at the K point. In

other words, the VBS increases as the interlayer coupling becomes
stronger, which is originating from variations in interlayer separation
or interlayer interaction strengths at varying twist angles50,51. Thus, the
strongest interlayer coupling can be observed in 0° and 60° TB-MoS2.
The increase in interlayer separation reduces the interlayer interaction
in angle-dependent TB-MoS2, resulting in decreased VBS, which is
coincident with the Raman results. The A- emission energy shows the
constant values of 1.79–1.81 eV from 0° to 60°, suggesting that A- is
insensitive to the twist angles (Fig. 4h). But, the trion binding energy
(PL emission energy difference between A exciton and trion, EA � EA� )
shows a strong angle-dependence evolution (Fig. 4j). Specifically, due
to the smallest interlayer spacing at 0° (60°), the EA � EA� has the
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derives from CBM to the valence-band splitting (VBS). h–j Twist angle-dependent
PL emission spectra, PL emission energy (A-, A exciton, and B exciton), PL emission
energy difference between the B and A excitons (EB � EA), and the binding energy
of A-(EA � EA� ) in TB-MoS2, respectively. The colored shaded areas in (h)–(j)
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minimum value at 0° (60°) and the maximum one at 30°, resulting in
easier removal of the electron from the A- at 0° (60°) than at other
angles.

Key parameters for CVD growing TB-MoS2
Understanding the growth process of the TB-MoS2 is the key for the
controllable synthesis of high-quality TB-MoS2, which may inspire the
growth strategies for other TB-TMDCs. The CVD setup provides a
relative stability gas flow in the inner tube for the growth of TB-MoS2
(Supplementary Note 3 and Supplementary Fig. 14), resulting in
excellent reproducibility (Supplementary Fig. 15) and uniformly (Sup-
plementary Fig. 14) for the synthesis of large-area TB-MoS2. Here, the
TB-MoS2 can bewell synthesized under a narrow reaction temperature
range of 770–790 °C, with an optimal temperature of 780 °C (Sup-
plementary Fig. 17). Based on the experimental results, the TB-MoS2
samples are identified by the OM and the corresponding angle dis-
tribution is shown in Fig. 5a. About 685 TB-MoS2 samples are collected
except 0° (120°) and 60°-TB-MoS2. As noticed, the typical Gaussian
distribution is observed both in the range of0°–60° and 60°–120°. The
numbers of twist angles near 30° and 90° are significantly larger than
that of the other angles. The similar distribution also can be verified
under different growth conditions as shown in Supplementary Fig. 18.
The twist angles near 0° (120°) and 60° (in the range of 0°~5°, 55°~65°
and 115°~120°) accounting for 3.8% are difficult to grow mainly due to
the high stability of 0° and 60°-TB-MoS2

12,16. The interactions become
larger for smaller twist angles, which is consistent with the previously
reportedTB-Graphene andTB-TMDCs10,11,15,52. It iswell known thatCVD-
grown TB-TMDCs with small twist angles is highly challenging due to
their unfavorable manner in thermodynamical processes. Thus, based
on the twisted nucleation process caused by the introduction of the
confined space and NaCl, we realized the reconfiguring nucleation
under the assistance of NaCl and confined space, and the TB-MoS2 can
be successfully synthesized by CVD. Therefore, some smaller twist
angles (such as 1.2° and 58.2°) nearmagic angle canbewell synthesized
(Supplementary Fig. 19). Although some smaller twist angles close to
0° (120°) and 60° canbewell synthesized, these angles are too small to
be identified, because that the angles are determined by the observa-
tion from OM with human eyes.

In addition to the superiority of the CVD setup, the key para-
meters for the synthesis of TB-MoS2 are investigated and shown in
Fig. 5b, c. The density and yield are adopted to evaluate the parameters
of the CVDmethodonTB-MoS2. All the TB-MoS2 shows a concentrated
distributionwith abottom layer, whichensures amore reliable statistic
results on density (Supplementary Fig. 20). As mentioned in Supple-
mentary Note 4, the density is defined as the number of TB-MoS2 per
unit area, while the yield is dedicated to the proportion of TB-MoS2 in
bilayer MoS2. As shown in Fig. 5b and Supplementary Fig. 21, with the
increase in the gas flow rate, the density and the yield of TB-MoS2 first
increased and then decreased. The highest yield and density of 17.2%
and 28.9 pieces/mm2 are obtained under a gas flow rate of 50 sccm,
which is much larger than the reported TB-TMDCs (Supplementary
Table 1). Besides, the TB-MoS2 can be well synthesized under gas flow
rates of 30–90 sccm, indicating that the gas flow rate of 30–90 sccm
would be an enhanced growth range. The rapid change in yield and
density of TB-MoS2 indicates that the gas flow rate and NaCl are
important in the synthesis process, whichmainly affects the nucleation
density and growth rate of TB-MoS2. This is consistentwith the process
for the synthesis of bilayer MoS2

53,54. Apart from the gas flow rate, the
molar ratio of NaCl to MoO3 is another key parameter affecting the
density and yield of TB-MoS2. To investigate the growth process of TB-
MoS2, controlled experiments on themolar ratio ofNaCl toMoO3 have
been carried out. As shown in Fig. 5c and Supplementary Fig. 22, with
the increase in themolar ratio from0 to 20, the density increases from
0 to 28.9 pieces/mm2, while the yield in bilayer MoS2 increases from 0
to 17.2%. The TB-MoS2 cannot be synthesized when the molar ratio of

NaCl to MoO3 reaches 30, indicating that the molar ratio of 10–20
would be a suitable growing parameter range.

The combination of NaCl and confined space promotes the
synthesis of the TB-MoS2 (Supplementary Fig. 23). Introducing NaCl
can affect the thermodynamics and kinetics in the CVD system (the
detailed analysis can be found in Supplementary Note 5)53. As shown in
Fig. 5d, the MoO3 is insufficient for the reaction without adding NaCl
under the low sublimation rate of the sulfur. The MoO3 precursor is
evaporated under the temperature. As a result, quadrilateral shapes
MoO3 and MoO2 preferentially nucleate and grow on the SiO2/Si sub-
strate (Fig. 5d and Supplementary Figs. 24 and 25). In contrast, the
added NaCl can be reacted with the MoO3, forming the oxychloride
compounds MoOxCly and enhanced the concentration and the pre-
cursor vapor pressure53,55. The resultant compounds further react with
the sulfur, resulting in the growth of triangular shapes MoS2 crystal on
SiO2/Si substrate. The reactant concentrations of MoOxCly are greatly
affected by the molar ratio of NaCl to MoO3 at the definite reaction
temperature. With a low salt ratio, nuclei with small size are obtained,
and consequently, monolayer MoS2 is grown on SiO2/Si substrate
(Fig. 5d and Supplementary Fig. 25). With the increase in the molar
ratio of NaCl to MoO3, the reactant concentrations of MoOxCly
increases, making the nuclei surplus grow larger. As a result, there is a
rising number of bilayer MoS2 and the monolayer concomitant on
SiO2/Si, and some TB-MoS2 can be observed (Fig. 5d and Supplemen-
tary Fig. 25). When the molar ratio of NaCl to MoO3 further increases,
the nuclei size becomes even larger, leading to the disappearance of
monolayer MoS2. In contrast, the bilayer and evenmultilayer MoS2 are
obtained. The proportion of MoS2 with different layer numbers under
different molar ratio of NaCl to MoO3 is shown in Supplementary
Fig. 26. The highest proportion of bilayer MoS2 (60.9%) can be
obtained under amolar ratio of 20, and the excessiveNaCl can result in
the growth of multilayer MoS2. Therefore, the TB-MoS2 can be syn-
thesized under the suitable molar ratio of NaCl to MoO3. Based on the
calculation results, the 0°-TB-MoS2 and 60°-TB-MoS2 have the lowest
energy, which has been widely synthesized by the CVD method16,47.
Therefore, the TB-MoS2 is hardly grown via a conventional thermo-
dynamic growing method.

Here, introducing a confined space alters the kinetics and con-
sequently realizes anisotropic growth of the TB-MoS2 with the ther-
modynamically unfavorable twisted stacking structures. The
introduction of the confined space can facilitate the synthesis of TB-
MoS2 by optimizing the growth kinetics conditions of CVD system
including gas velocity, temperature, and turbulent flow. First, the gas
velocity can be decreased by the confined space (Supplementary
Note 6 and Supplementary Figs. 14 and 27). As we know, the gas flow
conditionmight be an important parameter affecting the sample state
in CVD system53,56.The low gas velocity in the confined space results in
the nuclei surplus with large nuclei. Therefore, the bilayerMoS2 can be
easily synthesized and also be verified by the proportion of bilayer
MoS2 with the increase in gas flow rate (Supplementary Figs. 14 and
26). The high proportion of bilayer MoS2 (77.6% and 60.9%) can be
achieved under the gas flow of 30 sccm and 50 sccm, respectively. We
can find that a higher yield of TB-MoS2 can be obtained under a higher
proportion of bilayer MoS2. Higher or lower gas flow rates result in a
high proportion of multilayer MoS2. Second, with the introduction of
the confined space, the temperature is very uniform in the confined
space near the SiO2/Si substrate (Supplementary Note 6 and Supple-
mentary Fig. 27). The confined space in the inner tube served as a “heat
insulation layer” to prevent the heat diffusion, which benefits the
stable synthesis of highly repetitive TB-MoS2. In this growth stage, the
in-plane growth is generally faster than out-of-plane growth, resulting
in the smaller size of bilayer MoS2 than that of the monolayer (Sup-
plementary Fig. 20).

Most importantly, the turbulent flow changes with the introduc-
tion of the confined space. Based on the previous study, the turbulent

Article https://doi.org/10.1038/s41467-023-44598-w

Nature Communications |          (2024) 15:562 8



flow indeed causes the different growth conditions in CVD process,
which has been adopted to synthesize 2Dmaterials, such as graphene
and TMDCs with different morphologies15,57,58. As shown in Supple-
mentary Fig. 27, the components of the velocity vector (Vy and Vz)
exhibit opposite gasflowdirections in the confined space compared to
Vx , indicating that the backflowgas is generated around the substrate.
The deposited precursor molecular clusters are relatively small and
limited, which are easily reduced into MoS2 clusters in the initial
growth stage. With the help of the turbulent flow induced by the
confined space, the randommotion of MoS2 clusters will be enhanced
under the gas phase (Fig. 5e). The collision rate of molecules to

molecules and molecules to substrate will further be increased, which
produces enough energy for the in situ twisted nucleation under the
gas phase. Then, the MoS2 clusters can be twisted under the turbulent
flow. The size of the twisted nucleus is further enlarged by the inter-
actionwith vapor atoms, and consequently deposited randomly on the
SiO2/Si substrate. The twisted MoS2 nucleus will continuously grow
along the edges, leading to the formation of layered MoS2 flakes
(Fig. 5e). Besides, the experimental results (DF-OM) in Supplementary
Figs. 4 and 25 show that theMoS2 layer growswith different rateswhile
sharing the same nucleation site. We believe that the introduced
backflowgas through the inner tube drives the entire inner tube out of
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equilibrium, resulting in the reduced chance to form more stable 0°-
and 60°-TB-MoS2. Therefore, in the high-temperature CVD process,
the medium and large nucleus sizes are beneficial for the growth of
bilayer MoS2. Based on the twisted nucleation process, we realize that
reconfiguring nucleation under the assistance of NaCl and confined
space is the key for the successful synthesis of TB-MoS2 by CVD. In
addition, it is noteworthy that the proposed CVD technique has been
utilized to synthesize other TB-TMDCs. Supplementary Fig. 28 pre-
sents the successful growth of TB-WS2 using comparable procedures.

Discussion
In summary, the reconfiguring nucleation strategy is adopted for the
direct synthesis of TB-MoS2 by CVD with twist angles ranging from 0°
to 120°, especially some smaller twist angles close to 0° (120°) and 60°.
The atomic-resolution LFM results show that the monolayer and
bilayer area TB-MoS2 have different orientations, which is used to
identify the twist angle in TB-MoS2. The high-quality Tb-MoS2 with
various Moiré periodicity and defined twist angles are observed in the
STEM. The Raman and PL results indicate the formation of low-defect
TB-MoS2 with a strong relationship between interlayer coupling and
the twist angle. The key parameters for CVD growing TB-MoS2 are
proposed. Increasing molar ratio of NaCl to MoO3 or decreasing the
gas flow rate significantly improves the yield and density of TB-MoS2.
Although the high yield of TB-MoS2 in bilayer MoS2 (17.2%) and high
density (28.9 pieces/mm2) of TB-MoS2 have been achieved, the twist
angles are still random and unpredictable. The proportion of small-
angle twist angles (in the range of 0°~5°, 55°~65° and 115°~120°) in the
total amount of twist angles reaches 3.8%. This work brings inspiration
for the controllable growth of TB-MoS2 and other TB-TMDCs, and
future works still need to synthesize TB-TMDCs with certain twist
angles, especially at small twist angles (near magic angle), possibly by
controlling the nucleation process, substrate engineering59, utilizing
the axial screw dislocation60–62, introducing strain63, intermediate
layers64,65, screw dislocations66–68, or non-Euclidean surfaces69. Mean-
while, the aid of machine learning is expected to accelerate the opti-
mization process, while image identification is helpful for accurately
identifying small twist angles. Bothof themwill boost thedevelopment
of TB-TMDCs for twistronics.

Methods
Synthesis of TB-MoS2
The TB-MoS2 is grown by atmospheric pressure CVDmethod on SiO2/
Si substrate in a single temperature tube furnace as depicted in Fig. 1a.
In a typical synthesis process, twopieces of SiO2/Si substrates (back-to-
back, 40mm in length and 9mm in diameter) are positioned into a
small quartz tube (12mm in diameter) and the 0.8mg mixed MoO3/
NaCl (the molar ratio of NaCl to MoO3 is 20) are placed around 10mm
from the front of the substrate, and 10mm from the front opening.
Then, the small quartz tube is loaded into a 1-inch quartz tube and
placed at the high-temperature range of the furnace. Another crucible
containing 0.1 g S powder was placed around 12 cmupstream from the
precursors. The CVD process is carried out under ambient pressure
andhigh-purity Ar is used as the carrier gas to facilitate the growth. The
tube was cleaned by the 600 sccm Ar for 10min, and maintained in
50 sccm in the overall process. The temperature of the furnace was
gradually increased to 780 °C at a rate of 30 °C/min and held there for
5min. Subsequently, the furnace was allowed to cool down to room
temperature naturally, and the TB-MoS2 was obtained on the SiO2/Si
substrate.

Materials characterization
The morphology and microstructures of TB-MoS2 were character-
ized by the OM (Nexcope NMM910), FESEM (Gemini SEM 300),
STEM (Themis Z), and AFM (Asylum Research Cypher S). The Raman
and PL of TB-MoS2 were performed by theWITEC Alpha 300R with a

532 nm laser and calibrated by Raman peak of Si (520 cm−1). The
atomic-scale LFM images of TB-MoS2 on SiO2/Si substrate were
measured by Cypher S AFM under ambient conditions with a tem-
perature of 20 °C and a relative humidity of 30%. An image with
256 × 256 pixels was acquired with a scan rate of 9.77 Hz (high-
resolution LFM) and 30Hz (atomic-resolution LFM) under the con-
tact mode. The SHG characteristics of the TB-MoS2 were evaluated
using a home-built vertical microscope setup with the reflection
geometry. Similar to our previous work70, a central wavelength of
1558 nm (PriTel Inc., with a pulse width of 8.8 ps and repetition rate
of 18.8MHz) fiber pulsed laser was used as the fundamental pump
light. The pulse laser is focused by the 50× objective (with a
numerical aperture of 0.75), and the focused laser spot is about
2 µm. The SHG response was collected using the same objective lens
and examined using a spectrometer (Princeton Instruments, SP 2558
and 100BRX) equipped with a cooled silicon CCD camera. To
investigate the polarization dependence of the SH radiation, a cir-
cularly polarized pump laser was passed through a rotating polarizer
to achieve linear polarizations along different directions. Another
polarizer was then placed in the signal collection path and rotated
accordingly to the pump polarization to gather the parallel com-
ponents of the SHG signal.

Data availability
The data that support the findings of this study are available from the
corresponding author upon request.
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