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Twisted bilayer (tB) transition metal dichalcogenide (TMD) structures formed from two pieces of a peri-
odic pattern overlaid with a relative twist manifest novel electronic and optical properties and correlated
electronic phenomena. Here, twisted flower-like MoS, and MoSe, bilayers were artificially fabricated by
the chemical vapor deposition (CVD) method. Photoluminescence (PL) studies demonstrated that an
energy band structural transition from the indirect gap to the direct gap happened in the region away
from the flower center in tB MoS, (MoSe;) flower patterns, accompanied by an enhanced PL intensity.
The indirect-to-direct-gap transition in the tB-MoS, (MoSe;) flower dominantly originated from a gradu-
ally enlarged interlayer spacing and thus, interlayer decoupling during the spiral growth of tB flower pat-
terns. Meanwhile, the expanded interlayer spacing resulted in a decreased effective mass of the electrons.
This means that the charged exciton (trion) population was reduced and the neutral exciton density was
increased to obtain the upgraded PL intensity in the off-center region. Our experimental results were
further evidenced by the density functional theory (DFT) calculations of the energy band structures and
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the effective masses of electrons and holes for the artificial tB-MoS, flower with different interlayer spa-
cings. The single-layer behavior of tB flower-like homobilayers provided a viable route to finely manipulate
the energy band gap and the corresponding exotic optical properties by locally tuning the stacked struc-

rsc.li/nanoscale tures and to satisfy the real requirement in TMD-based optoelectronic devices.

sition metal dichalcogenides (TMDs) have been predicted to

1. Introduction
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In two-dimensional (2D) materials, interlayer coupling and
interaction, determined by the number of layers and the stack-
ing configuration, are crucially important to govern the crystal
symmetry and the electron Coulomb interactions, resulting in
novel quantum phenomena.’”® For example, the Mott insulat-
ing state and superconductivity have been observed in magic-
angle twisted bilayer graphene.”® More recently, bilayer tran-
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be another 2D system for exploring exotic physical properties
dependent on interlayer coupling through modulating the
interlayer distance and stacking order.”*° Energy band struc-
ture tunability is among the most important properties of
bilayer 2D TMDs, which is related to the modification of their
electronic and optical properties and the correlated electronic
phenomena.*?® It is reported that the energy band structures
of TMDs can be engineered through the internal interlayer
stacking configurations with respect to the twist angle'*™"” and
external stimuli such as strain,"®>* temperature,® and
plasma.**®” Theoretical work has demonstrated that bilayer
TMDs with a special twist angle exhibit an ultra-flat band and
might be an ideal system for investigating the correlated elec-
tronic states.”® In addition, for bilayer and multilayer TMDs, a
tunable energy band structure as well as an enhanced photo-
luminescence (PL) intensity can be accomplished through a
twist angle and other stimuli.’®*?® It has been accepted that
direct-gap bilayer TMDs greatly upgrade the optical densities
compared to the monolayers while increasing the PL yield.
This means that bilayer TMDs with a direct-gap feature can be
potentially utilized in practical optoelectronic devices because
they complement the small optical density deficiency of the
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monolayers. Therefore, the controllable fabrication of direct-
gap-like bilayer TMDs is extremely necessary to understand the
physics underlined in the indirect-to-direct-gap transition and
is also a feasible approach for realizing the application of
bilayer TMDs in real optoelectronic devices.

As we have mentioned above, some efforts have been
devoted to developing approaches for preparing direct-gap-like
bilayer and multilayer TMDs.'**® Among the most feasible
methods is the modification of the TMDs’ interlayer spacing
and thus tuning of the band structures through the O, plasma
treatment of the bulk TMDs.?**” However, some uncontrolla-
ble defects, such as various vacancies and antisite defects of
transition metals and chalcogens in 2D TMD systems, can be
generated during the post-treatment process, which would
locally change their optical properties and bring out some
application uncertainties.>’”>° To date, there have been few
reports on tuning the switching of the energy band structures
of bilayer TMDs from the indirect gap to the direct one
through manipulating the interlayer stacking order. Besides, it
is necessary to theoretically and deeply understand the nature
of the energy band structural evolution influenced by the
stacked structures dependent on the twist, the interlayer dis-
tance, etc. Accordingly, an easy and one-step synthesis method
of TMD materials tuned by the interlayer twist and special
interlayer configuration, exhibiting a direct-gap-like behavior,
is very desirable from both the fundamental and applied
research points of view.

In this contribution, we demonstrate a series of twisted
bilayer (tB) MoS, patterns with a three-fold symmetric flower-
like shape and versatile twist angles (about 16°, 21°, 25°, 30°,
36°, and 45°) that were artificially fabricated by the chemical
vapor deposition (CVD) method. We found that the artificial
tB-MoS, flowers exhibit strong direct bandgap-like PL emission
and intense monolayer-like optical properties in the region
away from the flower center. In contrast, MoS, flower patterns
with a twist angle of 0° or 60° could retain an indirect gap
feature and a weakened PL intensity. A similar direct bandgap-
like behavior could be reproduced in the tB-MoSe, flower with
a twist angle of approximately 56°. The origin of the indirect-
to-direct bandgap transition with an enhanced PL intensity in
the tB-MoS, and MoSe, flowers was rationally elucidated by
combined measurements, including Raman spectroscopy, PL
spectroscopy, atomic force microscopy (AFM), UV-vis adsorp-
tion spectroscopy and the density functional theory (DFT) cal-
culations of the energy band structure and the effective
masses of electrons and the holes. The Raman spectra and PL
results displayed an expanded spacing in the off-center regions
for all twisted flower patterns. Meanwhile, AFM and UV-vis
adsorption spectral measurements evidenced a gradually
expanded interlayer spacing from the flower center to the off-
center region in the non-zero tB-MoS, flower patterns com-
pared to those of 0° (60°)-tB-MoS, flower patterns. These were
probably generated by the spiral growth of the second flower-
like MoS, (MoSe,) layer with a twist related to the first layer.
The enlarged interlayer distance resulted in interlayer decou-
pling and a decline of the effective masses of electrons and
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holes. The former directly led to the indirect-to-direct-gap tran-
sition, while the latter facilitated the reduction in charged
exciton (trion) density and thus, the PL intensity enhancement
in the twisted MoS, (MoSe,) flower patterns. The above experi-
mental results could be efficiently elucidated by DFT calcu-
lations of the energy band structures and effective masses of
the electrons and the holes of tB-MoS, flowers tuned by
different interlayer spacings. The enhanced PL intensity and
single-layer behaviors of twisted MoS, and MoSe, flower pat-
terns demonstrated a potential avenue of tuning twisted
bilayer TMD materials by generating the interlayer twist and
locally changeable interlayer distances to satisfy their high per-
formance in optoelectronics.

2. Results and discussion

Stacked bilayer MoS, flakes with rich twisted angles and a
flower-like pattern were prepared on the SiO,/Si substrate
using a feasible CVD approach. In our work, the SiO,/Si sub-
strate was face-down placed on a quartz boat at an obliquel
angle relative to the carrier gas flow, which may cause a step
change in the substrate temperature and the gas flow rate.
Under this circumstance, the translation and rotation have
different consequences during the nucleation and growth of
MosS,, which is referred to as a growth mode of screw-dislo-
cated spirals of 2D materials on non-Euclidean surfaces.*®
This growth process is consistent with previously reported
growth parameters during the CVD growth process.*®
Therefore, bilayer MoS, nanostructures with a twist and con-
tinuously expanded spacings could be generated. Meanwhile,
in the present case, the Mo concentration is controlled to be
low, so as to ensure the fractal growth of the thin film, which
is discussed in detail in the former work.?° As a result, AA and
AB stacking configurations, the most stable bilayer structures
with the lowest formation energy can be broken using the
above growth parameters,*' and twisted bilayer MoS, patterns
with a flower shape form due to the screw-dislocated spiral
growth coexisting with the fractal growth of bilayer MoS,. The
universal growth procedure is described in the Methods
section, and the detailed growth mechanism of the tB-MoS,
flower patterns will be discussed elsewhere.’> More interest-
ingly, a series of tB-MoS, flower patterns with diverse interlayer
twists of approximately 0°, 16°, 21°, 25°, 30°, 36°, 45°, and 60°
were obtained. The typical optical microscopy (OM) images of
the tB-MoS, flower with twist angles of 21° and 0° are respect-
ively shown in Fig. 1a and b. More optical microscope images
of tB-MoS, with versatile interlayer twists can be seen in
Fig. S1 in the ESIL.f The contours of the flower shape and tri-
angular shape for the top and bottom layer in the bilayer MoS,
pattern are outlined by black lines in Fig. 1a and b. The inter-
layer twist (@) of the bilayer MoS, structure is ascertained by
comparing the rotation angle of the symmetric axis of the top
flower pattern related to that of the bottom triangular shape,
which is displayed by a twist (6) of the white and black dashed
lines in Fig. 1a. AFM measurements were comparably per-
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Fig. 1 Atomic force microscopy images, and low-frequency and high-frequency Raman spectra of tB-MoS, flowers. (a and b) OM images of the
tB-MoS; flower patterns with a twist of approximately 21° (a) and 0° (b), respectively. The twist-angle is enclosed in the left upper numbers in (a) and
(b), respectively. (c and d) AFM topographic images of the tB-MoS, flower pattern at 8 = 21° and 0°, respectively. (e and f) The top flower patterns are
zoomed in on the right parts of (c) and (d) to display the topographic and height difference in tB-MoS, flower patterns with different twists. (g and h)
AFM phase images corresponding to (c) and (d) of the tB-MoS, flower pattern at @ = 21° and 0°, respectively. (i) A height profile in (c) and (d) marked
with pink and orange, showing the changeable interlayer spacing from the center to the off-center region for the 21°-tB-MoS, flower. (j and k) LF
and HF Raman spectra obtained from the tB-MoS, flower patterns with twist angles of about 0°, 16°, 21°, 25°, 30°, 36°, 45°, and 60°. The schematic
model of the atomic vibration modes of S and LB is shown in the upper inset of Fig. 1j.

formed on tB-MoS, flower-like patterns to confirm the thick-
ness and evaluate the interlayer spacing between the top and
bottom layers. Fig. 1c and d show typical AFM topographic
images of the 21°- and 0°-tB-MoS, flower patterns, respectively.
The flower contour of the top layer could be obviously dis-
cerned, as shown in zoomed AFM images in Fig. 1e and f and
two AFM phase images (Fig. 1g and 1h) corresponding to
Fig. 1c and d, respectively. A profile line from the top to the
bottom layer in Fig. 1c and d are respectively marked by pink
and orange arrows for a clear identification of the interlayer
spacing. In Fig. 1i, the pink profile line from the top layer in
the 21°-tB-MoS, flower pattern shows that the interlayer
spacing between the upper and the lower layer varied from
0.63 to 0.75 nm, and to 0.95 nm, corresponding to the center
region (0), to region (2) and the off-center region (2') in the

This journal is © The Royal Society of Chemistry 2023

21°-tB-MoS, flower. In contrast with the AFM image of the 0°-
tB-MoS, flower, the interlayer spacing was constantly detected
as about 0.60 nm from the whole flower pattern, as shown by
the orange line in Fig. 1i. To evidence the interlayer distance
depending on the tB-MoS, flower patterns with different
twists, the AFM topographic and phase images of the 30°-
tB-MoS, flower pattern are provided in Fig. S2.T We can clearly
see that the interlayer spacing between the top and the bottom
layer is a constant value from the profile line (Fig. S21). The
gradually enlarged interlayer spacing®® may induce interlayer
decoupling that is thus unambiguous to affect the energy band
structure and optical properties of the bilayer TMD system,
which will be discussed in the following section.

The thickness and interlayer coupling can also be probed
by measuring low- and high-frequency Raman vibration spec-
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troscopy. As previously reported, bilayer TMD materials
possess a set of shear (S) modes and layer-breathing (LB)
modes which involve lateral and vertical displacement of indi-
vidual layers, respectively.>* *° These interlayer phonon modes
are highly dependent on interfacial conditions and interlayer
coupling, and can be tuned by the interlayer twisting and
spacing. Moreover, the low-frequency (LF) Raman spectra are
more sensitive to the details of the interface than the high-fre-
quency (HF) Raman vibration modes.”'%**™*! Herein, we sys-
tematically investigated the characteristics of LF Raman
spectra of the tB-MoS, flower patterns with interlayer twists of
about 0°, 16°, 21°, 25°, 30°, 36°, 45°, and 60°. LF Raman spec-
troscopy was measured in different positions of the as-pre-
pared samples to consider the interlayer distance effect, as
shown in the upper part of Fig. S3b-i.f Obviously, Raman
spectra from different detected locations in the tB-MoS,
bilayer with a fixed twist exhibited similar features for the as-
prepared tB-MoS, flower patterns in our experiments. The
detailed analysis of the LF Raman spectra from different
samples is provided in the ESI.{ Interestingly, we observed an
LB mode splitting into two modes in the tB-MoS, bilayer
flower patterns with interlayer twists from 16°, 21°, 25°, 30°,
and 36° to 45°, as shown in Fig. 1j and Fig. S3c-h.{ This is
probably due to the nonuniform interface caused by the strain
generated by the spiral growth of twisted flower patterns, in
agreement with the former studies.”’™* However, for the
tB-MoS, flower without a twist (6 = 0°), except for an S mode at
around 22.51 cm™" and an LB mode at 39.36 cm™" in the LF
Raman spectroscopy, the split LB modes vanished, as shown
in Fig. 1k and Fig. S3b,} very similar to the case of the 60°-
tB-MoS, flower (Fig. S3it), In a word, the above results revealed
that interlayer twists affected the interfacial conditions and
interlayer coupling at the tB-MoS, flower system. Accordingly,
we can see that the different stacked structures induced by
interlayer twists play an important role in the LF Raman
results.

Besides, the different stacked structures could manipulate
the HF Raman spectroscopy. Fig. 1k shows the HF Raman
spectra from different twist-angle MoS, bilayer flower patterns.
(HF Raman spectroscopy from different positions of the as-pre-
pared samples, as shown in the lower part of Fig. S3b-i.t) Two
prominent peaks located at around 383.16 cm™' and
404.09 cm™" were observed in the Raman curves of the as-pre-
pared twisted MoS, bilayer samples (except for 0° (60°)-
tB-MoS,), respectively, corresponding to the in-plane E;g mode
and the out-of-plane A;; mode. Thus, the frequency difference
was about 22 cm™" which is well consistent with the value of
the typical bilayer MoS, on Si0,/Si.> > Meanwhile, compared
with the peak of the mode of 0° (60°)-tB MoS,, the detected
E;g peak underwent a blue-shift in HF Raman curves for non-
zero tB-MoS, flower patterns, as shown in Fig. 1k. This is
similar to the case of the LB mode splitting in LF Raman
curves, probably resulting from the in-plain strain breaking
the hexagonal symmetry.**"*® Additionally, the moiré phonon
mode (410.55 em™"), related to the A, phonon branch (FA,y),
is visible in HF Raman curves for 16°-, 21°-, 25° 30°, 36°-,
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and 45°-tB MoS, flower patterns in Fig. 1k and the lower part
of Fig. S3c-h,t originating from the off-center phonons of the
monolayer linked with the lattice vectors of moiré reciprocal
space.”! In contrast, for the tB-MoS, flower with twists of 0°
and 60°, the moiré phonon mode cannot be measured in the
HF Raman spectra (the red and the black curve in Fig. 1k and
the lower part of Fig. S3b and if). These results are consistent
with the former investigations on the moiré phonon detected
in the moiré superlattice structures.”>'® Accordingly, we
found that bilayer flower patterns are tuned not only by twist
angles but also by interlayer spacing, which could induce the
energy band structures and optical properties to be unusual
compared to the same structure but without an interlayer
twist.

Comparably PL measurements were performed on the
above samples. Typical PL spectra obtained at different posi-
tions indicated by four colored dots (the inset of Fig. 2a) of the
sample of the 21°-tB-MoS, flower pattern are shown in Fig. 2a.
It is obvious that the maximum PL intensity varied along
different locations. Firstly, the black PL spectrum from region
1 showed a direct band gap character with a strong peak A
with the exciton protrusion at 1.824 eV and a weak peak B with
the exciton energy of 1.948 eV, consistent with the PL spec-
troscopy of monolayer MoS,. Secondly, the red curve from the
center of the flower-like bilayer (region 0) showed that the
intensity of the A exciton intensively dropped down, and a low
energy peak appeared at 1.548 eV, suggesting an indirect gap
feature similar to the case of the 21°-tB-MoS, bilayer. However,
the PL intensity of the blue curve from region 2 increased with
an indirect gap peak. Very interestingly, the PL intensity of the
green curve from region 2’ dramatically enhanced up to a value
similar to the monolayer MoS, and the indirect gap completely
disappeared. These PL results could be reproduced in other
samples of 16°-, 25°-, 30°-, 36°-, and 45°-tB-MoS, artificially
stacked flowers, as shown in Fig. S4a;-e;.f From the PL inten-
sity mapping images of the 21°-tB-MoS, flower detected at the
indirect gap value (1.548 eV) and A exciton energy value (1.817
eV, Fig. 5Sa of the ESI), shown in Fig. 2¢, we can clearly see
that the area of the flower shape was reduced due to the
increased PL intensity and disappearance in the indirect gap
in the off-center region. This strongly suggests that from the
center region to the off-center region, the energy band struc-
ture gradually changed from the indirect gap to the directgap
in the 21°tB-MoS, flower pattern. However, the PL spectra
from the whole second layer of the sample of the 0°-tB-MoS,
flower in Fig. 2b show a standard PL trait of the bilayer MoS,,
analogous to samples of the 60°-tB-MoS, flower pattern as
shown in Fig. S4fi.f Moreover, the PL intensity mapping
images at the indirect gap (1.386 eV) in Fig. 2d and the direct
gap (1.802 eV, Fig. S5b of the ESI) show a complete flower-like
shape, illustrating that the intensity of the whole bilayer area
was homogeneous and the indirect energy gap was retained.
This means that the indirect-to-direct-gap transition merely
happened in tB-MoS, flower patterns with a non-zero interlayer
twist. Meanwhile, the starkly increased PL intensities in region
2’ from samples of 16°-, 21°-; 25°-; 30°-, 36°-, and 45°-tB-MoS,

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 PL spectroscopy measurements of the tB-MoS, flowers. (a and b) PL spectra acquired at different regions of the tB-MoS, flower patterns at ¢
= 21° and 6 = 0°, the different colored curves corresponding to the colored dots in the OM image of the upper-left inset, respectively. (c and d) PL
intensity mapping images of the 21°-tB-MoS, and 0°-tB-MoS, flower patterns obtained at the energy of | exciton peak positions of 1.548 and 1.386
eV, respectively. (e) The spectra from samples of 0°-, 16°-, 21°-, 25°-,30°-, 36°-, 45°-, and 60°-tB-MoS, flower patterns. (f) The energy position of
the A exciton obtained in different regions (0, 2, and 2') in the Tb-MoS, flower pattern with various twists. (g and h) The adsorption spectra of the
samples of 21°-tB-MoS; and 0°-tB-MoS,, respectively.
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Fig. 3 (a and b) PL spectra obtained in regions 0 and 2’ of the 21°-tB-MoS, flower pattern with Gaussian fitting (PL components: A~ trion, A°
exciton, and B exciton), respectively. (c and d) PL spectra obtained in regions 0 and 2’ of the 0°-tB-MoS, flower pattern with Gaussian fitting (PL
components: A~ trion, A° exciton, and B exciton), respectively. (e and f) The relationship between the calculated electron charge concentration (n.)
and the ratio (R) of the negative trion weight (the green area) to the neutral exciton weight in different regions of 0, 2, and 2’ (the bilayer area) and

region 1 (the monolayer area).

flowers were common, compared to 0°(60°)-tB-MoS, flower pat-
terns, as shown in Fig. 2e. In addition, the energy of the A
exciton obtained at region 0, to 2 and 2’ correspondingly
increased from 1.815 to 1.818 eV, and to 1.821 eV for samples
of 16°-, 21°-, 25°-, 30°-, 36°-, and 45°-tB-MoS, flowers (Fig. 2f).
This result was confirmed by the visible light adsorption
spectra obtained at different regions of 21°-tB-MoS, as shown
in Fig. 2g. This further evidences that the strained flower pat-
terns with an expended interlayer distance in region 2’ exhibi-
ted an expanded energy gap, as reported in the former
18,22,49-53 The adsorption spectra in the 0°-tB-MoS,
flower pattern are shown in Fig. 2h, where the energy positions
of the A exciton at different regions remained unchanged.

It is well-known that the direct electronic structure tran-
sition in TMDs originates from excitonic radiative relaxation.>*
We first considered the contributions of the neutral exciton
(A°) and the trion (A7) in the PL peak A to understand the
increased PL intensity and the indirect-to-direct band gap tran-
sition in the off-center region in the non-zero tB-MoS, flower
pattern. Fig. 3a and b show the peak position and the PL
intensity of the neutral exciton (A°, blue line) and the negative
trion (A7, green line), respectively, corresponding to regions 0
and 2’ of the sample of the 21°-tB-MoS, flower pattern. This
can be obtained by fitting the PL spectrum based on the
Gaussian function deconvolution. Here, the ratio of the nega-
tive trion intensity (the green area) to the neutral exciton inten-
sity (the shallow blue area) in the fitting PL curves in regions 0

studies.

Nanoscale

and region 2 is defined as R = Iyjon/lexciton. COmMparing Ry
(~0.39) with R, (~0.65) in Fig. 3e, we conclude that the trion
weight in region 2’ was intensively shrunk. A similar phenom-
enon was reproducible in other samples of 16°-, 25°-, 30°-, 36°-
, and 45°tB-MoS, flower patterns, as summarized in
Fig. S4a;;—f;;.T However, from fitting the PL curve from region 0
to 2’ for the 0°-tB-MoS, flower pattern, respectively, as shown
in Fig. 3c and d, one can see that there is a very close analogy
between R, and Ry, even though both values (~0.68) in Fig. 3f
anf Fig. S6 of the ESI are from the different regions. This
means that the trion concentration in the off-center region was
lower than that in the center area in nonzero-twisted bilayer
flower-like patterns (shown in the right ordinate in Fig. 3e),
which generally facilitates the PL intensity enhancement.
Correspondingly, the electron charge concentration (n.), in
different regions should be changeable, which is accordingly
determined based on the former studies on the mass action
law and is actually related to the ratio of I,- and I.>*>*
According to the mass action law, the ratio of the intensity A~

and A° can be expressed as
EA-
— 1
exp (kBT) 1)

where, No- abd Nyo are the trion and exciton concentrations,
respectively; I'a- and 'y represent the radiative recombination
rates of the trion and exciton, respectively; ne, €4-, and m, are

In- A-Na- A nh?neMa-
IAo - AnNAu a A° 16MAnmekBT
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excess electron concentration, trion binding energy, and elec-
tron effective mass at the K point of the Brillouin zone, respect-
ively; Mj-, Mpo are the effective masses of the trion and the
exciton, respectively.

Assuming that I',- and I'y are insensitive to the twisted
angle,®® the electron charge concentration can finally be

expressed as
Ep-
exp (k]TT) (2)

Here, m, and m, are the electron and hole effective masses
at the K point of the Brillouin zone that can be calculated
using the first-principles theory after considering the various
interlayer spacings. The detailed calculation process of our
work is provided in Table S1 of the ESL.f M,- and My, of the

_ IA, 16ﬂMAl)mekBT
T Lo My

(S

r M K r
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effective masses of the trion and the exciton can be accord-
ingly obtained. I,-/I,» was determined by the PL spectra
obtained in two typical samples of 21°- and 0°-tB-MoS,. The
electron charge concentrations (n.) in different regions 0, 2,
and 2’ from the MoS, bilayer and region 1 from the monolayer
are shown in Fig. 3e and f, respectively, corresponding to the
samples 21°-tB-MoS, and 0°-tB-MoS,. It clearly shows a
decreased electron concentration from the bilayer region 0
(0.425 x 10" em™) to region 2’ (0.22 x 10" em™) in the 21°-
tB-MosS, flower pattern. This may be originated from the elec-
tron localization in the center of the flower pattern induced by
the enlarged interlayer spacing, suppressing charge transfer
from the bottom layer to the top layer near the off-center
region. Therefore, the charged trion concentration was
reduced and the PL intensity was enormously increased in the
off-center region. As for the origin of the indirect-to-direct

, = |
r M K row

Fig. 4 DFT calculations of the energy band structures of tB-MoS, with various interlayer spacings. (a) The reciprocal lattice of the twisted bilayer
MoS, with 8 = 21.79°. The large blue and orange hexagons are the first BZ of the top and bottom MoS; layers, and the solid green hexagons rep-
resent the Wigner—Seitz cells of the reciprocal lattices of the crystallographic superlattices. (b) View of the atomic structure of twisted bilayer MoS,
along the out-of-plane direction and the schematic diagram of the first BZ and the corresponding high-symmetry points. The red parallelogram rep-
resents the crystallographic superlattice unit cell of the structure. Note that the moiré pattern shows the same unit cell with the crystallographic
superlattices in this structure. (c and d) Effective energy band structure of tB-MoS; at the center region 0 with the interlayer distance Adg = dp — dy.
= 0.63 nm and at the edge region 2’ with Ad, = d, — d; = 0.95 nm under the strain field. The changed interlayer distance is also shown in Fig. S7.}
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band gap transition near the off-center region in the artificial
MosS, flowers, the changeable interlayer spacing plays the key
role that should be considered to calculate the energy band
structure of tB-MoS, in the K space.

We performed DFT calculations of the energy band struc-
tures for different regions of the tB-MoS, flower pattern to
confirm the above speculations. Due to the spiral growth of
the tB-MoS, flower pattern, the interlayer spacings were variant
from the center region 0 and the off-center region 2'. We simu-
lated the twisted bilayer MoS, superlattice at different regions
with a twisting angle of 21.79° and different interlayer spacings
following the experimental data. Calculation details can be
found in Fig. S7 and the ESIL.} The reciprocal and real lattice
structures of twisted bilayer MoS, are shown in Fig. 4a and b,
respectively. The unit cell of the crystallographic superlattice
with the 21.79° twist was the same as the moiré superlattice,
as represented by the red parallelogram in Fig. 4b. In the reci-
procal space, the large blue and orange hexagons represent the
first Brillouin zones (BZ) of the top and bottom MoS, layers,
respectively. Also, the solid green hexagons represent the
Wigner-Seitz cells of the reciprocal lattices of the crystallo-
graphic superlattices. To easily understand the energy band

View Article Online
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structure, we obtained the effective band structure of the crys-
tallographic superlattice of twisted bilayer MoS, by calculating
the spectral weight Pz?m@i) = Zn:‘<f<m|%,-n>
the probability of finding a set of monolayer cell states
55

, where Pf{m(ki) is

k,-n>

Theoretical

contributing to the superlattice states ‘I? m>
effective band structure results along with high-symmetry lines

are shown in Fig. 4c and d. It is seen that at the center region
0 with the interlayer distance Ad, = d, — d; = 0.63 nm (Fig. 4c),
the valence band maximum (VBM) was located at the I" point
and the conduction band minimum (CBM) was located at the
K point. This shows an indirect gap feature. However, at the
off-center region 2' with Ad, = dy — d; = 0.95 nm (Fig. 4d),
both VBM and CBM were located at the K point, declaring a
direct gap. The systematic theoretical results shown in Fig. 4c
and d and Fig. S8f perfectly reproduced our experimental
results of the indirect-to-direct band gap transition from the
center region to the off-center region in the artificially pre-
pared MoS, flowers. In a word, the expanded interlayer spacing
further weakened the interlayer coupling to induce the PL
intensity enhancement and the energy band structure tran-
sition from the indirect gap to the direct gap.

e

1.2 14 16 1.8
Energy (eV)

PL Intensity (a.u.)

d

A S

11 12 13 14 15 16 1.7 1.8
Energy (eV)

A1s.31 cm’

-

AO

A\

Intensity (a.u.)
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12 14 16 1.8
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Aw=44.01 cm™
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Fig. 5 Raman and PL measurements of tB-MoSe; flowers. (a and b) The OM image of the tB-MoSe, flower pattern with twist angles of 56 and 0°,
respectively. The measured PL regions are highlighted by different colored dots in (a) and (b). (c and d) PL spectra of the 56°- and 0°-tB-MoSe;
flower pattern with Gaussian fitting, respectively. The insets in the left upper corner of (c) and (d) show the comparable PL spectra obtained in the
bilayer and monolayer regions of 56°-tB-MoSe, and 0°-tB-MoSe; flower patterns, respectively. (e and f) The LF and HF Raman spectra of respective

56°-tB-MoSe, and 0°-tB-MoSe, flower patterns.
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Interestingly, similar results were observed in the tB-MoSe,
flower pattern with a twist-angle of 56°. Fig. 5a and b shows
OM images of the tB-MoSe, flower patterns with twist angles
of 56° and 0°, respectively. Notably, the PL spectrum (the red
curve shown in Fig. 5c) obtained in the top layer of the
tB-MoSe, flower pattern showed almost the same character as
that from the single-layer region (the black curve shown in
Fig. 5¢), as compared in the inset of the left corner shown in
Fig. 5c. Here, the indirect gap disappeared in the red curve
(the red curve) and the purple curve as shown in Fig. 5c.
However, the PL result exhibited the typical feature of the
bilayer MoSe, with an indirect gap at the energy of 1.261 eV.
Fig. 5e shows the red and blue curve representations of LF
Raman spectra corresponding to the 56°- and 0°-tB-MoSe,
flower, respectively. Similarly, the LB mode in the 56°-
tB-MoSe, flower sample split into two subpeaks. This is in
accordance with the LF Raman results obtained for samples of
16°-, 21° 25° 30°, 36%°, and 45°-tB-MoS, flowers.
Meanwhile, from the HF Raman spectra of tB-MoSe, structures
with twisted angles of 56° and 0° in Fig. 5f, we can find that
the energy difference between A;, and Eég was enlarged to
44.01 cm™" for the 56°-tB-MoSe, flower sample, compared to
that (43.51 cm™") of sample 0°-tB-MoSe, flower. This suggests
that the interlayer coupling was weakened in the 56°-tB-MoSe,
flower sample. This result further verifies that the interlayer
decoupling reliably helped the energy band structure change
from the indirect gap to the direct one.

3. Conclusions

Artificially stacked bilayer MoS, flower patterns with versatile
twisted angles (about 16°, 21°, 25°, 30°, 36°, and 45°) were con-
trollably fabricated by the CVD approach. We found that the
twisted bilayer MoS, (tB-MoS,) flowers exhibit strong direct
bandgap-like PL emission and overt monolayer-like optical
properties in the region far from the flower center. In contrast,
the 0° (60°) tB-MoS, flower patterns retained an indirect gap
feature and weakened PL intensity. The above phenomenon on
the direct bandgap-like behavior was reproducible in the
tB-MoSe, flower with a twist angle of approximately 56°. The
enlarged interlayer spacing induced the indirect-to-direct-gap
transition and enhanced the PL intensity, resulting in inter-
layer decoupling and trion concentration reduction. This was
verified by our DFT calculations on the effective mass of the
electrons and holes and the energy band structures of the
21.79°-tB-MoS, moiré superstructure with different interlayer
spacings. Our work provides a feasible method for the control-
lable preparation of artificially stacked structures to manip-
ulate their energy band structures and the optical properties
for their potential application in optical and optoelectronic
nanodevices.

This journal is © The Royal Society of Chemistry 2023
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4. Methods

4.1 Fabrication of the twisted bilayer MoS, and MoSe, flower
patterns

In our experiments, high-purity MoO; and S (Se) powder were
used as precursors for the synthesis of MoS, and MoSe, in a
CVD system with dual separately controlled temperature areas
and Ar and H, were used as carrier gases. During the growth of
tB-MoS, flower patterns, the S precursor (99.9%, 50 mg, Alfa
Aesar) and the MoO; precursor (99.95%, 5 mg, Alfa Aesar) were
placed on the low-temperature zone I and the high-tempera-
ture zone II, respectively. The distance between the S powder
and the upstream MoO; powder was set at about 28 cm.
Meanwhile, the 300 nm SiO,/Si substrate was obliquely placed
in a quartz boat with a tilted angle relative to the gas flow. The
procedure of the growth of twisted bilayer MoS,/MoSe, pat-
terns was divided into four stages: (1) The rinsing stage: the
CVD setup was rinsed with Ar gas at a flux of 1000 sccm for
10 min to remove air and other gases from the quartz tube,
and the high-temperature zone II remains constant at 30 °C.
(2) The heating stage: zone II was ramped from 30 °C to 800 °C
for 20 min with an Ar flux of 100 scem, and the low-tempera-
ture zone I was heated up from room temperature to 130 °C.
(3) The growth stage: the low-temperature zone I and high-
temperature zone II were held at 130 °C and 800 °C, respect-
ively for 10 min under atmospheric pressure with an Ar flux of
200 sccm. (4) The cooling stage: dual temperature zones were
gradually cooled down to room temperature with a gas flux 100
scem.

As for the growth of tB-MoSe, flower patterns, the hydrogen
(H,) gas was introduced into the CVD setup. The carrier gases
were hybrid gases of Ar and H,, with a ratio of 5 to 1. Other
experimental parameters are the same as those we used in the
fabrication of MosS,.

4.2 Characterization and measurement

LF and HF Raman spectra were measured at room temperature
using a micro-Raman system (Horiba, LabRAM HR Evolution
NANO) equipped with 1800 lines per mm gratings with a laser
energy of 2.33 eV (532 nm). A 100x objective lens (numerical
aperture = 0.90) was used to focus the laser beam to a spot of
~1 pm in diameter on the sample surface. 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. A 100 lines per mm grating was used in the
PL measurements. AFM imaging was done under ambient con-
ditions using a commercial atomic force microscope (NX10,
park). A UV-vis-NIR spectrometer (Lambda 750, PerkinElmer)
with a 532 nm laser as the excitation source.

4.3 DFT calculations of the energy band structure

DFT calculation of the energy band structure of the bilayer
MoS, with a 21.79° twist and various interlayer spacings.
Detailed calculation methods are listed in the ESIL.}
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