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Direct observation of multiple 
rotational stacking faults coexisting 
in freestanding bilayer MoS2
Zuocheng Li1, Xingxu Yan   1, Zhenkun Tang2,3, Ziyang Huo4, Guoliang Li5, Liying Jiao6, Li-Min 
Liu2, Miao Zhang7, Jun Luo1,5 & Jing Zhu   1

Electronic properties of two-dimensional (2D) MoS2 semiconductors can be modulated by introducing 
specific defects. One important type of defect in 2D layered materials is known as rotational stacking 
fault (RSF), but the coexistence of multiple RSFs with different rotational angles was not directly 
observed in freestanding 2D MoS2 before. In this report, we demonstrate the coexistence of three RSFs 
with three different rotational angles in a freestanding bilayer MoS2 sheet as directly observed using 
an aberration-corrected transmission electron microscope (TEM). Our analyses show that these RSFs 
originate from cracks and dislocations within the bilayer MoS2. First-principles calculations indicate 
that RSFs with different rotational angles change the electronic structures of bilayer MoS2 and produce 
two new symmetries in their bandgaps and offset crystal momentums. Therefore, employing RSFs and 
their coexistence is a promising route in defect engineering of MoS2 to fabricate suitable devices for 
electronics, optoelectronics, and energy conversion.

Single- and few-layer molybdenum disulfide (MoS2) sheets are two-dimensional (2D) semiconductors with 
nonzero intrinsic bandgaps1–22, in contrast to the zero-bandgap graphene23–33. By having a nonzero bandgap, 
2D MoS2 is more suitable as a semiconducting channel for electronics1–5, 7–12, 14–16, 19, 22, optoelectronics1, 6, 7, 11, 16, 
spintronics1, 16, energy conversion9, 17, piezotronics9, and photonics6, 7, 18, 21, compared to graphene. Significantly, 
crystal defects easily occur in 2D MoS2, whose electronic structures can be modulated using many defects such 
as dislocations3, 4, 19, grain boundaries3, 4, 19, point vacancies4–6, antisite defects4, 5, edges4, and dopants12–14. Hence, 
the properties of 2D MoS2 can be tailored via defect engineering to develop various functional devices3–6, 12–14, 19.

Rotational stacking faults (RSFs) are a type of fundamental defects that are widely present in layered materials 
such as overlapped or folded single- and few-layer 2D MoS2

19–22, 34, 35, few-layer graphene27–29, and bulk MoS2
36. 

These RSFs deviate from the standard stacking modes of layered structures, such as the AB stacking of few-layer 
and bulk MoS2

1, 20, 36, and give rise to Moiré patterns as their apparent feature20–22, 27–29, 34–37. The changes in the 
stacking sequences alter the electronic structures of layered materials27, 28, 34–37. However, the coexistence of multi-
ple RSFs with different rotational angles have yet to be directly observed in freestanding 2D MoS2, although it can 
bring mixed modulation on the electronic structures of the 2D MoS2 free of effects of substrates.

In this contribution we report the first direct observation of three RSFs with different rotational angles coex-
isting in a freestanding bilayer MoS2 sheet, the thinnest 2D MoS2 crystal in which RSFs can exist. These RSFs 
were observed using an aberration-corrected (AC) transmission electron microscope (TEM) with a low accel-
erating voltage of 80 kV for its electron beam. Their atomic structures were directly imaged and then compared 
with high-resolution TEM (HRTEM) simulations, which indicated that they originated from a crack and two 
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dislocations in one component layer of the bilayer sheet. Their rotational angles were resolved as 27.80°, 20.27° 
and 14.60°, respectively. Furthermore, first-principles calculations were utilized to examine their electronic 
structures and those of RSFs with other rotational angles. The calculations indicate that two RSFs possess nearly 
symmetrical bandgaps and purely symmetrical offset crystal momentums when their rotational angles are sym-
metrical about 30°. That is, Eg (x) ≈ Eg (60° − x) and p (x) = p (60° − x), where Eg, x and p denote the bandgap, 
rotational angle and offset crystal momentum of RSF, respectively. The two symmetries can be utilized to engi-
neer the electronic structure of 2D MoS2, and the coexistence of different RSFs can bring different electronic 
structures into a MoS2 sheet. This work introduces new opportunities to develop electronic, optoelectronic and 
energy-conversion devices from 2D MoS2.

Results and Discussion
The bilayer MoS2 sheets in this work were synthesized by annealing MoO2 microplates in sulfur vapor and then 
transferred onto TEM grids with poly (methyl methacrylate)-mediated nanotransfer printing. These procedures 
are exactly identical to those reported2. The AC-TEM characterization for HRTEM was performed by FEI Titan 
80–300 with a spherical aberration (Cs) corrector for the objective lens at the accelerating voltage of 80 kV. The 
spherical aberration was set to be negative, which can give high contrast and low noise23, 25–32, 38–40 (see more 
details in the Methods section of Supplementary information).

Figure 1.  Atomic structure of bilayer MoS2 with the standard AB stacking and without any RSFs. (a,b) Top and 
side views of the atomic model of the AB-stacked bilayer MoS2. (c,d) HRTEM image and its FFT pattern of an 
AB-stacked bilayer MoS2 sheet. This HRTEM image is low-pass filtered and no artifacts are caused by the 
filtering, which has been widely used to remove noise in HRTEM images23–32 (see the unprocessed HRTEM 
image and more details in Supplementary Fig. S1). The inner six spots adjacent to the center in (d) are ¯{1100}, 
whereas the outer six spots are ¯{1210}. (e) TEM image of a folded edge of the MoS2 sheet. This edge is far away 
from the area in (c).
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Figure 1a,b illustrates the atomic model of a bilayer MoS2 sheet with the standard AB stacking and without any 
RSFs. The atomic structure of the theoretical model (Fig. 1a) is a good match to the corresponding HRTEM image 
(Fig. 1c), with a difference of only 5 pm in the lattice spacing, well within the AC-TEM measurement error. This 
is a suitable reference for the subsequent analysis of MoS2 sheets with RSFs. It is worth noting that no Moiré pat-
tern is observed in the HRTEM image of the freestanding bilayer MoS2. The periodic or quasi-periodic spacing of 
a Moiré pattern is distinctly different from the atomic spacing of the AB-stacked MoS2

19–22, 24, 27–29, 34–37. Figure 1d 
shows that the six ¯{1100} spots in the fast Fourier transform (FFT) pattern of the AB-stacked image constitute 
only one hexagon, further indicative of the absence of RSFs. Figure 1e shows that the synthesized MoS2 sheets are 
indeed bilayer, as confirmed by the presence of two parallel lines in the TEM image of their folded edges.

Defects can be produced in intact MoS2 sheets by irradiating the sheets with the electron beam of TEM for a 
long time4. We performed the irradiation on freestanding AB-stacked bilayer MoS2 sheets and found that Moiré 
patterns occurred in them (see the Methods section of the Supplementary Information for details of the prepara-
tion of the Moiré patterns). Figure 2a shows that an irradiated bilayer MoS2 sheet contains three different Moiré 
patterns. The FFT pattern of the HRTEM image of the sheet contains twenty-four ¯{1100} spots, which constitute 
four hexagons (labelled Hexagons 1 to 4), as illustrated in Fig. 2b. In contrast to Fig. 1c,d, the appearance of the 
three Moiré patterns with the four hexagons implies that relative rotations and thus three RSFs occur in the two 
component layers of the bilayer sheet.

Figure 2c gives a reconstructed HRTEM image corresponding to only Hexagon 1, showing a MoS2 layer with-
out any cracks. Comparing Fig. 2a and Fig. 2c indicates that the domains of the three Moiré patterns are all con-
tained within the uncracked layer. This means that the uncracked layer is one of the two component layers of the 
bilayer MoS2 sheet with the three Moiré patterns. Since this uncracked layer is exclusively due to Hexagon 1, the 
HRTEM image of the second component layer of the bilayer MoS2 sheet can be reconstructed from Hexagons 2 to 
4 (Fig. 2d). This layer is cracked and contains two dislocations, as indicated by the two semitransparent masks in 
Fig. 2d, of which one is at the crack tip and the other is adjacent to the middle of the crack. The two dislocations 
are similar to those reported in single-layer MoS2 (refs 3, 4, 19) and graphene23, 25, 26, 31.

The dislocations and the crack together perturb the in-plane crystallographic orientation of the cracked layer, 
and divide the layer into three regions with different orientations relative to the uncracked layer. The three regions 
correspond to Hexagons 2 to 4, respectively, as labelled in Fig. 2d. By comparing their ¯[1100] orientations in 
Fig. 2c and Fig. 2d, their three rotational angles are given as 27.80°, 20.27° and 14.60°, corresponding to Zones A, 
B and C, respectively. In addition, the RSFs in Fig. 2 formed instantaneously after the same MoS2 region was irra-
diated by the electron beam of TEM for 317 seconds. This forming was so fast that we did not find opportunities 
to record any transition states. Lower doses of the electron beam can be tried to control the forming and thus the 
RSF angles.

Zone A in Fig. 2a corresponds to the rotational angle of 27.80° and is magnified in Fig. 3a. Its atomic model 
was constructed by adding a rotational angle of 27.80° between two MoS2 monolayers (see more details in 
Supplementary Fig. S2), and then was used to produce a simulated HRTEM image with the MacTempas software40 
based on the multislice method, which has been widely employed to simulate HRTEM images25, 27, 28, 30, 32, 38–41.  
Figure 3b gives the simulated HRTEM image of Zone A. Figure 3c depicts the overlay of the atomic model of 
the simulated HRTEM image with the experimentally obtained HRTEM image of Zone A, where areas of bright 
contrast on the image correspond to voids between the Mo and S atoms. The excellent match between the exper-
imental image (Fig. 3a) and the simulated image as well as its model (Fig. 3b,c) validates the atomic model used. 
Using a similar methodology but with rotational angles of 20.27° and 14.60° for Zones B and C, respectively, we 
also show excellent agreement between the experimental HRTEM images with the simulated HRTEM images, as 
shown in Fig. 3d–i. These results prove that the Moiré patterns observed in the experimental HRTEM images are 
indeed a superposition between a defect-free monolayer and a monolayer with defects, thereby forming a bilayer 
of MoS2 with multiple RSFs.

To further understand the effects of these RSFs, we performed first-principles calculations to explore their 
influences on the electronic structure of bilayer MoS2 using the Vienna Ab Initio Simulation Package (VASP)42–47 
(see more details in the Methods section of Supplementary information). In the first-principles calculations, the 
band structure of a standard MoS2 monolayer was firstly tested by the conventional Perdew, Burke and Ernzerhof 
(PBE) functional45 and the hybrid Heyd-Scuseria-Ernzerhof functional (HSE06)48, 49 methods, which yielded 
bandgap values of 1.78 and 2.25 eV, respectively. The value of 1.78 eV is in good agreement with previous calcula-
tion results (1.89, 1.78 and 1.9 eV) by PBE50–52. Thus, we focused on the PBE band structures in this work. Besides, 
the influence of spin-orbit coupling in MoS2 is reported to be very small, because the Mo and S elements are not 
heavy enough53, 54. Thus, we did not consider the spin-orbit coupling in our calculations.

Then, we built the unit cells of the AB-stacked bilayer MoS2 (Fig. 4a) and a bilayer with the RSF of 27.80° 
(Fig. 4b). Their corresponding electronic structures were calculated and are depicted in Fig. 4c,d, which indicate 
that both of them are semiconductors with indirect bandgaps. The bandgap values are calculated to be 1.23 and 
1.40 eV, respectively. The valence band maximum (VBM) states of the two materials are located at the G point 
due to the unchanged interlayer electronic coupling. But, the conduction band minimum (CBM) state of the 
AB-stacked bilayer MoS2 is located between the K and the G points, while the one of the bilayer MoS2 containing 
the 27.80° RSF is between the M and the K points. Thus, the offset crystal momentums of the two materials are 
0.774 and 0.409 h·nm−1, respectively, where h is the Planck constant. This difference occurs due to the existence 
of the RSF rotational angle of 27.80°.

We also tried to calculate the electronic structures of the 20.27° and the 14.60° RSFs, but found that their unit 
cells contained about 1,300 and 1,480 atoms, respectively, which were too many to be calculated by the computa-
tion. Therefore, we approximated those unit cells by building models with the RSFs of 21.78° and 13.17°, which 
are the calculable models closest to the RSFs of 20.27° and 14.60°. Moreover, the unit cells of the RSFs of 50.57°, 
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46.83°, 42.10°, 38.22°, 32.20°, 17.90° and 9.43° were also investigated in order to explore the global influence of 
RSFs on the electronic structure of bilayer MoS2. All of the unit cells are displayed in Supplementary Fig. S3, in 
which the unit cell of the AA-stacked bilayer MoS2 was constructed as a reference. It can be considered as a RSF 
with the rotational angle of 60°.

The electronic structures of all the RSFs of 60°, 50.57°, 46.83°, 42.10°, 38.22°, 32.20°, 21.78°, 17.90°, 13.17° and 
9.43° have been calculated and obtained (see Supplementary Fig. S4). They show that regardless of the rotational 
angle, all of the materials are semiconductors with indirect bandgaps, where all of the VBM states are located at 
the G point. Their CBM states are found to be between the M and the K points, except for those of the AA- and the 
AB-stacked, which instead lie between the K and the G points. These results are similar to those of the AB-stacked 

Figure 2.  HRTEM images and FFT patterns of a freestanding bilayer MoS2 sheet with three RSFs. (a) HRTEM 
image of the sheet containing three Moiré patterns, whose typical zones are marked with the red boxes of A, B 
and C. This HRTEM image is raw and unfiltered, and the inset is its FFT pattern. (b) Enlargement of the FFT 
pattern in (a), where the twenty-four ¯{1100} spots constitute four hexagons that are annotated with 1 to 4. 
Hexagon 1 is highlighted in yellow and the others are in blue. (c) HRTEM image reconstruction by the inverse 
FFT (IFFT) of the information covered by the yellow mask in the inset. The inset is the same image as in (b) 
except that a mask has been applied to exclude Hexagons 2 to 4 and their associated ¯{1210} spots. (d) HRTEM 
image reconstruction by the IFFT of the information covered by the blue mask in the inset. The blue mask 
excludes Hexagon 1 and its associated ¯{1210} spots. The semitransparent orange masks in the main panel of (d) 
highlight two dislocations. The arrows in (c,d) indicate the ¯[1100] orientations corresponding to Hexagons 1 to 
4, respectively.
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and the 27.80°. That is, RSFs with rotational angles between 0° and 60° do not move the VBM state but do move 
the CBM state from between the K and the G points to between the M and the K points. These changes in the 
electronic structures modify the offset crystal momentum of bilayer MoS2. The offset crystal momentum is a key 
factor in optoelectronics and photovoltaics, where a photon-excited electron in a semiconductor with an indirect 
bandgap can jump from the valence band to the conduction band only after the offset crystal momentum is trans-
ferred between the electron and the crystal lattice. Therefore, a minimal offset crystal momentum is necessary 
in optoelectronics and photovoltaics with indirect semiconductors, which we can tailor by introducing RSFs of 
specific angles in the bilayer MoS2.

Figure 5 describes the dependences of the K-K direct bandgap (namely the smallest direct bandgap) values, 
the indirect bandgap ones and the offset crystal momentums on the rotational angles, indicating that all of the 
K-K direct bandgap values, the indirect bandgap ones and the offset crystal momentums change with the rota-
tional angles, and they are symmetrical about the rotational angle of 30°. But deviations exist in the symmetry 
of the bandgaps (including the K-K direct and the indirect), such as the indirect bandgaps of 0° versus 60° and 
27.80° versus 32.20°, while no deviations are found in the symmetry of the offset crystal momentums. That is, 
the bandgaps are nearly symmetrical and the offset crystal momentums are purely symmetrical, which can be 

Figure 3.  Experimental and simulated HRTEM images of Zones A-C in Fig. 2a. (a) Experimental and (b) 
simulated image of Zone A, where false color is used to aid visual inspection. (c) Overlay of (a) with the atomic 
model of (b), where the blue and the green dots denote the Mo and S atoms, respectively. (d–f) and (g–i) have 
the same meanings as (a–c) and correspond to Zones B and C, respectively.
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Figure 4.  First-principles results of the bilayer MoS2 sheets without RSFs and with a RSF of 27.80°, of which the 
former is standard AB-stacked and can be considered to contain a RSF of 0°. (a,b) Top views of the unit cells of 
the two materials, where the c direction equals the z in Fig. 1a,b. (c,d) Electronic structures of the two materials 
obtained by the first-principles calculations, where the two ends of each arrow indicate the positions of CBM 
and VBM. The red numbers with the unit of eV denote the indirect bandgap values.

Figure 5.  Dependences of the K-K direct bandgap values, the indirect bandgap values and the offset crystal 
momentums of bilayer MoS2 with and without RSFs on the rotational angles. These data are from the calculated 
electronic structures in Fig. 4c,d and Supplementary Fig. S4.
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written as Eg (x) ≈ Eg (60° − x) and p (x) = p (60° − x). Eg, x and p denote the bandgap, rotational angle and offset 
crystal momentum of RSF, respectively. The two symmetries were not reported before our work, because some 
works considered the atoms in the two component layers of RSFs of bilayer MoS2 to have nearly random relative 
distributions34 and the others constructed the RSF unit cells with different rotation axes35. In our calculation, only 
the rotational axes passing through the centers of hexagons of the two component layers were used to construct 
the unit cells (see more details in Supplementary Fig. S3). In particular, the atomic structure of the unit cell with 
the rotational angle of 27.80° has been used to perform the corresponding HRTEM simulation, as described in 
Fig. 3b. The good agreement between the experimental and simulated HRTEM images, shown in Fig. 3a–c, vali-
dates our consideration of the periodic RSFs. Thus, our calculations are complementary to the reported works34, 

35. In addition, Fig. 5 shows that the K-K direct bandgap values are comparable to the indirect-gap ones, and the 
former are 7–40% larger than the latter. The RSF rotational angles modulate not only the indirect bandgap but 
also the K-K direct bandgap of bilayer MoS2.

The symmetries of the bandgaps and offset crystal momentums occur because the unit cells of two RSFs with 
two different rotational angels symmetrical about 30° (namely two angles of x and 60° − x) have similar struc-
tures: their sizes and numbers of atoms are identical, and the distributions of the spatial positions of their Mo 
and S atoms are similar to each other. The similarity of the atomic positions is described as follows: if we leave the 
bottom MoS2 layers immobile while rotating the upper layers by the x and 60° − x angles respectively, we observe 
a 180° polarity reversal in the upper layers, such as those shown in Fig. 6. That is, the positions of the atoms of the 
upper layers rotated by the x and 60° − x angles are centrosymmetric to each other. This symmetry of the atomic 
structures consequentially results in the symmetries of the corresponding electronic structures, because atomic 
structures are the origins of electronic structures55. However, bandgaps are also affected by the accurate spatial 
positions of atoms in atomic structures55. Thus, since the atoms of the upper layer of one of the two RSFs in the 
aforementioned angles have spatial positions that are not exactly the same as but only centrosymmetric to those 
of the other RSF, the bandgap trend is not purely symmetrical. On the other hand, the fact that a pure symmetry 
about 30° is observed in the offset crystal momentums suggests that offset crystal momentums are not affected by 
the accurate spatial positions of atoms but depend on only the symmetry of the atomic structures.

Further, the bandgap of bilayer MoS2 with the standard AB stacking is well known to be indirect, meaning that 
the momentum positions of CBM and VBM in its band structure are different from each other. The difference 
of the momentum positions is the offset crystal momentum. Our calculations indicate that the band structure of 
bilayer MoS2 is dependent on the rotation angle of RSF, as shown by Fig. 4c,d and Supplementary Fig. S4. It can be 
seen that RSF makes the band curvatures around CBM and VBM become flatter. This finding can be considered 
as follows: The unit cells of the MoS2 models with RSFs (Fig. 4b and Supplementary Fig. S3b-k) have symmetries 
different from those of the unit cells of the AB- (Fig. 4a) and the AA-stacked (see Supplementary Fig. S3l). But, 
the RSF models are all cyclical, implying that their symmetries are not broken but rebuilt. Nevertheless, the sizes 
of their unit cells are all far bigger than those of the AB- and the AA-stacked, which causes the sampled K-point 
paths for the RSF models to be concentrated and so leads to the decrease in the curvatures of VBM and CBM.

The flatter curvatures mean that the momentum positions of CBM and VBM can approach each other, that 
is, the indirect bandgap becomes closer to a direct one. Specifically, Fig. 5 shows that when the rotation angle is 
9.43° or 50.57°, the offset crystal momentum value is the smallest found by our calculations. It can be predicted 
rationally that a rotational angle around 9.43° or 50.57° would be found to make the offset crystal momentum 
value very close to zero or equal to zero, leading to a quasi-direct or direct bandgap. This search needs a plenty of 
time for calculations.

Figure 6.  Symmetry between each pair of unit cells with RSFs of the x and 60° − x rotational angles. (a,b) Top 
views of the bottom and upper layers of the AB- and AA-stacked unit cells, whose rotational angles are 0° and 
60°, respectively. The yellow arrows highlight the polarity change between the positions of the Mo and S atoms. 
See more details for the atomic structure of the AA-stacked unit cell in Supplementary Fig. S5. (c,d) Top views 
of the bottom and upper layers of the unit cells with RSFs of 9.43° and 50.57°.
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We have calculated the total energies of all the models with the AB stacking, the RSFs and the AA stack-
ing, and then divided them by the formula unit numbers in their corresponding unit cells. The resultant values 
of energy per formula unit for the models with the RSFs and the AA stacking are different from that of the 
AB-stacked model, and their differences relative to the latter are the rotational energy per formula unit required 
to rotate bilayer structure, whose values are plotted in Fig. 7. Increasing temperature can make dislocations in 
MoS2 move56. Thus, increasing temperature will affect the rotational angles of RSFs between layers, because the 
RSF structures are stabilized by dislocations (Fig. 2). It is also indicated that there is an energy barrier to prevent 
dislocations from moving, and increasing temperature can overcome the barrier56. Therefore, there should be an 
energy barrier to prevent the RSF rotational angles from changing.

The dependence of the bandgaps of supported bilayer MoS2 with RSFs, which were lying on silica substrates, 
on interlayer distances has been studied34. We also plotted the calculated bandgaps and offset crystal momentums 
of the suspended bilayer MoS2 with RSFs on their interlayer distances and found that the dependences were ran-
dom (see Supplementary Fig. S6).

In addition, based on the above results with bilayer MoS2, we speculate rationally that when a RSF exits in a 
MoS2 with more than 2 layers, the CBM position should also change, because the stacking mode of the compo-
nent layers of the MoS2 also deviate from the standard AB stacking. Then, the values of the bandgap and the offset 
crystal momentum in the band structure should also change, because they are determined by the positions of 
CBM and VBM.

Conclusion
In summary, three RSFs with different rotational angles have been found to coexist in a freestanding bilayer 
MoS2 sheet. Their atomic structures have been directly imaged using an AC TEM and compared with HRTEM 
simulations. Our analyses indicate that the in-plane rotations in the RSFs were induced by a crack and two dislo-
cations in one monolayer of the single MoS2 sheet, where the other monolayer was a defect-free MoS2 monolayer. 
The superposition of the two monolayers to form the single bilayer MoS2 sheet gave rise to the Moiré patterns 
of the RSFs in the HRTEM. First-principles calculations manifest that the electronic structures are affected by 
these RSFs, resulting in RSF angle (x)-dependent changes in the bandgap (Eg) and offset crystal momentum (p). 
The changes reveal symmetries about the RSF angle of 30°, Eg (x) ≈ Eg (60° − x) and p (x) = p (60° − x), due to 
similarities in atomic structures for specific pairs of RSF angles. Our work shows that by engineering specific 
RSFs into 2D MoS2 bilayers, the MoS2 electronic structures can be tailored to meet the specifications of particular 
devices for electronics, optoelectronics, and photovoltaics.

References
	 1.	 Wang, Q. H., Kalantar-Zadeh, K., Kis, A., Coleman, J. N. & Strano, M. S. Electronics and optoelectronics of two-dimensional 

transition metal dichalcogenides. Nat. Nanotechnol. 7, 699 (2012).
	 2.	 Wang, X. S., Feng, H. B., Wu, Y. M. & Jiao, L. Y. Controlled Synthesis of Highly Crystalline MoS2 Flakes by Chemical Vapor 

Deposition. J. Am. Chem. Soc. 135, 5304 (2013).
	 3.	 Zou, X. L., Liu, Y. Y. & Yakobson, B. I. Predicting Dislocations and Grain Boundaries in Two-Dimensional Metal-Disulfides from 

the First Principles. Nano Lett. 13, 253 (2013).
	 4.	 Zhou, W. et al. Intrinsic Structural Defects in Monolayer Molybdenum Disulfide. Nano Lett. 13, 2615 (2013).

Figure 7.  The dependence of the rotational energy per formula unit required to rotate bilayer structure on the 
RSF rotational angle.

http://S6


www.nature.com/scientificreports/

9SCIENTIFIC ReporTS | 7: 8323  | DOI:10.1038/s41598-017-07615-9

	 5.	 Hong, J. H. et al. Exploring atomic defects in molybdenum disulphide monolayers. Nat. Commun. 6, 6293 (2015).
	 6.	 Amani, M. et al. Near-unity photoluminescence quantum yield in MoS2. Science 350, 1065 (2015).
	 7.	 Li, M.-Y. et al. Epitaxial growth of a monolayer WSe2-MoS2 lateral p-n junction with an atomically sharp interface. Science 349, 524 

(2015).
	 8.	 Kang, K. et al. High-mobility three-atom-thick semiconducting films with wafer-scale homogeneity. Nature 520, 656 (2015).
	 9.	 Wu, W. Z. et al. Piezoelectricity of single-atomic-layer MoS2 for energy conversion and piezotronics. Nature 514, 470 (2014).
	10.	 Cui, X. et al. Multi-terminal transport measurements of MoS2 using a van der Waals heterostructure device platform. Nat. 

Nanotechnol. 10, 534 (2015).
	11.	 Allain, A., Kang, J. H., Banerjee, K. & Kis, A. Electrical contacts to two-dimensional semiconductors. Nat. Mater. 14, 1195 (2015).
	12.	 Gong, Y. J. et al. Band Gap Engineering and Layer-by-Layer Mapping of Selenium-Doped Molybdenum Disulfide. Nano Lett. 14, 442 

(2014).
	13.	 Komsa, H.-P., Berseneva, N., Krasheninnikov, A. V. & Nieminen, R. M. Charged Point Defects in the Flatland: Accurate Formation 

Energy Calculations in Two-Dimensional Materials. Phys. Rev. X 4, 031044 (2014).
	14.	 Ma, N. & Jena, D. Charge Scattering and Mobility in Atomically Thin Semiconductors. Phys. Rev. X 4, 011043 (2014).
	15.	 Kang, J. H., Liu, W., Sarkar, D., Jena, D. & Banerjee, K. Computational Study of Metal Contacts to Monolayer Transition-Metal 

Dichalcogenide Semiconductors. Phys. Rev. X 4, 031005 (2014).
	16.	 Kormányos, A., Zólyomi, V., Drummond, N. D. & Burkard, G. Spin-Orbit Coupling, Quantum Dots, and Qubits in Monolayer 

Transition Metal Dichalcogenides. Phys. Rev. X 4, 011034 (2014).
	17.	 Wang, P.-P., Sun, H. Y., Ji, Y. J., Li, W. H. & Wang, X. Three-Dimensional Assembly of Single-Layered MoS2. Adv. Mater. 26, 964 

(2014).
	18.	 Chen, Y. F. et al. Tunable Band Gap Photoluminescence from Atomically Thin Transition-Metal Dichalcogenide Alloys. ACS Nano 

7, 4610 (2013).
	19.	 Najmaei, S. et al. Vapour phase growth and grain boundary structure of molybdenum disulphide atomic layers. Nat. Mater. 12, 754 

(2013).
	20.	 Brivio, J., Alexander, D. T. L. & Kis, A. Ripples and Layers in Ultrathin MoS2 Membranes. Nano Lett. 11, 5148 (2011).
	21.	 Ji, Q. Q. et al. Epitaxial Monolayer MoS2 on Mica with Novel Photoluminescence. Nano Lett. 13, 3870 (2013).
	22.	 Hwang, W. S. et al. Comparative study of chemically synthesized and exfoliated multilayer MoS2 field-effect transistors. Appl. Phys. 

Lett. 102, 043116 (2013).
	23.	 Robertson, A. W. et al. Stability and Dynamics of the Tetravacancy in Graphene. Nano Lett. 14, 1634 (2014).
	24.	 Lin, J. H. et al. AC/AB Stacking Boundaries in Bilayer Graphene. Nano Lett. 13, 3262 (2013).
	25.	 Warner, J. H. et al. Dislocation-Driven Deformations in Graphene. et al. Science 337, 209 (2012).
	26.	 Robertson, A. W. et al. Spatial control of defect creation in graphene at the nanoscale. Nat. Commun. 3, 1144 (2012).
	27.	 Warner, J. H., Rümmeli, M. H., Gemming, T., Büchner, B. & Briggs, G. A. D. Direct Imaging of Rotational Stacking Faults in Few 

Layer Graphene. Nano Lett. 9, 102 (2009).
	28.	 Robertson, A. W. et al. Atomic Structure of Interconnected Few-Layer Graphene Domains. ACS Nano 5, 6610 (2011).
	29.	 Börrnert, F. et al. Lattice Expansion in Seamless Bilayer Graphene Constrictions at High Bias. Nano Lett. 12, 4455 (2012).
	30.	 Zhao, J. et al. Free-Standing Single-Atom-Thick Iron Membranes Suspended in Graphene Pores. Science 343, 1228 (2014).
	31.	 Robertson, A. W., He, K., Kirkland, A. I. & Warner, J. H. Inflating Graphene with Atomic Scale Blisters. Nano Lett. 14, 908 (2014).
	32.	 He, K., Lee, G.-D., Robertson, A. W., Yoon, E. & Warner, J. H. Hydrogen-free graphene edges. Nat. Commun. 5, 3040 (2014).
	33.	 Yan, M. Y. et al. Nanowire Templated Semihollow Bicontinuous Graphene Scrolls: Designed Construction, Mechanism, and 

Enhanced Energy Storage Performance. J. Am. Chem. Soc. 135, 18176 (2013).
	34.	 Liu, K. et al. Evolution of interlayer coupling in twisted molybdenum disulfide bilayers. Nat. Commun. 5, 4966 (2014).
	35.	 Yeh, P.-C. et al. Direct Measurement of the Tunable Electronic Structure of Bilayer MoS2 by Interlayer Twist. Nano Lett. 16, 953 

(2016).
	36.	 Reyes-Gasga, J., Tehuacanero, S. & Yacamán, M. J. Moiré patterns in high resolution electron microscopy images of MoS2. Microsc. 

Res. Techniq. 40, 2 (1998).
	37.	 Kang, J., Li, J. B., Li, S.-S., Xia, J.-B. & Wang, L.-W. Electronic Structural Moiré Pattern Effects on MoS2/MoSe2 2D Heterostructures. 

Nano Lett. 13, 5485 (2013).
	38.	 Wu, Y. A. et al. Utilizing boron nitride sheets as thin supports for high resolution imaging of nanocrystals. Nanotechnology 22, 

195603 (2011).
	39.	 Zhang, W. et al. Undulating Slip in Laves Phase and Implications for Deformation in Brittle Materials. Phys. Rev. Lett. 106, 165505 

(2011).
	40.	 Yu, R. et al. Direct Subangstrom Measurement of Surfaces of Oxide Particles. Phys. Rev. Lett. 105, 226101 (2010).
	41.	 Cowley, J. M. Diffraction Physics Third Revised Edition, Elsevier (Amsterdam, 1995).
	42.	 Li, Y. F., Zhou, Z., Zhang, S. B. & Chen, Z. F. MoS2 Nanoribbons: High Stability and Unusual Electronic and Magnetic Properties. J. 

Am. Chem. Soc. 130, 16739 (2008).
	43.	 Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phys. Rev. 

B 54, 11169 (1996).
	44.	 Kresse, G. & Furthmüller, J. Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis 

set. Comput. Mater. Sci. 6, 15 (1996).
	45.	 Perdew, J. P., Burke, K. & Ernzerhof, K. M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 77, 3865 (1996).
	46.	 Kresse., G. & Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B 59, 1758 (1999).
	47.	 Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and accurate ab initio parametrization of density functional dispersion 

correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 132, 154104 (2010).
	48.	 Heyd, J., Scuseria, G. E. & Ernzerhof, M. Hybrid functionals based on a screened Coulomb potential. J. Chem. Phys. 118, 8207 

(2003).
	49.	 Heyd, J., Scuseria, G. E. & Ernzerhof, M. Erratum: “Hybrid functionals based on a screened Coulomb potential” [J. Chem. Phys. 118, 

8207 (2003)]. J. Chem. Phys. 124, 219906 (2006).
	50.	 Kumar, A. & Ahluwalia, P. K. A first principle Comparative study of electronic and optical properties of 1H – MoS2 and 2H – MoS2. 

Mater. Chem. Phys. 135s(2–3), 755–761 (2012).
	51.	 Lebègue, S. & Eriksson, O. Electronic structure of two-dimensional crystals from ab initio theory. Phys. Rev. B 79, 115409 (2009).
	52.	 Kuc, A., Zibouche, N. & Heine, T. Influence of quantum confinement on the electronic structure of the transition metal sulfide TS2. 

Phys. Rev. B 83, 245213 (2011).
	53.	 Zhu, Z. Y., Cheng, Y. C. & Schwingenschlögl, U. Giant spin-orbit-induced spin splitting in two-dimensional transition-metal 

dichalcogenide semiconductors. Phys. Rev. B 84, 153402 (2011).
	54.	 Tang, Z. K., Zhang, Y. N., Zhang, D. Y., Lau, W.-M. & Liu, L. M. The stability and electr onic properties of novel three-dimensional 

graphene-MoS2 hybrid structure. Sci. Rep. 4, 7007 (2014).
	55.	 Millman, J. & Halkias, C. C. Integrated Electronics: Analog and Digital Circuits and Systems (New York, 1972).
	56.	 Yu, Z. G., Zhang, Y.-W. & Yakobson, B. I. An Anomalous Formation Pathway for Dislocation-Sulfur Vacancy Complexes in 

Polycrystalline Monolayer MoS2. Nano Lett. 15, 6885 (2015).



www.nature.com/scientificreports/

1 0SCIENTIFIC ReporTS | 7: 8323  | DOI:10.1038/s41598-017-07615-9

Acknowledgements
This work was financially supported by National 973 Project of China (2015CB654902), National Natural Science 
Foundation of China (51102145, 11374174, 51390471, 51527803, 21003080, 51572016, U1530401 and 11447011), 
the Foundation for the Author of National Excellent Doctoral Dissertation (201141), National Program for 
Thousand Young Talents of China, the Project Funded by China Postdoctoral Science Foundation (2016T90029), 
the Hunan Provincial Natural Science Foundation of China (2015JJ6013), and the Construct Program for 
Key Disciplines in Hunan Province. This research is supported by a Tianhe-2JK computing time award at the 
Beijing Computational Science Research Center (CSRC) and the Special Program for Applied Research on Super 
Computation of the NSFC-Guangdong Joint Fund (the second phase). The authors thank Drs Jinwei Shi and 
Yimin Wu for useful discussion. This work made use of the resources of National Center for Electron Microscopy 
in Beijing.

Author Contributions
The manuscript was written through contributions of all authors. All authors have given approval to the final 
version of the manuscript. Z.C.L., X.X.Y. and Z.K.T. contributed equally to this work, and they performed the 
HRTEM analysis and simulation, the AC-TEM operation, and the first-principles calculations, respectively. 
Z.C.L. constructed the models for the calculations. Z.Y.H. and G.L.L. contributed to the work framework and 
the manuscript writing. L.Y.J. synthesized the MoS2 samples. Z.Y.H., G.L.L., L.M.L., M.Z., J.L. and J.Z. co-wrote 
the manuscript. L.M.L. supervised the calculations. M.Z. and J.L. proposed the work framework. J.L. and J.Z. co-
supervised the HRTEM and AC-TEM experiments and analyses.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-07615-9
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-07615-9
http://creativecommons.org/licenses/by/4.0/

	Direct observation of multiple rotational stacking faults coexisting in freestanding bilayer MoS2

	Results and Discussion

	Conclusion

	Acknowledgements

	Figure 1 Atomic structure of bilayer MoS2 with the standard AB stacking and without any RSFs.
	Figure 2 HRTEM images and FFT patterns of a freestanding bilayer MoS2 sheet with three RSFs.
	Figure 3 Experimental and simulated HRTEM images of Zones A-C in Fig.
	Figure 4 First-principles results of the bilayer MoS2 sheets without RSFs and with a RSF of 27.
	Figure 5 Dependences of the K-K direct bandgap values, the indirect bandgap values and the offset crystal momentums of bilayer MoS2 with and without RSFs on the rotational angles.
	Figure 6 Symmetry between each pair of unit cells with RSFs of the x and 60° − x rotational angles.
	Figure 7 The dependence of the rotational energy per formula unit required to rotate bilayer structure on the RSF rotational angle.




