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A moiré lattice in a twisted-bilayer transition metal dichalcogenide (tBL-TMD) 

exhibits a complex atomic reconstruction effect when its twist angle is less than a 

few degrees. The influence of the atomic reconstruction on material properties of the 

tBL-TMD has been of particular interest. In this study, we performed scanning 

transmission electron microscopy (STEM) imaging of a moiré lattice in h-BN-

encapsulated twisted bilayer WSe2 with various twist angles. Atomic-resolution 

imaging of the moiré lattice revealed a reconstructed moiré lattice below a crossover 

twist angle of ~4° and a rigid moiré lattice above this angle. Our findings indicate 

that h-BN encapsulation has a considerable influence on lattice reconstruction, as 

the crossover twist angle was larger in h-BN-encapsulated devices compared to non-

encapsulated devices. We believe that this difference is due to the improved flatness 

and uniformity of the twisted bilayers with h-BN encapsulation. Our results provide 

a foundation for a deeper understanding of the lattice reconstruction in twisted 

TMD materials with h-BN encapsulation.
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Introduction

Two-dimensional (2D) materials can be stacked using van der Waals (vdW) 

forces. The difference in the in-plane crystal orientations between adjacent layers, known 

as the twist angle, significantly modifies the properties of the stacked 2D materials. A 

ground-breaking discovery was made by constructing small-angle twisted bilayer 

graphene and transition metal dichalcogenides (TMDs). To date, correlated insulators 1, 2, 

superconductivity 3, Chern insulators 4-7, interlayer excitons 8-11, and ferroelectricity 12, 13  

have been demonstrated and received considerable attention in the twisted bilayer system. 

These phenomena are owing to the presence of long-period moiré superlattice potential 

created by the small-angle twist. Thus, the use of moiré lattices has become increasingly 

important in the field of 2D materials.

The local structure of moiré lattice was investigated using various imaging 

methods, including transmission electron microscopy (TEM), conductive atomic force 

microscopy (c-AFM), piezoresponse force microscopy (PFM), and scanning tunneling 

microscopy (STM) 14-25. These investigations unveiled that the actual moiré lattice in the 

small-angle twisted bilayers undergoes relaxation, leading to the transformation of a 

reconstructed moiré lattice. In Fig. 1, we consider the lattice structure for twisted-bilayer 

WSe2 (tBL-WSe2) as a representative twisted-bilayer transition metal dichalcogenide 

(tBL-TMD). Two monolayers of WSe2 (ML-WSe2) are stacked with a twist angle θBL of 

a few degrees (Fig. 1a). Here, we define θBL = 0° as the in-plane orientation of the two 

aligned ML-WSe2, similarly to 3R-stacking. The twist between the hexagonal lattice of 

two ML-WSe2 generates a moiré pattern as shown in Fig. 1b. The moiré pattern depicted 

in Fig. 1b is characterized as a rigid moiré lattice, signifying that the atoms in each ML-
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WSe2 remain undisplaced following their vertical stacking with a twist angle. This 

configuration is further schematically represented in Fig. 1c, where the three principal 

stacking configurations are differentiated by varying colors. At the location marked by an 

orange filled circle at the center of each hexagonal pattern, the Se and W atoms in the 

upper and lower ML-WSe2 are vertically aligned, as shown in the left panel of Fig. 1d. 

This arrangement is termed as Se/Se (W/W) stacking. Conversely, at the positions 

indicated by the blue and light blue circles at the vertices of the hexagon, the W (Se) 

atoms of the upper ML-WSe2 layer are positioned directly above the Se (W) atoms of the 

lower ML-WSe2 layer, as illustrated in the middle and right panels of Fig. 1d. These 

configurations are designated as W/Se (Se/W) stacking.

Using this schematic illustration provided, the lattice reconstruction process can 

be elucidated as follows (further details are available in the Supporting Information, Fig. 

S1). When the θBL is large, a rigid moiré pattern is observed (Fig. 1c and top left panel of 

Fig. S1). As θBL progressively decreases, the moiré period lengthens (illustrated from the 

top left to the bottom left panels in Fig. S1). Concurrently, the areas characterized by 

W/Se and Se/W stacking expand (from the left to right column in Fig. S1). At reduced 

θBL values, the W/Se and Se/W stacking domains further enlarge and transform into a 

triangular shape to occupy the area bounded by the Se/Se stacking regions (marked by 

orange solid circles) and the boundary regions between the W/Se and Se/W domains 

(shown in the right column of Fig. S1). This configuration represents the reconstructed 

moiré lattice. The reconstruction process aims to minimize the total energy, Etotal, of tBL-

WSe2, which is expressed as Etotal = Einter + Eintra, where Einter represents the interlayer 

stacking energy and Eintra the intralayer strain energy 26, 27. As W/Se (Se/W) stacking 
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configurations are the most energetically favorable, expanding these areas reduces the 

first energy term, thereby facilitating the reconstruction process. However, this expansion 

also introduces strain within the lattice, increasing the second energy term. Consequently, 

the extent of reconstruction is determined by the balance between these two energy 

contributions, making it dependent on the twist angle. Therefore, with decreasing twist 

angles, both an increase in the moiré period and an enhancement in reconstruction are 

observed simultaneously, leading to transformation of the pattern from Fig. 1c to 1e and 

then subsequently to Fig. 1f.

Thus, atomic reconstruction emerges as a fundamental characteristic of moiré 

lattices in small-angle twisted bilayers of 2D materials. Nevertheless, systematic 

examinations regarding crossover between rigid and reconstructed moiré lattices in 

twisted bilayers remain scarce. Additionally, we observed a notable discrepancy between 

the device architectures used for moiré pattern observations and those employed to study 

electron correlation phenomena in twisted bilayers. Historically, investigations of moiré 

lattice have primarily focused on non-encapsulated twisted bilayers, which are either 

fully exposed or supported solely at a single interface due to experimental constraints. In 

contrast, the exotic electron-correlation phenomena previously mentioned were 

predominantly detected in h-BN-encapsulated twisted bilayers. This highlights the need 

for a comprehensive investigation into the role of h-BN encapsulation. In this study, we 

conducted scanning transmission electron microscopy (STEM) observations of atomic 

reconstruction in twisted bilayer WSe2 (tBL-WSe2) across various twist angles and under 

different h-BN encapsulation conditions.  
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Experimental

The structure configuration (side view) and a low-magnification STEM image 

(top view) of the fabricated h-BN/tBL-WSe2/h-BN vdW heterostructure are depicted in 

Figs. 1g and 1h, respectively. The stacking of the heterostructures was performed by a 

pick-up method using polycarbonate (PC) 28, 29. h-BN flakes with thicknesses ranging 

from 5 to 7 nm were selected. The twist angle of tBL-WSe2 was controlled through the 

cut-and-stack method, which involves laser precutting of ML-WSe2 (see Supporting 

Information, Fig. S2, for detailed information on device fabrication) 30, 31. The 

heterostructure was initially constructed on an SiO2/Si substrate. Subsequently, the 

sample was transferred onto a TEM grid (Quantifoil 4220C) 32. The heterostructure 

overlapping the holes in the grids was observed by atomic resolution STEM imaging with 

an electron beam acceleration voltage of 60 kV. 

Results and discussion

Figs. 1i−k show higher magnification STEM images of h-BN-encapsulated tBL-

WSe2 for different twist angles: θBL = 5.3°, 3.6°, and 2.9°. The θBL values were 

ascertained by analyzing the fast Fourier transform (FFT) patterns of the corresponding 

STEM images. For all the samples, high-contrast STEM images were obtained, enabling 

precise analysis of the moiré lattice structures in tBL-WSe2. At θBL = 5.3°, the STEM 

image exhibited a hexagonal periodic pattern (Fig. 1i), consistent with that of a rigid 

moiré lattice as depicted in Fig. 1b, where the positions of the Se/Se stacking regions are 

indicated by orange circles. Conversely, at a reduced twist angle of θBL = 3.6°, the lattice 
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period increased and the hexagonal pattern became less distinct (Fig. 1j). This pattern 

aligns with the lattice structure illustrated in Fig. 1e, where the W/Se (Se/W) regions 

expand to fill the spaces between the Se/Se regions (see Supporting Information, Fig. S3, 

for detailed STEM image analysis). Consequently, the moiré lattice of tBL-WSe2 

undergoes partial reconstruction at θBL = 3.6°. With a further reduction in θBL to 2.9°, 

triangular patterns emerged in the STEM images (Fig. 1k), attributed to the further 

expansion of the W/Se (Se/W) domains into a triangular domain structure, delineating 

clear boundary regions between the domains as shown in Fig. 1f. Thus, the STEM lattice 

image for θBL = 2.9° represents a fully reconstructed moiré lattice. These observations 

underscore that the moiré patterns in tBL-WSe2 exhibit a significant dependence on the 

twist angle. 

Next, we determined the crossover θBL between the reconstructed and rigid moiré 

patterns by analyzing STEM images of h-BN-encapsulated tBL-WSe2 across varying θBL. 

Atomic reconstruction is depicted in Fig. 2a, showing the expansion of the W/Se and 

Se/W domains from the vertices of the hexagonal moiré unit cell (outlined in green), 

while the non-reconstructed region centered around the Se/Se stacking (outlined in 

purple) diminishes. The degree of atomic reconstruction is quantified by the ratio of the 

area of the non-reconstructed region, Scenter, to the total area of the moiré unit cell, Smoiré 

(purple hexagon). The outlines of the green and purple hexagons are determined 

graphically from the TEM images (See Supporting Information, Fig. S3). A smaller 

Scenter/Smoiré ratio indicates a higher degree of atomic reconstruction. Results from the 

tBL-WSe2 samples at various θBL values are displayed in Fig. 2b, with enlarged versions 

available in Fig. S3 of the Supporting Information. The Scenter/Smoiré ratio varies with θBL, 
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and this relationship is graphically represented in Fig. 2c. Notably, the Scenter/Smoiré ratio 

monotonically increases from θBL = 2.4° (the smallest twist angle investigated) to 

approximately θBL ~ 4.0°. Beyond this point, the slope of the Scenter/Smoiré ratio versus θBL 

decreases, nearing a plateau. From these analyses, we establish that θBL ~ 4.0° marks a 

definitive boundary below which progressive atomic reconstruction of the moiré lattice is 

observed. Consequently, we have identified θBL ~ 4° as the crossover twist angle between 

reconstructed and rigid moiré lattices. We note that there was no apparent lattice 

deformation in the TEM images above the crossover θBL, as observed in the heterobilayer 

system 33, and we believe that tBL-WSe2 forms a nearly ideal rigid lattice in this region.

We further explore the impact of h-BN encapsulation on the atomic reconstruction 

of tBL-WSe2. We compared the crossover twist angles distinguishing the rigid and 

reconstructed moiré patterns across three different sample structures: 1) tBL-WSe2 fully 

encapsulated with h-BN, 2) tBL-WSe2 topped with an h-BN capping layer, and 3) non-

encapsulated tBL-WSe2, as depicted in Figs. 3a−c, respectively. Each structure was 

suspended in the apertures of the TEM grid, facilitating observation. The twist-angle-

dependent behavior observed in the STEM images for each structure is presented in Figs. 

3d−f. For the fully h-BN-encapsulated structure, atomic reconstruction was consistently 

observed between θBL = 2.4° and 3.8° (Fig. 3d and Fig. S3). As noted previously, the 

crossover twist angle for this structure was established at approximately θBL ~ 4°. For the 

sample with an h-BN capping layer, atomic reconstruction manifested at θBL = 2°, 2.9°, 

and 3.3°, identifiable by the emergence of triangular pattern, while it was absent at θBL = 

3.6° and 4.2° (Fig. 3e). Hence, the crossover angle for this structure lies between 3.3° and 

3.6°. In the case of the non-encapsulated tBL-WSe2, triangular patterns were sporadically 

Page 8 of 21Nanoscale



9

visible at θBL = 0.5° and 2.1°; however, the periodicity was challenging to discern at 

lower twist angles (Fig. 3f). For θBL = 3.1°, 3.5°, and 5.9°, there was no indication of the 

reconstructed moiré pattern, placing the crossover angle between 2.1° and 3.1°. The 

crossover angle for tBL-WSe2 without h-BN is similar to that reported in previous studies 

16, 34. The variability in the crossover θBL for the three types of structures is more 

pronounced when comparing STEM images at smaller twist angles: θBL = 2.9° in Fig. 3d, 

θBL = 2.9° in Fig. 3e, and θBL = 3.1° in Fig. 3f, with a detailed side-by-side comparison 

presented in Supporting Information Fig. S4. A clear triangular reconstructed pattern is 

observable at θBL = 2.9° in Fig. 3d, whereas the triangular shape is less distinct at the 

same twist angle in Fig. 3e, and completely absent at θBL = 3.1° in Fig. 3f.  A summary of 

the crossover between reconstructed and rigid moiré lattice for different twist angles and 

encapsulation is showcased in Fig. 3g. The determined lattice structures (rigid or 

reconstructed) are indicated by different colors, as illustrated on the right-hand side of the 

figure. Our findings indicate that the crossover twist angle between reconstructed and 

rigid moiré lattices increases in the order: (h-BN-encapsulated tBL-WSe2) > (h-BN-

capped tBL-WSe2) > (non-encapsulated tBL-WSe2). Therefore, it appears that the 

interface between h-BN and tBL-WSe2 plays a crucial role in stabilizing the atomic 

reconstruction of tBL-WSe2.

h-BN is recognized for its function as an atomically flat insulating substrate or 

tunnel barrier in devices constructed from 2D material devices 35-39. Employing h-BN in 

the tBL-WSe2/h-BN heterostructure or within the fully encapsulated h-BN/tBL-WSe2/h-

BN configuration enhances the flatness and uniformity of tBL-WSe2 layers. It has been 
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recently reported that the out-of-plane distortion of Se/Se (W/W) stacking in tBL-WSe2 is 

suppressed in the h-BN-encapsulated structure 17. We postulate that the flat surface 

provided by h-BN-encapsulated tBL-WSe2 reduces the interlayer spacing compared to 

configurations without h-BN; which serves as a key factor for atomic reconstruction 17, 18, 

40, 41. As discussed in Fig. 1, reconstruction aims to minimize the total energy of tBL-

WSe2, the sum of Einter and Eintra. The distribution between these two energy contributions 

can be influenced by the interlayer spacing. Thus, the reconstruction in h-BN-

encapsulated samples is more pronounced than in those without h-BN, also manifesting a 

larger crossover twist angle.

Finally, it is noteworthy that our findings demonstrate that h-BN encapsulation 

significantly enhances high-resolution STEM imaging. A comparative analysis of STEM 

images of the h-BN-encapsulated and non-encapsulated tBL-WSe2 samples is presented 

in Fig. 4. The h-BN-encapsulated tBL-WSe2 displayed atomic-scale resolution images of 

the reconstructed moiré lattices, whereas the image resolution was compromised in non-

encapsulated samples. tBL-WSe2 layers without h-BN encapsulation were fully 

suspended in the apertures of the TEM grid, resulting in natural out-of-plane corrugation 

and a nonuniform structure. We also observed that these suspended tBL-WSe2 exhibit 

instability in their lattice structure during STEM observation, which is detailed in 

Supporting Information, Fig. S5. Additionally, surface contamination on non-

encapsulated tBL-WSe2 was evident, further degrading the STEM imaging quality. The 

considerable advantages of h-BN encapsulation include achieving atomic flatness in 2D 

materials and reducing surface impurities, which significantly enhance the precision in 

focusing on the target layer. Typically, it is preferable to examine the atomic structure of 
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2D materials when they are at their minimum thickness and free from extraneous 

materials above and below. Particularly, amorphous adsorbates contribute to non-

crystalline contrast, which can lead to image blurring. Furthermore, the presence of 

overlapping crystalline materials can complicated the imaging of the target material, 

potentially resulting in the formation of superstructures or moiré fringes in the resulting 

STEM images. This effect is clearly demonstrated in Fig. S6, which presents images of 

WSe2 with and without h-BN coverage. To minimize interference from the capping h-BN 

crystal in the images, we meticulously selected thin h-BN flakes with a nominal thickness 

of approximately 5 nm. This careful selection ensures the preservation of surface flatness 

integrity and to minimize its influence on the annular dark-field (ADF) contrast. By 

providing a flattening effect and an ultra-clean surface, we contend that h-BN 

encapsulation is an effective methodology for maintaining structural integrity and 

achieving high-resolution STEM characterization.

Conclusions

In summary, we conducted STEM observations on small-angle twisted bilayer 

WSe2 with various h-BN encapsulation configurations. By measuring devices having 

different twist angles, we observed a crossover between a reconstructed and rigid moiré 

lattice. Furthermore, the observed crossover twist angle of 4° in the h-BN-encapsulated 

devices was larger than that in the non-encapsulated devices. The results shown here 

indicate that the presence of the h-BN/tBL-WSe2 interface stabilizes the atomic 

reconstruction of tBL-WSe2 compared with that without the interface. Furthermore, we 
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found that h-BN encapsulation considerably improved the resolution of the TEM images. 

Our results revealed the importance of h-BN encapsulation for atomic reconstruction in 

twisted TMDs and their TEM observations.
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Fig. 1  (a) Schematic of stacking monolayer WSe2 (ML-WSe2) with twist angle θBL to 

fabricate twisted-bilayer WSe2 (tBL-WSe2). (b) Crystal structure of tBL-WSe2 based on 

the crystal structure of ML-WSe2 generated by VESTA 42. (c) Rigid moiré pattern in tBL-

WSe2. The blue, light blue, and orange circles correspond to the locations of the local 

stacking for W/Se, Se/W, and Se/Se, respectively. (d) Schematics of the cross-section of 

W/Se, Se/W, and Se/Se stacking. (e,f) Illustration of (e) partially reconstructed moiré 

pattern and (f) fully reconstructed moiré pattern. (g) Schematic of the cross-section of the 

fabricated sample structure. The h-BN-encapsulated tBL-WSe2 was placed on a TEM 

grid. (h) Low-magnification STEM image of the sample. (i-k) High-magnification STEM 

images of h-BN-encapsulated tBL-WSe2 with θBL values of (i) 5.3°, (j) 3.6°, and (k) 2.9°. 
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The positions of the Se/Se stacking region are indicated by orange circles in each image. 

All  scale bars are 5 nm.
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Fig. 2  (a) Illustration of reconstructed moiré lattice in tBL-WSe2. A moiré unit cell is 

outlined by the green solid line, and the non-reconstructed region centered on the Se/Se 

stacking region is outlined by the purple solid line. (b) STEM images of tBL-WSe2 at 

different twist angles. The green and purple outlines are the same as those discussed in 

(a). All scale bars are 5 nm. (c) Area ratio between non-reconstructed region (outlined in 

purple) and moiré unit cell (outlined in green) in panel (b), as a function of the twist angle  

θBL.
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Fig. 3  (a,b,c) Illustrations of the tBL-WSe2 device structures: (a) tBL-WSe2 encapsulated 

with top and bottom h-BN, (b) tBL-WSe2 capped with top h-BN, and (c) non-

encapsulated tBL-WSe2. (d,e,f) STEM images of tBL-WSe2 with respect to different 

twist angles obtained for three different structures: (d) tBL-WSe2 encapsulated with top 

and bottom h-BN, (e) tBL-WSe2 capped with top h-BN, and (f) non-encapsulated tBL-

WSe2. All black scale bars are 5 nm, and a white scale bar in θBL = 0.5° of (f) is 50 nm. 

The positions of the Se/Se stacking region are indicated by orange circles in each image. 

(g) (left) Summary of the crossover between the reconstructed and rigid moiré lattice 

patterns for different device structures. (right) Illustration of reconstructed to rigid moiré 

patterns along with the color bar in the left figure.
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Fig. 4  Sample structure (top panels) and STEM image (bottom panels) of different tBL-

WSe2 devices: (a) tBL-WSe2 encapsulated with top and bottom h-BN and (b) non-

encapsulated tBL-WSe2. All scale bars are 10 nm. 
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