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ABSTRACT: Manipulation of lattice strain is emerging as a powerful
means to modify the properties of low-dimensional materials. Most
approaches rely on external forces to induce strain, and the role of
interlayer van der Waals (vdW) coupling in generating strain proﬁles
in homobilayer transition metal dichalcogenide (TMDC) ﬁlms is
rarely considered. Here, by applying atomic-resolution electron
microscopy and density functional theory calculations, we observed
that a mirror twin boundary (MTB) modiﬁes the interlayer vdW
coupling in bilayer TMDC ﬁlms, leading to the development of local
strain for a few nanometers in the vicinity of the MTB. Interestingly,
when a single MTB in one layer is “paired” with another MTB in an
adjacent layer, interlayer-induced strain is reduced when the MTBs
approach each other. Therefore, MTBs are not just 1D discontinuities; they can exert localized 2D strain on the adjacent lattices.
KEYWORDS: transition metal dichalcogenides, scanning transmission electron microscopy, strain engineering, van der Waals coupling,
domain walls

S

strain under the inﬂuence of interlayer vdW force has not been
reported.
Here, employing combined atomic-resolution scanning
transmission electron microscopy annular dark ﬁeld (STEMADF) imaging and density functional theory (DFT) calculations, we discover that the strain proﬁles around mirror twin
boundaries (MTBs) are strongly modulated by the vdW
coupling in bilayer TMDCs. In a freestanding monolayer
MoSe2 ﬁlm containing a single MTB, denoted here as
monolayer MoSe2-1 MTB, both experiment and simulation
reveal that the lattice strain induced by the MTB is conﬁned
within one unit cell on both sides of the MTB. In contrast, in a
bilayer MoSe2 ﬁlm containing a single MTB, denoted as bilayer
MoSe2-1 MTB, the strain ﬁeld extends to ∼3 nm around the
MTB. The amount of lattice compression increases near the

train engineering has attracted tremendous interests over
the past few years due to the promising prospect of
modifying the properties of an atomically thin material
by straining its lattice.1 Strong charge-lattice coupling in 2D
materials allows strain to modify a wide range of properties
including optical,2−5 electrical,6−8 catalytic,9 and magnetic10
properties in group 6 transition metal dichalcogenides
(TMDCs) (MX2, M = Mo or W, X = S or Se). For example,
the band gap can be easily tuned by strain in 2D materials,
including the direct-to-indirect band gap transition11,12 and
semiconducting-to-metal transition,13 with related applications
in broad-spectrum solar energy funnels5 and piezotronics.14 In
most cases, the strain is introduced by extrinsic means,11−19
whereas intrinsic lattice strain induced by the van der Waals
(vdW) coupling in bilayer 2D materials is less explored. In
bilayer graphene, it has been shown that strain solitons can
form at stacking boundaries where the lattice stacking changes
from AB to BA over a width of a few nanometers.15,16 However,
in homobilayer TMDC ﬁlms, which have an elastic modulus
much larger than that of graphene,1,17,18 modulation of lattice
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Figure 1. Electron microscopy study of the stacking registry evolutions in a bilayer MoSe2 ﬁlm in the presence of a MTB. (a−c) Atomicresolution STEM-ADF images of (a) monolayer 1H MoSe2, (b) monolayer MoSe2-1 MTB, and (c) bilayer MoSe2-1 MTB ﬁlms.
Corresponding simulated images with overlaid DFT-optimized atomic models are depicted in the lower panels. MTBs are highlighted by cyan
false color. (d,e) DFT-optimized atomic models of (d) a monolayer MoSe2-1 MTB ﬁlm and (e) a monolayer 1H MoSe2 ﬁlm. (f) Simulated
image of the unstrained bilayer MoSe2-1 MTB atomic model induced by manually stacking of a monolayer 1H MoSe2 ﬁlm and a monolayer
MoSe2-1 MTB ﬁlm without DFT relaxation. The atomic model of the unstrained bilayer MoSe2-1 MTB ﬁlm is overlaid in the simulated image.
Scale bars: 0.5 nm.

Consequently, when a monolayer MoSe2-1 MTB structure is
stacked onto a perfect monolayer without MTB, as in the case
of a bilayer MoSe2-1 MTB ﬁlm, two distinct types of bilayer
stacking registries form on each side of the MTB. As shown in
Figure 1c, the stacking registries in the bilayer ﬁlm separated by
the MTB are 3R (AB) and 2H (AA′), which are commonly
observed in our experiments. In order to transform from 2H to
3R bilayer stacking, one of the monolayers has to undergo a
mirror symmetry operation plus a relative in-plane displacement μ, which is equal to the unit length a (1.90 Å), along the
armchair direction. Notice that in a freestanding monolayer, the
MTB not only imposes a mirror symmetry operation on the
lattice but also induces an in-plane displacement due to the
presence of four-membered rings. However, the in-plane Mo−
Mo distance (dMo−Mo) in the MTB in a freestanding monolayer
is 2.655 Å, that is, ∼75 pm larger than what is needed for a
perfect 2H to 3R transition. To illustrate this point, we
simulated a freestanding monolayer MoSe2-1 MTB ﬁlm (Figure
1d) stacked onto a perfect 1H-MoSe2 monolayer (Figure 1e)
without lattice relaxation. As shown in Figure 1f, when one side
of the MTB forms perfect 2H stacking, the other side of the
MTB deviates considerably from the perfect 3R registry and
forms instead an intermediate state. The intermediate state (IS)
is evolved from the 3R registry by the gliding of one layer
against the other along the Mo zigzag direction for 75 pm (Δμ
= 75 pm), which is equivalent to the additional in-plane
displacement imposed by the four-membered rings in the MTB
(see Supplementary section 1 for a detailed discussion). In
other words, in order to form the 2H|3R stacking registries
across the MTB as observed experimentally (Figure 1c), the
lattice of the monolayer containing the MTB must be strained
in order to accommodate the 75 pm in-plane displacement
diﬀerence.

MTB, and the average strain of the entire 3 nm region is
determined to be 1.6%. Similar phenomena have also been
experimentally observed in bilayer MoS2-1 MTB and bilayer
WSe2-1 MTB ﬁlms. DFT calculations suggest that the
delocalized strain proﬁles observed in bilayer TMDC-1 MTB
ﬁlms are due to interlayer vdW coupling, where the strong
tendency to form low-energy bilayer stacking registries on both
sides of the MTB imposes a gradual compression on the lattices
near the MTB. On the other hand, when MTBs are present in
both MoSe2 layers in a bilayer ﬁlm and are less than ∼3 nm
apart, hereafter denoted as bilayer MoSe2-2 MTB, the
interlayer-induced strain is quenched, as conﬁrmed both
experimentally and theoretically.

RESULTS AND DISCUSSION
Distinct Strain Proﬁles in Monolayer and Bilayer
MoSe2-1 MTB Films. An atomic-resolution STEM-ADF
image of a monolayer MoSe2 ﬁlm prepared by MBE (see
Methods) is shown in Figure 1a and Figure S1. The measured
average lattice constant is 3.29 Å, which is consistent with DFT
calculations.12 The projected nearest Mo−Se2 distance (dMo−Se)
in the honeycomb is 1.90 Å (Figure 1a), which is taken as the
reference unit length a. MTBs, particularly the 4|4P-type19
containing four-fold rings that share points at Se dimer sites, are
commonly observed in monolayer (Figure 1b) and bilayer
(Figure 1c) MoSe2 ﬁlms.20 Although theoretical calculations21
suggest that there are potentially more than 10 types of MTBs
in TMDC ﬁlms, the 4|4P MTB is the predominant structure
observed in synthetic19,22,23 MoSe2 crystals, whereas the 4|4E
(edge-sharing)-type MTB is often observed under e-beam
irradiation.22,23
In the monolayer MoSe2-1 MTB ﬁlm (Figure 1b), the
presence of the MTB separates the ﬁlm into two mirror
symmetric grains,22,23 as highlighted in the atomic model.
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To further analyze the strain proﬁle diﬀerences in a bilayer
MoSe2-1 MTB ﬁlm and monolayer MoSe2-1 MTB ﬁlm,
geometric phase analysis24 was applied. This allows any lattice
distortions to be qualitatively spotted. By comparing the strain
components εxx and εyy, we can immediately identify whether
the strain is normal strain (Δμ perpendicular to the MTB),
shear strain (Δμ parallel to the MTB), or combined. It is
observed that the strain component εxx in a monolayer MoSe21 MTB ﬁlm (Figure S2) is concentrated along the MTB region
and only aﬀects the lattices for one unit length normal to the
MTB, and this observation is supported by both experimental
and theoretical results discussed later. On the other hand, the
strain proﬁle of εxx in a bilayer MoSe2-1 MTB ﬁlm (Figures S1
and S2) is delocalized into the adjacent lattice regions for over
∼1 nm. More regions showing similar strain delocalization
processes in bilayer MoSe2-1 MTB ﬁlms are depicted in Figure
S4. In addition, mono- and bilayer MoSe2-1 MTB ﬁlms reveal
abundant εxx strain, whereas it is almost strain free along εyy
(Figure S2), indicating that the exerted strain is predominantly
perpendicular to the MTBs.
The interlayer coupling-induced strain eﬀects we observed
are not only restricted to MoSe2. We have veriﬁed that the
presence of MTBs in bilayer WSe2 and MoS2 also imposes inplane displacements going across the MTB from the 2H to 3R
stacking, with Δμ = ∼76 pm in WSe2 and Δμ = ∼78 pm in
MoS2 (Table S1). Delocalized strain proﬁles are consistently
observed in bilayer WSe2-1 MTB (Figure S6) and MoS2-1
MTB ﬁlms (Figure S5). Clear stacking transitions from the
intermediate state to 3R or 2H have been experimentally
observed, conﬁrming the presence of the strain gradients.
Therefore, we conclude that the delocalized strain proﬁles in
the vicinity of the MTB as induced by the modiﬁed interlayer
vdW coupling are common in bilayer group 6 TMDC ﬁlms.
Quantitative Strain Analysis in a Bilayer MoSe2-1 MTB
Film. To observe the spatial distribution of lattice strain
induced by the interlayer vdW coupling, STEM-ADF imaging
was performed on both monolayer MoSe2-1 MTB ﬁlm (which
has no interlayer vdW coupling) and bilayer MoSe2-1 MTB ﬁlm
to compare their lattice distortion at each atomic site. First, we
carried out image simulations to evaluate the strain
quantiﬁcation in 3R-stacked regions (Figure 2). In a 3Rstacked bilayer MoSe2 ﬁlm, there are three distinct atom sites
(i.e., Mo, Se2, and Mo + Se2) in each honeycomb. The Mo and
Se2 atom sites belong to the top and bottom layers,
respectively. Lattice strain imposed on the MTB-containing
layer is reﬂected by the projected length (between Mo and Mo
+ Se2 sites, denoted as dMo−MoSe2) variations, as highlighted by
the red dashed lines (Figure 2). The strain-free unit length a
(i.e., dMo−Se of 1.9 Å) is observed in a monolayer MoSe2-1 MTB
ﬁlm (see Supplementary section 2 for a detailed discussion).
When the MTB-containing layer in bilayer 3R-stacked models
is subjected to increasing degree of strain, that is, ranging from
0 to 70 pm (Figure 2a−g), the projected dMo−MoSe2 distances in
the corresponding simulated STEM-ADF images are increasingly reduced from the strain-free value of 1.9 Å (Figure 2a−f)
and reaches 1.2 Å at the highest strain applied (Figure 2g).
Therefore, the experimental lattice strain exerted in the MTB
layer can be quantiﬁed by comparing the dMo−MoSe2 in each
honeycomb.
In a typical STEM-ADF image of a bilayer MoSe2-1 MTB
ﬁlm (Figure 3a), atoms in the top MTB layer are highlighted by
the yellow false color, and atoms in the bottom 1H layer are

Figure 2. Strain quantiﬁcation in bilayer MoSe2 ﬁlms by the image
simulation. (a−g) Simulated images with increasing degree of
strain: 0 pm (a), 5 pm (b), 10 pm (c), 20 pm (d), 30 pm (e), 50 pm
(f), and 70 pm (g) in 3R-stacked bilayer MoSe2 ﬁlms. The
corresponding atomic models are overlaid with the simulated
images.

highlighted by the cyan false color. It can be seen that in the
bilayer MoSe2-1 MTB ﬁlm, the dMo−Se distance (Figure 3b) in
the MTB plane gradually increases from 1.4 Å (Δμ = 50 pm) at
column 1 to 1.9 Å (Δμ = 0) at column 12, suggesting that
strain is continuously absorbed by the proximal lattices, and
∼75 pm in-plane displacements are fully accommodated from
column 12 onward (red curve in Figure 3c). In the enlarged
STEM images (Figure 3b), it can be seen that in the bilayer
MoSe2-1 MTB ﬁlm, most strain is absorbed by the lattices
adjacent to the MTB, in which the nearest three honeycombs
(∼8.6 Å) accommodate ∼30 pm (∼3.5% compressive strain)
while the outer eight honeycombs (∼22.8 Å) only absorb ∼20
pm (∼0.9% compressive strain). The average lattice distortion
in the entire 3R-stacked region is calculated to be ∼1.6%. The
strain exerted on the four-membered ring of the MTB is ∼15
pm, which is calculated by comparing the dMo−Mo distance (at
column 0, ∼2.5 Å) with the corresponding dMo−Mo value
(∼2.65 Å) in a monolayer MoSe2-1 MTB ﬁlm (blue curve in
Figure 3c). Unlike the layer containing the MTB in bilayer
MoSe2-1 MTB ﬁlm, the layer without MTB in the bilayer is
largely strain free and has a fully relaxed dMo−Se value (Figure
S3) similar to that of monolayer MoSe2-1 MTB ﬁlm (blue
curve in Figure 3c) without interlayer vdW coupling. The latter
has a fully relaxed dMo−Se value of 1.9 Å at column 2 onward
(the STEM image used is shown in Figure S1). Therefore, our
results suggest that interlayer vdW forces coupled to MTBs
delocalize the strain beyond the range of the local disorder.
Quenching of Interlayer Strain in Bilayer MoSe2-2
MTB Films. When bilayer MoSe2 ﬁlms were grown at a lower
temperature (see Methods), a higher density of paired MTBs
appeared, where one MTB in the upper layer is “paired” with a
second in the lower layer. As shown in Figure 4, the presence of
an intermediate state (IS) between the two MTBs results in a
unique 3R|IS|3R lateral hybrid structure, and the size of the
intervening IS regions increases linearly with the separation
distance between the two MTBs (Figure 4a−d). Interestingly,
the in-plane displacement caused by the top MTB and the
bottom MTB with respect to the 3R regions cancel each other
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is quenched when two MTBs couple to each other in bilayer
MoSe2 ﬁlms.
Lateral Hybrid Structures in Bilayer MoSe2-2 MTB
Films. The presence of two MTBs in bilayer MoSe2 ﬁlms
sandwiching an intervening area gives rise to a ternary phase,
lateral hybrid structure. In a bilayer MoSe2-1 MTB ﬁlm, the
most commonly observed domain boundary is 3R|2H; going
across this boundary gives a symmetry transition from
centrosymmetric (2H) to noncentrosymmetric (3R). When
the bilayer ﬁlm contains two MTBs (one on each layer) with
separation distances of 2a, 3.5a, 5a, and 6.5a, a lateral hybrid
interface of 3R|2H|3R, which involves double symmetry
breaking, is generated, as is conﬁrmed by the STEM-ADF
imaging and image simulation (Figure 5). In addition, a 3R′|3R
domain boundary (Figure S8) displaying a similar symmetry
transition from centrosymmetric (3R′) (Figure S9) to noncentrosymmetric (3R) structure is occasionally observed in
bilayer MoSe2-1 MTB ﬁlms. A 3R′|3R domain boundary can
evolve from a 2H|3R domain boundary by translating the
bottom 1H layer a unit length a along the Mo zigzag direction
(see Supplementary section 3 for a detailed discussion). When
the two MTBs are separated by 4a or 5.5a, a 3R|3R′|3R lateral
hybrid is formed instead (Figure 6), as evidenced by STEM and
image simulation. Therefore, by manipulating the separation
distance between two MTBs, a diverse range of symmetry
breaking can be introduced, which raises the interesting
prospect of applying a bilayer MoSe2-2 MTB ﬁlm as a valley
ﬁlter.25−27
DFT Calculations. DFT calculations were carried out to
provide insights into the strain proﬁles in mono- and bilayer
MoSe2 ﬁlms. First, the relative stabilities of various stacking
registries in bilayer MoSe2 ﬁlms are calculated by translating
one MoSe2 layer over the other along the zigzag direction
(Figure 7a,b). Two categories of stacking registries, that is, two
layers oriented in opposite crystallographic direction (Figure
7a) and two layers oriented in the same crystallographic
direction (Figure 7b), are calculated. Evidently, the 3R (AB)
and 2H (AA′) stacking registries located at the valley points are
the most stable conﬁgurations when two layers orient in either
the opposite or the same crystallographic direction, respectively. There is a thermodynamic driving force to form lowenergy bilayer stacking registries in bilayer MoSe2 ﬁlms, as
suggested by the energy landscape (Figure 7a,b). The binding
energy of 2H stacking is calculated to be 25.4 meV/Å2.28 The
2H stacking registry, being the most thermodynamically stable
phase, is set as zero energy, and all the energies of other
stacking types are normalized against it.
To investigate the energetics of the monolayer or bilayer
system containing MTBs, DFT (see Methods) calculations
were performed (Figure 7c−e). To eliminate the edge eﬀect, all
MoSe2 models (Figure 7c−e) we built are 64 Å long, that is,
14√3 × 1 unit cell. After DFT optimization (see Methods) of
bilayer atomic models containing either single or double MTBs
(Figure 7d,e), the interlayer-induced strain is calculated by
comparing the variations in unit length a in each honeycomb to
the corresponding value in the DFT-optimized monolayer
MoSe2-1 MTB model (Figure 7c). The calculated strain proﬁles
are depicted in Figure 7f. Notably, lattice distortions, which
reﬂect the presence of interlayer vdW coupling, are observed in
the bilayer MoSe2-1 MTB ﬁlm (black dots in Figure 7f); this is
caused by the interlayer in-plane displacement imposed by the
MTB. The delocalization of the strain within a length scale of a
few nanometers can be understood by the competition between

Figure 3. Quantitative strain analysis in a bilayer MoSe2-1 MTB
ﬁlm. (a) Atomic-resolution STEM-ADF image showing a 2H|3R
domain boundary in a bilayer MoSe2-1 MTB ﬁlm. (b) Enlarged
images at atomic columns 0, 1, 4, 8, and 12, showing the strain
relaxation process. (c) Measured dMo−Se, i.e., unit length a, at each
honeycomb in the MTB layer in the bilayer MoSe2-1 MTB ﬁlm (red
curve) and monolayer MoSe2-1 MTB ﬁlm (blue curve). The STEMADF image used for calculating the unit length a in the monolayer
MoSe2-1 MTB ﬁlm is shown in Figure S1. The unstrained unit
length a (1.90 Å) is highlighted by the cyan dashed line. Scale bar:
0.5 nm.

(Δμ = 0), thereby the driving force for generating interlayerinduced strain at 3R regions is annihilated. To quantitatively
verify the quenching of interlayer-induced strain in bilayer
MoSe2-2 MTB ﬁlms, the unit length a of each honeycomb
lattice in both layers is systematically calculated when the
separation distance between two MTBs are 0.5a, 1a, 2a, and
2.5a, and the results are shown in Figure 4e−h. It can be seen
that the unit length a adjacent to the MTB in all bilayer MoSe22 MTB ﬁlms is similar to the unstrained value (i.e., 1.9 Å), as
highlighted by the cyan dashed lines. Delocalized strain proﬁles
displayed in the bilayer MoSe2-1 MTB ﬁlm are not present in
any of the bilayer MoSe2-2 MTB ﬁlms, and all Mo atoms locate
right at the center of each honeycomb in all 3R-stacked regions
(Figure S7). In addition, simulated images (Figure 4) derived
from the DFT-optimized models of bilayer MoSe2-2 MTB ﬁlms
with various separation distances agree well with the
experimental images at all atomic positions. Importantly, the
DFT-calculated unit length a in all honeycombs (Figure 4) of
bilayer MoSe2-2 MTB ﬁlms is equivalent to that of the
monolayer MoSe2-1 MTB ﬁlm (Figure 7f), which indicates the
absence of interlayer-induced strain. This provides clear
evidence that the strain induced by interlayer vdW coupling
1943
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Figure 4. Electron microscopy study of the strain distribution in bilayer MoSe2-2 MTB ﬁlms. (a−d) Atomic-resolution STEM-ADF images
showing 3R|IS|3R domain boundaries in bilayer MoSe2-2 MTB ﬁlms, where the separation distance between two MTBs are (a) 0.5a, (b) 1a,
(c) 2a, and (d) 2.5a. Corresponding simulated images and DFT-optimized atomic models are displayed in the lower panels. MTBs located at
the top and bottom layers are highlighted by the red and cyan false colors, respectively, in the atomic models. (e−h) Measured unit length a in
top (red) and bottom (blue) layers at each atomic column in bilayer MoSe2-2 MTB ﬁlms shown in (a−d). The unstrained unit length a, i.e.,
1.9 Å, is highlighted by the cyan dashed lines. The saddle point in each curve is the dMo−Mo distance in the four-membered ring in the MTB.
Scale bars: 0.5 nm.

Scheme 1. Schematic Illustration of Strain Distributions in (a) Bilayer MoSe2-1 MTB and (b) Bilayer MoSe2-2 MTB Films
(Strained Lattices Are Highlighted by the Yellow False Color)

consistent with our experimental result (see Supplementary
section 4 for a detailed discussion).
In addition to acting as a compressive strain boundary, the
MTB can also serve as a shear strain boundary when domains
become translated by fractional lattice constants. MoSe2 lattices
that are shear strained (Δμ is parallel to the boundary) produce
other stacking registries (N-stacking), as depicted in Figure

the strain energy in the bilayer lattice and the misalignment
energy cost of interlayer vdW forces. Interestingly large strain is
distributed near the MTB region (black dots in Figure 7f), and
the strain gradient exists at a distance normal to the MTB for a
length of ∼2 nm, which is consistent with experimental results
(Figure 2). The bottom pristine 1H layer in bilayer MoSe2-1
MTB ﬁlm, however, is almost unaﬀected (Figure S3a), which is
1944
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S12a, which match well with the simulated image (Figure S12b)
derived from the DFT-optimized model. The Mo atoms at Nstacked regions undergo relative gliding with respect to the
corresponding Mo atoms in monolayer MoSe-1 MTB ﬁlm in
both X and Y directions (Figure S12c). In addition, lattice strain
developed along directions parallel and perpendicular to the
MTB are also conﬁrmed by strain mapping (Figure S13).

CONCLUSIONS
In conclusion, we have investigated the strain proﬁles in bilayer
homo-TMDC ﬁlms containing either single MTB or double
MTBs. For a bilayer ﬁlm containing a single MTB, interlayer
strain is commonly observed in a wide class of TMDCs (e.g.,
MoSe2, WSe2, and MoS2), whereby the MTBs divide the
crystals into 3R and 2H phases. An average 1.6% lattice strain
has been determined in the 3R domains in a bilayer MoSe2-1
MTB ﬁlm over a distance of ∼3 nm (11 honeycombs) from the
MTB, which should impact the local conductance and
thermoelectric properties.11,12 The delocalization of the strain
in the bilayer system, however, is quenched by the presence of
“paired” MTBs when they are within interacting distance,
which implies that there is a tendency for MTBs to move
towards each other if the activation barrier for grain boundary
diﬀusion can be surmounted. Recently, the formation of a high
density of MTBs has been successfully demonstrated in
MoSe2;29 therefore, understanding interlayer interactions in
the presence of MTBs potentially aﬀords alternative routes for
strain engineering of layered structures.

Figure 5. Domain boundaries revealing 3R|2H|3R lateral hybrid
structures in bilayer MoSe2-2 MTB ﬁlms with increasing separation
distances. (a−c) Atomic-resolution STEM-ADF images of bilayer
MoSe2-2 MTB ﬁlms showing 3R|2H|3R lateral hybrid structures.
The separation distances between the two MTBs are 3.5a (a), 5a
(b), and 6.5a (c). Corresponding simulated images with the
overlaid atomic models are displayed in the lower panels. The side
views of all the atomic models are provided below. MTBs located at
the top and bottom layers are highlighted by red and cyan false
colors in the atomic models, respectively. Scale bars: 0.5 nm.

METHODS
Growth of TMDC Bilayer Films. MBE-Grown MoSe2 Films.
MoSe2 bilayer ﬁlms were grown in a dedicated MBE chamber (base
pressure <6 × 10−10 Torr). Prior to the growth, the SiO2 substrates
were degassed in the same chamber for 1 h and annealed at 500 °C for
10 min. Mo and Se powders were evaporated from an electron-beam
evaporator and a Kundsen cell, respectively. During growth, the
temperature of the SiO2 substrates was maintained at 500 °C, with a
ﬂux ratio between Mo and Se of ∼1:10 and chamber pressure kept at
∼9 × 10−10 Torr. An ultrahigh density of MTBs in bilayer MoSe2 can
be achieved when the growth temperature is set at 250 °C.
Chemical Vapor Deposition (CVD)-Grown MoS2 and WSe2 Films.
MoS2 crystals were grown on a piece of molten soda-lime-silica glass
substrate. Prior to growth, the glass substrates were sequentially
cleaned by acetone, isopropyl alcohol (IPA), and deionized water
following by a 5 min O2 plasma treatment. A piece of 285 nm thick
SiO2/Si substrate with a piece of Mo foil on the surface was used as a
supporting substrate placed just beneath the glass. A small amount of
Mo precursors (∼1 mg MoO3 powders) was sandwiched between the
supporting substrates, and another piece of SiO2/Si substrate was
placed just above the heating zone of the furnace. The detailed
conﬁguration can be seen in ref 30. S precursors (∼0.8 g of sulfur
powder) were loaded upstream in a quartz test tube. Ar gas (20 sccm)
was used as the carrier gas. H2 (3 sccm) was introduced to the CVD
system. The growth temperature was set at ∼1050 °C, and the growth
time was ∼5 min. The temperature of the S precursor was maintained
at ∼280 °C during the growth. The furnace was quickly cooled under a
ﬂow of Ar (200 sccm) after growth. WSe2 crystals were grown by a
method similar to that of MoS2. Se powder and WO3 were used for
growing WSe2 crystals. The temperature of the Se precursors was
maintained at ∼280 °C during the growth. The diﬀerence is that a
small quantity of H2 (5 sccm) was required to enhance the selenization
reaction of WO2 during the growth of WSe2 crystals.
STEM Sample Preparation and Characterization. Sample
Transfer. As-grown TMDC bilayer ﬁlms were identiﬁed by optical
microscopy. Cu quanti-foil TEM grids were placed onto the targeted
TMDC crystals followed by a IPA-assisted polymer-free transfer.31 All

Figure 6. Domain boundaries revealing 3R|3R′|3R lateral hybrid
structures in bilayer MoSe2-2 MTB ﬁlms with increasing separation
distances. (a,b) Atomic-resolution STEM-ADF images of bilayer
MoSe2-2 MTB ﬁlms showing 3R|3R′|3R lateral hybrid structures.
The separation distances between the two MTBs are 4a (a) and
5.5a (b). Corresponding simulated images with the overlaid atomic
models are displayed in the lower panels. The side views of all the
atomic models are provided below. MTBs located at the top and
bottom layers are highlighted by red and cyan false colors in the
atomic models, respectively. Scale bars: 0.5 nm.
1945
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Figure 7. DFT-calculated strain proﬁles in homobilayer MoSe2 ﬁlms containing either a single or double MTB. (a,b) Energy landscapes for
translating one MoSe2 layer across the other along the zigzag direction in a bilayer MoSe2 ﬁlm. (a) Two MoSe2 layers sharing the same crystal
orientation and (b) two layers exhibiting 60° in-plane rotation. (c,d) DFT-optimized atomic models of (c) a monolayer MoSe2-1 MTB ﬁlm
and (d) a bilayer MoSe2-1 MTB ﬁlm. (e) DFT-optimized atomic models of bilayer MoSe2-2 MTB ﬁlms where the separation distances are 0,
0.5a, 1a, 2a, and 2.5a. (f) Calculated strain proﬁles in bilayer MoSe2-1 MTB ﬁlms (d) and bilayer MoSe2-2 MTB ﬁlms (e) with various
separation distances. The compressive strain is calculated based on the dMo−Se, i.e., unit length a, variations at each atomic column with respect
to the dMo−Se in the monolayer MoSe2-1 MTB ﬁlm (c).
correlation functional, as implemented in the Vienna ab initio
simulation package code.36 Using van der Waals density functional
method,37,38 the optimized lattice constants of MoSe2, WSe2, and
MoS2 are 3.295, 3.296, and 3.165 Å, respectively. We employed an
energy cutoﬀ of 280 eV for plane waves, and the criterion for total
energy convergence was set to 10−4 eV. All atoms were relaxed during
geometry optimization until the magnitude of forces was less than 0.01
eV/Å. Considering the edge eﬀect to the MTBs, the MoSe2 nanowires
we built are 64 Å wide (see Figure 5), representing a 14√3 × 1 unit
cell.

transferred TEM grids were annealed in an ultrahigh vacuum chamber
(∼1 × 10−9 Torr) at 180 °C for 10 h prior to STEM characterization
to eliminate the surface absorbents.
STEM-ADF Characterization. STEM-ADF imaging was carried out
on an aberration-corrected JEOL ARM-200F equipped with a cold
ﬁeld emission gun, operating at 60−80 kV (80 kV for MoSe2 and
WSe2, 60 kV for MoS2). A dwell time of 18 μs/pixel was set for singlescan imaging, and 6 μs/pixel was set for sequential Z-contrast imaging.
Sequential images were aligned by Python scripts to eliminate image
drift. In order to improve the accuracy of determining the lattice
constant, 10 sequential STEM-ADF images were aligned and stacked
by Python scripts to remove lattice distortions induced by the
scanning.
Image Simulation and Analysis. Image Simulation. STEMADF image simulations were done by QSTEM. Python scripts were
developed for massively calculating the Mo−Mo distances for higher
accuracy.
Distance Calculation. A Wiener background subtraction ﬁlter32
was applied to remove continuous contributions from amorphous
phases. Positions of atomic columns were found by using the Laplacian
of Gaussian (LoG) method33 with subpixel accuracy. Positions within
the region of interest are isolated by a ray tracing algorithm. Positions
of the topmost row of atomic columns are set to zero, and positions of
other rows are determined from the LoG method. The ﬁnal distance of
the same row is averaged and recalculated referring to the predeﬁned
topmost row.
DFT Calculations. First-principles calculations were performed
based on DFT, employing projector-augmented wave pseudopotentials34 and the Perdew−Burke−Ernzerhof35 form of the exchange-
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