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This study investigates the structural, electronic and elastic properties of commensurate twisted MoS2/MoSe2 het-
erobilayers across five specific twist angles through first-principles calculations. We identify a critical angle (30◦) that
yields an exceptionally flat interface, characterized by a minimal interlayer spacing variation of only 0.017 Å. This distinc-
tive planar morphology originates from a high-symmetry moiré superlattice with spatially uniform stacking configurations.
Furthermore, we reveal that the variation in interlayer binding energy is governed by the lattice corrugation, reflected by a
larger difference between maximum and minimum bilayer thicknesses. A more pronounced corrugation enables the system
to maximize the fractional area of strongly coupled, low-energy stacking domains (e.g., AB-1) while minimizing that of
weakly coupled, high-energy regions (e.g., AA). Electronically, the system exhibits a twist-angle-dependent transition be-
tween direct and indirect band gaps, while maintaining a robust type-II band alignment across all angles, with band edges
localized in the MoSe2 and MoS2 layers, respectively. Elastic properties remain nearly unchanged at twist angles greater
than 9◦, but the Young’s moduli of these heterobilayers surpass those of silicene and phosphorene. These findings highlight
the potential of twisted MoS2/MoSe2 heterobilayers as a tunable platform for advanced optoelectronic devices.
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1. Introduction
In recent years, moiré superlattices have attracted signif-

icant interest in condensed matter physics owing to the emer-
gence of novel quantum phenomena induced by the moiré pat-
terns formed through interlayer twisting. This research mo-
mentum has been driven largely by advances in van der Waals
(vdW) materials,[1–3] which enable precise fabrication and
atomic-scale characterization of such systems. Stacking two
atomically thin two-dimensional (2D) crystals with a lattice
mismatch or relative twist angle leads to the formation of long-
range moiré superlattices, first experimentally visualized in
graphene multilayers using scanning tunneling microscopy.[4]

Such moiré periodicity induces atomic-scale interlayer cou-
pling that profoundly modifies the electronic and optical prop-
erties of the system, giving rise to emergent behaviors that are
absent in the constituent monolayers.[5–8]

Among various 2D systems, transition metal dichalco-
genides (TMDs) have attracted widespread attention in the
field of 2D materials research due to their unique layered
structure and tunable chemical, physical, and mechanical
properties.[9–12] Especially in twisted TMD systems, varia-
tions in the twist angle allow precise manipulation of interlayer
coupling and stacking configuration, leading to the emergence
of a wide array of correlated electronic behaviors, including

Mott insulating states, superconductivity, and interlayer exci-
ton physics.[13–15]

While moiré phenomena in twisted TMD bilayers have
been studied for over a decade, the critical role of lattice re-
laxation was highlighted only recently. In 2021, Angeli and
MacDonald[16] reported the emergence of a Dirac cone af-
ter structural relaxation, underscoring its importance. Subse-
quently, Vitale et al.[17] performed classical force-field relax-
ations of twisted TMD homo- and heterostructures and com-
puted electronic structures using a tight-binding model param-
eterized with density functional theory (DFT). Their work re-
vealed qualitatively different band structures when relaxations
were neglected, attributing this to both in-plane rearrange-
ment and out-of-plane corrugation. Similar reconstruction ef-
fects have been observed by simulations in systems includ-
ing graphene[18], MoS2

[19] and MoS2/WSe2,[20] as well as
through experimental evidence.[21]

A major challenge in simulating such systems arises
from the incommensurability of heterobilayers under arbitrary
twists, which complicates the application of periodic boundary
conditions in conventional DFT or force-field methods.[22] To
overcome this, the coincidence lattice method[23–25] has been
developed to identify specific twist angles yielding commen-
surate moiré superlattices. This approach searches for perfect
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lattice coincidence between the top and bottom layers, some-
times assisted by minimal strain to achieve practical super-
cell sizes.[25] Although Naik et al.[23] introduced a general-
ized framework for constructing and relaxing commensurate
superlattices across various 2D materials, a systematic inves-
tigation of the structural, electronic and elastic properties of
commensurate superlattices remains lacking.

Inspired by these advances, we construct a series of com-
mensurate MoS2/MoSe2 heterobilayers with five specific twist
angles (9.18◦, 16.1◦, 30◦, 43.9◦ and 50.82◦) using the coinci-
dence lattice method, followed by full structural relaxation.
Using first-principles calculations, we comprehensively char-
acterize their structural, electronic and elastic properties. Our
results reveal the twist-angle dependence in interlayer spac-
ing variation, binding energy, energy band structure and elas-
tic moduli. These insights not only deepen our understanding
of twisted TMD systems but also provide valuable guidance
for the design of advanced optoelectronic devices.

2. Methods
2.1. The method of constructing twisted heterobilayers

The construction of commensurate twisted heterobilay-
ers requires identifying a common superlattice period for both
layers. We follow the coincidence site lattice theory, as for-
malized by Naik et al.,[23] to generate these structures. For
a heterobilayer composed of two different hexagonal lattices,
we define the primitive lattice vectors for the bottom layer as
𝑎1 = a(

√
3

2 𝑖− 1
2𝑗) and 𝑎2 = a(

√
3

2 𝑖+ 1
2𝑗), and for the top layer

as 𝑏1 = b(
√

3
2 𝑖− 1

2𝑗) and 𝑏2 = b(
√

3
2 𝑖+ 1

2𝑗), where a and b are
the respective lattice constants and 𝑖 and 𝑗 denote the unit vec-
tor along the x- and y-axes in a Cartesian coordinate system. In
a twisted heterobilayer, the layers are rotated relative to each
other. To ensure that the angles between the superlattice vec-
tors of the bottom and top layers are 60◦, the superlattice vec-
tors 𝐴1, 𝐴2 for the bottom layer and 𝐵1, 𝐵2 for the top layer
are related to their primitive vectors by(

𝐴1
𝐴2

)
=

(
n1 n2
−n2 n1 +n2

)(
𝑎1
𝑎2

)
, (1)(

𝐵1
𝐵2

)
=

(
m1 m2
−m2 m1 +m2

)(
𝑏1
𝑏2

)
, (2)

where n1, n2, m1 and m2 are integers. The corresponding twist
angle θ can be solved by 𝐴1 ·𝐵1 = |𝐴1| |𝐵1|cosθ . The twist
angle θ satisfies the equation

cosθ =
3(n1 +n2)(m1 +m2)+(n1−n2)(m1−m2)

4
√

n2
1 +n1n2 +n2

2

√
m2

1 +m1m2 +m2
2

. (3)

The number of unit cells N in the superlattice is charac-
terized by the four integers, n1, n2, m1 and m2

N = natom(n2
1 +n1n2 +n2

2)+matom
(
m2

1 +m1m2 +m2
2
)
, (4)

where natom and matom represent the number of atoms in the
primitive cells for the bottom and top layers, respectively.

For homolayers with identical lattice constants (a = b),
the commensurability condition requires the equivalence of
corresponding superlattice vectors between the bottom and top
layers, i.e., |𝐴1|= |𝐵1|. We can obtain many sets of solutions,
among which m1 = n2 and m2 = n1 are one. Substituting these
constraints into Eq. (3), the twist angle expression simplifies
to

cosθ =
n2

1 +4n1n2 +n2
2

2(n2
1 +n1n2 +n2

2)
. (5)

Equation (5) is consistent with the general form of twist an-
gle reported by Uchida et al.[24] The specific case where
n2−n1 = 1 corresponds to a superlattice containing only one
moiré stripe. By setting n1 = i and n2 = i+ 1, where i is an
integer, the twist angle expression further reduces to

cosθ =
3i2 +3i+0.5
3i2 +3i+1

, (6)

which matches the expression given by Lopes dos Santos et
al.[26] This agreement confirms the validity and reliability of
our derivation for the twist angle.

For heterobilayer systems, to manage inherent lattice mis-
match (a 6= b), we introduce a tolerance threshold ∆ (Å) to
quantify the maximum permissible deviation between super-
lattice vector magnitudes

||𝐴1|− |𝐵1|| ≤ ∆ . (7)

For perfectly commensurate structures, we apply a minimal bi-
axial strain β to both layers to achieve exact lattice matching,
following the condition[25]

(1+β ) |𝐴1| ≈ (1−β ) |𝐵1| . (8)

2.2. Test system and examples

To validate the procedure described in Subsection 2.1, we
consider the construction of twisted bilayer MoS2 and twisted
MoS2/MoSe2 heterobilayers as representative examples. For
consistent comparison, the lattice parameters of MoS2 and
MoSe2 during the testing process are set equal to those re-
ported in Naik et al.[23] The initial stacking configuration for
twisted bilayers at θ = 0◦ is defined as AA stacking, where
both metal and chalcogen atoms in the top layer are positioned
directly above their respective counterparts in the bottom layer.
The transformation matrices for bilayer MoS2 with θ = 27.8◦

and MoS2/MoSe2 with θ = 16.1◦ agree with those published
by Naik et al.,[23] and the atom numbers are consistent with
data in Refs. [23,27–29], as summarized in Table 1. This con-
sistency confirms the accuracy of our modeling method for
generating twisted heterobilayers.
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Table 1. The twisted angle θ , the transition matrix of the first MoS2
layer 𝑃1, the transition matrix of the second MoS2 or MoSe2 layer 𝑃2,
the number of atoms in the primitive cells N and biaxial strain β .

Materials θ (◦) 𝑃1 𝑃2 N β

Bilayer MoS2 27.8

(
−4 3

−3 −1

)
[23]

(
3 −4

4 −1

)
78[23] 0

Bilayer MoS2 21.79

(
1 −3

3 −2

) (
2 −3

3 −1

)
42[27] 0

Bilayer MoS2 13.17

(
2 −5

5 −3

) (
3 −5

5 −2

)
114[27,28] 0

MoS2/MoSe2 16.1

(
−1 −3

3 −4

)
[23]

(
−2 −2

2 −4

)
75[23,29] 0.118%

MoS2/MoSe2 43.9

(
1 −4

4 −3

) (
−2 −2

2 −4

)
75[29] 0.118%

2.3. Computational setup

Structural optimizations are performed to determine the
equilibrium atomic structures of twisted MoS2/MoSe2 het-
erobilayers. These calculations employed the Broyden–
Fletcher–Goldfarb–Shanno algorithm within a plane-wave
pseudopotential framework based on DFT, using the CASTEP
code.[30,31] The exchange–correlation energy is treated within
the generalized gradient approximation as parameterized by
Perdew, Burke and Ernzerhof.[32] Ion–electron interactions are
described using Vanderbilt-type ultrasoft pseudopotentials.[33]

To account for the vdW interactions between the two layers,
the Grimme correction (DFT-D3) is employed.[34] A plane-
wave energy cutoff of 500 eV is employed, and a k-point spac-
ing of 0.04 Å−1 is adopted for Brillouin zone sampling.[35]

The convergence criteria are set as follows: energy tolerance
of 1× 10−6 eV/atom, maximum force of 0.001 eV/Å, max-
imum stress of 0.002 GPa and maximum displacement of
5×10−4 Å. To eliminate spurious interactions between peri-
odic images, a vacuum layer of 15 Å is introduced along the
[001] direction.

3. Results and discussion
3.1. Structural properties and binding energy

Both MoS2 and MoSe2 belong to the hexagonal crystal
system. The optimized lattice parameters from our calcula-
tions are 3.186 Å for MoS2 and 3.293 Å for MoSe2, which are
consistent with previously reported theoretical values.[23,29]

We define six high-symmetry stacking configurations based
on the vertical alignment of atomic species between the MoS2

and MoSe2 layers, as shown in Fig. 1. AA stacking refers
to the configuration where Mo sits directly above Mo and S
above Se. In contrast, AA1 stacking features Mo above Se and
S above Mo. The A1B registry is characterized by S above Se.
In the AB1 configuration, Mo is above Mo. Conversely, AB-
1 stacking has S above Mo. Finally, the AB-2 configuration
involves Mo above Se.

(a) (b) (c)

(d) (e) (f)

Fig. 1. Six high-symmetry stacking configurations between the MoS2
and MoSe2 layers: (a) AA, (b) AA1, (c) A1B, (d) AB1, (e) AB-1,
(f) AB-2. Green, yellow and brown spheres represent Mo, S and Se
atoms, respectively.

To maintain a balance between computational tractability
and physical realism, we selected twist angles of 9.18◦, 16.1◦,
30◦, 43.9◦ and 50.82◦ for MoS2/MoSe2 heterobilayers, ensur-
ing that the resulting biaxial strain remained below 1%. As
demonstrated by Arnold et al.[19] and Li et al.,[20] structural
relaxation plays a critical role in determining both the in-plane
and out-of-plane configurations. In accordance with these
studies, we perform simultaneous optimization of the lattice
parameters and atomic coordinates for twisted MoS2/MoSe2

heterobilayers. The optimized atomic structures correspond-
ing to twist angles of 9.18◦, 16.1◦ and 30◦ are illustrated in
Fig. 2.

(c)(b)(a)

Fig. 2. Optimized atomic structures of MoS2/MoSe2 heterobilayers
with twist angles of (a) 9.18◦, (b) 16.1◦ and (c) 30◦. AA, AB-1 and
AB-2 are indicated by the red, green and black circles, respectively.

The maximum and minimum bilayer thicknesses, denoted
as dmax and dmin, and defined as the vertical separation be-
tween the Mo atoms in the two layers along the z-direction, are
plotted as a function of twist angle θ in Fig. 3. Our results indi-
cate that the variation in interlayer spacing (∆d = dmax−dmin)
decreases from 0.255 Å at 9.18◦ to 0.017 Å at 30◦. In con-
trast, as θ increases further from 30◦ to 50.82◦, ∆d increases
from 0.017 Å to 0.253 Å. The largest fluctuations in inter-
layer spacing occur at 9.18◦ and 50.82◦ (∆d ≈ 0.26 Å) among
the five twist angles in our study, reflecting significant atomic-
level relaxations at the interface that lead to a corrugated mor-
phology. Conversely, the heterobilayer at 30◦ exhibits remark-
able interfacial flatness, with a minimal variation in interlayer
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spacing (∆d ≈ 0.017 Å), closely approximating an ideal pla-
nar interface. This contrast in flatness is directly attributable
to the spatial distribution of local stacking configurations. At
small twist angles such as 9.18◦, the moiré superlattice ex-
hibits large unit cells containing AA, AB-1 and AB-2 stack-
ing, each favoring different equilibrium interlayer distances as
displayed in Fig. 4. The competition among these regions in-
duces out-of-plane distortions and leads to the observed cor-
rugation. In contrast, at the 30◦ twist angle, the system forms
a high-symmetry commensurate moiré superlattice character-
ized by a uniform atomic registry. This structural homogeneity
means that each local region experiences similar local stack-
ing environments and vdW adhesion energies. As a result, the
system reaches a single global energy minimum, stabilizing a
nearly planar geometry with a uniform interlayer separation.
The pronounced dependence of ∆d on θ highlights the sub-
stantial out-of-plane deformation arising from atomic recon-
struction during structural optimization,[19,20,27,36] proving the
importance of incorporating out-of-plane relaxation in accu-
rate structural models.

 9.18 16.10 30.00 43.90 50.82
6.38

6.43

6.48

6.53

6.58

6.63

6.68

6.73

6.78

d
 (
A

)

dmax

dmin

θ (Ο)

Fig. 3. Maximum (dmax) and minimum (dmin) bilayer thicknesses as a
function of twist angle θ .

To evaluate the stability of twisted MoS2/MoSe2 hetero-
bilayers, the binding energy Eb is calculated using the follow-
ing formula:[37]

Eb = (EBL−EML,bottom−EML,top)/N, (9)

where N is the number of atoms in the moiré superlattice, EBL

is the total energy of the heterobilayer and EML,i is the to-
tal energy of each freestanding constituting monolayer. For
comparison, we calculate the binding energies for non-relaxed
structures across varying interlayer distances, as listed in Ta-
ble 2. The binding energies for the non-relaxed structures
show a minimum for each angle. The system with a twist an-
gle of 30◦ exhibits the least negative binding energy across
almost all interlayer distances in its non-relaxed state. After
full relaxation, the binding energies of all twisted structures
become significantly more negative. The highly corrugated
systems (9.18◦ and 50.82◦) optimize their energy by maximiz-
ing the area of low-energy stacking with a smaller interlayer
distance. The large area of regions with small d approximates
the strong-coupling AB-1 and AB-2 stacking configurations
(as shown in the binding energy in Fig. 4), which dominates
and lowers the total energy. In contrast, the exceptionally flat
30◦ system has an extremely narrow range of interlayer dis-
tances (dmax = 6.585 Å, dmin = 6.569 Å). It cannot form large
areas with small d via lattice corrugation due to the symme-
try constraint by formation of a much smaller commensurate
moiré superlattice and thus cannot achieve binding as strong
as the most stable AB-1 stacking. Instead, it minimizes its en-
ergy by forming a spatially uniform and moderately coupled
stacking registry.

AA AA1 A1B AB1 AB 1 AB 2
6.2

6.5

6.8

7.1

7.4

7.7

d
 (
Å
)

-50

-40

-30

-20

-10

0

E
b
/
a
to

m
 (

m
e
V

)

Fig. 4. The interlayer distance d and the binding energy per atom Eb
(meV) of six high-symmetry stacking configurations of MoS2/MoSe2
heterobilayers.

Table 2. The binding energy per atom Eb of non-relaxed structures across varying interlayer distances and the relaxed MoS2/MoSe2 heterobi-
layers with different twist angles.

d (Å) θ = 9.18◦ θ = 16.1◦ θ = 30◦ θ = 43.9◦ θ = 50.82◦

Non-relaxed structures 6.23 –17.789 –17.989 –12.404 –17.982 –17.849
6.48 –23.823 –23.843 –16.377 –23.744 –23.752
6.73 –22.866 –24.181 –16.582 –24.180 –24.117
6.98 –22.121 –21.943 –15.035 –21.943 –21.897
7.23 –19.259 –19.070 –13.136 –19.070 –19.035

Relaxed structures –25.417 –24.820 –24.744 –24.781 –25.419

Furthermore, both the interlayer distance and the bind-

ing energy exhibit an approximate symmetry with respect to

θ = 30◦. The atomic configuration at a twist angle of 60◦–θ

can be obtained from that at θ by an in-plane translation of

one layer following a mirror inversion of the entire structure.

Since mirror symmetry preserves energy, the primary differ-

ence between configurations related by this operation reduces

to a lateral shift. The resulting symmetry around θ = 30◦ in-
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dicates that such translational differences have a negligible in-
fluence on the system’s energetics and structural properties.
This behavior is consistent with previous observations in other
twisted bilayer systems such as graphene.[24]

3.2. Electronic properties

A systematic investigation of the energy band structures
and density of states (DOS) is conducted to elucidate the elec-
tronic properties of twisted MoS2/MoSe2 heterobilayers. The
calculated energy band structures for selected twist angles are
shown in Figs. 5(a)–5(c), where the valence band maximum
(VBM) is set to 0 eV. All heterobilayers exhibit semiconduct-
ing characteristics, with both direct and indirect band gaps
being observed depending on the twist angle. Owing to the
electronic similarity between structures with twist angles of
9.18◦ and 50.82◦, and between 16.1◦ and 43.9◦, only repre-
sentative band structures for 9.18◦ and 16.1◦ are displayed in
Fig. 5. The results indicate that heterobilayers with θ = 16.9◦

and 43.1◦ are indirect band gap semiconductors, with band
gaps of 1.114 eV and 1.117 eV, respectively. As depicted in
Fig. 5(b), the VBM is located at the Γ point, while the con-
duction band minimum (CBM) lies at the K point, consistent
with previous reports.[29] In contrast, heterobilayers with θ =

9.18◦, 30◦ and 50.82◦ exhibit direct band gap behavior, with
band gaps of 1.030 eV, 1.103 eV and 1.023 eV, respectively.
In these cases, both the VBM and CBM are situated at the Γ

point, as illustrated in Figs. 5(a) and 5(c). This behavior origi-
nates from the larger superlattice periods at these twist angles
compared with that at 16.1◦, which leads to a contraction of the
Brillouin zone boundaries in reciprocal space. As a result, the
energy bands of the primitive cell fold into the reduced Bril-
louin zone, increasing the bands’ multiplicity. Furthermore,
high-energy valleys originally situated at the boundary of the
original Brillouin zone are mapped to the center (Γ point) of
the folded zone.
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Fig. 5. Band structures of twisted MoS2/MoSe2 heterobilayers at twist angles of (a) 9.18◦, (b) 16.1◦ and (c) 30◦, where the valence band
maximum is set to 0 eV. Total density of states (DOS) for twist angles of (d) 9.18◦, (e) 16.1◦ and (f) 30◦. The black curves denote the total
DOS of the heterobilayer; red and blue curves denote the local DOS projected onto the MoSe2 and MoS2 layers, respectively.

The DOS of twisted MoS2/MoSe2 heterobilayers, as well
as the layer-projected local DOS (LDOS) for the MoSe2 and
MoS2 layers at twist angles of 9.18◦, 16.1◦, and 30◦, are pre-
sented in Figs. 5(d)–5(f). Our analysis reveals that these het-
erobilayers exhibit a distinct type-II band alignment. In this
configuration, the CBM and VBM are spatially localized in
different layers: the VBM is predominantly contributed by
the MoSe2 layer, while the CBM is mainly situated within
the MoS2 layer. This alignment facilitates the spatial separa-
tion of photogenerated electrons and holes, which effectively
suppresses carrier recombination and is advantageous for en-
hancing the performance of optoelectronic devices. The in-
herent band offset between MoS2 and MoSe2 drives interfacial
charge transfer, establishing a built-in electric field that further
promotes efficient carrier separation. These findings are con-
sistent with previously reported theoretical and experimental

studies.[38,39]

To gain deeper insight into the interfacial charge redistri-
bution, we further calculate the work function Φ . It is impor-
tant to note that the work function, defined as Φ =EVac−EF, is
the minimum energy required to extract an electron from the
Fermi energy level EF with reference to the vacuum energy
level EVac, and provides critical information about the pho-
toelectric emission efficiency of semiconductors.[40,41] The
work functions of isolated MoS2 and MoSe2 monolayers,
summarized in Table 3, agree well with values reported in pre-
vious studies.[42–44] The lower work function of MoSe2 com-
pared with MoS2 is primarily due to the reduced electroneg-
ativity of Se relative to S. This difference in electronegativity
facilitates electron transfer from the MoSe2 layer to the MoS2

layer upon formation of heterobilayers. The computed work
functions of the twisted MoS2/MoSe2 heterobilayers at angles
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of 9.18◦, 16.1◦, 30◦, 43.9◦ and 50.82◦ are also presented in
Table 3. The results indicate that the twist angle has a min-
imal influence on the work function of MoS2/MoSe2 heter-
obilayers. This behavior can be attributed to the small lat-
tice mismatch between MoS2 and MoSe2, which results in a
long-period moiré potential with low amplitude. Such weak
potential modulations are insufficient to alter the large-scale
interlayer charge transfer dominated by the intrinsic band off-
set. As a consequence, the macroscopic work function remains
largely invariant. The introduction of a twist angle introduces
only minor perturbations to the system without inducing sub-
stantial changes in its electronic environment.

Table 3. Calculated work functions (in eV) of isolated monolayers and
MoS2/MoSe2 heterobilayers at various twist angles.

θ (◦)

9.18 16.1 30 43.9 50.82

MoS2 5.757 5.787 5.763 5.750 5.785

MoSe2 5.272 5.303 5.280 5.304 5.302

MoS2/MoSe2 5.348 5.352 5.332 5.309 5.345

3.3. Elastic properties

In practical applications, the mechanical properties of 2D
materials are of crucial importance and they often exhibit ex-
ceptional behavior. The evaluation of these properties is fun-
damentally based on the determination of elastic constants,
which can be derived from the constitutive stress–strain re-
lationship, yielding the in-plane elastic constants Ci j (where i,
j = 1, 2, 6).[45] For materials with hexagonal or triangular lat-
tice symmetry, there are four nonzero elastic constants in the
2D regime: C11, C22, C12, and C66. However, due to the struc-
tural isotropy of twisted MoS2/MoSe2 heterobilayers, C22 is
equivalent to C11, and C66 is equal to (C11−C12)/2. Thus, only
two independent elastic constants, C11 and C12, are sufficient
to characterize their linear elastic response. The in-plane stiff-
ness B2D and shear modulus G2D are defined as follows:[46]

B2D =
C11 +C12

2
, (10)

G2D =C66 =
C11−C12

2
. (11)

Additionally, the elastic behavior can be described by the
2D Young’s modulus Y2D and Poisson’s ratio ν2D, expressed
in terms of the elastic constants as

Y2D =
C2

11
−C2

12

C11
, (12)

ν2D =
C12

C11
. (13)

To investigate the influence of twist angle on elastic prop-
erties, we summarize the independent elastic constants C11 and
C12, plane moduli B2D, shear moduli G2D, Young’s moduli Y2D

and Poisson’s ratio ν2D for twisted MoS2/MoSe2 heterobilay-
ers in Table 4. According to the Born–Huang criteria,[47] a

mechanically stable 2D structure must satisfy C11 > |C12| and
C66 > 0. Our results confirm that all twisted configurations
satisfy these conditions and are therefore mechanically stable.

The elastic parameters of MoS2/MoSe2 heterobilayers are
modulated by the twist angle, although the overall variation
amplitude is limited. As summarized in Table 4, the elas-
tic constants, plane moduli, shear moduli, Young’s modulus
and Poisson’s ratio all display minor fluctuations across differ-
ent angles, with most changes confined to within ±3%. The
estimated Young’s modulus values (231.76–240.42 N/m) are
close to the experimentally measured value for bilayer MoS2

(260± 70 N/m)[48] and the theoretical value for twisted bi-
layer MoS2.[27] Notably, these values surpass those reported
for other 2D materials such as silicene (60 N/m) and phospho-
rene (23–92 N/m),[8] indicating the superior rigidity of twisted
MoS2/MoSe2 heterobilayers.

A notable exception occurs at θ = 30◦, where C11, C66,
B2D, G2D, and Y2D reach their maximum values, while C12 and
ν2D decrease to minimum values. This anomalous behavior is
primarily ascribed to the distinctively flat interfacial geometry
realized at this angle, characterized by minimal layer spac-
ing variation (∆d, Fig. 3), which promotes uniform interlayer
stress distribution and thereby enhances in-plane bond stiff-
ness and interlayer shear resistance. Consequently, the relaxed
interfacial configuration is a critical factor governing the angu-
lar dependence of elastic properties in twisted MoS2/MoSe2

heterobilayers.

Table 4. Twist angle θ , elastic constants C11 and C12, plane moduli
B2D, shear moduli G2D, Young’s modulus Y2D and Poisson’s ratio ν2D of
MoS2/MoSe2 heterobilayers at various twist angles.

θ (◦)
9.18 16.1 30 43.9 50.82

C11 (N/m) 251.79 250.37 256.15 248.69 251.62
C12 (N/m) 66.99 67.16 63.47 64.89 66.34
C66 (N/m) 92.40 91.61 96.34 91.90 92.64
B2D (N/m) 159.39 158.77 159.81 156.79 158.97
G2D (N/m) 92.40 91.61 96.34 91.90 92.64
Y2D (N/m) 233.96 232.35 240.42 231.76 234.11
ν2D 0.266 0.268 0.248 0.261 0.264

Table 5. Calculated elastic properties of MoS2 and MoSe2 monolay-
ers and homobilayers (AA stacking). The elastic constants C11 and
C12 are in units of N/m. The 2D Young’s modulus is calculated as
(C2

11−C2
12)/C11.

System C11 (N/m) C12 (N/m) Y2D (N/m) Reference
MoS2 monolayer 132.7 28.6 126.5 [46] (our work)

134.89 32.03 127.3 [45]
132.7 33 124.5 [49]

MoSe2 monolayer 117.5 24.9 112.2 This work
110.7 25.66 104.8 [45]
106.9 25.6 103.9 [49]

MoS2 bilayer 266.3 75.8 244.7 This work
249.9 [19]

MoSe2 bilayer 245.5 67.2 227.1 This work
213.4 [49]
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For reference, the calculated elastic constants and 2D
Young’s modulus of the pristine MoS2 and MoSe2 monolayers
and bilayers are provided in Table 5. Our results are consistent
with previous reports,[45,49] validating our computational ap-
proach. As expected, the in-plane stiffness of MoSe2 is lower
than that of MoS2 due to its longer bond lengths and weaker
ionic interactions, and the elastic properties of the twisted
MoS2/MoSe2 heterobilayers lie between those of the two par-
ent materials and are effectively tuned by the twist angle.

4. Conclusions
In this work we have constructed five commensurate

twisted MoS2/MoSe2 heterobilayers with distinct twist angles
of 9.18◦, 16.1◦, 30◦, 43.9◦ and 50.82◦ using the coincidence
lattice method and systematically investigated their structural,
electronic and elastic properties through first-principles cal-
culations. Full structural relaxations have been performed to
optimize both the in-plane and out-of-plane atomic configura-
tions. Our results reveal a remarkable twist-angle-dependent
interfacial morphology: while most angles exhibit significant
corrugation with the largest interlayer spacing fluctuation oc-
curring at 9.18◦ and 50.82◦, the 30◦ heterobilayer demon-
strates exceptional interfacial flatness, approaching an ideal
planar geometry. A more pronounced corrugation is reflected
by a larger variation between dmin and dmax, which can enable
the system to maximize the fractional area of strongly coupled
regions with low-energy stacking domains (e.g., AB-1) while
minimizing that of weakly coupled regions with high-energy
stacking domains (e.g., AA). The structural behavior governs
the binding energy variation. Electronic structure analyses, in-
cluding DOS and layer projected LDOS, reveal that the band
structure can be tuned between direct and indirect band gap
behaviors by varying the twist angle. The VBM and CBM
are spatially localized in the MoSe2 and MoS2 layers, respec-
tively, confirming a type-II band alignment conducive to effi-
cient charge separation. The elastic properties, characterized
via the constitutive stress–strain relationship, show that the
elastic constants, plane moduli, shear moduli, Young’s mod-
ulus and Poisson’s ratio exhibit only minor variations (±3%)
across different twist angles, indicating robust mechanical sta-
bility. Remarkably, the Young’s moduli of these heterobilay-
ers exceed those reported for other 2D materials such as sil-
icene and phosphorene. These findings not only establish the
structure–property relationships in twisted MoS2/MoSe2 het-
erobilayers but also highlight their potential as a tunable plat-
form for advanced optoelectronic applications.
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