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COMPUTATIONAL METHODS

In this work, the initial models of different structures were built using VESTA. [1] 

First-principles calculations are performed by using the density functional theory 

(DFT) approach with the projector-augmented-wave (PAW) method. [2-6] For the 

exchange and correlation energies, the generalized gradient approximation (GGA) in 

the form of Perdew–Burke–Ernzerhof (PBE) functional is adopted.[7] Considering the 

reality that the vdW interaction has an unneglected effect on the final stability of the 

heterostructures, the standard PBE function cannot handle this weak interaction well, 

so we adopted the DFT-D2 method advanced by Grimme to describe the weak vdW 

interaction between the two monolayers in all calculations, [8] in which all the force 

field parameters are obtained based on the PBE function. The total energy (Etotal) is 

expressed as: Etotal = EKS-DFT + EvdW, where EKS-DFT and EvdW are Kohn-Sham DFT 

energy and dispersion correction respectively. [9, 10] The first Brillouin-zone 

sampling of 5×5×1 and 11×11×1 k-points generated by Monkhorst-Pack scheme are 

used for geometric optimization and optical property calculations, respectively. The 

vacuum layer is set to 20 Å along Z direction to avoid the interactions induced by the 

periodic effects. To find a balance between accuracy and efficiency, a 500 eV cut-off 

energy has been adopted in all calculations. We have performed convergence test 

calculations using more strict calculation parameters, a stricter cutoff energy (up to 

600 eV) and k-point sampling (up to 7×7×1) as shown in Figure S1 and S2. We found 

that the main results are not influenced by the strict parameters, compared with k-

point sampling 5×5×1 and cutoff energy convergence criterion of 500 eV. The 



pristine and heterostructures were optimized until the forces on each atom are less 

than 10-4 eV and the Hellmann–Feynman force on each atom is 0.01 eV Å-1, which 

was sufficient precise to reach convergence for the whole calculations. It should be 

pointed out that Mo-based and W-based materials show the strong spin-orbital 

couplings (SOC), [11, 12] so SOC is included in all calculations. In order to study the 

optical absorption property of BSe and XS2 monolayers as well as vdW 

heterostructures, the dielectric constants need to be obtained. The frequency 

dependent complex dielectric function is formed by adding the real and imaginary 

parts as: ε(ω)= ε1(ω)+iε2(ω). The imaginary part ε2(ω) can be obtained by summing 

up enough empty band states by the following formula, [13]
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where P represents the principal value of the integral. From these two parts of the 

dielectric functions, the absorption coefficient  can be obtained by using the 𝛼(𝜔)

following formula. [15]
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Figure S1. Cutoff energy convergence test of BSe-MoS2 heterostructure.



Figure S2. KPOINTS convergence test of BSe-MoS2 heterostructure.

Figure S3. Four twisted BSe-MoS2 heterostructures before spacing optimization.



Figure S4. Four twisted BSe-WS2 heterostructures before spacing optimization.

Table S1. The lattice constants of BSe-XS2 heterostructures under three strained (S-) 

approaches before spacing optimization.

BSe-MoS2 BSe-WS2

/
S-BSe S-MoS2 S-equally S-BSe S-WS2 S-equally

a/Å 3.16 3.25 3.21 3.16 3.25 3.20

b/Å 3.16 3.25 3.27 3.16 3.25 3.27

c/Å 35.34 35.34 35.34 35.42 35.42 35.42

α/degree 90 90 90 90 90 90

β/degree 90 90 90 90 90 90

γ/degree 60 60 60.65 60 60 60.71

V/Å3 306.77 323.27 323.21 305.92 324.00 323.93
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