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1. Moiré superlattices
The Moiré superlattices of bilayer graphene have been studied widely in the recent years. !
2 Monolayer transition metal dichalcogenides (TMDs) are similar to graphene in both direct
and reciprocal lattice vector spaces. Therefore, the Moiré superlattices of TMD junctions can
be constructed using similar methods without additional strain for two single layers.> The
possible angles (9) can be calculated by the following formula:!-2
3 +3xi+1/2

cos (0,) = i=0,1,23..
3xi°4+3xi+1

The supercell vectors are:
A=ixa+ (i+1)*b
B=—(i+1)*a+@*i+1)b

where @ and D are the unit cell lattice vectors. The lattice constant of the supercell is:

L=\3x+3%i+1%a

* Corresponding author, E-mail: runlong@bnu.edu.cn
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where %0 is the lattice constant of the unit cell. Table ST shows that larger i can produce smaller

twist angles and bigger superlattices. Considering the Moir¢ pattern and the superlattice size,
we build structures with the twist angles of 9.43° (=3, relative to 0°) and 50.57° (i=3, relative

to 60°). Figure S1 shows the Moir¢ patterns in these superlattices.

(a) 9.43°

-

Figure S1. Moir¢ patterns in the twisted 9.43° and 50.57° TMD heterojunctions.

2. Reciprocal space and k-point unfolding

Interpretation of simulation results performed with superlattices benefits from the zone
folding analysis. Popescu et al.* > provided a method to analyze the effective band structure.
The direct superlattice can be calculated by the following formula:

DT =tm-DT

supercell

DT

primitive — cell

supercell and DT

where primitive - cell are the direct lattice vectors of the supercell and the

primitive cell, respectively, and tm is the transition matrix. The reciprocal lattice vectors,

RTprimitive -cell and RTsupercell, can be obtained by;

_ Ty-1,
RTsupercell - (tm ) RTprimitive —cell

The k-points folding can be obtained by:

k k . tm!

supercell = primitive - cell

k k

where " supercell and “primitive - cell are the k-point coordinates in the supercell and the primitive
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cell. For example, the direct bandgap of monolayer MoS; is at the K-point (Fig. S$2a). For the
3*3 supercell, the K-point, (1/3 1/3) will be folding to the I'-point, (0 0). For the supercells

7 3)
tm = _
of 0° and 60° (Fig. 1a and Fig. 1b), ( =3 4), such that K supercen = (173 1/3)_

Energy (eV)

Mo

Figure S2. Monolayer MoS, band structures of (a) unit cell and (b) 3*3*1 supercell. (¢) K-
point folding for the 3*3*1 supercell. The red and blue lines represent the first Brillouin zones
of the primitive and 3*3*1 supercells, respectively. The black dots are the I'-points. (d) Twist

angle in the reciprocal space. The dark green lines show twist of the first Brillouin zone.

Table S1. Twist Angle and Superlattice Size

i Twist Angle  Superlattice i Twist Angle  Superlattice
0 60° 1 5 6.01° \91
1 21.79° \7 6 5.09° V127
2 13.17° V19 7 4.41° V169
3 9.43° 37 8 3.89° V217
4 7.34° V61 9 3.48° V271
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3. Hole transfer and recombination at the K-point

The bilayer TMD junctions show indirect band gap, generally, owing to strong interlayer
coupling. Fig. S3a shows the band structure for the 3R stacking, indicating that the VBM is
located at the I"-point, and the CBM is located at the K-point. However, the direct bandgap is
the smallest at the K-point. The charge density of the VBM at the ['-point does not localize on
either layer. According to the contributions of the charge densities at the K-point, MoS,/WS,
vdWHs present type-II alignment with the VBM and CBM of WS, lying higher than those of
MoS,. The GoyW, plus Bethe-Salpeter calculation confirms charge separation in the MoS,/WS,
vdWH. Furthormore, the oscillator strength of the interlayer exciton is larger than that of the
intarlayer exciton.® A variety of channels are available for interlayer charge recombination in
TMD vdWHes, including recombination between K-K, K-I', Q-K, and Q-I" k-points. However,
K-K recombination is the dominant pathway, because the other channels are momentum
forbidden. Okada et al.” indicate that the K-K recombination is faster than K-I' and Q-I"
recombination. K-K exciton properties have been widely studied in TMD vdWHs.”-'® The

current study focuses on the dominant K-K exciton recombination channel.

(b)

VBM@MoS, CBM@MoS,

VBM@WS, VBM@WS,
Figure §3. Unit cell of the MoS,/WS, vdWH. (a) Band structure, and the VBM and CBM
charge densities at the K-point. (b) Type-II band alignment. The processes 1, 2 and 3 represent

initial photoexcitation, hole transfer, and K-K recombination, respectively.
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4. Layer projected density of states
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Figure S4. Band structure and the CBM and VBM charge densities of the MoS,/WS,

heterojunction with the 0° and 60° twist angles calculated using (a, ¢) DFT-D3 and (b, d)
optB88-vdW functionals.
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Figure SS. (a, c) Work functions and (b, d) planar-averaged charge density differences in the
MoS,/WS, heterojunctions with (a, b) 0° and (c, d) 60° twist angles.
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Figure S§6. Layer projected density of states (DOS) of the MoS,/WS, vdWHs.

5. Evolution of Kohn-Sham orbital energies
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Figure S7. Evolution of the energies of VBM@MoS, (black lines), VBM@WS, (red lines),
and CBM@MoS; (blue lines) at the K-point.
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6. Fitting the electron-hole recombination NA-MD results
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Figure $8. Fitting of the short-time nonradiative electron-hole recombination in the MoS,/WS,

vdWHs using linear functions.
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