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Table S1. Interlayer distance (d), cohesive energy (En) and band gap (E,) calculated
by using PBE-D3 and opt88-vdW functionals (in brackets).

d (A) Eeon (€V/atom) E, (eV)
AA 3.53(3.49)  —0.033 (-0.048) 0.38 (0.32)
AB 322(3.14)  —0.042 (-0.061) 0.43 (0.37)
AS 331(3.21)  —0.039 (-0.056) 0.65 (0.64)
19.21° 335(3.35)  —0.017 (-0.031) 0.51 (0.48)
24.92° 332 (3.31) 0(-0.017) 0.24 (0.22)
38.42° 320(3.32)  —0.034 (~0.049) 0.58 (0.57)
49.84° 3.19(3.21)  —0.035 (~0.050) 0.62 (0.60)
54.34° 320(3.19)  —0.003 (-0.026) 0.11 (0.07)
65.08° 3.22 (3.16) 0 (~0.009) 0.58 (0.58)
69.74° 324 (3.26)  —0.038 (-0.057) 0.61 (0.60)
85.79° 334(3.27)  -0.023 (-0.049) 0.58 (0.56)
90° 3.40 (3.40)  —0.033 (~0.032) 0.74 (0.73)




Table S2. Lattice mismatch (d, relative to the bottom BP layer), lattice constants (a and
b), interlayer distance (d), cohesive energy (Ec.n) and band gap (E,) calculated by using

different lattice mismatches for 65.08°.

5(%) a(A) bA) d(A) E.n(eViatom) E,(eV)

0 9.69 1045 3.22 0 0.58
0.82 9.70 10.54  3.28 0 0.64
1.64 9.71 10.62  3.28 0.003 0.69
2.46 9.72 10.71  3.29 0.005 0.74
3.27 9.73 10.79  3.31 0.008 0.79
4.09 9.73 10.88  3.29 0.012 0.84
491 9.74 1096 3.29 0.018 0.89




Scheme S1. Assumption and illustration of the orbital overlap of lone pairs.

To determine the lone pairs coupling strength (a), we briefly assume that:

a. The orbitals of lone pairs are sphere-like with a radius (R,) of 3 A (as shown

in Fig. A1 below);
b. a is proportional to the volume overlap of the two spherical orbitals;

c. The weak interactions for those with r;; > 3.5 A can be ignored.

Fig. Al. Illustration of the orbital overlap of lone pairs from adjacent P atoms in the

upper and lower layers.

The volume overlap of the two spheres with radius of R, and distance of 7;; is
2 1 Y
27[(R0_r;j) [RO_E(RO_E)]’ (S1)

then a can be written as:

1 K
27(R, — 7. )[R, —= (R, ——D)];7, <3.5A
a~lz,-(°9°3(°2]] : (S2)
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Fig. S1. Computed band structures of the twisted bilayer BP versus twisted angle using
opt88-vdW functional. The Fermi level is set to zero and the band gap (in eV) is given

for each system.
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Fig. S2. Calculated cohesive energy (E.on) using opt88-vdW functional as a function of

twisted angle (6) with an approximate oscillation period of 36°. The dashed lines are

visual guide.



The definition and construction of twisted bilayer BP is illustrated by using the
90° system as a representative shown in Fig. S3. According to the coincidence-site
lattice (CSL) theory,! a twisted bilayer BP can be constructed through a relative rotation
of the lattice vectors of the two layers, which is consisted by a 2D rotation operator R
and a rigid transition operator 7. We first started from an AA stacking, whose top layer
is vertically placed on the bottom BP layer without any displacement. In the case of a
twisted bilayer BP, when the top layer of AA stacking is rotated around the original
point O relative to the bottom BP layer under the R(6) operator, coincidence sites will
emerge at a specified angle. Then, a rigid transition operator 7 was applied to construct
the twisted supercell, resulting a Moiré superlattice. In general, the whole operators can

be expressed in the following form as:

r=R(O)(r —ro) + T(t), 1) (1, LERY) (S3)
where r; — ry is an in-plane superlattice vector in the bottom BP layer relative to the

original point O, and the rigid translation operator 7(#, ;) is

T(t, b) = hay + hay + has/|a;|(t1, 1, € R*) (54)
where a; and a, are the two orthorhombic basis vectors along the zigzag and armchair
directions, respectively, a; is along the out-of-plane direction, /# denotes the distance
between lamellas of a twisted BP layer.

Using the above analyses, twisted bilayer BP with various angles can be
constructed by controlling the rotation operator R. In practice, we started from two
pieces of pristine BP domains with sufficiently large size and placed one on the top of
another. By gradually rotating the top domain and fixing the bottom one, one can
determine the rotation operator R of the twisted angle (see Fig. S3 for detail) once the

2D lattices of the two layers roughly overlap with each other.



Fig. S3. Forming process of twisted bilayer BP with the angle of 6. R indicates a 2D
rotation operator, 7 is a rigid transition operator, and / is an inversion operator,
respectively. a; and a, are the two orthorhombic basis vectors along the zigzag and
armchair directions, a3 is along the out-of-plane direction. by and b, are the two lattice
basis vectors of the twisted bilayer BP supercell mapped by X = b, + b,. For simplicity,
we used 6 = 90° as an example. The P atoms in the upper and lower layers are shown

in cyan and purple colors, respectively.



(a) 19.21° (b) 54.34° (c) 65.08°

Fig. S4. Partial charge density of CBM and VBM for weak coupling systems: (a) 6 =
19.21°, (b) 54.34°, and (c) 65.08°, respectively. The isosurface value is 1.2 x 103 eA3,
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Fig. SS. Partial charge density of CBM and VBM for strong coupling systems: (a) AA,
(b) AJ, and (c) 8 = 38.42°, (d) 49.84°, (e) 69.74°, (f) 85.79°, and (g) 90°, respectively.

The isosurface value is 1.2 x 103 eA3.
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Fig. S6. Electrostatic potential along z direction for weak coupling systems: (a) § =

24.92° and (b) 65.08°, respectively.

10



—_
L
E=4
—_
(=2
—_-

°
)

0 AA 0 AS 0 38.42°
_ 5 = 5 = 51
: : 3
= 104 = -10 — -10
K] = 8
E 5] € .15 € .15
; g :
& 20 £ -20 & 20

25 . . 251 ‘ . 25

z(A) z(A) z(A)

d ” e f
(d) 01__49.84 () 0. 69.74° ® 85.79°
- — —~ -5
2 8 3 8 2
= = = -10
s 5 =
< 16 S 16 g -15
= - “6
& & c -20

24 . , 241 . . .25 . .

z(A) z(A) z(A)
(9) 5
o] 20

s 9
)
= 104
=
5 154
[«]
a 20

-25

z(A)

Fig. S7. Electrostatic potential along z direction for strong coupling systems: (a) AA,
(b) A9, and (c) 6 =38.42°, (d) 49.84°, (e) 69.74°, () 85.79°, and (g) 90°, respectively,

respectively.
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