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Table S1 Calculated lattice parameters (a=b), total heights (%), interlayer distances
between the two Group-III metal layers (/), formation energies (£,,), band types, band
gaps at the HSE level (E¢5F) and the PBE level (E2F), differences of electrostatic
potential between the two surfaces (4¢), overpotentials for the hydrogen evolution
reaction y(H,) and for the oxygen evolution reaction y(O,) of the MNX; (M, N =
In/Ga/Al; X = S/Se/Te) monolayers including a and S phases.

Materials | a= h E Band E"‘E EPEE AQ 7(Hp) 2(0,)
MNX; (A) (A) (A) (eV/atom) tvpe (eV) (eV) (eV) (3%

InGaS;-a 3.81 6.09 3.86 -0.75 1.71 0.95 1570 0.23 2.01
InGaS;-f 3.77 6.25 3.91 -0.66 I 2.47 1.62 1.43 0.62 2.05
InGaSe;-a 599 6.50 4.06 -0.74 I 1.07 0.43 1.42 0.02 123
InGaSe;-f 3.95 6.64 4.10 -0.66 I 1.78 1.07 1.21 0.52 1.23
InGaTe;-a 4.28 7.10 4.39 -0.47 I 0.68 0.17 1.02 0.28 0.19
InGaTe;-ff 4.26 {7.28) 4.44 -0.41 I 1.19 0.31 0.82 0.64 0.14
InAlS;-a 3479, 6.06 3.86 -0.90 D 235 1.06 2.07 2S5 1.94
InAlS;-f# 3172 6.25 3.89 -0.86 I 272 1.42 1.87 0.85 2l
InAlSe;-a 397 6.47 4.06 -0.83 D 1.67 0.58 1.58 0.81 21|
InAlSe;-f 3.91 6.62 4.07 -0.81 I 2.12 1.13 1.62 0.86 1.65
InAlTe;-a 427 7.10 4.40 -0.49 I 1.18 0.41 1i1E) 0.88 0.21
InAlTe;-f 4.24 7.19 4.38 -0.49 I 1.56 0.84 1.21 0.96 0.57
GaAlS;-a 3.63 5.88 372 -0.93 I 262 1.62 1.87 1.33 192
GaAlS;-f 3.61 5.89 3.71 -0.99 1 2.80 1.49 2.20 1.39 28
GaAlSes-a 3.83 6.30 3.94 -0.81 I 1.84 1.08 1.44 1.00 1.05
GaAlSe;-f 3.81 6.28 3.90 -0.88 I 1.90 0.82 1.82 0.99 1.50
GaAlTe;-a 4.15 6.92 4.30 -0.44 I 0.71 0.24 0.97 0.47 -0.02
GaAlTe;-f 4.13 6.87 4.23 -0.51 I 1.24 0.48 1.30 0.92 0.39



Table S2 Calculated lattice parameters (a=b), total heights (%), interlayer distances
between the two Group-III metal layers (/), formation energies (£,,), band types, band
gaps at the HSE level (E¢5F) and the PBE level (E2F), differences of electrostatic
potential between the two surfaces (4¢), overpotentials for the hydrogen evolution
reaction y(H,) and the oxygen evolution reaction y(0O,) of the InGaXY, (X, Y =
S/Se/Te) monolayer, including a and S phases (here, the most stable configurations are
highlighted with blue font, and a material with a bandgap below 0.4 eV is typically
classified as a metal).

InGaSSe,-a I 3.92 6.43 4.09 -0.69 0.64 0.07 1.35 -0.29 1.05
I 3.93 6.41 4.09 -0.71 I 1.47 0.72 1.74 0.27 1.71
I 3.95 6.32 3.84 -0.74 D 1.09 0.48 1.59 0.27 1.18
InGaSSe,-ff I 3.89 6.55 4.12 -0.64 I 1.61 0.92 1.02 0.26 1.14
1T 3.87 6.59 4.13 -0.61 I 1.84 1.07 1.50 0.50 1.61
11 3o 6.48 3.90 -0.63 I 213 1.41 1.30 0.72 1.48
InGaSeS,-a I 3.89 6.21 3.86 -0.74 I 1.98 122 1.91 0.54 2.12
I 307 6.37 3.81 -0.52 M - 0.61
11 3.86 6.33 4.11 -0.69 I 181 0.40 1.64 -0.05 1.61
InGaSeS,-ff I 3.82 6.41 3.91 -0.62 I 247 1.63 1.64 0.79 2.09
1 3.84 6.37 3.91 -0.64 I 1.93 1.22 115 0.48 1.36
111 3.82 6.48 4.14 -0.62 I 1.76 0.99 1.29 0.30 1.52
InGaSTe,-a I 4.11 6.91 447 -0.43 M - 0.40 = -
I 4.13 6.85 4.44 -0.48 D 0.94 0.31 1.71 0.72 0.70
I 4.19 6.53 3.78 -0.55 D 0.94 0.42 1.21 0.78 0.14
InGaSTe,-ff I 4.09 6.97 448 -0.44 M 0.38 0 0.45 - =
II 4.09 7.04 447 -0.36 I 0.53 0 1.62 0.11 0.81
111 4.16 6.69 3.86 -0.42 I 1.38 0.84 0.92 0.60 0.47
InGaTeS,-a I 4.02 6.29 3.82 -0.63 I 2.52 1.82 2.03 1.27 2.04
11 3.97 6.36 3.81 -0.58 M - 0.60
1T 3.94 6.69 4.58 -0.53 M = 1.18 ® =
InGaTeS,-f I 3195 6.53 3.88 -0.45 D 1.31 0.56 1.89 0.80 1117
I 3.97 6.46 3.89 -0.52 D 0.67 0.13 0.68 0.22 -0.10
111 3.88 6.87 4.59 -0.48 M - 0.93 - -
InGaSeTe,-a I 4.17 7.00 4.44 -0.48 M - 0.77 - -
1l 421 6.94 -0.52 I 0.99 0.40 1.45 0.52 0.69
I 4.23 6.74 4.00 -0.55 D 0.86 0.36 1.16 0.56 0.23
InGaSeTe,-f I 4.15 7.09 4.46 -0.47 I 0.66 0.18 0.56 0.03 -0.04
II 4.13 715 4.45 -0.42 I 0.90 0.32 1.33 0.36 0.64
111 421 6.89 4.07 -0.46 I ek 0.78 0.88 0.49 0.49
InGaTeSe,-a I 4.12 6.60 4.03 -0.64 1 1.98 1.28 1.64 1.00 139
II 4.10 6.65 4.02 -0.60 M - 1.01 - -
1 4.07 6.87 4.49 -0.57 M - 1.16 - -
InGaTeSe,-f# I 4.08 6.80 4.08 -0.51 D 1451 0.81 1.44 0.56 1.16
1 4.08 6.76 4.09 -0.56 I L.10 0.57 0.69 034 0.22
111 4.03 7.0 4.48 -0.53 D 0.76 0.19 1.01 0.17 0.37



Table S3 Calculated lattice parameters (a=b), total heights (%), interlayer distances
between the two Group-III metal layers (/), formation energies (£,,), band types, band
gaps at the HSE level (E¢5F) and the PBE level (E2F), differences of electrostatic
potential between the two surfaces (4¢), overpotentials for the hydrogen evolution
reaction y(H,) and the oxygen evolution reaction y(O,) of the InAIXY, (X, Y =
S/Se/Te) monolayers, including a and S phases (here, the most stable configurations are
highlighted with blue font, and a material with a bandgap below 0.4 eV is typically
classified as a metal).

Eppy | Band | EHSE | EFBE Ag x(Hz)

InAlSSe,-a 3.89 6.38 4.08 -0.84 1.27 0.61 1.71 0.75 0.99
1 S 6.37 4.07 -0.82 I 2.14 131 1.86 1.03 1573
I 3.78 6.26 3.82 -0.87 D 1.81 1.12 1.62 1.06 1.14
InAlSSe,-f I 3.86 6.50 4.08 -0.82 I 1.88 1.18 1.46 0.52 1.58
I 373 6.54 4.09 -0.82 I 2.40 1.60 1.80 0.97 2.00
111 375 6.44 3.85 -0.82 I 2.18 1.52 1.86 1.04 1.77
InAlSeS,-a I 3.87 6.16 3.84 -0.87 I 273 1.92 192 1.32 2.10
1 3.70 6.17 3.84 -0.89 D 1.37 0.70 1.77 1.01 0.89
1T 3.68 6.27 4.10 -0.84 I 1.82 1.01 1.99 0.97 1.61
InAlSeS,f I 3.78 6.36 3.87 -0.84 I 2.66 1.83 2.07 1.17 2.33
1 3.68 6.33 3.87 -0.83 D 1.86 1.21 1.70 0.72 1.62
111 3.67 6.42 4.10 -0.83 I 223 1.41 1.60 0.65 1.94
InAlSTe;-a I 4.06 6.88 4.46 -0.53 M - 1.18
I 3.96 6.83 4.44 -0.53 D 1.27 0.56 1.75 1.06 0.74
I 4.06 6.49 378 -0.63 I 1.38 0.83 1.10 1.11 0.14
InAlSTe,-# I 4.07 6.92 4.42 -0.56 1 0.57 0.07 0.83 -0.07 0.25
I 3.94 7.00 4.42 -0.53 I 1.39 0.79 1.78 0.99 0.95
11 4.00 6.68 3.81 -0.55 I 1.58 1.08 155 1.25 0.65
InAlTeS;-a I 4.01 6.26 3.80 -0.72 I 3.13 2517, 1.89 1.62 217
1 3,79 6.30 3.79 -0.73 M - - 1.37 - -
111 3k 6.63 ahat -0.64 M = 1.77
InAlTeS,-f# I 3.89 6.50 3.85 -0.66 I 1.42 0.76 2.30 M9 1.30
I 3.80 6.44 3.83 -0.67 M 0.30 0 1.35 - -
11T 3.76 6.72 447 -0.66 D 0.77 0.14 1525 0.31 0.48
InAlSeTe,-a I 4.15 6.97 4.43 -0.56 M 0.15 1.06
I 4.04 6.95 443 -0.56 I 1.46 0.79 1553 1.09 0.66
I 4.08 6.72 3.99 -0.62 I 1.36 0.83 =15 1.08 0.20
InAlSeTe,-# I 4.14 7.02 4.40 -0.58 1 0.89 0.36 0.96 0.21 0.41
1 4.02 7.08 4.41 -0.56 I 1.67 1.07 1.61 1.00 1.05
111 4.07 6.87 4.02 -0.58 I 1.69 1.18 1.40 1.14 0.72
InAlTeSe;-a I 4.12 6.57 4.02 -0.71 I 2.43 1.66 1.60 1.38 143
I 3195 6.61 4.02 -0.71 M 0.19 0 1.19
111 3.89 6.83 4.48 -0.66 D 0.51 0 1.44 0.40 0.32
InAlTeSe;-f I 4.02 6.77 4.04 -0.67 I 1.92 1.24 1.86 1.14 1.40
I 3.93 6.73 4.04 -0.69 D 0.96 0.46 1.21 0.55 0.40
11T 3.90 6.93 4.44 -0.68 1.24 0.61 1552 0.53 0.80



Table S4 Calculated lattice parameters (a=b), total heights (%), interlayer distances
between the two Group-III metal layers (/), formation energies (£,,), band types, band
gaps at the HSE level (E¢5F) and the PBE level (E2F), differences of electrostatic
potential between the two surfaces (4¢), overpotentials for the hydrogen evolution
reaction y(H,) and the oxygen evolution reaction y(0O,) of the GaAIXY, (X, Y =
S/Se/Te) monolayers, including a and S phases (here, the most stable configurations are
highlighted with blue font, and a material with a bandgap below 0.4 eV is typically
classified as a metal).

a=b Efym Band | EHSE EEBE AQ Z(H) | 7(0y)
5

GaAlSSey-a 3 6.18 3.95 -0.85 1.66 0.96 5y 1.07 0.89
11 3.92 6.21 3.96 -0.81 I 2.01 123 1.76 1.14 1.40
11 3.93 6.09 3 -0.86 I 2.10 1.40 1.45 1.12 1.21
GaAlSSe,-ff I 3.74 6.19 3.92 -0.91 I 1.52 0.82 1.70 0.64 1.36
11 3.83 6.19 3103 -0.91 I 2.42 1.58 2.02 135 1.85
111 3.86 6.09 3.68 -0.88 D 199 1.30 2.06 1.32 1.51
GaAlSeS,-a I 3.71 6.00 392 -0.86 I 2.74 1.88 1.79 1.28 2.02
I 3.84 5.97 3.72 -0.90 I 1.84 1.16 1.55 1.20 0.97
11 3.83 6.09 3.97 -0.86 I 1.81 1.04 1.81 Al 122
GaAlSeS,-ff I 3.68 6.00 3.70 -0.95 I 3.01 2.17 2.30 1.65 2.43
il 3.80 3.99 3.69 -0.93 D 153 0.85 1.99 1.00 128
1 3.78 6.08 3.94 -0.93 I 2.08 1.24 1.90 1.00 1.74
GaAlSTe,-a 1 3.93 6.70 435 -0.54 M 0.12 0 1.03 - -
11 4.14 6.73 434 -0.45 D 0.69 0.13 1.79 0.83 0.42
1 4.19 6.32 3.66 -0.58 I 113 0.60 0.85 0.57 0.17
GaAlSTe,-ff I 3.95 6.64 428 -0.55 M - - 1.00 - -
11 4.02 6.64 428 -0.59 I 1.17 0.61 1.91 1.13 0.71
11 4.12 6.35 3.64 -0.62 I 1.11 0.66 1.67 1.24 0.32
GaAlTeS,-o 1 3.85 6.14 3.70 -0.65 I 2415 1.39 1.82 1.24 1.54
11 3.95 6.14 3.67 -0.74 M - - 1.20 - -
111 3.92 6.53 447 -0.65 M = = 1.48 = =
GaAlTeS,-ff I 3.80 6.12 3.67 -0.77 I 1.85 1.17 2.44 1.40 1.66
11 3.93 6.12 3.64 -0.73 M - - 1.46 - -
11 3.87 6.40 434 -0.71 M 0.19 0 1.46 - -
GaAlSeTe,-a I 4.01 6.80 432 -0.54 Ji 0.42 - 0.88 0.43 -0.36
11 4.19 6.81 432 -0.50 I 0.86 0.31 1.47 0.72 0.37
1 4.22 6.55 3.90 -0.57 I 115 0.63 0.95 0.63 0.24
GaAlSeTe,-f I 4.02 6.74 425 -0.58 M 0.24 0 1.05 - -
11 4.12 6.74 426 -0.60 I 1.40 0.83 72 1.07 0.82
11} 4.16 6.53 3.86 -0.63 I 1.29 0.83 1.50 1.08 0.48
GaAlTeSe,-a 1 3.97 6.44 3.0% -0.65 I 1.97 1.26 1.50 1.00 1224
I 4.08 6.41 3.67 -0.69 I 0.74 0.24 0.93 0.65 -0.20
11 4.05 6.70 438 -0.64 M 0.40 0 2y - -
GaAlTeSe,-f I 3.94 6.41 3.88 -0.74 I 2.11 1.48 2.00 1.24 1.64
11 4.04 6.42 3.87 -0.72 M 0.23 0 1.39 2 =
111 4.00 6.61 429 -0.71 D 0.73 0.12 1.44 0.45 0.48



Table S5 The efficiency of light absorption (7,,), the efficiency of carrier utilization
(n4), the STH efficiency (s7y), and the corrected STH efficiency (#'sry) of the MNX;
(M, N =1In/Ga/Al; X = S/Se/Te) monolayers, including o and f phases.

M t s l r 0,

InGaS;-a 50.5 53.8 27.2 19.6
InGaS;-f 18.7 428 8.01 73l
InGaSe;-a 81.9 56.4 46.2 28.3
InGaSe;-f 47.1 529 249 20.0
InGaTe;-a 96.0 56.9 54.7 33.7
InGaTe;-f8 76.7 385 29.5 )
InAlS;-a 225 442 9.95 8.53
InAlS;-f# 11.7 40.0 4.69 4.37
InAlSe;-a S22 54.7 28.9 21.1
InAlSe;-# 31.3 472 14.8 12.4
InAlTe;-a 77.4 41.8 324 221
InAlTe;-f 58.2 56.7 33.0 249
GaAlS;-a 14.4 41.2 5.91 542
GaAlS;-f 9.8 39.1 3.82 3.61
GaAlSe;-a 43.9 SIES 22,6 17.9
GaAlSe;-f 41.0 505 20.7 15.9

GaAlTe;-a - - - -
GaAlTe;-f 73.8 51.1 378 253



Table S6 The efficiency of light absorption (7,,), the efficiency of carrier utilization
(nc4), the STH efficiency (7s7y), and the corrected STH efficiency (#'s7y) of the most
stable InGaXY; (X, Y = S/Se/Te) monolayers, including o and S phases.

| Materials_|_Type | 0a5(%) | (%) | eru®%o) | 0'seir%) |

InGaSSe;-a 1 813 67.0 54.5 320
InGaSSe,-f I 559 55.6 30.7 245
InGaSeS,;-a I 373 492 18.4 143
InGaSeS,-f I 40.0 50.2 20.1 16.9
InGaSTe;-a 11 88.6 45.9 40.6 25.0
InGaSTe,-f I - - - -

InGaTeS;-a I 1i73 423 7.3 65
InGaTeS,-f# 11 - - - -

InGaSeTe,-a 1 89.1 S2.7 47.0 293
InGaSeTe,-f I - - B E

InGaTeSe,-a I 374 49.3 18.5 14.8
InGaTeSe,-f Il 812 44.8 36.4 AS



Table S7 The efficiency of light absorption (7,,), the efficiency of carrier utilization
(nc4), the STH efficiency (7s7y), and the corrected STH efficiency (#'s7y) of the most
stable InAIXY; (X, Y = S/Se/Te) monolayers, including o and f phases.

| Materials | Type | 705 (%) | 0(%) | n5r(%) L' cr%) |

InAlSSe,-a 111 454 52.1 2340 18.0
InAlSSe,-f 11 209 43.6 9.1 8.0
InAlSeS;-a 11 68.6 60.8 41.7 26.1
InAlSeS,-# 1 13.3 40.7 54 5.0
InAlSTe,-a 111 68.1 332 22.6 16.5
InAlSTe,-f I - - - -

InAlTeS,-a 1T - - - -

InAlTeS,-f 11 - - = =

InAlSeTe,-a 111 69.3 37.0 254, 18.4
InAlSeTe,-f 1 89.1 61.6 54.8 36.6
InAlTeSe,-a I 19.9 433 8.6 7.8
InAlTeSe,-f 11 874 58.6 51.3 31.8



Table S8 The efficiency of light absorption (7,,), the efficiency of carrier utilization
(nc4), the STH efficiency (7s7y), and the corrected STH efficiency (#'s7y) of the most
stable GaAIXY, (X, Y = S/Se/Te) monolayers, including a and f phases.

| Materials | Type | #125.(%) | 110%) | Morn(%) | 0'sri%)

GaAlSSe;-a 1 BN, 475 15.2 12.9
GaAlSSe,-ff 1 60..3 5745 347 234
GaAlSeS;-a II 43.9 SIES 22.6 17.6
GaAlSeS,-f 1 5.9 37.0 22 Al
GaAlSTe,-a 11 80.0 412 33.0 242
GaAlSTe,-f 11 81.0 499 40.4 28
GaAlTeS;-a 1I - - -

GaAlTeS,-f 1 43.6 514 224 5.3
GaAlSeTe,-a 11 79.1 44.4 850 25.0
GaAlSeTe,-f 111 713 557 39.7 25.8
GaAlTeSe,-a I - - - -
GaAlTeSe,-f 1 31.6 473 15.0 12.0



Table S9 The efficiency of light absorption (7,s), the efficiency of carrier utilization
(1cu), the STH efficiency (nsth), and the corrected STH efficiency (#'sty) of the pristine
Group-III metal trichalcogenide M, X3 monolayers (M = In/Ga/Al, X = S/Se/Te).

Materials "
Naps(%0) Neu(%0) Nsru(%o) 1 sta(%)

In,S; Bk 49.4 18.6 14.8/14.401
In,Se; 64.6 58.7 37.9 26.4/26.91
In,Te; 77.1 53.0 40.9 28.9/32.101
Ga,S; 5.0 41.5 6.3 5.8/6.401
Ga,Se; 51.4 54.2 278 21.5/21.911
Ga,Te; - - = -
ALS; 7.9 382 3.0 2.9/2.611
Al,Se; 21.6 439 9.5 8.2/8.001
Al,Te, 62.9 457 28.7 20.1/21.4M1

10



Table S10 Calculated lattice parameters (a=b), total heights (%), interlayer distances
between the two Group-III metal layers (/), formation energies (£,,), band types, band
gaps at the HSE level (E¢5F) and the PBE level (E2F), differences of electrostatic
potential between the two surfaces (4¢), overpotentials for the hydrogen evolution
reaction y(H;) and the oxygen evolution reaction y(O,) of the pristine Group-III
trichalcogenide M,X3; monolayers (M = In/Ga/Al, X = S/Se/Te), as well as some
available results!?2.

Materials h Eporm Band Eg HEL Eg EEE Ag 7(Hy) 7(07)
MNX; (A) (A) (A) (eV/atom) type (eV) (eV) (eV) (eV) V)

In,S, 394 634 4.02 -0.68 LOT/191/1.945] 120 1.69/1.6800/1.683  0.26/0.2100/0.1621  2.18/2.151/2,10)
In,Se, 411 679 422 -0.70 In 144/1.430/1.3701 079 1.40/1.3809/1.2280  0.19/0.191/0.135)  1.42/1.390)/1 40
In;Te, 440 735 453 -0.46 In L19/1140/11280 064 1.01/1.0009/1.052  0.57/0.501/0.5821  0.39/0.4101/0,37]
Ga,S; 365 592 375 079 In 259/2.552.5620 169 1.63/1.650/1.64  1.06/1.0511/1.01121  1.93/1.9201)/1,8912)
Ga,Se; 384 633 3.94 0.74 In 1.69/1.6801/1.64121 097  130/1.3001/1.302)  0.71/0.6911/0.65(1  1.05/1.061"1/1.0612)
Ga,Te, 415 693 428 044 In 0.74/0.7700.7221 025  0.88/0.8807/0.881)  0.43/0.4311/0.3621 -0.05/-0.0117/0.012)
ALS, 359 582 3.69 Sty In 2.90/2.9411 212 24223510 1.73/1.7211 235/2.3411
AlSe, 379 624 3.90 099 In 238724110 170 1.98/1.96111 1.64/1.63111 1.50/1.51011
AlTe, 412 6.87 424 055 In 1.47/1.5111 093 1.44/1 4304 1.28/1.27141 0.40/0.4301

11
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Figure S1 Calculated band structures of the MNX;3 (M, N = In/Ga/Al; X = S/Se/Te)
monolayers under the HSE functional, including a and S phases. The Fermi levels are
setto 0 eV.
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Figure S10 Calculated plane-averaged electrostatic differences of the most stable
GaAIXY; (X, Y = S/Se/Te) monolayers, including a and S phases.
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Figure S17. (a) Formation energies of vacancy defects in the InGaTes-a, InGaSSe,-£,
InAlSeTe,-f and GaAlSSe,-f monolayers. (b) The density of states of the InGaSSe,-5,
InAlSeTe,-f and GaAlSSe,-f monolayers with vacancy defects. as well as the insets
are their charge density differences, here, the orange and blue colors represent electron
accumulation and depletion areas.
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