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Text S1. Formalism for the calculation of the mechanical properties

e The Young modulus:
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e The Poisson ratio:
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e The 2D layer modulus:
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e The intrinsic strength:
Y
Oint = 6 (4)
e The bending modulus:
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where 4 is the nanosheet thickness.



Text S2. Formalism for the calculation of the cohesive energy and the heat of formation

Cohesive energy (E..p,) of MM’XY monolayer is calculated using the following formula [1],
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E
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: (6)

where E ;3 ¢y tefers to the total energy of the MM'XY monolayer, EL°, EE?, EF°, and EX° represent the
single atom energies of M, M', X, and Y elements, respectively, and Ny, Ny, Nx, and Ny stand for the

number of corresponding elements in the unit cell.
The heat of formation (AH) of MM’XY monolayer is determined using the following equation [2],

SS SSs SS SS
AH = Eym'xy — mEy —ny Eyp —nxEy” — nyEy

; (7)

n

where E ;7 xy 18 to the total energy of the MM'XY monolayer, E;f, Ejf, E3°, and Ey® are the energies of
the M, M', X, and Y atoms in their solid phase, respectively; ny,, nyr, ny, and ny represent the numbers of

atoms for each element in the unit cell of MM’XY, and n is the total number of atoms in the unit cell.



Table S1. Calculated lattice parameter (a), bond lengths (dy—x, dy/—y, and dy_p), thickness (h), band
gaps using HSE (EgSE) and HSE+SOC (EgSE+SOC) exchange-correlation potentials, potential energy
difference (Ad), and dipole moment (P) of MX, MoXY, MM’Xs, and MM’XY (M, M’ =Ga, In; X, Y =S,
Se, Te) monolayers.

Type Materials “ dhi—x dM:_Y dMo_M’ h Bgw B OC Ad P
dh d A A D (V) (V) (V) (Debye)

GaS 357 234 2.34 244 464 347 3.47 0 0
GaSe 374 247 247 243 482 3.12 3.08 0 0
GaTe 4.05 2.67 2.67 2.43 501 234 2.02 0 0

M InS 379 252 2.52 2.79 528 3.07 3.07 0 0
InSe 393 264 2.64 2.78 548 281 2.70 0 0
InTe 423 2.84 2.84 2.78 5.69 235 1.99 0 0
GaSSe 366 2.36 2.44 243 473  3.29 3.12 0.25 0.07
Ga,STe 383 242 2.61 243 480 1.59 1.26 0.57 0.19
GaSeTe 391 252 2.63 2.43 491 2.01 1.69 0.34 0.12

M XY

In,SSe 3.8 253 2.63 279 538 2.69 2.53 0.22 0.08
In,STe 4.02 257 280 279 547 141 1.09 0.48 0.18
In,SeTe 4.09 2.68 281 278 558 181 1.48 0.28 0.11

GalnS» 3.68 237 249 261 498 3.13 3.12 0.40 0.12
MM’X,  GalnSe; 382 249 262 261 517 252 2.35 0.27 0.09
GalnTe; 413 270 2.82 260 537 197 1.61 0.15 0.06

GalnSSe  3.74 239  2.60 261 509 213 1.96 0.08 0.03

GalnSTe 390 244 278 261 520 0.53 0.22 0.36 0.13

GalnSeTe 398 2.54  2.79 261 529 1.02 0.70 0.16 0.05
MM’XY

InGaSSe  3.76  2.51  2.48 261 506 3.04 3.01 0.56 0.18

InGaSTe 394 255 2.64 261 511 231 1.99 0.73 0.26

InGaSeTe 4.00 2.65 2.66 2.61 524 257 2.23 0.50 0.18




Table S2. Calculated cohesive energy (E..p), heat of formation (AH), and energy above the convex hull
(AHyq1), as well as the thermodynamic stability indicator of MX, M>XY, MM’X,, and MM’XY (M, M’ =
Ga, In; X, Y =S, Se, Te) monolayers. The thermodynamic stability criterion is defined as follows [3]: low
(AH > 0.2 eV/atom), medium (AH < 0.2 eV/atom and AHy;,,;;; > 0.2 eV/atom), and high (AH <
0.2 eV/atom and AHy,;; < 0.2 eV/atom).

T Material Econ AH AHpun Thermodynamic
ype ateriais (eV/atom) (eV/atom) (eV/atom) stability
GaS 3.61 -0.66 0.01 High
GaSe 3.32 -0.59 0.01 High
GaTe 2.95 -0.35 0.01 High
MX
InS 3.31 -0.52 0.01 High
InSe 3.07 -0.50 0.03 High
InTe 2.76 -0.32 0.02 High
Ga,SSe 3.46 -0.61 0.01 High
Ga,STe 3.21 -0.44 0.07 High
Ga,SeTe 3.11 -0.44 0.03 High
MXY
In,SSe 3.18 -0.50 0.03 High
In,STe 2.99 -0.38 0.06 High
In,SeTe 2.90 -0.40 0.04 High
GalnS; 343 -0.56 0.04 High
MM’X, GalnSe» 3.17 -0.52 0.04 High
GalnTe, 2.83 -0.32 0.04 High
GalnSSe 3.28 -0.51 0.08 High
GaInSTe 3.04 -0.34 0.16 High
GalnSeTe 2.96 -0.37 0.10 High
MM’XY
InGaSSe 3.30 -0.54 0.05 High
InGaSTe 3.12 -0.42 0.08 High
InGaSeTe 3.01 -0.42 0.05 High




Table S3. Bader charges (in ¢) of all elements constituting the studied group-III chalcogenides monolayers.
Positive Bader charges represent charge accumulation, whereas negative values represent charge depletion.

MX
GaS GaSe GaTe InS InSe InTe
S 0.840  Se 0.681 Te 0453 S 0.836 Se 0.702  Te 0.517
Ga -0.855 Ga -0.696 Ga -0469 In -0.849 In -0.715 In -0.530
Ga -0.825 Ga -0.666 Ga -0437 In -0.823 In -0.689 In -0.504
S 0.840  Se 0.681 Te 0453 S 0.836 Se 0.702  Te 0.517
MXY
Ga,SSe Ga,STe GaSeTe In,SSe In,STe In,SeTe
S 0.841 S 0.842  Se 0.683 S 0.842 S 0.855 Se 0.712
Ga -0.837 Ga -0.853 Ga -0.687 In -0.861 In -0.882 In -0.710
Ga -0.684 Ga -0.434 Ga -0444 In -0.677 In -0476 In -0.509
Se 0.680 Te 0.445  Te 0.448  Se 0.696 Te 0503 Te 0.507
MM’X,
GalnS; GalnSe; GalnTe,
S 0.839 Se 0.680 Te 0.455
Ga -0.809 Ga -0.649 Ga -0.421
In -0.855 In -0.726 In -0.545
S 0.825 Se 0.695 Te 0.511
MM’XY
GalnSSe GalnSTe GalnSeTe InGaSSe InGaSTe InGaSeTe
S 0.838 S 0.838 Se 0.681 S 0.834 S 0.850 Se 0.708
Ga -0.816 Ga -0.822 Ga -0.650 In -0.873 In -0.903 In -0.756
In -0.709 In -0.509 In -0.532 Ga -0.640 Ga  -0.394 Ga -0.402
Se 0.687 Te 0493 Te 0.501 Se 0.679 Te 0.447 Te 0.450




Table S4. Calculated elastic constants (Cii, Ci2, and Ces), Young modulus (Y), Poisson ratio (v), layer
modulus (y??), intrinsic strength (;,,;), and bending modulus (D) of MX, M>XY, MM’X,, and MM’XY

M, M’ =Ga, In; X, Y =S, Se, Te) monolayers.

Type Materials C”_l Clz_l C66_1 Y 4 VZD_l Gint_l D
(Nm') (Nm') (Nm') (Nm') (Nm') (Nm') (eV)

GaS 99 25 37 93 0.25 62 10 11

GaSe 83 20 31 78 0.25 51 9 10

GaTe 66 16 25 63 0.23 41 7 9

MX InS 67 20 23 61 0.30 43 7 10

InSe 55 16 20 51 0.29 36 6 9

InTe 44 12 16 41 0.26 28 5 8

Ga,SSe 89 22 34 84 0.25 56 9 10

Ga,STe 72 17 28 68 0.23 44 8 9

GaySeTe 71 17 27 67 0.23 44 7 9

MXY In,SSe 61 18 21 55 0.30 39 6 9

InoSTe 53 14 20 49 0.27 34 6 8

In>SeTe 49 13 18 46 0.27 31 5 8

GalnS; 82 23 30 76 0.28 53 8 11

MM’X, GalnSe: 69 19 25 64 0.27 44 7 10

GalnTe; 55 14 20 51 0.25 34 6 8

GalnSSe 74 21 27 69 0.28 48 8 10

GalnSTe 62 16 23 58 0.25 39 6 9

GalnSeTe 58 15 22 54 0.26 37 6 8

MMXY InGaSSe 75 20 27 69 0.27 48 8 10

InGaSTe 65 16 24 61 0.25 41 7 9

InGaSeTe 61 16 23 57 0.26 38 6 9




Table S5. Calculated carrier effective mass (m*), deformation potential constant (E;), and carrier mobility
(n) for electron (e) and hole (4) along the zigzag (x) and armchair (y) directions at 300 K in single-layers
MX, M>XY, and MM’X,; (M, M’ = Ga, In; X, Y =S, Se, Te).

Type  Materis  Cameriype oty fel% fe%) Vs (ot v s
GaS Electron 0.92 0.32 6.06 2.22 115.01 2463.94
Hole 1.78 1.29 2.63 3.00 113.01 119.84
GaSe Electron 0.37 0.21 9.03 7.90 210.19 483.85
Hole 1.30 1.13 2.24 2.64 223.59 185.18
GaTe Electron 0.26 0.22 5.97 2.59 634.22 3982.38
MX Hole 1.33 1.17 3.19 2.96 83.26 109.92
InS Electron 0.33 0.18 443 4.44 904.02 1649.92
Hole 2.30 1.23 3.02 3.31 40.44 62.95
InSe Electron 0.26 0.18 5.13 5.13 791.32 1143.01
Hole 1.60 1.05 1.81 1.57 172.40 349.17
InTe Electron 0.35 0.22 3.78 1.73 675.27 5128.75
Hole 0.79 0.70 5.53 5.36 52.16 62.66
Ga,SSe Electron 0.36 0.21 8.55 3.58 261.95 2561.31
Hole 0.89 0.79 4.84 4.53 108.42 139.44
Ga,STe Electron 0.26 0.21 6.02 6.03 696.45 859.41
Hole 0.53 0.24 8.62 8.35 109.17 256.94
GaSeTe Electron 0.18 0.12 7.25 6.62 1087.43 1956.38
M,XY Hole 0.57 0.28 7.84 7.60 108.03 234.03
In,SSe Electron 0.30 0.17 4.73 4.74 857.08 1506.11
Hole 0.95 0.60 5.34 5.17 63.52 107.29
In,STe Electron 0.29 0.16 4.50 4.50 892.30 1617.30
Hole 0.65 0.28 7.12 6.91 80.29 197.90
In,SeTe Electron 0.25 0.18 5.32 5.33 695.26 962.01
Hole 0.68 0.30 6.75 6.55 74.57 179.51
GalnS, Electron 0.31 0.28 6.93 6.55 398.15 493 .44
Hole 1.32 1.15 2.61 2.36 157.63 221.30
MM’X, GalnSe; Electron 0.24 0.22 7.16 7.18 519.77 563.87
Hole 0.94 0.49 6.50 6.32 54.52 110.63
GalnTe; Electron 0.32 0.27 5.28 2.27 446.69 2864.24
Hole 0.71 0.34 6.72 6.63 74.36 159.52




Table S6. Calculated carrier effective mass (m*), deformation potential constant (E;), and carrier mobility
(n) for electron (e) and hole (4) along the zigzag (x) and armchair (y) directions at 300 K in single-layers
MM’XY (M, M’ =Ga, In; X, Y =S, Se, Te).

Type Materials ~ Carrier type (T:ln’;) glng; ) fg/) (Eeli;) (szll {C/_l 1) (cm"’# {/‘1 .
GalnSSe Electron 0.27 0.21 6.72 6.73 542.82 695.84
Hole 0.91 037 7.23 7.03 57.10 148.53
GalnSTe Electron 0.32 0.15 7.12 7.04 371.52 810.69
Hole 0.61 026 776  7.21 90.26 245.31
GalnSeTe Electron 0.21 0.15 5.81 5.82 981.79 1369.79
MM’XY Hole 0.64  0.28 8.35 8.12 65.39 158.05
InGaSSe Electron 0.33 024 7.07 7.08 344.08 471.78
Hole 1.68 1.08 2.64 3.02 101.27 120.39
InGaSTe  Electron 0.49  0.28 6.10  5.45 204.97 449.37
Hole 0.58 032 6.62 638 126.41 246.69
InGaSeTe Electron 0.59 030 567 210 162.80 2334.00
Hole 0.82 0.75 6.18 5.98 52.90 61.77




Table S7. Calculated lattice parameter (a), interlayer distance (d), thickness (h), binding energy (Ej),
bandgap using HSE functional (EgSE), potential energy difference (Ad), and dipole moment (P) of
different stacking configurations of Ga,STe/GalnS; van der Waals (vdW) heterostructure.

HSE
Sucking  Patems G GG (& T ) Dby
P1 3.75 3.74 13.52  -0.099 0.98 0.29 0.09
P2 3.75 3.82 13.60 -0.089 1.25 0.87 0.28
AA P3 3.75 3.85 13.63 -0.137 0.54 0.68 0.22
P4 3.75 3.91 13.70 -0.123 0.81 0.21 0.07
P1 3.76 3.01 12.77 -0.165 0.97 0.28 0.09
P2 3.76 3.05 12.81 -0.154 1.27 0.88 0.28
AB P3 3.76 3.16 12.93  -0.225 0.64 0.64 0.21
P4 3.76 3.21 12.98 -0.205 0.91 0.14 0.05
P1 3.75 3.74 13.53  -0.100 0.98 0.29 0.09
P2 3.75 3.82 13.60 -0.089 1.25 0.87 0.28
AC P3 3.75 3.84 13.63 -0.138 0.54 0.68 0.22
P4 3.75 3.91 13.69 -0.123 0.81 0.21 0.07
P1 3.76 3.00 12.75 -0.163 0.97 0.27 0.09
P2 3.76 3.02 12.78 -0.154 1.24 0.87 0.28
AD P3 3.76 3.15 12.92 -0.223 0.66 0.63 0.20
P4 3.76 3.18 12.95 -0.207 0.94 0.11 0.04
P1 3.76 2.96 12.72  -0.162 0.98 0.28 0.09
P2 3.76 2.98 12.74  -0.153 1.23 0.87 0.28
AE P3 3.76 3.17 12.94  -0.215 0.65 0.63 0.21
P4 3.76 3.20 12.97 -0.199 0.92 0.12 0.04
P1 3.76 2.97 12.72  -0.167 0.99 0.28 0.09
P2 3.76 3.01 12.77  -0.155 1.27 0.89 0.29
AF P3 3.76 3.17 12.94 -0.221 0.64 0.64 0.21
P4 3.76 3.22 12.99 -0.201 0.90 0.15 0.05
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Figure S1. The plane-averaged electrostatic potential of monolayer (a) GaS, (b) GaSe, (c¢) GaTe, (d) InS,
(e) InSe, and (f) InTe.
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Figure S2. The plane-averaged electrostatic potential of monolayer (a) Ga>SSe, (b) Ga>STe, (¢) Ga>SeTe,
(d) In2SSe, (e) In2STe, and (f) In,SeTe.
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Figure S3. The plane-averaged electrostatic potential of monolayer (a) GalnS,, (b) GalnSe,, and (c)
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Figure S4. The plane-averaged electrostatic potential of monolayer (a) GalnSSe, (b) GalnSTe, (c)

GalnSeTe, (d) InGaSSe, (¢) InGaSTe, and (f) InGaSeTe.
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Figure S6. Phonon band diagrams of monolayer (a) Ga,SSe, (b) Ga,STe, (¢) GaxSeTe, (d) In2SSe, (e)
In,STe, and (f) InoSeTe.
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Figure S9. AIMD simulations of time-dependent temperature and relative energy fluctuations at room
temperature of (a) GaS, (b) GaSe, (c) GaTe, (d) InS, (e) InSe, and (f) InTe monolayers. The insets are the
snapshots of the atomic structures before and after heat treatment at 300 K within 5 ps.

17



(a) 2400

2100

1800

—
)
=]
S

1200

Temperature (K)
(=23 =l
2 g

[
=]
=3

0

(€} 2400

2100

1800 +~

o
=]
=

Temperature (K)
© I
=4 (=3
(=] (=]

=)
=]
S

[
=}
S

0
(€} 2400

2100

1800

1500

1200

Temperature (K)
=]
2

N ]

300K .
before heating fb after heating
ps

o o _ o o .0

-y LIIX -

Re88d :
R A A % ;} ]
[P S S5 SRS 04 40

. 300K 5
before heating ——————— % after heating
5ps

Top view
o

Front view
0‘ <]
<%
<P
<%

300 K

before heating after heating

"t
£
M E
:
B ) i
1 1 1 1
0 1 2 3 4 5

Time (ps)

Energy (eV)

Energy (eV)

Energy (eV)

(b)2400
2100 |
before heati 300K o et
efore heating ———————  afier heating
1800 | e
) L - o, 0
(I L+
R s 4 4 4 $9N
w 2 L2 z 0
E g_ LN oko’o &
T 1200 ) F 0B B B & A
§- o z g ° &
=1
900 |
600 || £ % » =N
300 |
0 1 L 1
(d)2400
2100 _—J\_/\’ww
1800 |
¥ 1500 |- 2
g 3
g 1200 by F o
= ? ° “ “ Q © . o
5 ool - e s
N $ 991 XILY
600 H| £ P s .
300
0 L 1 L i
® 2400
2100 b
pefore heati 300 K o e
_—
1800 clore heating = after heating
_ 0. o 0O o
¥ 1500 | 3qff‘;’f°
® 2 YTy Y
g M - Qo0 \9,0
Sl £ CLILL.
fé.)‘ L] o f Y
900 |-
) : uﬁiifi
=
600 H| £ % /
300
0 w . . .
0 1 2 3 4
Time (ps)

-10

-12

Energy (eV)

Energy (eV)

Energy (eV)

Figure S10. AIMD simulations of time-dependent temperature and relative energy fluctuations at room
temperature of (a) GaxSSe, (b) Ga,STe, (c) Ga,SeTe, (d) InoSSe, () In2STe, and (f) In,SeTe monolayers.

The insets are the snapshots of the atomic structures before and after heat treatment at 300 K within 5 ps.
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Figure S11. AIMD simulations of time-dependent temperature and relative energy fluctuations at room
temperature of (a) GalnS,, (b) GalnSe,, and (c) GalnTe, monolayers. The insets are the snapshots of the
atomic structures before and after heat treatment at 300 K within 5 ps.
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Figure S12. AIMD simulations of time-dependent temperature and relative energy fluctuations at room
temperature of (a) GalnSSe, (b) GalnSTe, (c) GalnSeTe, (d) InGaSSe, (e) InGaSTe, and (f) InGaSeTe
monolayers. The insets are the snapshots of the atomic structures before and after heat treatment at 300 K
within 5 ps.

20



Energy (eV)

Energy (eV)

2

-6

r r M K r r M K r

Figure S13. Band structures calculated using the HSE method for monolayer (a) GaS, (b) GaSe, (c) GaTe,
(d) InS, (e) InSe, and (f) InTe. The valence band maximum is set to zero.
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Figure S14. Band structures calculated using the HSE method for monolayer (a) Ga,SSe, (b) Ga,STe, (c)
Ga,SeTe, (d) In2SSe, (e) InoSTe, and (f) InaSeTe. The valence band maximum is set to zero.
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Figure S15. Band structures calculated using the HSE method for monolayer (a) GalnS,, (b) GalnSe,, and

(¢) GalnTe,. The valence band maximum is set to zero.

23



(@) 6

[3*)

|

4

Energy (eV)
=]

U
o8]

=

4

6
(d)s

Energy (eV)
=] b2

U
]

4

-6
r M K r r M K r r M K r

Figure S16. Band structures calculated using the HSE method for monolayer (a) GalnSSe, (b) GalnSTe,
(c) GalnSeTe, (d) InGaSSe, (e) InGaSTe, and (f) InGaSeTe. The valence band maximum is set to zero.
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Figure S17. Band structures calculated using the HSE+SOC method for monolayer (a) GaS, (b) GaSe, (¢)
GaTe, (d) InS, (e) InSe, and (f) InTe. The valence band maximum is set to zero.
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Figure S18. Band structures calculated using the HSE+SOC method for monolayer (a) Ga>SSe, (b) Ga,STe,
(c) GaxSeTe, (d) In,SSe, (e) In,STe, and (f) In.SeTe. The valence band maximum is set to zero.
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Figure S19. Band structures calculated using the HSE+SOC method for monolayer (a) GalnS,, (b) GalnSe:,
and (c¢) GalnTe,. The valence band maximum is set to zero.
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Figure S20. Band structures calculated using the HSE+SOC method for monolayer (a) GalnSSe, (b)
GalnSTe, (c¢) GalnSeTe, (d) InGaSSe, (e) InGaSTe, and (f) InGaSeTe. The valence band maximum is set

to zero.
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Figure S21. Top and side views of Janus group-IIl vdW heterostructure with six possible stacking

configurations.
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Figure S22. Top and side views of Janus group-1Il vdW heterostructure with four distinct interfacial

patterns.
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