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L First-principles Structural Search via the Particle Swarm Optimization Algorithm.
In our study, computational structural search for possible polymorphs of group III
monochalcogenide monolayers is based on the Particle Swarm Optimization (PSO) method as
implemented in the CALYPSO (Crystal structure AnaLYsis by Particle Swarm Optimization)'
code. The search does not need any preliminary structural information except for the chemical
compositions (in this case, 1:1). The approach was initialized based on a number of randomly
generated structures with certain symmetries, and the atomic coordinates are generated based on
the crystallographic symmetry operations. It is followed by local optimizations through the VASP
code. 60% of the structures with lower energies from the first generation are selected to construct
the structures for the next generation by the PSO algorithm, and the other 40% of the structures
are again randomly generated. During the process, identical structures are forbidden using the
technique of bond characterization matrix. The effectiveness and validity in structural searches for
2D layered materials were evaluated in 2012, In our study, 3600 structures are sampled from the

free energy landscape.



1. Additional Computational Results
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Fig. S1 Fluctuations of the potential energies of monolayer D3y (a) InSe, (b) InS, (¢) GaSe, and (d)
GaS during the process of molecular dynamics under a temperature of 300 K.
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Fig. S2 Phonon spectra of monolayer Con (a) InSe, (b) InS, (c) GaSe, and (d) GaS.
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Fig. S3 High-symmetry path in the Brillouin zone of monoclinic Con monolayers for phonon

spectra and band structure plots?.
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Fig. S4 Computed electronic band structures of monolayer Dsp (a) InSe, (b) InS, (c) GaSe, and (d)

GaS at the HSEO06 level. The red arrows point from VBM to CBM.
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Fig. S5 Projected band structures and projected density of states (PDOS) (computed at the HSE06
level) of monolayer (a) InS, (b) GaSe, and (c) GaS with Dsj, phase on the left and Can phase on the
right. In the projected band structures, the red and blue color represents In/Ga and Se/S respectively.
Decompositions into atomic-orbital contribution are also shown in the PDOS diagrams, with the
green color representing the s orbital, orange representing the p, orbital, and black representing the

pxiy orbital. All these orbitals are from both In and Se atoms.
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Fig. S6 Comparison between the calculated band structures of monolayer Con () InSe, (b) InS, (c)
GaSe, and (d) GaS at the HSE06 level with and without SOC (red curves represent bands with
SOC and black curves represent bands without SOC). The influence of SOC on the band structures

are negligible especially near the conduction and valence band edges.



Table S1. Calculated band gaps of both monolayer D3n and Con MXs at the level of HSEO06.

InSe InS GaSe GaS

Dsn 2.17eV 2.54 eV 2.70 eV 3.29eV
Con 2.38eV 276 eV 2.39eV 2.84 eV




Table S2. Percentage contribution of In and Se to the conduction and valence band-edge states

(CBM and VBM respectively) in D3n and Con MXs.

InSe InS GaSe GaS
Dsn Con Dsn Con Dsn Con Dsn Con

CBM In/Ga 51.8% 71.0% 54.8% 81.8% 53.0% 65.1% 54.8% 78.2%
Se/S 482% 29.0% 452% 182% 47.0% 34.9% 452% 21.8%
VBM In/Ga  42.1% 47.0% 42.5% 50.5% 413% 42.9% 42.6% 46.9%
Se/S 57.9% 53.0% 572% 49.5% 58.7% 57.1% 57.4% 53.1%




Table S3. Calculated carrier effective masses (m"e for electrons and m”, for holes) along x- and y-
direction of both Dsi and Con single-layer MXs at 300 K. The data are demonstrated as a ratio of

effective mass (m") to the rest mass of an electron (mo).

m’e /mo m’h /mo
X y X y
InSe Dsn 0.190 0.190 1.142 1.142
Con 0.743 0.216 0.304 4.020
InS Dsn 0.245 0.245 1.385 1.385
Con 0.486 0.303 0.257 5.154
GaSe D3n 0.161 0.161 0.611 0.611
Con 1.484 0.158 0.453 6.481
GaS Dsn 0.218 0.218 1.064 1.064
Con 0.490 0.228 0.343 30.66
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111. POSCAR Files of Czn Structures
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GaSe:
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