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Fig. 1. The geometric structures of tetragonal group IIT
monochalcogenide MX: (a) and (b) Top-view and side-view
of the structure; (c) considered systems with various choice
of compositions; (d) the first Brillouin zone of structure
with letters designating special points and the lines for

band-structure calculation.
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Table 1.

AR 407 T RS R BRI A4 MX (M = Al, Ga, In; X = S, Se, Te) MIZSH AL 25 A6 241
(Ec) 14250 PBE Al HSE06 12 pRITHAF R B (E,PPE A EJASE), Rt 45 i TR Tr 45

&b
4 ERe

The calculated structural and electronic properties of 2D tetragonal group III monochalcogenides MX (M = Al,

Ga, and In, X = S, Se, and Te): Lattice parameters a and b, cohesive energy (E), band gap calculated using PBE and

HSEO06 functional (E,”* and E,"P, respectively). For comparison, the cohesive energy (Egn)) and band gap (Eyom ") of

the hexagonal MX are also given.

MX a/A b/A Eo/eV Eem/eV B, feV E,1E/eV Eyom " feV
AlS 7.07 7.06 4.44 4.54 2.28 3.08 2.10
AlSe 7.43 7.45 3.98 407 2.34 3.03 1.99
AlTe 8.07 8.08 3.48 3.55 2.07 2.70 1.84
GaS 7.16 7.15 3.78 3.89 2.21 3.24 2.35
GaSe 7.51 7.53 3.42 3.52 1.70 2.61 177
GaTe 8.12 8.15 3.03 3.11 1.50 2.23 1.43

InS 7.76 7.75 3.49 3.59 1.55 9.42 1.64
InSe 8.08 8.09 3.18 3.27 1.29 2.07 1.37
InTe 8.64 8.67 2.83 2.91 1.23 1.88 1.29

P2 VU5 MX R F Ay 25 1R S50 A 174 O 00 1] ) 200
{EL TR A9 4B A 0.05 electrons/A®

(a) AlTe; (b) GaSe; (c) GaTe; (d) InSe; (e) InTe. 25 (Y i H fuf 25 & 45

Fig. 2. Top view and side view of the total charge density isosorfaces of tetragonal MX: (a) AlTe; (b) GaSe; (¢) GaTe; (d) InSe;

(e) InTe. Isosurface value is 0.05 electrons/A3.
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Fig. 3. Vibrational phonon spectra of group III monochalocogenide haeckelites monolayers along the high symmetry directions in the
2D Brillouin zone: (a) AlS; (b) AlSe; (c) AlTe; (d) GaS; (e) GaSe; (f) GaTe; (g) InS; (h) InSe; (i) InTe.

PBE iZ bR 45 ) B9 B 0 2 1.23—2.28 eV, T
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VU MX R Saai B K, B0 B E S KT
2.0 eV. X RS FH T 5 2 AMGA SR I, il
T L ERI 25 FTEE SR AR T B9, 3R AR & B ALS,
AlSe F1 GaS 17 B 43512k 3.08, 3.03 1 3.24 eV,
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Fig. 4. The PBE and HSE band structures for tetragonal MX monolayers. All the compounds are indirect band gap semiconductors.
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Fig. 5. The electronic band gaps for tetragonal MX as a
function of the in-layer strain from —0.10 to 0.10.
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Fig. 6. Electronic band structure of 2D tetragonal GaSe under different strains. The Fermi level is set to zero.
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Group III monochalcogenide of single-layered haeckelites
structure MX (M = Al, Ga, In; X = S, Se, Te)"

Liu Hui-Ying Wang Shu-Shen  Lin Heng-Fuf
(Hubei Province Key Laboratory of Systems Science in Metallurgical Process, State Key Laboratory of Refractories and Metallurgy,

International Research Institute for Steel Technology, Wuhan University of Science and Technology, Wuhan 430081, China)
( Received 24 December 2019; revised manuscript received 28 April 2020 )

Abstract

Single-layered III-VI compounds have potential applications in many fields, such as highly sensitive
photodetectors, field effect transistors, and electrochemical sensors, due to their wide range photosensitivities
and excellent electronic properties. This paper presents a new two-dimensional tetragonal allotrope (called
haeckelites structure) of single layered group III monochalcogenides MX (M = Al, Ga, In; X = S, Se, Te), which
are constructed from the square and octagon rings. The first-principles calculations are performed using the
Vienna ab initio simulation package (VASP) based on density functional theory (DFT). The cohesive energy of
the haeckelite structure MX is positive and a little smaller than that (0.07—0.10 eV) of the hexagonal MX. The
phonon spectra for the haeckelites structure MX have basically no imaginary frequencies in the whole Brillouin
zone. The calculated binding energy and phonon spectrum show that these structures are energetically and
dynamically stable. For all the compounds, the charge density isosurfaces show that most electrons are localized
at the positions of X and M atoms, indicating that the M—X bond is ionic and M—M bond is covalent. All of
haeckelite structure MX are indirect bandgap semiconductors, and their band gap sizes decrease with the X
atom changing from S to Se to Te. For example, the band gaps of InS, InSe, and InTe are 2.42, 2.07, and
1.88 eV, respectively. The calculation results show that these materials have a wide band gap range from 1.88
to 3.24 eV. We find that the band gaps of AlIS, AlSe, and GaS are relatively large with the values of 3.08, 3.03,
and 3.24 eV, respectively. This may make them suitable for optically transparent devices. The band structures
of GaSe, InS, InSe, and InTe can be further modulated by the biaxial strains. Their band gaps decrease linearly
with the strain increasing. The band gap of AlS and AlSe both first increase and then decrease with the strain

increasing.

Keywords: group III metal chalcogenides, electronic structure, first-principles calculation
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