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Table 1.  Optimized lattice parameters, binding en-
ergy (E,), and band gap values (E,) of three SiP, al-

lotropes and r-SiP,['% structures.

System A/A b/A Ey/eV EPBEly EHSEy  EGW/ev

a-SiPy 6.13 13.89 -5.38 1.44 2.17 2.62
3-SiPy 6.09 13.73 -5.43 1.84 2.61 2.99
7-SiPy 12,11 13.95 -5.45  1.78 2.55 3.00
r-SiP; 10.00 3.44 547  1.47 2.25 2.63
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Fig. 1. Top view and side view of three SiP, allotropes and 1-SiP, structure: (a) a-SiPy; (b) B-SiPy; (¢) 7-SiPy; (d) r-SiP,!". Red and
green balls represent P and Si atoms, respectively.
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Fig. 2. Phonon dispersion of three SiP, isomers: (a) a-SiPy; (b) B-SiPy; (c) 1-SiP,.

AR, LEFTAT IR S TR AT BB, K T 3 SiP, SRR T RS, 45 R 3
HW) 3 FAEHAFATRRAF B R b, REAEEL AN 1 IR, AT AR BN HSE Jrikitor, 3 fh s
I P AR 17 5 L )/ IR B iR e A TE R4y Bl B A 2.17 eV, 2.61 eV Hil 2.55 eV (147
Bt 4 J T[] ety B 2 A B AT AT B 44 it

3.3 BFMER FEOGAHEAL TR A SRR T I B A K (1.23—
A3 iiF PBE, HSE06 il GW J7 12 28 Bf 5% 3.00 eV, Ah, il GW kit a5 3 fhiR

236101-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 23 (2022) 236101

1t Eucwy =262 eV
Egusg =2.17 eV

Enery/eV
Enery/eV

Epcw =2.99 eV
Egusik =2.61 ¢V

1r Eydw = 3.00 eV
Egpise = 2.55 eV|

Enery/eV

3 3Fh SiP, FHIAEH TREW A5 (a) a-SiPy; (b) B-SiPy; (c) V-SiPy, H 2128 M B L 7351y GW I HSE A8 45 31
Fig. 3. Electronic band structures of three SiP, isomers: (a) a-SiPy; (b) B-SiPy; (c) 7-SiPy. The red and black lines are the calcula-

tion results of GW and HSE, respectively.
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Fig. 4. Band edge positions of three SiP, isomers, the dashed
line is the standard redox potential for water splitting.
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Fig. 5. Changes in the electronic band gaps of three SiP, isomers after applying straining, where positive values along the a-axis rep-

resent tensile strain and negative values represent compressive strain.
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Fig. 6. Indirect-irect band gap transition processes of three SiP, isomers after applying strain along the z-axis: (a) o-SiPy; (b) 8-
SiPy; (¢) 7-SiPs.
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Fig. 7. Changes in the polarization vector of the unit cell along the z-axis for three SiP, isomers after applying uniaxial strain.

2 3P SiPy SFHARBER S C; (N/m) KFEHREL ¢; (100 C/m) Hl d;; (pm/V)
Table 2. Calculated elastic coefficients Cj; (N/m) and piezoelectric coefficients e; (101° C/m) and d;; (pm/V) of three SiP,
allotropes.
System Ci1 Cao Ci2 el e12 di1 di2
a-SiPy 69.69 65.74 14.79 -1.05 0.37 -1.71 0.95
B-SiP, 78.36 65.43 19.10 -0.94 -0.38 ~1.13 -0.26
7-SiP, 77.65 59.97 18.04 -0.13 ~0.46 -0.01 -0.77
r-SiP,'7) 17.94 121.77 8.66 -1.93 0.17 -11.22 0.93
h-BNY 291 291 62 1.38 1.38 0.60 0.60
MoS, !l 130 130 32 3.64 3.64 3.73 3.73
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Abstract

Since the successful preparation of single-layer graphene in 2004, the two-dimensional (2D) materials have
received widespread attention. Driven by this research upsurge, many kinds of 2D compound materials with
different properties have been discovered one after another, and some of these 2D materials have a variety of
allotropes, showing more abundant properties. Our computational studies focus on searching for new stable 2D
SiP, allotropes, and studying their binding energy, phonon dispersions, electronic band structures, strain-
dependent bandgap modulation behaviors, piezoelectric properties, etc. In this paper, three novel 2D SiP,
allotrope structures, i.e. a-SiP,, (3-SiP,y, and 7-SiP,, are found by the random prediction method of crystal
structure based on group theory and graph theory (RG?). Their stabilities and electronic properties are
investigated by using the first-principles method based on the density functional theory. The results show that
the three novel SiP, structures are stable thermodynamically, dynamically and mechanically. Using the GW
calculations, three novel SiP, structures possess indirect band gaps of 2.62, 2.99 and 3.00 eV, respectively. Their
band gaps are feasible to modulate effectively by applying strain. The band gaps of the three novel SiP, isomers
are reduced significantly when subjected to a large strainused, and the three novel SiP, isomers exhibit indirect-
to-direct bandgap transitions when experienced by a certain strain along the x-axis direction. These properties
make them potential materials that are suitable for serving as nanoscale photocatalysts. Moreover, three SiP,
isomers have non-centrosymmetric crystal structures, which enable them to exhibit their piezoelectricities.
Therefore, we study their piezoelectric properties by combining the Berry phase theory. Our studies show that
three novel 2D SiP, allotropes have good piezoelectric properties. The piezoelectric coefficient of the «-SiP,
isomer and the 3-SiP, isomer are both larger than that of h-BN, and they are comparable to the counterpart of
MoS,. These novel structures promise to be used to fabricate nano-electromechanical devices for micro- and

nano-scaled electromechanical conversion and electromechanical sensing and controlling.

Keywords: SiP, allotropes, structural prediction, electronic properties, first principles
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