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Using particle swarm optimization (PSO) methodology for crystal structure prediction, we predicted a
novel two-dimensional (2D) monolayer of silicide diphosphorus compound: SiP,, which exhibits good
stability as examined via cohesive energy, mechanical criteria, molecular dynamics simulation and all
positive phonon spectrum, respectively. The SiP, monolayer is an indirect semiconductor with the band
gap as 1.8484 eV (PBE) or 2.681 eV (HSE06), which makes it more advantageous for high-frequency-
response optoelectronic materials. Moreover, the monolayer is a relatively hard auxetic material with
negative Possion’s ratios, and also possesses a ultrahigh carrier mobility (1.069 x 10° cm?V~'s~!) which
is approximately four times the maximum value in phosphorene and comparable to the value of
graphene and CP monolayers. Furthermore, the effects of strains on band structures and optical
properties of SiP, monolayer have been studied, as well as CO, molecules can be strongly chemically
adsorbed on the SiP, monolayer. A semiconductor-to-metal transition for —9.5% strain ratio case and a
huge optical absorption capacity on the order of 106cm™! in visible region present. These theoretical
findings endow SiP, Monolayer to be a novel 2D material holding great promises for applications in high-
performance electronics, optoelectronics, mechanics and CO, capturing material.
© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
Published by Elsevier B.V. All rights reserved.
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Designing and finding novel two-dimensional (2D) materials
(e.g., graphene, metal borocarbides, phosphorene and h-BN) have
attracted intense attentions due to potentially remarkable
properties helpful for advanced technology [1-5]. Among the
large number of 2D materials, materials with large band gap and
higher carrier mobility are highly imperative for the development
of high-performance optoelectronic devices working in the blue
and ultraviolet (UV) region. One the other hand, latest review
articles suggested that many 2D materials, for example Graphene,
MoS,, MXenes and some non-layered 2D materials (CdS, In,03,
Ce0,, Gd;03, Eu,y03, NiO, etc.), can show high efficient catalytic
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capability and superior energy storage performances for their
high-activity surface, mechanical properties and excellent con-
ductivities [6]. Therefore, searching 2D materials with wide band
gap in the scope of 2.2~4.5 eV, higher carrier mobility and good
catalysis properties become an important challenge in the field of
discovering novel materials over the past years [6,7]. Several 2D
materials with these properties have been reported, such as P,C,
PCgN, Gel,, c-PN and carbon nanosheets [6,8-11], while more
analogous 2D materials are still highly desirable in materials
science for their advantage in the development of electronic
devices within the blue and UV region. Therefore, using predictive
computational software is usually a valid approach to acquire these
2D materials.

In this paper we perform predictive searching of new 2D
materials (or monolayers) containing phosphorus and silicon
elements. Silicon element, environmentally friendly, is the basis of
electronics, and phosphorus element also has attracted intense
attentions in recent years. Some typical 2D materials related to two
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elements, such as phosphorene and silicene, have been prepared in
experiments [12,13], and a number of 2D phosphides with high
carrier mobility, such as InP3, GePs, TiPs, SnP; and CaPs, have been
reported [14-19]. For the researches on 2D materials including two
elements, many works were focus on the phosphorus doped silicon
monolayers [20-24], for example, G. Keizer et al. experimentally
found 75% of the original deposited P can be restricted in a layer
with a complete width at half-maximum thickness of 1.0 nm,
meaning the possibility of P-Si monolayers [23]. Huang et al. soon
systematically predicted several silicon phosphide monolayers and
found two direct-gap semiconductors, which further enhances the
possibility of acquiring P-Si monolayers [24]. Accordingly, using
the CALYPSO package we performed structure prediction to search
other new monolayers with different chemical compositions of
Silicon and Phosphorus elements, and found a stable semicon-
ducting optoelectronic material: SiP, monolayer, which has wide
band gap, negative Possion’s ratios, ultrahigh carrier mobility and
CO, capture ability [25-28].

We used the VASP package to perform structural relaxations,
structure searching and calculations of mechanical, electronic
and optical properties within the PBE exchange-correlation of
GGA [29-32]. Moreover, the HSEO6 functional was applied to get
more precise band gap [33]. We set the kinetic cut-off energy as
510 eV, k-points with 0.02A~" spacing in the Monkhorst-Pack
precept, convergent energy per atom up to 1.0 x 10° eV, force of
atom no more than 0.0001 eV/A, respectively. The first-principles
molecular dynamics (FPMD) simulations in the NVT were
implemented with a 4 x 4 x 1 supercell at different temperatures
up to 1400 K and each simulation sustained for 5 ps with a time
step of 0.5fs. Furthermore, PHONOPY package was used to
calculate the phonon spectrum with a supercell size as 5 x5 x
1 [34].

Prediction of 2D structures with different chemical composi-
tions were carried out with PSO method as executed in the
CALYPSO algorithm based on the VASP package [25-28]. In the
input.dat file for the CALYPSO algorithm, we set the number of
generation and population size as 40 and 40 to get 1600 structures
for a composition case, and other crucial parameters as: MultiLayer
=1, Area = 20 and VacuumGap =12 A. In INCAR_i (i = 1, 2, 3) files for
the VASP package, the essential parameters as: NSW =50, 100, 250,
EDIFF = 1e72, 1e~3, 1e~> and PSTRESS = 0.001, respectively.

In the process of CO, adsorption on SiP, monolayer, all the spin-
polarized density functional theory (DFT) calculation was carried
out by the Dmol® [35] package to optimize the geometry.
Considering the interaction between layers, the Grimme method
for DFT-D [36] correction was applied. In addition, symmetry and
all electron core treatment were applied throughout the spin
polarization process [37]. The convergence criteria for energy
change, maximum force, and maximum displacement during the
geometry optimizations was set to 1x107> eV, 0.001 A" and
0.005 A, respectively. The SiP, monolayer was modeled bya 3 x 3 x
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1 supercell including 9 silicon atoms and 18 phosphorus atoms. To
avoid the interaction between two adjacent layers, a vacuum
thickness of 20 A was used.

Geometric structures, including top and side views of SiP,
monolayer with an oblique lattice, are shown in Fig. 1, in which
primary cell of the monolayer is composed of two P atoms and
one Si atom. Optimized structure of SiP, monolayer has the
symmetry of space group P1 with the lattice parameters as a =
3.71A b = 3.74A, « = 81.75°, f = 103.31° and y = 97.56°. From
Fig. 1D, the structure of monolayer is made up of septilateral rings
and triangles labeled by P,, P4, Si;, while each Si atom forms four
bonds exhibiting sp> hybridization and each P atom forms three
bonds also presenting sp> hybridization. Moreover, the length of P-
P bond in the structure is 2.269 A which is almost equal to that of
2.26 A in phosphorene [38], and the lengths of four Si-P bonds are
2.262, 2.274, 2.280 and 2.267 A respectively, slightly bigger than
that of 2.254 A for the compound SiPH, in previous results [39].
The contrasts of bonds show that the SiP, monolayer does not
demonstrate major differences with other analogous 2D struc-
tures, manifesting it is a stable 2D material.

To demonstrate charge shift and formation of bonds in the SiP,
monolayer, we performed electron localization function (ELF) and
bader analysis, and ELF plots are shown in Fig. 2 [40]. From the
bader analysis, about -0.743 and -0.723 charges are shifted from
the Si atom to two P atoms manifesting the formation of Si-P
covalent bonds. From the top view in Fig. 2a, there exists electron
collections between two P atoms and the Si atom, also indicating
the formation of Si-P bonds. From the side view in Fig. 2b, one can
find that alone pair of electrons exists for the P atoms, indicating
the sp> hybrid which leads to semiconducting features of the SiP,
monolayer [41].

In order to inspect the stability of SiP, monolayer, we calculated
cohesive energy per atom (E.p), phonon dispersion, elastic
constants and performed FPMD simulations, respectively. Firstly,
we calculated E oy, using the formula Ecop = (MEp + nEs; - Epmsin)/(M
+n), where Es;, Ep and Eppsin are energies of a Si atom, a P atom and
SiP, monolayer. Using this definition, E.op, is computed as 1.65 eV/
atom, and this value is similar to other monolayers, for example
BPs, SixPy, g-BP and B,C monolayers [24,42-44]. In consideration of
the SiP, monolayer is a compound of silicon and phosphorus
elements with big atomic number, this result makes clear that it
may be a potential stable phase of Si-P compounds.

Secondly, to study dynamic stability of the SiP, monolayer, we
acquired its phonon spectrum which is shown in Fig. 3a. One can
see that no negative phonon frequencies exist, manifesting the SiP,
monolayer to be indeed kinetically steady [5]. Moreover, the slopes
of three acoustic branches are not identical along different
orientations, such as G-X and G-Y, showing the SiP, monolayer
is anisotropic in regard to the in-plane stiffness, which can be also
made clear in the discussions on in-plane stresses and carrier
mobilities.

Fig. 1. (a) Top view of optimized lattice, (b) top view of SiP, monolayer and (c) side
view of SiP, monolayer.

Fig. 2. (a) Top view and (b) side view of ELF plot of SiP, monolayer with the
isosurface of 0.88.
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Fig. 3. (a) Phonon spectrum and (b) FPMD simulation at room temperature 300 K of SiP, monolayer.

Thirdly, to inspect thermal stability of the SiP, monolayer,
FPMD simulations were performed with a relatively large 4 x 4 x 1
supercell. As shown in Fig. S1 (Supporting information), through
the 5 ps simulation, the monolayer remains very well at 100, 300,
700 and 1000 K, but is seriously distorted at 1100 K. In view of the
application of SiP, monolayer, we further performed an equilibri-
um MD simulation at room temperature (300 K) for 9 ps, as shown
in Fig. 3b, the energy is oscillating near the equilibrium state and
the structure of SiP, monolayer is preserved well. Likewise, these
results suggest the thermal stability of SiP, monolayer which is
expected to be experimentally feasible.

Finally, we examine stability of the SiP, monolayer by
calculating the elastic constants (C;), and a mechanically steady
2D structure should be in accord with the Born criteria [45]:

C]]C]z — C%Z >0

1
Cgs >0 ()

By matching the energy bights correlated to in-plane stresses, C;; of
SiP, monolayer were derived to be Cy;=149.345N/m,
C33=69.246 N/m, Ci3=Cp;=-36.609N/m and Cge=10.236 N/m,
which conform to the Born criteria, manifesting the mechanical
stability of SiP, monolayer. Using these elastic constants, in-plane
Young’s modules of SiP, monolayer can be derived as Yy =(C11Cas -
C12Coq )/C22 =129.99 N/m and Yy = (C1]C22-C]2C21 )/Cu =60.272 N/m,
which are smaller than that of graphene (~341 N/m) [46] while
almost the same as the value of MoS, monolayer (~128 N/m) [47],
suggesting the monolayer should be a relatively hard material. The
large imparity in two Young’s modules also manifests that the SiP,
monolayer is mechanically anisotropic. Furthermore, it is well-
known that most normal materials own normal Poisson’s ratios,
while materials with negative Poisson’s ratios, which can
transversely extend when stretched, are auxetic materials [48].
So the negative C;, of SiP, monolayer makes negative Poisson's
ratios vy = -0.529 (C1/Cy2) and vy=-0.245 (Cy2/Cy1), which are
comparable to the 3-P monolayer and much larger than recently
predicted 2D auxetic materials [49,50]. The negative Poisson’s
ratios would demonstrate multiple superiority of SiP, monolayer,
for example the intensive tenacity, self-adaptive quaky damping
and enhanced shear stiffness, and allow the SiP, monolayer to be
applied in many specific domains, such as superior dampers and
nanoauxetic materials [45]. Moreover, there have presented
experimental reports suggesting the negative Poisson’s ratio of
black phosphorene [51,52]. Besides black phosphorene, other 2D
materials have been reported as auxetic materials, such as BPs
monolayer [41], 2D Silicon Dioxide [53], Be,C [50], CaSi monolayer
[45], §-P monolayer [49], 1T-type crystalline two-dimensional
TMDCs [54]. For the SiP, monolayer, its negative Poisson’s ratios
may originate from its robust puckered structure which is shown

in Figlc. The extraordinary mechanical properties of SiP;
monolayer would give it with infinite potential applications in
nanomechanics and nanoelectronics.

In Fig. 4, we show band structure and DOS of the SiP,
monolayer, and found the SiP, monolayer is indirect with its band
gap as 1.8484 eV (GGA-PBE) or 2.681 eV (HSE06). This value of
band gap (> 2.0 eV) is larger than that of phosphorene and MoS,,
and indicates more merit of SiP, monolayer in the aspect of
ultraviolet-blue optoelectronic materials [41,55,56]. Furthermore,
DOS strength of P atoms is larger than the strength of Si atoms,
while DOS strength for the p-orbital of total atoms are bigger than
those for the s-orbital. Moreover from the figure, DOS strength at
the point of CBM and VBM mainly come from p-orbital of P atoms,
verifying that the carriers in the monolayer originate from P atoms
as shown in Fig. 2.

Applying stress is a general engineering strategy to acquire
tunable band gaps, for example, MoS, monolayer can reveal a
direct-to-indirect transition with a uniaxial strain [57]. In light of
this, we discuss effects of stresses to the band gap of SiP,
monolayer, and tensile strain lowers the puckering while
contractile strain strengthens it [41,42]. By changing the lattice
parameters a and b in-plane biaxial and uniaxial stresses are
utilized, and the strain ratio ¢ is defined as

:%xloo%:@xwo%

= @)

Under a strain for the strain ratio ¢ from —10% to 10%, effects of ¢
to the band gap of SiP, monolayer are presented in Fig. S2
(Supporting information). From the figure, the value of band gap
reduces when changing ¢, and no indirect-to-direct transition exits
for the SiP, monolayer. Moreover, one can find that when ¢ is up to
3%, band gaps for biaxial and uniaxial cases reach the largest value,
while the influences of biaxial strain are larger than those of
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Fig. 4. Band structure and density of state (DOS) of SiP, monolayer.
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uniaxial strain. This result may relate to the changes of pucker
structure when exerting stresses to the SiP, monolayer, and the
effects of ¢ are similar to the phonon spectrum manifesting that the
SiP, monolayer is a mechanically anisotropic material. Further-
more, the largest value of band gap is 2.035 eV (PBE) for the biaxial
strain case, while when ¢ for the biaxial case reduces to —9.5% or
—10% the band gap fleetly reduces to zero presenting a
semiconductor-to-metal transition. These consequences enhance
applied opportunity of the SiP, monolayer in optoelectronics and
nanoelectronics using strain-engineering sciences [41,56,58,59].
In Fig. 4, one can find CBM and VBM are located at C and (0.1020,
0.1020, 0.000) points with the energies as 2.892 and 4.740 eV
respectively, and the carrier effective mass (EM) can be obtained
accordingly. The carrier mobilities of SiP, monolayer 2P can be
computed by taking advantage of following equation [60]

w eh3c2P

~ kgTm*myE2

3)

where m* is EM, my is mean EM, T =300K, E; is deformation
potential (DP) constant and €2 is 2D Elastic Modulus, respectively.

Using above equations, calculated consequences with PBE
functional are presented in Table 1. The carrier mobilities of SiP,
monolayer demonstrate strongly directional dependence, as well
as the electron mobility along y orientation is much higher than
that along x orientation and is significantly higher than those of
two hole mobilities. Large disparity of electron and hole mobilities
here originate from different DP constants rather than their EMs.
Especially, the electron mobility along y orientation is ultrahigh
(1.069 x 10°cm?V~'s™ 1), and this value is approximately four
times the maximum value in phosphorene (0.26 x 10°cm?V !
s~ 1), significantly higher than the MoS, (200cm?V~'s™1) [61],
almost the same as the CP monolayers (1.15 x 10° cm?V~!s~!)and
slightly smaller than the graphene (2.0 x 10°cm?V~'s 1), respec-
tively [62]. The huge carrier mobility of SiP, monolayer further
makes the monolayer as a hopeful 2D material in the domain of
nanoelectronics.

We further calculated absorption coefficient a(w), energy loss
spectrum (ELS) L(w), reflectivity R(w) of the SiP, monolayer using
following equations [63]:

V2w

() = Y22 (w) + (@)} - & (@) @)
&(w)
o) = 2(w) + () (3)
_VE-1)
R@) = Ve (6)

where ¢(w) = &1(w) + igx(w) is complex dielectric function.
From Fig. S3a (Supporting information) for two coefficients
o(w), the SiP, monolayer presents distinguished absorption
along two orientations with two excellent absorption peaks at
3.1 (400nm) and 4.0eV (310nm), which cover significant

Table 1
m*, Eq, C*P and 1" along x or y orientation at 300 K.
Carrier type m* (mo) Eq P P
(eV) (N/m) (10°> cm?V-1s71)
Electron (x) 0.4 0.828 65.55 8.71
Electron (y) 0.386 0.239 64.94 106.94
Hole (x) -0.355 -3.616 65.55 0.552
Hole (y) ~0.377 —4.02 64.94 0.417
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interval of 2.0-4.5eV including major visible and entire near-
ultraviolet lights in the solar spectra. Moreover, a(w) along the x
and y orientations reach to the amount of 10°cm™~! which are
similar to the coefficients of organic perovskite or crystalline
silicon for solar cells [64,65]. For the ELS L(w) in Fig. S3b
(Supporting information), they show one peak, on behalf of the
energy of congregate stimulation excitation of carrier density [63].
For the reflectivity R(w) in Fig. S3c (Supporting information), it
attains to about 50% for E //x and E //y. These optical properties
permit the SiP, monolayer as a very promising material for
efficient photovoltaic solar cells or optoelectronic devices.

Monolayer materials can be used as good catalytic materials
[6,66], so the adsorption of CO, molecules was also studied here.
The CO, molecules were placed above the SiP, based materials
with different orientations to study the interaction between them.
The adsorption energy (E.qs) of CO, on the SiP, based materials was
calculated by the following equation:

Eads = ECOZ—sub - Esub - ECOZ (7)

where the Eco,_sub, Esubs Eco, are the total energies of the CO,
adsorbed system in the equilibrium state, the substrate material
and free CO, molecule, respectively.

Five different chemical environments are considered here, as
Figs. 5a and b shown, they are the top position of the P atom in the
upper layer (P1), the top position of the P atom in the lower layer
(the mountain valley position of the P and Si atom, P2), the top
position of the Si atom in the middle layer (two valley position of P
atoms S1), a triangular vacancy (H1) surrounded by two P atoms
and one Si atom, and a hexagonal vacancy (H2) surrounded by four
P atoms and three Si atoms, respectively. Next, the first-principle
method was used to study the adsorption behavior of CO,
molecules on SiP, monolayer. The above five possible adsorption
sites have been explored for adsorption, and only the most stable
adsorption structure at the H1 site with the adsorption energy of
-0.28 eV was shown in Figs. 5c¢ and d. The C, O atoms of CO,
molecule and the two P, one Si atoms at the H1 site merged a stable
the penta-heterocycles structure, in which the angle of CO,
changed from 179.9° to 124.4° with the bond lengths of C-P and O-
Si were shifted from 1.898 A to 1.728 A, respectively, indicating a
chemical bond was formed between C-P and O-Si. This strong
deformation means that CO, was strongly chemically adsorbed on
the SiP, monolayer. In addition, the Hirshfeld charge transfer
analysis of the adsorbed system indicated that the electrons

Fig. 5. (a, ¢) Top and (b, d) side (b, d) views of calculated structure of 3 x 3 x 1 SiP,
supercell and CO, adsorption on the SiP, monolayer. Charge density difference for
CO, adsorption on SiP, monolayer is shown in (e, f). The filling in blue and yellow
represent increasing and decreasing electron densities. The value of isosurfaces is
0.05 e/A3.



X. Fu et al./Chinese Chemical Letters 32 (2021) 1089-1094 1093

ICOHP =-18.T1 ===-02
—0_p

3 seaCl

" —cCp

- ’ ‘

- -+
{c) Emergy / eV

H 4
(4) Energy /eV

Fig. 6. Project Density Of States (PDOS) and Crystal Orbital Hamilton Population (COHP) of (a) free CO,, (b) C—O of CO,, after adsorption, (c) P—C between C atom of CO, and P
atom of SiP, monolayer, (d) O-Si between O atom of CO, and Si atom of SiP, monolayer. Blue stands for bonding contributions, while yellow stands for antibonding

contributions. The fermi level is set at 0 eV.

transferred from SiP, monolayer to the CO, molecular, where the O
and C atom involved in the five-membered ring got 0.077 and 0.181
e respectively, and the O atom not involved far away from the
surface got 0.038e from SiP, substrate. In addition, the difference
charge densities diagram (Figs. 5e and f) of CO, adsorbed on the
SiP, monolayer also point out that the composition of CO, in the
five-member ring is to form chemical bonds and there is a strong
interaction. Furthermore, as shown in the Figs. 5e and f, the area
between P and Si atoms connected to the CO, appear blue,
demonstrating that the electron density in CO, adsorption
increases, corresponding with the strong interaction between
CO, and SiP, monolayer [67]. While region between C—O of CO, is
filled in yellow, showing that the charge density decreases as more
electrons are transferred to the substrate.

In order to explain the mechanism of CO, adsorption on SiP,
monolayer, we introduced the Crystal Orbits Hamiltonian Popula-
tion (COHP) to analyze the interaction of CO, on SiP, monolayer
[68]. Taking the 0 point of COHP as the limit, the contribution of the
anti-bonding orbits are filled in yellow above, and the contribution
of the bonding orbits are filled in blue below. As can be seen from
Figs. 6a and b, the bonding orbits of free CO, molecules are mainly
composed of the contributions of C 2s and O 2p, C 2p and O 2p,
while the anti-bonding orbits are mainly composed of the
contributions of O 2p, C 2s and C 2p. After CO, adsorbed on SiP,
monolayer, it can be seen that the bonding orbital becomes mainly
formed by O 2p and C 2p, and the bonding state as a whole
transitions to a deeper level [69]. Integration Crystal Orbit
Hamiltonian Population (ICOHP) is the integration of the energy
interval to the highest occupied state, which can quantitatively
represents the bonding strength [70]. Compared with free CO,, the
ICOHP of C—O in adsorbed CO, decreased from -18.71 to -10.85,
indicating that the bonding strength between C—O was weakened,
because more electrons between C—O were transferred to the
substrate, resulting in weakened interaction. Similarly, as shown in
Figs. 6cand d, it also shows that the interactions between the C and
O atoms of CO, and the P and Si atoms of SiP, monolayer are
enhanced, and their bonding states are mainly composed of C 2s

and C 2p, P 3p, P 3 s contribution (Fig. 6¢), and composed with Si 3s
and O 2p contribution (Fig. 6d). Therefore, one can see that if the
SiP, monolayer may be synthesized in experiments, it can be
applied in solving the problem of global warming as a high-
efficiency CO, capturing material.

In conclusion, by employing the PSO methodology within
evolutionary algorithm, we obtained one SiP, monolayer with its
stability examined by cohesive energy, Born criteria, FPMD
simulations and phonon spectrum, respectively. Our results
indicate that the SiP, monolayer is an indirect semiconductor
with its band gap as 1.8484 (2.681) eV, as well as it is a relatively
hard auxetic material with high negative Possion’s ratios.
Moreover, the SiP, monolayer possesses an exceptional high
carrier mobility which is comparable with those of the graphene
and CP monolayers, and further CO, molecules can be strongly
chemically adsorbed on the SiP, monolayer and a conversion from
semiconductor to metal exists for -9.5% strain ratio case. These
novel consequences exhibit the SiP, monolayer owns a wide scope
of applications in the high-performance optoelectronics, nano-
electronics, mechanics and CO, capturing material.
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