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Because of graphene and phosphorene, two-dimensional (2D) layered materials of group IV and group
V elements arouse great interest. However, group IV-V monolayers have not received due attention.
In this work, three types of SiP monolayers were computationally designed to explore their electronic
structure and optical properties. Computations confirm the stability of these monolayers, which are
all indirect-bandgap semiconductors with bandgaps in the range 1.38-2.21 eV. The bandgaps straddle
the redox potentials of water at pH = 0, indicating the potential of the monolayers for use as water-
splitting photocatalysts. The computed optical properties demonstrate that certain monolayers of
SiP 2D materials are absorbers of visible light and would serve as good candidates for optoelectronic

devices.
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1 Introduction

Because of their unique physical and chemical properties,
ultrathin two-dimensional (2D) materials have aroused
much interest in the past decade [1, 2]. Since its exfolia-
tion from graphite in 2004, the 2D structure of graphene
has become widely known for its one-atom thickness [3].
Since then, h-BN, MoS,, phosphorene, MXene, g-CN,
and other 2D structures have also emerged in mono-
or a-few-layer forms [4-16]. More and more investiga-
tions of these materials have revealed intriguing proper-
ties and potential for electronic, optical, and other de-
vice applications. For example, graphene displays supe-
rior thermal conductivity, and high carrier mobility and
Young’s modulus [17, 18]. The structure of h-BN is simi-
lar to that of graphene with high transparency [19]. MoSs

*Special Topic: Inorganic Two-Dimensional Nanomaterials (Eds.
Changzheng Wu & Xiaojun Wu).

monolayer is considered as a low-consumption transis-
tor [20]. Recently, ultrastrong optical non-linearity has
been observed in the MoSy monolayer, endowing it with
device application characteristics [21, 22]. Phosphorene
is a semiconductor with a natural bandgap suitable for
applications in electronics and optoelectronics [23, 24].
Based on different terminal groups and transition ele-
ments, MXene materials exhibit metallic to semiconduct-
ing behavior [25]. Metal-free magnetism of g-C4N3 and
enhanced catalytic activity for Hs release over g-C3N,
suggest excellent properties of graphitic carbon nitride
[26, 27].

Since many properties of the 2D materials are supe-
rior to those of the bulk, designing and synthesizing sim-
ilar structures are indeed increasingly promising. Re-
placing the elements in the known 2D structures by the
same group elements is a common practice. For example,
when the C atoms are replaced by Si or Ge in the base of
graphene structure, a set of new 2D group IV materials,
namely silicene and germanene have emerged [28, 29]. In
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the MoSs monolayer, Mo or S could be replaced by W or
Se, respectively [30-32], thus breeding the series of MoS,,
WS,, MoSes, and WSes monolayers. Following the suc-
cess of phosphorene, arsenene and antimonene were also
explored as 2D group V monolayers [33-36]. Investiga-
tions on such 2D materials are abundant; however, de-
spite many published reports on g-CN layers, studies of
the IV-V 2D materials are rather scarce [37-40]. Silicon
phosphide (SiP) falls under this category. Bulk SiP has
been synthesized experimentally, and the stability and
electronic properties of the SiP monolayers have been de-
rived computationally [38, 41]. In these investigations,
a g-SizPs structure was designed with a direct bandgap
of 1.93 eV [37]. Zhang et al. [38] suggested that the
SiP monolayer exfoliated from the bulk is stable with a
semiconducting nature. The PSis layer is also a stable
structure with a narrow bandgap [39]. All these results
imply that designing new SiP monolayers is significant
to realize materials with unique properties and extend
the range of group IV-V 2D materials.

Motivated by the experimental developments and the-
oretical investigations, we designed three types of SiP
monolayers from first-principle calculations. The SiP
monolayer has a hexagonal primitive cell, different from
the orthogonal layered cell structure of the bulk SiP ob-
tained from experiment [41]. The stability of the opti-
mized monolayers could be confirmed computationally.
Further, evaluation of the band structures and absorp-
tion features of the monolayers indicated the possibility
of using them as visible-light water-splitting photocata-
lysts. The imaginary part of the dielectric function (e2)
was evaluated to supplement the data and assess the light
absorption capability of these materials for possible ap-
plication in electronic and optical devices.

2 Computational details

Computations were performed within the MedeA® soft-
ware environment [42]. The generalized gradient approx-
imation (GGA) for exchange correlation functional was
employed, and the monolayer structures were optimized
with the Perdew—Burke-Ernzerhof (PBE) exchange-
correlation functional [43]. The cutoff energy was set to
550 eV. The Heyd-Scuseria—Ernzerhof 06 (HSE06) hy-
brid functional was used to obtain an accurate descrip-
tion of the electronic band structures [44]. For all the
electronic property computations, a mesh of 11 x 11 x 1
k-points was used for sampling the Brillouin zone. Ab
initio molecular dynamics (AIMD) simulation was em-
ployed to confirm the stability of the SiP structure. The
AIMD simulation in a NVT ensemble was performed
for 10 ps with a time step of 2.0 fs. The Nosé—Hoover
method was adopted for temperature control [45].

138104-2

For the computation of the phonon dispersion spec-
trum, CASTEP code was employed for PBE computa-
tions based on the density functional perturbation theory
(DFPT) [46]. The cutoff energy was chosen as 480 eV
and a k-mesh of 8 x 8 x 1 was used. All computations
were performed in supercells with a vacuum space larger
than 15 A above and below the monolayers.

3 Results and discussion

In the first step, three SiP monolayers were designed, as
shown in Fig. 1. The three SiP monolayers labeled a-, -,
and 7-SiP have the same basic structure. a- and [3-SiP
are mirror-symmetry structures. ~-SiP does not have
mirror-symmetry but has one Si and one P positioned
inside or outside. Because of similar basic structure and
nature of elements in the three monolayers, the lattice
parameters are also similar, as shown in Table 1.

To investigate the chemical structures of a-, 8-, and -
SiP further, the bond lengths and bond angles were ana-
lyzed. In a-SiP, there are two types of bonds, namely the
Si-P bond (2.32 A) and P-P bond (2.27 A). For 5-SiP, no
P-P bond exists. The bonds in 3-SiP are the Si—P bond
(2.28 A) and Si-Si bond (2.37 A). For 4-SiP, the P/Si
ratio within the structure (P (i) and Si(i)) and on the ter-
minals (P(t) and Si(t)) is a factor to be considered. As
a result, it possessed three types of Si-P bonds, namely
the Si(t)-P(i) bond (2.33 A), Si(i)-P(i) bond (2.28 A),
and Si(i)-P(t) bond (2.27 A). Bond lengths of all the
three monolayers were in the range 2.27-2.37 A, which
meant that they are closely similar.

The bond angles are shown in Fig. 1. The nature of
the chemical environment causes variations in the bond
angles. When the Si atoms are on top, as shown in
Figs. 1(a) and (c), the values of bond angles on the sur-
face are approximately 98°. However, when P atoms are
on top, as shown in Figs. 1(b) and (d), the bond an-
gles are higher, at approximately 101.9°. Obviously, the
bond angles in the interior of the structure are larger
than those on the surface. The interior bond angles are
formed by the atoms located at the angular vertex. The
bond angles with the P atom on the angular vertex are
larger than those with the Si atom on the vertex.

Table 1 Lattice parameter, cohesive energy and bandgap
of the a-, -, and 7-SiP monolayers.

Monolayer parameter a-SiP B-SiP ~y-SiP
Lattice parameter a (A) 3.52 3.53 3.53
Econ (eV) 3.89 4.21 4.08
Bandgap (eV) 1.38 2.21 2.03
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a-SiP B-SiP

Fig. 1

y-SiP

(a) Top and side views of the a-SiP monolayer in 2 X 2 supercells drawn with the values of bond angles. (b) Top

and side views of the 8-SiP monolayer in 2 x 2 supercells. (c¢) Top and side views of the 4-SiP monolayers in 2 x 2 supercells.
(c) and (d) are the views of the y-SiP surfaces with Si or P atom on the top, respectively.

Although an optimum geometry for the a-, 5-, and ~-
SiP monolayers was obtained through computations, it
was necessary to confirm the stability of these structures.
In Fig. 2(a), the phonon dispersion spectra are pre-
sented along the high-symmetry points in the Brillouin
zone, including those at G(0,0,0), K(—0.333,0.667,0),
and M(0,0.5,0). There is no imaginary component of fre-
quency observed in any of the dispersion spectra which
demonstrates the kinetic stability of the phonon frequen-
cies. Further, a series of AIMD simulations were per-
formed at 1000 K for 10 ps to confirm the thermal sta-
bility. The results are shown in Fig. 3. The overall struc-
tural integrity is maintained for all the SiP monolayers
although some of the bonds are found to be broken. Be-
sides the phonon dispersion spectra and AIMD simula-
tion, the cohesive energy (F.on) was calculated from the
equation: FEeon = (nEs; + nE, — Egip)/(2n). Here, n
refers to the quantity of an element in a cell. The cohe-
sive energies of all the SiP monolayers are in the range
3.89-4.21 eV as shown in Table 1. In comparison, the co-
hesive energies of silicene and phosphorene are 3.98 and
3.24 eV, respectively, obtained using the same method.
The values of SiP monolayers are comparable to those of
silicene. All these calculations reveal that the monolay-
ers are stable configurations and it is possible to realize
them in practice.

To examine the electronic structure of the a-, 8-, and
~-SiP monolayers, we adopted the HSE06 hybrid func-
tional for computations of the band structures. The
results are illustrated in Fig. 2(b). The calculated val-
ues of the bandgaps are included in Table 1. It can be

Zhinan MA, et al., Front. Phys. 13(8), 138104 (2018)

seen in Fig. 2(b) that all the monolayers are indirect
bandgap semiconductors with the conduction band min-
ima (CBM) at point M. For the a- and ~-SiP, the valence
band maxima (VBM) are located at point K and the
bandgaps are deduced as 1.38 and 2.03 eV, respectively.
However, the VBM of the 8-SiP monolayer lies between
the points G and K. Compared with «-, and ~-SiP, the
[B-SiP monolayer reveals a larger bandgap of 2.21 eV.
Additionally, the effective mass was calculated
for all the monolayers from the expression m* =
h2(0%E(k)/0k?)~1. The constructed unit cell configura-
tions of the a-, §-, or v-SiP monolayers in the orthogonal
supercell and the corresponding band structures (illus-
trated in Fig. 4) were analyzed to estimate the effective
mass (m*) along the z- and y-directions. The calculated
values of effective mass are tabulated in Table 2. For the
B-SiP, the value of m* for electrons along the y-direction
is smaller than that along the x-direction and also that of
holes along the z- and y-directions. In the case of 7-SiP,

Table 2 Effective mass |m™| (me) of ay lectrons and holes
along the z- and y-direction in a-, 5-, and v-SiP monolayers.

Charge carrier in SiP Effective mass |m*| (me)

monolayer a-SiP B-SiP y-SiP
Hole () 0.53 1.90 2.20
Electron (z) 0.26 1.66 2.08
Hole (y) 0.29 2.35 0.62
Electron (y) 0.72 0.13 0.12
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Fig. 2 (a) Phonon dispersion spectra of a-, 8-, and 4-SiP monolayers. (b) Band structures of a-, 5-, and 4-SiP monolayers.
Dashed line in (b) represents the valence band maxima (VBM).

Fig. 3 The equilibrium structures for a-, 8-, and ~-SiP
monolayers at 1000 K.

138104-4

the values of m* for both electrons and holes along the
z-direction are larger than those along the y-direction.
Except in the case of electrons in the y-direction, a-SiP
possesses the lowest values of m* among all three mono-
layers.

For a better understanding of the electronic structure
of the monolayers, we analyzed the plots of the partial
density of states (PDOS), which are shown in Fig. 5. For
the monolayers a- and §-SiP, the main VBM originates
from the p orbitals of P and Si atoms. In the case of /-
SiP, the s and p orbitals of the two elements determine
the main CBM. However, for a-SiP, the peak intensity
of the s orbital of the Si atoms located in the CBM is
small. The situation in the case of y-SiP is complicated

Zhinan MA, et al., Front. Phys. 13(8), 188104 (2018)
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Fig. 4 Constructed unit cell (orthogonal) configurations of the a-, 8-, or v-SiP monolayers and the corresponding band

structures.

because of the symmetry of its structure. As shown in
Fig. 5(c), the major portion of CBM for +-SiP is derived
from s/p orbitals of Si and P on the terminal. However,
only the p orbitals of P and the s/p orbitals of Si atoms
on the terminal influence the VBM.

Further, the suitability of the monolayer as a photo-
catalyst for water splitting under visible-light irradiation
was examined. The potentials for oxidation and reduc-
tion are pH dependent [47, 48]. The reduction/oxidation
potentials are described by the equations

Eif)y, = —4.44 eV + pH x 0.059 eV,
EZ 1,0 = —5.67 eV + pH x 0.059 eV.

Zhinan MA, et al., Front. Phys. 13(8), 138104 (2018)

The location of the band edges of the a-, -, and ~-SiP
monolayers are shown in Fig. 6. It can be seen that the
conduction band minima (CBM) of all the monolayers
are positioned above the hydrogen evolution potential
(reduction of H*/Hy) for the condition, pH = 7. How-
ever, at pH = 0, the VBM of all the monolayers lie below
the oxygen evolution potential (oxidation of O3/H50).
In fact, the conduction and valence band edges straddle
the redox potentials of water so as to thermodynamically
favor both reactions to take place simultaneously. This
means that at a suitable pH condition all the monolayer
materials described in this study can potentially be used
as water-splitting catalysts.
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Fig. 5 Calculated partial density of states (PDOS) for the three monolayer structures. (a) a-SiP. (b) g-SiP. (c¢) ~-SiP.
Dashed line is the location of VBM. P/Si inside the structure [P(i) and Si(i)] and on the terminals [P(t) and Si(t)] are partly
considered for ~-SiP.
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Fig. 7 Variation in the imaginary part of the dielectric
constant (e2) with photon energy for the three SiP monolayers
obtained from the average of x, y, and z polarization vectors.
The area between the dashed vertical lines is the energy range
of visible light (1.64 to 3.19 eV).

To investigate the efficiency of light absorption by
these materials, the optical absorption characteristics
were evaluated in the visible spectral region. We calcu-
lated the imaginary part of the dielectric constant (e2)
and plotted the same as a function of photon energy
which is shown in Fig. 7. The imaginary part was deter-
mined using the following equation:

_ 4m2e?

(2) .

1
- Z 2wk5(sck — Evk — OJ)

c,v,k

X (Uck+eaq|Uok) <“ck+eaq o)™

Here, the indices ¢ and v refer to the conduction and
valence band states, respectively, and u.j is the cell pe-
riodic component of the orbitals at the k-point K. As
shown in Fig. 7, the o-SiP displays significant absorption
(black line) in the visible region (resulting from a rela-
tively small bandgap) with two peaks discernible at 1.69

Zhinan MA, et al., Front. Phys. 13(8), 138104 (2018)

and 2.53 eV. On the contrary, the absorption of visible
light was very weak (represented by the red line) in the
B-SiP monolayer consequent to a larger bandgap (which
is incidentally the largest among all three monolayers).
In the case of 4-SiP, a broad absorption peak (green line)
appears at the far edge (3.2 eV) of the visible spectral
range.

4 Conclusion

In conclusion, three monolayer structures, namely a-, (-,
and v-SiP from group IV-V elements were constructed
and their structural and electronic properties were in-
vestigated by DFT calculations. The phonon disper-
sion spectra and AIMD simulations indicate that all the
structures are stable. These monolayers possess indirect
bandgaps in the range of 1.38-2.21 eV. Further, it was
shown that the bandgaps of all the monolayers straddle
the redox potentials of water which is expected to facil-
itate photocatalytic water splitting. This implies that
at a suitable pH condition these materials serve as good
candidates for water-splitting photocatalysts. The imag-
inary part of the dielectric constant was calculated in all
the monolayers and its variation and features were ana-
lyzed as a function of photon energy. A relatively large
absorption in the visible light wavelength region indi-
cated that the; a- and «-SiP monolayers have potential
for application in electronic and optical devices.
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