Dou et al. Nanoscale Research Letters (2020) 15:155

https://doi.org/10.1186/511671-020-03383-0 Nanoscale ResearCh Lette rs

NANO EXPRESS Open Access

Sn4P, Monolayers: a New Type of Two-

Dimensional Materials with High Stability,
Carrier Mobility, and Magnetic Properties
Yan-Mei Dou, Chang-Wen Zhang, Ping Li and Pei-Ji Wang"

Abstract

Searching for two-dimensional (2D) group V materials with ferromagnetism, elastic anisotropy, and carrier mobility
and tunable band structure is one key to developing constantly developing nanodevices. The 2D monolayers Sn,P,

with x/y (1/1, 1/2, 1/3, and so on) coordination number are studied based on the particle-swarm optimization
technique combined with the density functional theory optimization. Its thermal stability can be confirmed by
molecular dynamics at 70K and 300K, indicating that the novel 2D materials have a stable existence. The electronic
band structures of four stable structures suggest that all the monolayers of Sn,P, are fully adjustable and flexible
tunable band gaps semiconductors under the biaxial strain. The monolayer of P42;m-SnP, with unique valence
band structure can go from nonmagnetic to ferromagnetic by the hole doping because of the “Stoner criterion,”
and Pmc2,-SnP; is a direct-like gap semiconductor with in-plane elastic anisotropy to possess a high electron
mobility as high as 800 cm?V~" s~ along the k, direction, which is much higher than that of MoS, (~ 200 cm?V " s™").
The optical absorption peak of the material is in the ultraviolet region. These discoveries expand the potential
applications of the emerging field of 2D Sn,P, structures in nanoelectronics.
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Introduction

Two-dimensional (2D) binary compounds have attracted
extensive attention in recent years due to their unique
properties and can provide reliable guidance for its poten-
tial applications in nanoelectronics and optoelectronic de-
vices [1]. For instance, graphene attracted great interest
since its discovery due to properties and potential applica-
tions [2—6], whereas graphene has undetectable small band
gap at room temperature, making it difficult to use in opto-
electronic nanodevices. So, these difficulties promoted re-
searchers to resolve to find 2D materials with an ideal band
gap. In the following years, boron-nitride (BN) [7], MoS, or
other transition metal dichalcogenides [8-13], and
transition-metal trichalcoge-nides [14, 15], among others
are coming out. In recent years, graphene and other 2D

* Correspondence: ss_wangpj@ujn.edu.cn
School of Physics and Technology, University of Jinan, Jinan 250022,
Shandong, People’s Republic of China

@ Springer Open

materials of the group IV (silicone, stanene, and germanene
[16]) have made good progress in scientific research.
Except, 2D semiconductor materials belonging to the group
V, especially phosphorene [17-19] and arsenene [20], are
emerging as a new generation of contenders in the field of
optoelectronic devices. Phosphene has broad application
prospects in field-effect transistors, optoelectronic devices,
spintronics, gas sensors and solar cells, and so on, while sta-
nene, a 2D honeycomb-like structure, is considered to a
new type of material with superior physical properties after
graphene due to its strong electron spin-orbital coupling.

It is urgent to synthesize two kinds of elements to get
multifunctional novel 2D materials. It is reported that
alloying is often used to improve the properties of 2D
materials to expand its applicability. For example, 2D
MoS,,Sea1 -y and WS, Sep; -, nanosheets [21, 22]
witness weird properties as tunable electronic, optical
properties, and in-plane Negative Poisson’s Ratio with x/
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y (1/1, 1/2, 1/3, and so on) coordination number. For
another example, 2D alloy material Si,C, [23], B,C, [24],
and B,Si, [25] show many novel characteristics (newfan-
gled structure, electronic, and mechanical properties) by
the first-principles calculation which are different from
those of pure ground state. Because 2D phosphorene
and stanene monolayers have novel properties, Sn and P
elements were be compound with  various
stoichiometries.

In this work, we built few structures by the particle
swarm optimization (PSO) algorithm. Then, we sin-
gled out the four most stable structures of 2D Sn,P,
monolayers with different coordination numbers and
investigated the electronic properties on the basis of
density functional theory (DFT) optimization. The cal-
culated electronic band structures suggest that all the
stable or metastable monolayers with different coord-
ination numbers are semiconductors with an indirect
band gap. More importantly, the Pmc2;-SnP, mono-
layer is a direct-like gap semiconductor with a finite
band gap of 0.92eV in the infrared-light region. But
beyond that, the Pmc2;-SnP, structure is a direct-like
gap semiconductor that possesses high electron mo-
bility of ~ 800 cm®*V~'s™!, which is much higher than
that of MoS, (~ 200 cm?V~!s™). The monolayer of P
42; m-SnP, structure with a unique valence band
structure can go from nonmagnetic to ferromagnetic
by the hole doping because of the “Stoner criterion.”
The calculated electronic band structures suggest that
all the monolayers of Sn,P, are semiconductors with
flexibly tunable band gaps under the biaxial strain,
permitting strain engineering of four structures band
gaps within nearly the whole visible-light range.

Computational Methods

In order to guarantee a thorough search of the structural
diversity, various x and y selecting from one to six are
taken into account on the basis of the particle-swarm
optimization (PSO) algorithm [26]. Results of the search
delivered the monolayer structures are relatively steadily
only for y/x 2 1.

To study the electronic structure of 2D Sn,P,
monolayers with different coordination number, our
calculations were performed by using the plane-wave
density functional theory (DFT) [27, 28] method to
realize in the Vienna Ab-initio Simulation Package
(VASP) [29-31]. Through the Generalized Gradient
Approximation (GGA) to describe the exchange-
correlation energy in the form of Per-dew—Burke—
Ernzerhof (PBE) [32-35] and the electron-ion
potential is described by the projection amplification
wave method [33]. The cutoff energy of the plane-
wave was chosen to be 500eV energy for Sn,Py
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systems, respectively. A sufficiently dense k point (9 x
9 x 1) of the reciprocal space was sampled in the
Brillouin zone. The vacuum space perpendicular to
the plane between neighboring super-cells is greater
than 25 A, eliminating the interaction between repli-
cations. In the two consecutive steps calculation, it is
set as 10°eV as the energy convergence value. During
the geometric optimization, the atomic forces of all
structures are less than 0.02eV A™' by using the con-
jugate gradient method until the atoms reach their
optimal position. In addition, we will use the super-
cell with 4 x 4 x 1 for ab initio molecular dynamic
(AIMD) calculation when the Nosé algorithm [36] at
300K.

Carrier mobility is mainly affected by acoustic side
wave scattering, optical side wave scattering, and ion-
ized impurity scattering. Since the latter two are not
as influential as the first one, the mobility we calcu-
lated includes the mobility under acoustic side wave
scattering. Mobility mainly affects two performances
of transistors: One is that the carrier concentration
together determines the conductivity (the inverse of
the resistivity) of the semiconductor material. Second,
it affects the working frequency of the device. The
main limitation of the frequency response characteris-
tics of bipolar transistors is the time for minority car-
riers to cross the base region. Mobility is an
important parameter to measure the conductivity of
2D semiconductor materials. It determines the con-
ductivity of semiconductor materials and affects the
working speed of devices. Thus, carrier mobility is
controlled by phonon dispersion and can be described
by the deformation potential (DP) theory which is
proposed by Bardeen and Shockley [37]. So, the
carrier mobility in 2D materials can be expressed as
[38, 39]

2eh3C?P

oD = S T PE2

where e, n, and kg are the electron charge reduced
Planck and Boltzmann’s constant, respectively. And T is
the temperature which set to 300K. Where m* is the ef-
fective mass, E; is deformation potential constant, and
C?P is the in-plane stiffness.

The linear effect of the system on the light field under
the small wave vector is determined by the imaginary
part of the complex dielectric constant and the dielectric
function which can be calculated by

e(w) = & (0) + ig(w)

where the &;(w) and &,(w) are the real part of the function
and the imaginary part, €;(w) can derive from the imagin-
ary part &(w) the dielectric function by Kramer—Kronig



Dou et al. Nanoscale Research Letters (2020) 15:155

can be expressed [40]. The imaginary part of the dielectric
function can be expressed as

47 5, 2 2
&(0) = Y |d ko leMal* x 8[Ec
v.C Bz

x (k) = Ey (k) - ho]

In addition, the absorption coefficient I(w) was ob-
tained by

1) = Va0 /(0] - (o) -a(0)|1/2

where the C is the conduction band, the V is valence
band states, 2 is the unit-cell volume, 7 is the mass of
free electrons, e is the charge of free electrons, and o is
the frequency of incident photons.

Results and Discussion

Stability

First, four 2D Sn,P, monolayers were considered to
determine their energetic stabilities. Formation energy
is an energy parameter in a thermodynamic system
which is a key point to check the stability of the sys-
tem. The relative stability of Sn,P, monolayers can be
confirmed by computing the formation energy and is
calculated as

Eform = (Etotal - NSnESn - NPEP)/ (NSn + Np)

where E is the energy of a compound or a constituent
element at a specific pressure. N is the number of atoms
in the unit cell. The negative formation energy of the
calculated system indicates that the configuration is
stable or metastable [41]. The calculated formation ener-
gies of Sn,P, monolayers are — 0.235, — 0.223, - 0.159,
and - 0.016 eV/atom (shown in Table 1), respectively.
According to its definition, a smaller value indicates
higher stability. Obviously, P6m2-SnP is the most stable
of these four structures. More particularly, the high ther-
mal stability of semiconductor materials is particularly
important in the application of electronic devices. Here,
the thermal stability of the Sn,P, monolayers examined
by using ab initio molecular dynamics (AIMD) simula-
tions. Based on the symmetries of the space groups, we
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just calculate the stability of P6m2-SnP for similar struc-
tures P6m2-SnP and Pmc2;-SnP, and Pmc2;-SnP, for
Pmc2;-SnP,and P42, m-SnP, structures. Results indicate
that the average value of the total energy of the structure
remains almost unchanged, and the structure remains
unchanged after 1ps, 3 ps, and 5 ps, suggest that Sn,P,
monolayers are thermally stable (in Figure S1). Then, we
calculated phonon dispersion curves and have no im-
aginary vibrational frequencies implies that structures
are dynamically stable (in Figure S1). Several methods
have been reported in the literature to synthesize layered
materials including micromechanical cleavage [2], epi-
taxial growth [42], chemical vapor deposition [43], and
liquid exfoliation [44]. Some materials with the similar
structure were successfully prepared experimentally. We
have found some related reports that few layer GaSe
nanosheets have been made into a high performance
photodetector in the experiment [45]. In addition, the
preparation, isolation, and rapid unambiguous
characterization of large size ultrathin layers of MoS,,
GaS, and GaSe deposited onto SiO,/Si substrates are re-
ported [46].

As plotted in Fig. 1a, b, the structures of P3ml-SnP
exhibit a structure similar to the P6m2-SnP hexagonal
phase. The Pmc2;-SnP, trigonal phase (Fig. 1c) exhibits
that the x/y composition is further increased to 1/2. The
material of a structure similar to P 4 2;m-SnP, was
proved stable by theory calculation [47]. Also, a new
study finds the structure of XY, (Fig. 1d) is an indirect
bandgap semiconductor, and it might susceptible to
electric field and stress. We believe that the material we
predict will have a successful preparation in the future
with the development of technology.

Electronic and Magnetic Properties

The computed band structures and partial density of
states of Sn,P, monolayers are plotted in Fig. 2. As
shown in Fig. 2a, the P6m2-SnP is an indirect semicon-
ductor with a band gap of 1.19eV. The valence band
maximum (VBM) at I' — K direction is contributed by
the hybridized Sn-p and P-p orbitals, while the conduc-
tion band minimum (CBM) at K point derives from the
hybridized Sn-s and P-p orbitals. P 3 m1-SnP exhibits

Table 1 Lattice parameters and calculated formation energy of the Sn,P, monolayers

SnyPy Lattice parameters Space Formation
monolayers a b c Alpha Beta Gamma group ((eerl/e/;gtém)
P6mM2-SnP 395 3.95 17.16 90 90 120 P6m2 - 0235
P3m1-SnP 3.96 3.96 17.11 90 90 120 P3m1 -0223
Pmc2;-SnP, 371 10.78 15.83 90 90 90 Pmc2, -0.159
P42, m-SnP, 7.59 7.59 14.66 90 90 126.69 P42;m - 0016
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Fig. 1 Top and side views of the atomic structures of Sn,P, monolayers: a P6mM2-SnP, b P3m1-SnP, ¢ Pmc2;-SnP,, and d P42,m-SnP-; the Fermi
level (horizontal dashed line) is shifted to 0 eV. The heavy pink spheres represent Sn atoms, and light pink spheres represent P atoms

e

(¢) Pmc2,-SnP, (d) P42,-SnP,

similar electronic band structures as the P 6 m2-SnP
counterpart but with a smaller band gap of 1.21 eV. The
valence band dispersion of P6m2-SnP and P3m1-SnP
near the I' point and Fermi level (Ef) is quite flat, given
the rather high density of states (DOS) and a van Hove
singularity around the VBM. The Pmc2,-SnP,exhibits
direct-like gap semiconducting character (Ey(direct) —
E,(indirect) = 6 meV) with a band gap of 0.72eV (see
Fig. 2c). Its VBM is mostly attributed to P-p orbitals,
while its CBM is mainly contributed by P-p orbitals and
Sn-s orbital. The P42; m -SnP, is an indirect-gap semi-

conductor with an E, of 1.79 eV, and the bands derive
from is akin to Fig. 2c. More importantly, P 42; m-
SnP,monolayer has a similar condition compare with
Fig. 2a, b, a flat-band dispersion character around the
VBM also arises, resulting in very high DOS and a van
Hove singularity.

According to Stoner criterion, spontaneous ferromag-
netism occurs if the kinetic energy is smaller than the
exchange splitting energy, which is if the DOS at Ef is
high enough. Figure 2d shown the very high DOS
around the VBM; the P42;m-SnP, may satisfy the Stoner
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Pmc2;-SnP,, and d P42;m-SnP,

Fig. 2 Computed electronic band structures and partial density of states of the VBM and CBM of Sn,P, monolayers: a P6m2-SnP, b P3m1-SnP, ¢
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Fig. 3 Ferromagnetism in P42;m-SnP, monolayer. (a) Spin moments vs hole density n,. b Computed valence band structure of P42,m-SnP, at nj,
=72 % 10" cm 2 The spin-up and spin-down bands are shown in blue and red, respectively. The Fermi level is set to be 0 eV

criterion if its Ef is shifted to a position with high DOS
through hole doping. As shown in Fig. 3a, the hole dop-
ing can introduce magnetic moments at appropriate
doping concentrations. As expected, the computation re-
sult suggests that the P42;m-SnP, may be converted into
a ferromagnetic ground state beyond the critical hole
density. Among them, the hole density 7, can be
expressed as n, = my/S..;, where S, and my, are the
area of the primitive cell and the number of holes intro-
duced in the primitive cell. The injection of the hole into
the monolayer P42;m-SnP, indeed leads to ferromagnet-
ism. The magnetic moment exhibits a steep peak-like
relationship with the hole density. Because an appre-
ciable spin moment is induced by hole doping in the
system, the energy band structure around the Fermi
level has changed greatly due to spin splitting. Particu-
larly, the spin-polarized band structure (shown in Fig. 3b)
of P42, m-SnP, at 7.2 x 10**cm™ shows that the mono-
layer becomes a perfect half metal. So, we predict that the

stable FM state with half metallicity can be realized in the
P42;m-SnP, monolayer.

Elastic Anisotropy and Carrier Mobility of Monolayer

The strain effects on the electronic properties of the 2D
monolayers Sn,P, structures are also interesting. Figure
4a presents the energy gap variation under biaxial strain
&. The energy gap of Sn,P, monolayers is markedly mod-
ulated according to some rules. For example, the energy
gap of P6m2-SnP decreases from 1.19 to 0.52eV with
the increasing tensile strain up to ¢ = 8%, first increasing
from 1.12 to 1.36 eV for € 2%, then decreasing from 1.36
to 0.51 eV. In addition, since the a and b of the lattice
parameter of the Pmc2,-SnP, structure are different, the
changes of electronic properties are different along the
x-axis and y-axis [48], as shown in Fig. 4b. It is obvious
that when uniaxial strain is applied in different direc-
tions, the change in the x direction is different from the
change in the y direction. Considering the range of en-
ergy gaps with the strain ¢, the range of tunable band
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Fig. 4 Strain-dependent electronic properties of structures: (1) P6m2-SnP, (2) P3m1-SnP, (3) Pmc2;-SnP-, and (4) P42;m-SnP-. b Uniaxial strain
dependent electronic properties of Pmc2;-SnP,. ¢ Energy of the Pmc2,-SnP, monolayer vs uniaxial stain
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Table 2 Effective masses of electrons and holes for Pmc2;-SnP,

Pmc2,-SnP,
[m’| 131 (K,) 0.15 (ky)
Im’| 042 (ko) 057 (ky)

gap by in-plane strain almost covers the entire visible-
light region based on the first-principles calculation.
Besides, we also investigated the effect of uniaxial
stress, as shown in Fig. 4c. The in-plane stiffness C*”
(C?P = [0°E/96%]/S,, where S, is the area of 2D
Pmc2;-SnP, monolayer) can be obtained by fitting the
parabola. Interestingly enough, the in-plane stiffness
C?” showing extremely obvious elastic anisotropy
along a and b directions are calculated to be 12.1 and
105.6 N/m, respectively. Because the Pmc2;-SnP, ex-
hibits direct-like gap semiconducting character, the
effective masses (m" = 7#%(3°E/0K?*)™") of electrons (11
is |m*e|) and holes (m, is |m*h|) associated with the
(quasi) direct semiconducting Pmc2;-SnP, monolayer
are also computed. The effective masses are listed
(Table 2). Most interesting is the effective mass of
electrons in the k; direction (0.15me) is much
smaller than that in the k, direction (1.31 me), indi-
cating the easy drift of electrons in the k, direction.
There is another important parameter is DP constant
Ey (Ey = dE.4g/dd) for electrons along a and b direc-
tions is calculated to be 5.36 and 11.57 eV, respect-
ively. Surprisingly, the calculated carrier can be
achieved ~ 800cm?V~'s! in the k, direction. As a
comparison, the carrier mobility of the MoS, mono-
layer is ~ 200 cm®V~'s™! in experiments [8]. However,
the carrier mobility is just about ~ 8 cm*V~'s™" in
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the k, direction. Therefore, the high carrier mobility
found in this study is of great significance for the
study of electron transport.

Optical Property

The photoelectric properties of photoelectronic mate-
rials are characterized by dielectric function, photocon-
ductivity, and absorption coefficient. The imaginary
parts of the dielectric function are shown in Fig. 5a.
Note that Pmc2;-SnP, monolayer shows absorption
starting at ~ 0.70eV, and there appear three main
absorption peaks at ~ 0.9, ~ 3.2, and ~ 4.0eV. As
illustrated in Fig. 5b, it shows the absorbance in all three
directions in the visible range and ultraviolet range for
monolayer Pmc2;-SnP,. So, Pmc2;-SnP, monolayer
materials could be used for atomically thin solar-blind
photodetectors for, e.g., efficient detection of flames.

Conclusions

In conclusion, based on the PSO algorithms combined
with first-principles calculations, we have identified sev-
eral 2D Sn,P, monolayers with the ratios of x/y = 1:1
and 1:2. Surprisingly, these novel monolayers also pos-
sess peculiar electronic and magnetic properties: the
monolayer of P42; m-SnP, structure with unique valence
band structure can go from nonmagnetic to ferromag-
netic by the hole doping because of the “Stoner criter-
ion”; the Pmc2,-SnP, structure is a direct-like gap
semiconductor with in-plane elastic anisotropy is found
to possess high electron mobility as high as 800 cm*V ™
s along the k, direction, which is much higher than
that of MoS, (~ 200 cm®>V~'s71). The optical absorption
peak of the material is in the ultraviolet region. These
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discoveries expand the potential applications of the
emerging field of 2D Sn,P, structures in nanoelectronics.
These desirable properties of the multifunctional Sn,P,
monolayers provide promising great applications in elec-
tronics and optoelectronics.
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