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ABSTRACT: As a compound analogue of black phosphorus, a new 2D
semiconductor of SnS layers is proposed. Based on state-of-the-art theoretical
calculations, we confirm that such 2D SnS layers are thermally and dynamically
stable and can be mechanically exoliated from α-phase SnS bulk materials. The
2D SnS layer has an indirect band gap that can be tuned from 1.96 eV for the
monolayer to 1.44 eV for a six-layer structure. Interestingly, the decrease of the
band gap with increasing number of layers is not monotonic but shows an
odd−even quantum confinement effect, because the interplay of spin−orbit
coupling and lack of inversion symmetry in odd-numbered layer structures
results in anisotropic spin splitting of the energy bands. It was also found that
such 2D SnS layers show high in-plane anisotropy and high carrier mobility
(tens of thousands of cm2 V−1 s−1) even superior to that of black phosphorus,
which is dominated by electrons. With these intriguing electronic properties,
such 2D SnS layers are expected to have great potential for application in future
nanoelectronics.

1. INTRODUCTION
Since the discovery of single-layer graphene, much effort has
been devoted to the search for new two-dimensional (2D)
nanoelectronic materials beyond graphene, such as by
exfoliating stable, single-atom- or single-polyhedron-thick 2D
materials from van der Waals solids.1 One example is the
recently extensively studied black phosphorus, which has
attracted great interest because of its tunable band gap (Eg,bulk
≈ 0.3 eV, Eg,monolayer ≈ 1 eV) and high hole mobility (μmonolayer
≈ 1 × 103 cm2 V−1 s−1).2,3 Even though this carrier mobility is
lower than that of graphene (high carrier mobility of μ ≈ 2 ×
105 cm2 V−1 s−1 for a suspended sample),4 achieving a tunable
band gap is still a great challenge for graphene (zero band gap).
Another well-studied family of van der Waals solids is the
layered metal dichalcogenides (LMDCs), the most common
being MoS2.

5 The exfoliated 2D layers of LMDCs also display
an array of unique properties, such as nanoelectronic and
thermoelectric applications,6 but unlike graphene, they have
sizable band gaps that enable the fabrication of semiconductor
devices including transistors, solar cells,7 and thermoelectric
materials.8

As a member of the LMDC family, the binary IV−VI
compound SnS not only crystallizes in layered structures with
van der Waals forces between layers consisting of strongly
bonded Sn−S units but also is a compound analogue of black
phosphorus and crystallizes in a similar layered structure
(Figure 1a,b). Both of these materials have orthorhombic
structures at low temperature but a more symmetric structure
with space group Cmcm at high temperature.9 All previous
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Figure 1. (a,b) Crystal structures of (a) bulk black phosphorus and
(b) bulk black-phosphorus-analogue SnS marked with lattice vectors
(a, b, c) and structural parameters (R1, R2, θ1, and θ2). (c) Crystal
lattice of a monolayer of SnS viewed along two different directions:
zigzag (parallel to b) and armchair (parallel to a). (d) Corresponding
Brillouin zone.
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studies on these materials mainly focused on the synthesis of
nanostructures10−13 and their applications in photovoltaics14,15

because of their appropriate band gaps (1−1.6 eV), large
absorption coefficients (>104 cm−1), and low costs. Because
SnS is an LMDC and a compound analogue of black
phosphorus, investigations of its potential to be exfoliated as
2D layers and the corresponding physical properties would be
very interesting. Tritsaris et al. studied the electronic structures
of model single-layer, double-layer, and bulk structures of SnS
using first-principles calculations.16 They found that, compared
with that of bulk SnS, the calculated band gaps were wider for
fewer layers. However, they considered only single- and double-
layer samples and did not show their stability as 2D materials.
Brent et al. also calculated the optoelectronic characteristics of
bulk and 10-layer to monolayer SnS using a quantum chemical
density functional tight-binding approach and found that the
band gap of SnS can be tuned by varying the number of SnS
layers. However, they did not consider all odd-layer cases
(considering only one-layer and three-layer structures) to
provide a detailed overall relationship between band gap and
number of SnS layers. Moreover, the above works also did not
provide the carrier-transport properties in few-layer SnS.17

Actually, according to our calculations, the relaxed structure
of odd-layer SnS belongs to the space group Pmn21 (No. 31,
C2v
7 ), whereas that of even-layer SnS retains Pnma. According to

symmetry, bulk and even-layer SnS have an inversion center
that is located at (−x, −y, −z), whereas odd-layer SnS does not
have. Monolayer SnS has a noncentrosymmetric polar site
point group C2v

7 for the Sn and S atoms. The C2v
7 site point

group and the noncentrosymmetry of odd-layer SnS would
induce a spin polarization by spin−orbit coupling, correspond-
ing to the Dresselhaus effect and a Rashba-like spin texture.18

Thus, odd-layered and even-layered SnS would show different
variation trends in electronic structures with number of layers.
In this work, we employ first-principles calculations to show

that 2D SnS layers exfoliated from black phosphorus-like α-
phase SnS can indeed exist. Considering spin−orbit coupling,
we further calculate the electronic structures of few-layer (one
to six layers) and bulk SnS. Interestingly, for the 2D SnS layers,
the band gap does not fall monotonically with the thickness but
shows an odd−even quantum confinement effect that results
from different splittings of the energy bands and is associated
with the symmetry variation. More importantly, such 2D SnS
layers also show high in-plane anisotropy and high mobility
(tens of thousands of cm2 V−1 s−1), even superior to that of
black phosphorus. The sizable band gap and high carrier
mobility make SnS layers very promising candidate nano-
electronic semiconductors for applications in future electronics.

2. CALCULATION DETAILS
We performed first-principles calculations and AIMD simu-
lations based on density functional theory19 as implemented in
the Vienna ab initio simulation package (VASP).20,21 We
employed the Perdew−Burke−Ernzerhof functional revised for
solids (PBEsol).22 Considering the underestimation of band
gaps in conventional DFT calculations, we repeated the PBE
calculations using the Heyd−Scuseria−Ernzerhof (HSE06)23

functional with 25% Fock exchange to predict a more accurate
band gap, which is crucial for electronic properties. The
calculations of spin−orbit splitting were performed using
noncollinear calculations with fully relativistic pseudopotentials.
The plane-wave energy cutoff was set to 450 eV. The valence
configurations used for Sn and S were 4d105s25p2 and 3s23p4,

respectively. Brillouin zone integrations were performed with
the tetrahedron method in a 4 × 4 × 2 Monkhorst−Pack k-
point mesh centered at Γ.24 The ionic positions, lattice
parameters, and unit-cell shape were sequentially relaxed to
obtain the ground-state structure in such a way that the external
pressure and the residual forces on each atom were less than
0.01 kbar and 0.001 eV/Å, respectively. For layer models, we
used periodic boundary conditions along the c direction, with
vacuum regions of 20 Å between adjacent images in the
direction perpendicular to the layers. Convergence tests with
greater vacuum spacing guaranteed that this size was sufficient
to avoid spurious interactions between neighboring images. A
DFT-D2 semiempirical dispersion-correction approach was
employed to correct the van der Waals (vdw) interactions.25

The convergence criterion of total energy was set to 1 meV in
our AIMD simulations. Structure relaxations were performed
without any symmetry constraints. Phonon properties were
calculated using the finite displacement method implemented
in Phonopy.26 A 2 × 2 supercell was constructed to calculate
the atomic forces using VASP, with a very high accuracy
(stringent energy convergence croterion of 10−8 eV per unit
cell).

3. RESULTS AND DISCUSSION
As one can see, bulk SnS is the compound analogue of
elemental black phosphorus and crystallizes in a similar layered
structure (Figure 1a,b). The symmetry group of their low-
temperature crystal structures is Pnma (No. 62, D2h

16) and
resembles a distorted NaCl-type structure. Figure 1c shows
monolayer SnS along the in-plane zigzag and armchair
directions, as well as the corresponding 2D Brillouin zone
with the high-symmetry X and Y points denoted in Figure 1d. It
is necessary to optimize the structure of bulk SnS first because
the structures of the SnS layers used in this work were cut from
it. The optimized lattice parameters are a = 4.505 Å, b = 3.993
Å, and c = 11.352 Å, which are in good agreement with the
experimental values (a = 4.334 Å, b = 3.987 Å, and c = 11.199
Å).27 Owing to its layered structure, SnS also shows strong
anisotropic vibrational properties, and samples exhibit signifi-
cant differences in their physical characteristics when measure-
ments are made along the three crystallographic directions.
Table 1 shows the changes in geometrical structure as a

function of the number of layers from 1 to 6. The length of the
b axis increases by only 0.03 Å from six-layer to monolayer SnS,
whereas a decreases by 0.06 Å. There is an abrupt reduction of
a between few-layer and bulk SnS that can be attributed to the
primary consequence of interlayer van der Waals interactions in
few-layer and bulk SnS. The strength of bonding along the
zigzag (b) direction is larger than that along the armchair (a)
direction, so the a direction exhibits an abrupt reduction from

Table 1. Structural Parameters of Bulk and Few-Layer SnS

number of
layers

a b Δc R1 R2 θ1 θ2

(Å) (Å) (Å) (Å) (Å) (deg) (deg)

bulk 4.52 4.01 2.72 2.66 2.68 104.17 96.33
1 4.31 4.04 − 2.59 2.71 102.68 95.07
2 4.34 4.02 2.81 2.63 2.69 103.04 95.85
3 4.34 4.02 2.80 2.66 2.68 103.29 95.85
4 4.36 4.02 2.80 2.66 2.68 103.40 95.88
5 4.38 4.00 2.80 2.66 2.68 103.40 95.82
6 4.39 4.01 2.78 2.66 2.68 103.44 95.75
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bulk to few-layer SnS, whereas the b direction does not. The
significant stretching of the a axis from one- to six-layer SnS
systems was caused mainly by an increase in the bond angle θ1.
The layers in SnS are coupled with weak van der Waals

forces.28 To visualize the hybridized electronic states between
the Sn and S atoms, the electronic charge distributions of bulk,
monolayer, and bilayer SnS were calculated (Figure 2). These

bonding charge distributions clearly show the electron
accumulation in SnS, and the amount of charge localized in
this region qualitatively indicates the strength of the Sn−S
bond. No bonding-like feature is visible in the interlayer region,
indicating that van der Waals forces play the primary role in
mediating the interlayer interaction, which explains the changes
in the structural parameters from one layer to six layers.

The interlayer binding energy (EB) depends on the distance
at which the interlayer is calculated, as illustrated schematically
in Figure 3a,b. The EB value of SnS calculated with PBE-D2 is
11.6 meV/Å, which is larger than that of graphene (10 meV/
Å), but smaller than that of MoS2 (15 meV/Å).28 Therefore,
2D layered SnS can theoretically be obtained by mechanical
exfoliation.13 Recently, the liquid-phase exfoliation of tin(II)
sulfide to produce bilayer SnS nanosheets in N-methyl-2-
pyrrolidone was reported.17

To confirm the dynamical stability of bulk and few-layer SnS,
the phonon dispersion was calculated in the framework of
density functional perturbation theory.29 The phonon bands of
bulk, monolayer, and bilayer SnS are plotted in Figure 3c. No
obvious imaginary mode can be seen in the first Brillouin zone,
suggesting that bulk, monolayer, and bilayer SnS are
dynamically stable.30 The thermal stabilities of monolayer and
bilayer SnS were further calculated using ab initio molecular
dynamics (AIMD) simulations within the canonical ensemble.
To explore possible structural rearrangement and decrease the
constraint of periodic boundary conditions, the 2D structures
were calculated with (4 × 4) and (6 × 6) supercells in the ab
plane. After the samples had been heated at room temperature
(300 K) for 1 ps with a time step of 1 fs, no structural disorder
was found in all cases. Snapshots of atomic configurations of
monolayer SnS at the end of AIMD calculations are plotted in
the Figure 3d inset. Furthermore, calculations showed that the
monolayer SnS structure can withstand temperatures as high as
1000 K and that bilayer SnS structure can also exist at 300 and
1000 K (Supporting Information, Figures SI1 and SI2),
implying that it is hard for the 2D SnS to transform to other
local phases. All of the above MD simulation data confirm that

Figure 2. Charge density difference for SnS: (a) bulk, (b) monolayer,
(c) bilayer. The blue isosurface represents electron accumulation, and
the red isosurface represents electron depletion.

Figure 3. Dynamic and thermal stability. (a) Procedure for calculating the interlayer binding energy by increasing the interlayer distance, d. (b)
Schematic illustration of a binding energy curve. (c) Phonon dispersion band structure along the high-symmetry k-point path in the first Brillouin
zone. The high-symmetry k points are Γ (0, 0, 0), X (0.5, 0, 0), Y (0, 0.5, 0), and T (0.5, 0, 0.5). (d) Total potential energy fluctuations during AIMD
simulations of monolayer SnS at 300 K. The insets show snapshots at 1 ps from the 4 × 4 supercell simulation.
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the stability and Sn−S bonds in the structure of monolayer and
bilayer SnS are very strong, despite the high temperature.
Tunable band gap energies within the visible range represent

one of the most interesting properties of the group-IV
monochalcogenides.31,32 The calculated band structures of
bulk, monolayer, bilayer, and trilayer SnS, including HSE06 and
spin−orbit coupling corrections, are shown in Figure 4. The
band gap of bulk SnS is indirect, with the valence-band
maximum along Γ−X and the conduction-band minimum
along Γ−Y. The value of the bulk SnS gap (1.27 eV) is in good
agreement with optical absorption measurements (1.24 eV).33

The calculated values for the energy gaps (Eg) of few-layer SnS
(one to six layers) are summarized in Table 2 and Figure 5.

Their band structures were calculated along high-symmetry
paths of the Brillouin zone (BZ) (Figure 1d). Compared with
PBE band structures (Figure SI3), the HSE06 exchange-
correlation functional opens the gap (Figure 4), whereas the
band dispersion remains nearly unchanged. Monolayer SnS
exhibits the largest band gap of 1.964 eV. The thinner the few-
layer SnS system, the weaker the interlayer van der Waals

interaction, and thus, the smaller the dispersion of bands,
resulting in a larger band gap. Thus, the gap falls continuously
upon the addition of more layers to the monolayer, reaching
1.443 eV in six-layer SnS, as shown in Figure 5.
However, in contrast to the normal quantum confinement

effect in tunable-band-gap systems, the band gap does not fall
monotonically with the thickness but shows an odd−even effect
(Figure 5). Interestingly, it should be noted that there is a
splitting of the energy bands at the conduction-band minimum
(CBM) along Γ−Y for monolayer and trilayer SnS (Figure
4b,d), but not for bulk and bilayer SnS (Figure 4a,c), which
would account for the odd−even effect in the band structures
of few-layer SnS.
So why do the energy bands split at the CBM for odd-layered

SnS? This can be explained in terms of the asymmetry of the
crystal space group and a spin−orbit coupling effect. As
mentioned in a previous section, whereas the bulk crystal and

Figure 4. Electronic band structures of few-layer SnS: (a) bulk, (b) monolayer, (c) bilayer, and (d) trilayer SnS with the HSE06 correction and
spin−orbit coupling effect. The insets show the spin−orbit split energies of monolayer and three-layer SnS.

Table 2. Electronic Effective Mass (mx*, my*) with Respect to
the Free-Electron Mass

electron hole

number of
layers

HSE band gap
(eV)

mx*
(m0)

my*
(m0)

mx*
(m0)

my*
(m0)

bulk 1.278 0.145 0.178 0.240 0.260
1 1.964 0.238 0.253 0.223 0.223
2 1.621 0.218 0.256 0.344 0.550
3 1.461 0.195 0.225 0.374 0.322
4 1.487 0.192 0.202 0.312 0.283
5 1.395 0.170 0.192 0.312 0.240
6 1.443 0.165 0.198 0.322 0.267

Figure 5. Evolution of the indirect band gaps as a function of the layer
thickness. The PBE- and HSE06-calculated band gaps of the bulk are
marked by a pink diamond and a gray pentagon, respectively.
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even-layered SnS have inversion points, the inversion symmetry
is broken in the odd-layered structures. The C2v

7 site point
group and the noncentrosymmetry in odd-layered SnS would
induce a spin polarization by spin−orbit coupling26 and break
the spin degeneracy of the band structures of odd-layered SnS
leading to directionally dependent spin splitting at the CBM, as
shown in Figure 4b,c. This splitting of the CBM along Γ−Y for
monolayer SnS is 96 meV, which is larger than the splittings for
SnSe and GeSe.32 This band splitting due to spin−orbit
coupling and the lack of inversion symmetry has also been
reported for MoS2 monolayers and other tranistion-metal
dichalcogenides (TMDs) with small energy splitting values.34

Thus, the spin−orbital splitting effect makes the band gap
difference between odd- and even-layered SnS. Another
explanation for the odd−even effect is as follows: The even
numbered layers of SnS is antiferroelectric with a zero net
polarization, whereas the polarization for odd-numbered layers
is nonzero, where monolayer SnS was revealed to be
ferroelectric with SOC band splitting, which will give rise to
Rashba splitting.37

Further analysis shows that the CBM of monolayer SnS are
mainly composed by Sn atom (Figure SI4), so the band of spin-
splitting are originated from Sn. The valence band maximum
(VBM) in bilayer is very flat, which is determined by the S
atom.
The carrier effective mass of the band is a very important

band parameter that is related with the dispersion of band and a
critical part in dynamical properties of carriers. In the theory of
transport in semiconductors, the carrier is treated as a classical
particle with momentum and effective mass. The effective mass
tensor is defined as35

* = = ±ℏ ∂
∂ ∂

− −
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟m a

E
k k

[ ]ij ij
i j

1 2
2

(1)

In all of the few-layer SnS systems, the electron effective
masses remain small (Table 2). For the Γ−X direction in the
monolayer, the carrier effective masses are 0.238 m0 (electron)
and 0.253 m0 (hole), only 0.04−0.05 m0 larger than those in
bulk SnS. It is remarkable that, in the Γ−X direction of bilayer
SnS, the valence band appears to be nearly flat close to the X
point, with an effective mass of 3.12 m0 (see Figure 4c), 13
times its bulk value of 0.24 m0. As a comparison, the effective
mass for the conduction band of monolayer is 0.223 m0, very
close to its bulk value of 0.24 m0. Unlike the the band gap, only
the electron effective mass along Γ−Y exhibits a strongly layer-
dependent variation: from 0.253 m0 for the monolayer to 0.248
m0 for the bilayer and finally to 0.198 m0 in the six-layer system,
close to the bulk value of 0.178 m0. The small effective masses
of few-layer SnS indicate the possible inheritance of high carrier
mobility from the corresponding bulk materials.
The carrier mobility in 2D material can be estimated by the

phonon-limited formula3

μ =
ℏ
*

e C
k Tm m E( )i2D

3
2D

b e d 1
2

(2)

where me* is the effective mass along the transport direction
(either mx or my along the x or y direction, respectively) and mx

is the average density-of-state mass defined as = * *m m mx yd .

The deformation potential = Δ
ΔE i V

l l1 /
i

0
is computed from the

energy change induced by the lattice compression or dilatation
of few-layer SnS by a step of Δl/l0 = 0.005 in the transport
direction. What should be noted is that the E1

i value of the
valence band minimum (VBM, Eh) is for a hole and that of the
conduction band maximum (CBM, Ee) is for an electron.
Typical fitting results for E1x (electron) and E1y (hole state) are
shown in Figures SI5 and SI6. The elastic modulus of the
longitudinal acoustic mode C2D in the propagation direction is
defined as

−
= Δ

E E
S

C l l( / ) /20

0
0

2

(3)

where E and E0 are the total energy with lattice changes in the i
direction and at an equilibrium state, respectively, and the S0 is
the area of the 2D material at the equilibrium state.
According to eq 2, the extremely high carrier mobility

includes three factors: large elastic moduli, small effective mass,
and small deformation potentials. The calculated carrier
mobilities of the monolayer and bilayer are listed in Table 3.
The elastic moduli of monolayer SnS were nealy 110 and 65 J
m−2 along the x and y directions, respectively, which are larger
than those of monolayer black phosphorus3 of 102 and 29 J
m−2. In detail, the deformation potential Ee (effective electron
mass at the CBM) for SnS is 1.5 ± 0.47 eV (0.145 m0), which is
larger (smaller) than that for monolayer black phosphorus is
0.15 ± 0.03 eV (6.35 m0) but is much smaller than that for 2D
α-arsenic phosphide is 5.1 eV (1.1 m0).

36 Our predicted
electronic mobilities for the monolayer (x direction) and
bilayer (y direction) SnS systems (Table 3) are very large (tens
of thousands of cm2 V−1 s−1), asymmetric and anisotropic
between electrons and holes, with the electron being more
mobile in both directions. The electron mobility along x is 6−
12 times larger than that along y, that is, 10000−38000 versus
1700−3200 cm2 V−1 s−1. These carrier mobilities are even
superior to those of black phosphorus (10000−26000 and
640−700 cm2 V−1 s−1), making x the direction with higher
electron conductivity. This large value for monolayer SnS is a
consequence of the extremely small effective electron mass and
large elastic moduli. Thus, the low deformation potential and
effective mass and large elastic moduli are crucial to the high
mobility of the black-phosphorus-analogue 2D material.

Table 3. Predicted Carrier Mobility in 2D SnS

deformation potential (eV) 2D elastic modulus (J m−2) mobilityc (103 cm2 V−1 s−1)

carrier typea NL
b E1x E1y Cx_2D Cy_2D μx_2D μy_2D

e 1 1.50 ± 0.47 3.12 ± 0.47 110.39 64.70 10−38 1.7−3.2
2 2.22 ± 0.46 2.38 ± 0.58 204.18 166.80 10−25 8.5−23

h 1 3.94 ± 0.59 5.58 ± 0.54 110.39 64.70 2.3−4.2 1.3−1.9
2 7.28 ± 0.89 3.30 ± 0.57 204.18 166.80 0.1−0.5 0.1−0.9

ae, electron; h, hole. bNL = number of layers. cCalculated using eq 1 with T = 300 K.
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4. CONCLUSIONS
In summary, we have predicted a new 2D semiconductor of
SnS layers, which can be exfoliated from the black-phosphorus-
like α-phase SnS. Using hybrid functional calculations with
spin−orbit coupling, we found that the band gap decreases
from 1.96 eV for the monolayer to 1.44 eV for six layers and
then to 1.24 eV for bulk SnS. However, this decrease of the
band gap is not monotonic but shows an odd−even quantum
confinement effect, because of a large splitting of the energy
bands in the odd layers induced by the spin−orbit coupling and
lack of inversion symmetry. The 2D SnS layers also show high
mobilities (10000−38000 cm2 V−1 s−1 in the monolayer and
10000−25000 cm2 V−1 s−1 in the bilayer), which is even
superior to black phosphorus (10000−26000 cm2 V−1 s−1 in the
monolayer and 2600−2800 cm2 V−1 s−1 in the bilayer).
However, unlike the more mobile holes in black phosphorus,
the electrons are more mobile in such SnS layers. Moreover,
similarly to black phosphorus, there is also high in-plane
anisotropy for carrier mobilities. All of these results predict a
new 2D semiconductor with an odd−even quantum confine-
ment effect, high carrier mobility, and high in-plane anisotropy.
We hope that these findings will motivate experimental efforts.
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