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In this work, we consider the effect of biaxial εb and uniaxial εac/zz strains on electronic

properties and optical parameters of monolayer SnS using first-principles calculations. Our

calculations show that the monolayer SnS is a semiconductor with an indirect energy gap of

1.63 eV at the equilibrium state. While an effect of tensile strains on bandgap is quite small,

the bandgap of monolayer SnS depends strongly on the compressive strains, especially a

semiconductor-metal phase transition is occurred due to the uniform compressive biax-

ial strain at −14% elongation. The optical spectra of the monolayer are high anisotropic,

and the absorption coefficient of monolayer SnS tends to increase in the presence of com-

pression strains, while the tensile strains reduce the absorption coefficient of the monolayer

SnS. We believe that the phase transition and extraordinary optical properties of the strained

monolayer SnS will make it become a useful material in nanoelectromechanical devices and

optoelectronic applications.

Key words: Monolayer SnS, strain, band structure, optical properties, firs-principles

1 Introduction

Graphene has been the most interesting two-dimensional (2D) material for

almost last two decades, both theoretical and experimental studies [1–3]. How-

ever, as a semiconductor with zero bandgap, graphene is considered as an obstacle

in electronic technologies. In parallel with the research on 2D graphene, such as

controlling bandgap by strain, external electric field, or placed on substrates and

graphene-based heterostructures [4–10], one searched for new materials that could

overcome the limitations of graphene. Phosphorene and transition metal dichalco-

∗ Corresponding authors.
Email addresses: doanquockhoa@tdt.edu.vn (Doan Q. Khoa),

chuongnguyen@gmail.com (Chuong V. Nguyen), hieunn@duytan.edu.vn

(Nguyen N. Hieu).
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genide monolayers are very promising candidates which recently join the 2D fam-

ily [11–14]. Due to their original optical and magneto-optical properties ranging

in the visible, the dichalcogenides are expected to have many applications in op-

toelectronic and spintronic devices [12, 15]. However, the limitation of transition

metal dichalcogenide materials is low carrier mobility which is not good for ap-

plications in optoelectronic devices [16]. Recently, 2D monochalcogenides are in-

creasingly being studied because they have many outstanding physical properties,

such as large natural bandgap, high carrier mobility and optical absorption, and

good structural stability [17–20]. In parallel with theoretical predictions [21, 22],

success in experimental synthesis [23–25] has opened a promising future for the 2D

monochalcogenides. In contrast to gapless graphene, the monolayer monochalco-

genides with large bandgap and high optical absorption are very suitable for appli-

cations in nanoelectromechanical systems and optoelectronic devices [26–28].

Because chalcogenide atom in the compound is S, SnS is predicted to be the

large bandgap semiconductor compared to other monochalcogenides such as SnSe

or SnTe [22]. The structural properties and stability of group IV compounds, in-

cluding monolayer SnS, have been investigated by first-principles study [29]. The

electronic properties and optical parameters of monolayer SnS have been calculated

by several groups [30–32]. The in-plane elastic stiffness of monolayer SnS is quite

hight, up to 26.02 N/m [22]. Also, Zhang and co-workers showed that monolayer

SnS has a negative Poisson’s ratio similar to the phosphorene [33], which is still

stable under strain up to 27% [34]. Based on the calculations of phonon spectra,

Singh and coworkers showed that the monolayer SnS is dynamically stable [31].

Besides, one indicated that the monolayer SnS is stable under strain ranged from

−20% to 20% [33]. At the equilibrium state, the monolayer SnS is an indirect

bandgap semiconductor with a high electron mobility of 1.93× 103 cm−2/Vs [32].

The calculated results for bandgap of monolayer SnS is strongly depended on the
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selected functionals. Ma and coworkers showed that the bandgap of monolayer SnS

is respectively equal to 1.61 eV and 2.26 eV by Perdew Burke-Ernzerhof (PBE)

and Heyd-Scuseria-Ernzerhof 06 (HSE06) functionals [35]. Effect of mechanical

strains on the electronic and optical properties of monolayer SnS has also been

considered by density functional theory (DFT) calculations [22]. Based on calcula-

tions for the optical parameters, Huang and coworkers showed that the monolayer

SnS has high absorption efficiency in the visible light regime [22]. This character is

important for applications in solar cell technology. Recently, heterostructures based

on SnS have also been investigated by the different approaches [36–38].

In this work, we theoretically investigate the electronic and optical proper-

ties of the monolayer SnS in the presence of the strain using first-principles cal-

culations. We focus on the effect of biaxial and uniaxial strains on band structure

and bandgap of the monolayer SnS. Effect of the strains on the optical parame-

ters in the energy range from 0 to 8 eV is also investigated and discussed. Also,

it should be noted that defects may be generated under biaxial strain in practice,

which have a great influence on the carrier mobility of materials, especially to SnS.

As we know that the curvature of conduction band minimum/valence band maxi-

mum (CBM/VBM) dominate the effective mass of hole/electron, and the variation

of the effective mass will bring an obvious change to the carrier mobility of the

SnS monolayer. We thus can expect that the mobility of electron/hole should re-

duce with an applying strain in the SnS monolayer. However, it is found that the

carrier mobility of SnS monolayer may gradually decrease under rising strain, but

is still large and could be used for designing high-performance nanoelectronic de-

vices like field-effect transistors.
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2 Theoretical model and method

In this work, our DFT calculations for structural parameters and electronic

properties of the monolayer SnS (Fig. 1) were performed by using the Quantum

Espresso package [39] with the generalized gradient approximations (GGA). The

PBE has been used to optimize the structure of the monolayer SnS, and we used

the (15 × 15 × 1) k-mesh Monkhorst-Pack grid for sampling the first Brillouin

zone. The kinetic energy cut-off for plane-wave basis was set as 500 eV, and the

monolayer SnS structure is fully relaxed with force acting on each atom less than

10−6 eV/Å.

In this work, during considering the optical properties, we focus on the di-

electric function ε(ω), the absorption coefficient α(ω), and the electron energy loss

spectrum L(ω) of the monolayer SnS. In order to calculate the dielectric function

ε(ω) = ε1(ω)+iε2(ω), we will calculate both real ε1(ω) and imaginary ε2(ω) parts.

In principle, the ε1(ω) could be calculated via the Kramers-Kronig transformation

from the ε2(ω), which can be written as follows [21, 40]:

εij2 (ω) =
4π2e2

V m2ω2

∑
knn′σ

〈knσ |pi|kn′σ〉〈kn′σ |pj|knσ〉

× fkn(1− fkn′)δ(Ekn′ − Ekn − h̄ω), (1)

where ω is the angular frequency of the electromagnetic irradiation, V stands for

the unit-cell volume, e and m are respectively the charge and mass of electron, p

is the momentum operator, |knσ〉 term represents the wave function of the crystal

of the eigenvalue Ekn with the spin σ and the wavevector k, and fkn is the Fermi

distribution function.

The absorption coefficient α(ω) and the electron energy loss spectrum L(ω)
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Fig. 1. (Color online) Atomic structure of the monolayer SnS: (a) top view and (b) side

view. The gray and yellow balls stand respectively for the Sn and S atoms.

Fig. 2. (Color online) Dependence of total energy of monolayer SnS on strains.

can be calculated via the dielectric function ε(ω) as the followings [41]

α(ω) =

√
2ω

c

[√
ε21(ω) + ε22(ω)− ε1(ω)

]1/2
, (2)

L(ω) = −Im(ε−1) =
ε2(ω)

ε21(ω) + ε22(ω)
. (3)

3 Results and discussion

The atomic structure of monolayer SnS is shown in Fig. 1. At equilibrium, the

lattice constants of the monolayer SnS are a = 4.084 Å and b = 4.286 Å. These
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parameters are very close to the result of the previous DFT calculations [22, 42].

Previous experimental work showed that the bulk SnS has an orthorhombic struc-

ture with two phases which are depending on the temperature: α-phase at low tem-

peratures (< 873 K) and β-phase at higher temperatures [43]. A naturally occurring

mineral of the bulk SnS has the orthorhombic structure which belongs to the space

group Pnma, known as α-phase of SnS [44, 45]. Our calculations provides that

the lattice parameters of the bulk structure of SnS after relaxation is a = 4.023 Å,

b = 4.323 Å, and c = 11.310 Å. This result is in good agreement with the earlier

theoretical study [46] and experimental measurements [47, 48]. In the monolayer,

due to the losing translational symmetry along the z-direction and with it the in-

version symmetry, the structure of Sn monolayer is in the Pmn21 space group

[see also, Ref. [42]. The total energy at the equilibrium state of monolayer SnS

is −358012.88 eV. From Fig. 2 we can see that the effect of uniaxial strains, i.e.,

applied strains along the zigzag (ZZ-strain εzz) and armchair (AC-strain εac) direc-

tions on the total energy of the system is negligible. Meanwhile, the biaxial strain

εb, especially compression case εb < 0, significantly affects the total energy of the

monolayer SnS. Our calculations show that the monolayer SnS at equilibrium is a

semiconductor with a large bandgap of 1.63 eV. This value is close to resulting in

the previous DFT calculations (1.61 eV) [35]. As shown in Fig. 3(a), the lowest

energy of the conduction band is on the ΓX path while the highest energy of the

valence band is on the YΓ path, and so, an indirect energy gap is formed on the

Fermi level. Partial density of states (PDOS) and total density of states (TDOS) of

the monolayer SnS at equilibrium is shown in Fig. 3(b). We find that the TDOS is

formed by the major contribution from the p-orbitals of both Sn and S. However,

while the contribution of Sn-p orbital in the conduction band is dominant, the con-

tribution of S-p orbital in the valence band is very bigger than the contribution of

Sn-p orbital. Also, a significant contribution of Sn-s orbital to the valence band was
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Fig. 3. (Color online) Band structure (a), density of states (b), and phonon dispersion curves

(c) of monolayer SnS at equilibrium.

noted during considering the density of states of the system. To check the thermo-

dynamic stability of the SnS monolayer, we also calculate its phonon dispersion

curves, as shown in Fig. 3(c). We find that there are no soft phonon modes in the

phonon spectrum of the monolayer SnS. This indicates that the monolayer SnS at

the equilibrium state is dynamical stable.

In Fig. 4, we show the band structure of monolayer SnS in presence of the ZZ-

strain εzz, AC-strain εac, and biaxial strain εb at several elongations. From Fig. 4,

we can see that the highest energy of the valence band is always close to the Fermi

level (EF = 0) and the strains almost only change the position of the highest energy

of the valence band and do not change its value. The strains significantly effect

on the conduction band of the monolayer SnS, not just the value of the lowest

energy of the conduction band, but also its position, i.e., the strains can cause the

position of the lowest energy of the conduction band to move from ΓX of YΓ path

to Γ point. The density of states of monolayer SnS under ZZ-strain, AC-strain, and

biaxial strain are also shown in Fig. 5. We found that tensile strains increased the

contribution of Sn-s orbital in the density of states (DOS), especially in the valence

band. From Figs. 5(c,d), we see that the peaks in the energy range from −1 to 0

have an important contribution from Sn-s orbital and the peak around −5.75 eV
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Fig. 4. (Color online) Band structure of monolayer SnS in presence of ZZ-strain εzz (a),

AC-strain εac (b), and biaxial strain εb (c).

formed by the main contribution from Sn-s orbital.

As analyzed above, the strains mainly change the conduction band of SnS. The

effect of strains on the bandgap, as a consequence, is due to the change of the con-

duction band. Dependence of bandgap of monolayer SnS on the strains is shown

in Fig. 6. It demonstrates that the uniaxial strains εzz and εac almost exclusively

reduces the bandgap of monolayer SnS. Besides, while the bandgap is slightly re-

duced by the tensile uniaxial strains (εac/zz > 0), the effect of compression uniaxial
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Fig. 5. (Color online) PDOS and TDOS of monolayer SnS under strains at (a) −8%, (b)

−4%, (c) 4%, and (d) 8%.

strains on the bandgap of monolayer SnS was quite large. However, the excitement

comes from the biaxial strain εb. The bandgap of monolayer SnS increased slightly

and tended to remain unchanged in the presence of tensile biaxial strain εb. The
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Fig. 6. (Color online) Bandgap of monolayer SnS as a function of strain.

nature of an increase in band gap value of SnS monolayer with increasing biaxial

strain is relative to the position of the Fermi level. It can be seen that under biaxial

strain, the VBM of the monolayer SnS is almost unchanged, whereas the conduc-

tion band minimum shifts upwards, resulting in an increase in the band gap of SnS

monolayer. In contrast, under uniaxial strain the VBM/CBM of SnS monolayer

shifts upwards/downwards, resulting in a decrease in its band gap. Moreover, it is

well known that the SnS monolayer has an anisotropic crystal structure along both

the armchair and zigzag directions. At that, there is high electric dipole moment

along symmetry axis then the dipole moments along one axis can differ from each

other. It indicates that the monolayer SnS shows strong anisotropic electronic prop-

erties. In contrast, the compression biaxial strain rapidly reduced the bandgap and

the semiconductor-metal phase transition, i.e., bandgap equals to zero, was found at

εb = −14%. We believe that the semiconductor-metal phase transition is one of the

key factors in applying the material to electro-mechanical actuators and sensors.

In next part, we briefly examine the effect of the strains on the optical charac-

teristics of monolayer SnS. In Fig. 7, we show our calculated results of a dielectric

function of monolayer SnS in the presence of both biaxial and uniaxial strains. We

can see that both real part ε1(ω) and imaginary part ε2(ω) of the dielectric func-
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Fig. 7. (Color online) Real ε1(ω) and imaginary ε2(ω) parts of ε of strained monolayer SnS

at elongation of −4% (a) and 8% (b). (c) Effect of biaxial strain on parts of ε of monolayer

SnS at several elongations.

tion are high anisotropic. Figs. 7(a,b) show the parts of the dielectric function of

monolayer SnS in the presence of biaxial and uniaxial strains at −4% and 8%, re-

spectively. Compared with the unstrained case, we find that, when the ε is small,

the shape of dielectric function spectrum of the strained SnS is similar to that of

the unstrained case. However, in the case of large strain, the difference between

the effect of the biaxial strain and the uniaxial strains on monolayer SnS becomes

more pronounced. While biaxial strain εb, for example at εb = 8% as shown in

Fig. 7(b), makes the spectrum of the dielectric function less anisotropic, the uni-

axial strains make them more anisotropic, especially in the case of uniaxial strain

along the armchair direction εac. Fig. 7(c) depicts the effect of the biaxial strain εb

on the dielectric function spectrum of the monolayer SnS.

Focusing on an absorption characters of the optical properties, we calculate the

absorption coefficient of the monolayer SnS in the presence of biaxial εb and uni-

axial εac/zz strains. It demonstrates that the absorption spectrum of the monolayer

SnS is highly anisotropic, especially in the energy domain greater than 2.5eV, as
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Fig. 8. (Color online) Absorption coefficient α(ω) of strained monolayer SnS at elongations

of −4% (a), 4% (b), and 8% (c).

Fig. 9. (Color online) Effect of ZZ-strain εzz (a), AC-strain εac, and biaxial strain εb on the

electron energy loss spectrum L(ω) of monolayer SnS.

shown in Fig. 8. Our detailed calculations show that the biaxial strain εb reduces the

absorption coefficient α(ω) in tension case but increases the α(ω) in the compres-

sion case. Interestingly, compared to the unstrain case, the absorption coefficient of

monolayer SnS tends to increase in the presence of compression strains, while the

tensile strains reduce the absorption coefficient of the monolayer SnS. At equilib-

rium, in the energy range from 0 to 8 eV, the maximum absorption coefficient is

62.9 × 104 cm−1 [peak I, Fig. 8(a)] at energy of 6.65 eV. Besides, at 3.89 eV, the

absorption coefficient of monolayer SnS at equilibrium is up to 60.5 × 104 cm−1

(peak II). We find that the peak I is strongly increased due to the compressive strains

εac/zz or εb while the peak II changes insignificantly. Effect of strains on the elec-

tron energy loss spectrum L(ω) is shown in Fig. 9. The effect of strains on the

L(ω) is evident in the high energy domain, i.e., greater than 5 eV. The L(ω) is also
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strongly anisotropic in this energy domain.

4 Conclusion

In conclusion, we consider the electronic properties and optical parameters of

the monolayer SnS in the presence of the in-plane strains (εac, εzz, εb) is studied

by DFT calculations. Our calculations show that the strain, especially the biaxial

strain εb, strongly affects the bandgap of the monolayer SnS. The semiconductor-

metal phase transition was observed at large biaxial strain of 14%. The optical

spectrum of the monolayer SnS is highly anisotropic. The absorption coefficient

α(ω) is maximum at the energy of 6.65 eV, and this peak is significantly increased

in the presence of in-plain strains.
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