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A B S T R A C T

We report a first-principles study of structural, mechanical and optoelectronic properties of the
Sn3X4 (X=P, As, Sb, Bi) compounds. The calculations were performed using the full-potential
linearized augmented plane wave approach (FP-LAPW). The structural and mechanical proper-
ties of Sn3X4 (X=P, As, Sb, Bi) compounds were obtained using GGA-PBE. In addition, The Tran-
Blaha modified Becke-Johnson exchange potential (TB-mBJGGA) technique was used to calcu-
lated the optoelectronic properties. The calculated electronic band structures and density of
states reveal a direct band gap at Γ points varied from 0.11 eV to 1.23 eV for X=P, As, Sb, Bi.
The optical absorption calculations show that all compounds have high absorption coefficients
about twenty times greater than that of CuInSe2 and CdTe in the visible region. The high ab-
sorption of these materials could be attributed to the localized p-states of cation (X=P, As, Sb,
Bi) in the lower region of the conduction band.

1. Introduction

The IV3V4 (IV=C, Si, Ge, Sn; V=N, P, As) family have gained much research interest because of their wide technological
applications, incorporating desirable physical properties such as mechanical engineering, photoelectric and photovoltaic applications
[1–12]. Through literature review, we have found numerous studies on polymorphs IV3X4 compounds, based on first principal
calculation. Ahamed et al. [13] investigated the structural, electronic and elastic properties of five crystal phases of Si3P4, i.e., β
[P63/m], γ [Fd-3m], pseudocubic [P-42m], Cubic [Im-3m], Cubic-defect [P-43m]. Huang et al. [14], reported the stability and
electronic properties of Sn3P4 using first-principles calculations of fourteen structures, which includes pseudocubic [p-42m], α
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[P31c], CaFe2O4 [Pnma], Sr2PbO4 [Pbam], γ [Fd-3m], Cubic [I-43d], Olivine [Pbnm], β1 [P63], CaMn2O4 [Pbcm], β2 [P63/m],
CaTi2O4 [Cmcm], Defect-NaCl [Pm-3m], Graphitic [P-6m2], K2NiF4 [I4/mmm]. They found that the pseudocubic phase is the most
stable phase.

Also Hu et al. [15] studied the structural properties of X3As4 properties of X3As4 (X=C, Si, Ge and Sn) using ab initio calculations
and confirmed that the pseudocubic structure is the most stable phase. Zaikina et al. [16] and Ganesan et al. [17], reported another
crystal structure experimentally determined of Sn3P4 it crystallizes in the trigonal space group R-3m. and most recently Ruike et al.
[18] predicted two novel structures of Sn3P4 which crystallizes in tetragonal phase I-42m (121) and orthorhombic phase Pbca (61).

In this paper, we have investigated the elastic, electronic and optical properties of Sn3X4 (X=P, As, Sb and Bi) compounds in
their cubic defect phases which possesses space group # 215 (P-43m) by means of the first-principles calculations. To the best of our
knowledge, no previous theoretical or experimental investigations have been reported yet, except Ahamed et al. report which is cited
above for Si3P4. The paper is summarized as the following description. Section 2 briefly describes the computational techniques used
in this work. Results and discussions of the structural, elastic, electronic and optical properties, as well as elastic constants, are
presented and analyzed in Section 3. Finally, the conclusions are given in details in Section 4.

2. Computational details

The calculations are executed within the first-principles density functional theory framework utilizing the FP-LAPW approach
[19], as it is incorporated in the WIEN2k program [20]. The structural and elastic properties are determined using the Perdew-
Burke–Ernzerhof generalized gradient approximation (PBE-GGA) [21].The collected results are listed in Table 1. The optoelectronic
properties are calculated using the modified Becke-Johnson exchange potential (TB-mBJGGA) technique developed by Tran and
Blaha [22]. TB-mBJGGA have been adopted to derive the better electronic structure. This potential generally gives the value of the
band gap in good agreement with the experimental value for simple semiconductors and insulators.

The calculations are carried out using 120 k-points in the IBZ (irreducible Brillouin zone) corresponding to 10 × 10 × 10 in
Monkhorst-Pack k-point mesh to compute the total energy. A high density k-grid of 20 × 20 × 20 is used for calculating the
electronic and optical properties. A maximum value for partial waves inside atomic spheres of Lmax = 10 and Kmax = 9/RMT, a charge
density Fourier-expanded up to Gmax = 14 Ryd was employed to converge results.

3. Results and discussion

3.1. Structural and elastic properties

The crystal structure of Sn3X4 (X=P, As, Sb, Bi) crystallize in the cubic lattice (structure) with space group # 215 (P-43m) and
Z= 1 as presented in Fig. 1, the unit cell of Sn3X4 compounds contains two atoms occupying the positions: Sn on 3d (0.5, 0, 0) and X
on 4e (u,u,u) in Wyckoff coordinates. The predicted structural (lattice parameters, bulk modulus) and elastic properties (elastic
constants Cij, shear modulus G, Young's modulus Y, Poisson ratio ν and anisotropy factor A) are summarized in Table 1.

The elastic constants of Sn3X4 compounds are calculated by employing homogeneous strain within the framework of linear
response theory [23] implemented within the elastic code, to determine the mechanical stability as listed in Table 1. The stability
criteria of born [24]:

C11>0; C44>0; C11>C12; C11+2C12>0; C11-C12>0.

are satisfied which means that the Sn3X4 compounds are mechanically stable.
Pugh's B/G ratio is a determining factor for ductile or brittle behavior. If B/G ratio is equal to 1.75 or higher, the material is

ductile otherwise, the material becomes brittle. The calculated B/G ratio of Sn3X4 materials (Table 1) are below 1.75 which means
that all the materials are brittle. Another way to evaluate the ductility is Cauchy's pressure (CP=C12-C44) [25]. A positive value

Table 1
The optimized structural parameters (a, u), independent elastic constants Cij, bulk modulus B, shear modulus G, Young's modulus Y, Poisson ratio
ν, anisotropy factor A, Pugh ratio B/G of Sn3X4 (X=P, As, Sb, Bi).

Parameters Sn3P4 Sn3As4 Sn3Sb4 Sn3Bi4

a(Å) 5.65 5.87 6.27 6.47
u 0.2841 0.2869 0.2917 0.2899
C11(GPa) 91.8 79.9 59.3 53.3
C12(GPa) 41.0 34.6 30.1 28.2
C44(GPa) 60.7 49.9 37.8 29.7
B (GPa) 57.93 49.70 39.83 36.56
G (GPa) 42.79 36.34 25.81 21.02
Y (GPa) 103.02 87.66 63.68 52.92
ν 0.20 0.21 0.23 0.26
A 0.796 0.793 0.766 0.74
B/G 1.35 1.36 1.54 1.73
Cp −19.7 −15.3 −7.7 −1.5
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indicates that the material is ductile, whereas a negative value implies its brittleness. The results in Table 1 indicated the brittle
behavior for Sn3X4 (X=P, As, Sb, Bi) compounds are in concordance with our previous observation obtained by the Pugh ratio. The
elastic anisotropy factor is equal to 1.0 for isotropic materials, while any value larger or smaller than 1.0 indicates anisotropy. It can
be seen from Table 1 that the Sn3Bi4 compound is more anisotropic than the other compounds.

3.2. Electronic properties

The electronic band structure along the high-symmetry crystallographic direction were calculated by using the TB-mBJ [22]
functional for the Sn3P4, Sn3As4, Sn3Sb4 and Sn3Bi4 compounds. The electronic band structures calculated form TB-mBJ presented in
Fig. 2. The results show that the four materials have direct energy band gaps where the VBM (valence band maxima) and the CBM
(conduction band minima) are at the Γ point of the Brillouin zone. The calculated direct band gaps are 1.23 eV (Sn3P4), 0.85 eV
(Sn3As4), 0.22 eV (Sn3Sb4) and 0.11 eV (Sn3Bi4). One can see that the width of the bandgap decreases with moving from P to Bi. The
bandgap reduction could be attributed to shift of the conduction band towards the Fermi level (EF) when one move from P to Bi.
Importantly, semiconductor compounds with direct band gap are optically active and can have wide technological applications in the
optoelectronic and photonic devices. Especially, the materials with direct band gap and highest-energy valence bands (VBs) at the Γ
point are most favourable for fabrication in optoelectronic devices.

We have also calculated the total density of states (TDOS) and the partial density of state (PDOS) of Sn3X4 (X= P, As, Sb, Bi)
compounds by using TB-mBJ. The calculated TDOS and PDOS are plotted over an energy range from −8 eV to 4 eV [see Fig. 3]. The
low-lying valence bands ranging from approximately −7.5 to −4.0 eV are mainly composed of localized s states of Sn atom, and s
and p states of X (P, As, Sb, Bi) atoms. The valence bands ranging from −4.0 eV up to the Fermi level are mainly populated by p
orbitals of Sn and X atoms. The conduction bands close to the Fermi level are mainly formed by p states of Sn atom with s and p states
of X atoms.

3.3. Optical properties

The optical properties of Sn3X4 (X=P, As, Sb, Bi) compounds are calculated using TB-mbj approximation and plotted for an
incident photon energy up to 20 eV. Fig. 4 shows the variation of the optical parameters like the dielectric functions which are
derived from the Ehrenreich and Cohen's equation ε(ω)= ε1(ω)+iε2(ω) [26]. where ε1(ω) is the real part of dielectric function ε1(ω)
and ε2(ω) the imaginary part. From Fig. 4, we have noticed that the static dielectric constant ε1(0) for Sn3P4, Sn3As4, Sn3Sb4 and
Sn3Bi4 are 12.64, 15.38, 23.65 and 26.12 respectively. Following these values, one can conclude that the value of the dielectric
constant shifts to high value when we substitute P by As, As by Sb and Sb by Bi atoms. This could be explained following Penn model
[27], which describe the relationship between the band gap Eg and ε1(0). Which implies that the compound with the smaller energy
gap Eg has a larger ε1(0). Furthermore, the ε1(ω) spectra show main peaks at about 18.31 eV, 21.71 eV, 29.93 eV and 31.20 eV for
Sn3P4, Sn3As4, Sn3Sb4 and Sn3Bi4, respectively.

Other optical constants, like absorption coefficient α(ω), reflectivity R(ω), and refractive index n(ω), can be derived from ε1(ω)
and ε2(ω) [28]. The absorption coefficient is an important criterion to evaluate the optical response of a material. The absorption
spectra are shown in Fig. 5 in comparison with other PV materials (GaAs, CdTe and CuInSe2). Our calculated absorption coefficient
spectra for the investigated compounds show that these materials have good optical absorption, twenty times larger than that of
CuInSe2, CdTe and GaAs. With a higher value for Sn3Bi4 and Sn3Sb4 in visible range which makes them suitable for photovoltaic
absorbers. The High absorption of these materials could be explained by the localized p-states of cation (X=P, As, Sb, Bi) present in
the inferior region of the conduction band.

Fig. 1. Crystal structures of the Sn3X4 (X=P, As, Sb, Bi) compounds.
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The calculated reflectance spectra of Sn3X4 compounds are plotted in Fig. 6. The reaction at zero frequency reactivity, R (0), is
found to be relatively at a high value, 0.31, 0.35, 0.43 and 0.45 for Sn3P4, Sn3As4, Sn3Sb4 and Sn3Bi4 respectively.

From above we concluded that the calculated electronic properties, show a direct band gap (Γ- Γ) for Sn3X4 (X=P, As, Sb, Bi)
compounds with a gap ranging from 0.1 eV to 1.22 eV. Furthermore, we found that these materials have a strong absorption coef-
ficient (>105cm−1) in the visible region twenty times larger than that of CuInSe2, CdTe and GaAs. Also have greater refractive
indices than the that of CuInSe2, CdTe and GaAs which indicate potential applications of these compounds in solar cell devices as well
as in optoelectronic devices.

Fig. 2. Band structures of Sn3P4, Sn3As4, Sn3Sb4 and Sn3Bi4using PBE-GGA+mBJ.
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4. Conclusion

We performed detailed investigation on the structural, elastic and optical properties of semiconductor materials Sn3P4, Sn3As4,
Sn3Sb4 and Sn3Bi4 using first-principles FP-APW+lo method within GGA-PBE and TB-mBJ functional. We first calculated the
structural and elastic properties. Our calculation predicts a mechanical stability and brittle behavior for all the four compounds. We
then calculated the electronic properties, which predict a direct band gap for the four compounds at the Γ points with a gap ranging
from 0.1 eV to 1.22 eV. Lastly, we determined the optical properties of these compounds and found that they have strong absorption
coefficient (>105 cm−1) in the visible region, twenty times larger than that of CuInSe2, CdTe and GaAs compounds. Also it shows

Fig. 3. The calculated partial and total density of states (DOS) for Sn3P4, Sn3As4, Sn3Sb4 and Sn3Bi4 using PBE-GGA+mBJ.
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Fig. 4. The calculated real ε1(ω) and imaginary ε2(ω) parts of complex dielectric constant for Sn3P4, Sn3As4, Sn3Sb4 and Sn3Bi4 using PBE-
GGA+mBJ.
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greater refractive indices than the that of CuInSe2, CdTe and GaAs which indicate potential applications of these compounds in solar
cell devices.
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Fig. 5. The calculated absorption coefficient of Sn3X4 (x= P, As, Sb, Bi) using PBE-GGA+mBJ compared with those of GaAs, CdTe and CuInSe2. The
Vertical lines correspond to the visible spectrum range.

Fig. 6. The calculated reflectance spectra of Sn3X4 (x= P, As, Sb, Bi) using PBE-GGA+mBJ compared with those of GaAs, CdTe and CuInSe2. The
Vertical lines correspond to the visible spectrum range.
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