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ABSTRACT  

Three-dimensional cubic M4M’X4 (M = Ga or In, M’ = Si, Ge, or Sn, and X = S, Se or Te) have 

been proposed as photovoltaic absorber materials. Herein, we present density functional theory 

investigation of the stability, electronic and optical properties of M4M’X4. We find that M4M’X4 

exhibit unique electronic properties. M elements lose partially both the outmost s and p electrons, 

while M’ elements only lose a small fraction of the valence electrons. As a result, the conduction 

band edges of M4M’X4 consist of a large contribution from the M s orbitals, leading to rather small 

electron effective masses. The valence bands are derived from M, M’ and X p orbitals. The 

bandgap of this family can be tuned by selecting the combination of M and X elements. Among 

these semiconductors, In4GeS4, In4GeSe4, In4SnS4 and In4SnSe4 are suitable for photovoltaic 

applications due to their stability and suitable bandgaps. However, the inclusion of scarce In may 

hinder their large scale application.   
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INTRODUCTION  
 
    Solar photovoltaic is an attractive choice for producing clean energy.1,2 A key component of this 

technology is the light absorber that converts sunlight into electrons and holes. The performance 

of a solar photovoltaic cell including the power conversion efficiency, stability, and fabrication 

cost critically depends on the stability, electronic and optical properties of the absorber material. 

To make substantial impact on the energy usage of the society, the installation cost of photovoltaic 

electricity must be further reduced. Therefore, searching for new photovoltaic absorber materials 

has been always a hot topic in photovoltaic research. The rapid efficiency increase of the recently 

discovered organic-inorganic halide perovskite solar cells witnesses that the search for new 

photovoltaic absorbers is still highly desirable and can be rewarding.3  

   A promising photovoltaic absorber should exhibit the following properties: high optical 

absorption, small minority carrier effective mass, and dominant defects yielding only shallow 

levels. It has been suggested that a promising absorber candidate should exhibit high electronic 

dimensionality,4 which is the case for all high efficiency solar cells reported so far.5 The three-

dimensional (3D) crystalline structure is a pre-requisite for high electron dimensionality. The 

current mainstream polycrystalline thin film solar cell absorber materials such as Cu(In,Ga)(Se,S)2 

(CIGS)6  and CdTe7 all have the 3D structure. A new family of semiconductors, M4M’X4 (M = Ga 

or In, M’ = Si, Ge, or Sn, and X = S, Se or Te) have been reported to possess the 3D cubic 

crystalline structure.  Since 1991, five members of the family have been synthesized with different 

colors: Ga4GeS4 (yellow-transparent),8 In4GeS4 (red),9 In4GeSe4 (dark red),10 In4SnS4 (red-

transparent)11 and In4SnSe4 (black)12,13. A recent report suggests that In4SnSe4 has an optical 

bandgap of 1.6 eV and is suitable for photovoltaic applications.13 To assess the potential of this 
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family of semiconductors for photovoltaic applications, it is essential to understand their stability, 

electronic and optical properties. 

Herein, we report our density functional theory (DFT) investigation on the stability, electronic, 

and optical properties of M4M’X4. We show that the M4M’X4 semiconductors exhibit direct 

bandgaps. The conduction band edges consist of a large contribution from the M s orbitals, leading 

to rather small electron effective masses. The M and X elements dominate the bandgap. Therefore, 

the combination of Ga and S gives the largest bandgap, while the combination of In and Te gives 

the smallest bandgap. The M’ elements exhibit very low oxidation states and, therefore, do not 

significantly impact the bandgap. However, they affect the stability with Sn-containing compounds 

being the most stable ones and the Si-containing compounds being the least stable ones. With the 

consideration of stability, electronic and optical properties, we find that In4GeS4, In4GeSe4, 

In4SnS4 and In4SnSe4 are potential candidates for photovoltaic applications. However, like CIGS, 

the inclusion of In may hinder the large scale application of these materials. 
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RESULTS AND DISCUSSIONS 
 
 

 

Figure 1. (a) Crystal structure of In4SnSe4 (left) and the two different tetrahedra (right). 

MBJ+SOC calculated (b) band structure and (c) site-projected density of states (PDOS). Purple, 

grey and green balls represent In, Sn and Se atoms.  

    We first describe the electronic properties of M4M’X4 family using In4SnSe4 as the model 

example. In this study, we use MBJ functional on top of the PBEsol relaxed lattice to calculate the 

electronic properties since it gives bandgaps very close to that calculated by hybrid functional 

(HSE06) but is much less computing power-demanding as discussed in computational details. The 

crystal structure of In4SnSe4 is shown in Figure 1(a). In4SnSe4 crystalizes in the cubic structure 

(space group, Pa-3 with a = 12.69 Å).12 A unique feature of this structure is the cation-cation 

bonding, which is usually not seen in the main stream photovoltaic absorber materials. Cation-

cation bonding also exists in IIIA-VIA semiconductors, such as InSe.14 Deiseroth et al. suggested 

out two ways for describing the atomic connections in M4M’X4: isolated cation-cation bonded 

tetrahedra [M’M4] or corner-sharing [MM’X3] tetrahedra. The M-M’ bond lengths are close to that 

in metal M.8 In In4SnSe4 , each Sn atom bonds with four nearest neighboring In atoms, forming a 
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slightly distorted [SnIn4] tetrahedral unit. Each In atom bonds with three nearest neighboring Se 

atoms and one Sn atom, forming corner-sharing [InSnSe3] tetrahedral unit as shown in the right 

side of Figure 1(a). The Se atoms have two different atomic positions of 24d and 8c. The 8c Se 

atoms have smaller In-Se bond lengths of 2.60 Å comparing with 24d Se atoms having longer 

bond lengths from 2.63 Å to 2.70 Å. Furthermore, the Sn valence state in In4SnS4 was suggested 

to be Sn0 since the [SnIn4]  tetrahedron is rather similar to the basic unit of α-Sn.8 Recently, Sun 

et al. also reported that the oxidization states in In4SnSe4 measured by x-ray photoelectron 

spectroscopy (XPS) include both Sn 0 and Sn 4+. They suggested that the Sn 4+ state is due to 

surface oxidization and the Sn 0 state is from Sn atom in the film bulk. To understand the oxidation 

state of In and Sn, we calculated the band structure and site-projected densities of states.  

As shown in Figure 1(b), the MBJ plus spin orbital coupling (SOC) calculated band structure 

reveals a direct bandgap of 1.55 eV at the  point for In4SnSe4. The bandgap energy is very close 

to that calculated by HSE06 (1.65 eV without SOC). The conduction band minimum (CBM) is 

rather dispersive with a rather small calculated electron effective mass of ~0.17 m0 as shown in 

Table 1. The valence band maximum (VBM) is much less dispersive showing a heavy calculated 

hole effective mass of 1.7 m0, also shown in Table 1. These carrier effective masses can be 

understood from the calculated PDOS shown in Figure 1(c).  In4SnSe4 shows intriguing electronic 

properties. It is seen that both In and Sn show 5s and 5p hybridization as shown in their maximally 

localized Wannier functions (MLWFs) plots (Figure S1). The oxidation state cannot be simply 

considered 1+ or 3+ for In and 2+ or 4+ for Sn.  After In-Se and In-Sn bond formation, In and Sn 

lose partially both 5s and 5p electrons. However, Sn 5s orbitals are rather inactive, due to their low 

energy positions, yielding a small contribution to CBM.  There is clear covalent bonding between 

Sn and In, resulting in the contribution of Sn 5p in the conduction band. Our results suggest that 
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Sn has a very low oxidation state, but it is not exactly 0 as suggested previously.8,13 Therefore, the 

CBM exhibits mainly the In 5s character, which is rather delocalized. This explains the rather 

small calculated electron effective masses. On the other hand, the VBM consists of In 5p, Sn 5p 

and Se 4p states. Since p orbitals are much less delocalized than s orbitals, the VBM is much less 

dispersive than the CBM, resulting in a heavy hole effective mass. It is worth noting the importance 

of the In-Sn covalent bonding. It is because of such bonding, both In and Sn contribute to CBM 

and VBM, ensuing a 3D electronic dimensionality as shown in their charge density plotting in 

Figure S2.  

 

Table 1. MBJ+SOC calculated effective masses (in unit of m0) for electrons and holes. Heavy 

holes indicate top of valence band. Light holes indicate the band just below VBM. 

 -R -M 

Electron  0.166 0.170 

Heavy holes 1.724 1.620 

Light holes 0.206 0.217 
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Figure 2. (a) MBJ+SOC calculated bandgaps for M4M’X4 (M = Ga or In, M’ = Si, Ge or Sn and 

X = S, Se and Te) family compounds and (b) corresponding decomposition energies. A positive 

decomposition energy indicates compound is stable against secondary phases. 

 

To validate the potential applications in photovoltaics, we calculated the bandgaps of 18 

compounds in M4M’X4 (M=Ga or In, M’=Si, Ge or Sn and X=S, Se or Te) family as shown in 

Figure 2(a). Green stars represent HSE06 calculated bandgaps on top of PBEsol relaxed lattices 

for five experimentally synthesized compounds. The grey area indicates bandgap range from 0.9 

eV to 1.6 eV which is suitable for single junction solar cell application. The blue area shows the 

bandgap range (1.7 - 2.3 eV) suitable for top application in tandem solar cells. It is seen that the 
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bandgap varies slightly when the choice of M’ element changes. However, the bandgap changes 

significantly when the M and X elements change. Ga results in a larger bandgap than In, while X 

elements show a bandgap trend of S > Se > Te. All S-based compounds have bandgaps too large 

for single junction solar cell application. Among the six Se-based compounds, In4GeSe4 and 

In4SnSe4 have calculated bandgaps of 1.45 eV and 1.55 eV, respectively, which are suitable for 

single junction solar cell application. The calculated bandgaps of Ga4GeS4, In4GeS4 and In4SnS4 

are 2.87, 2.09 and 2.17 eV, respectively. In4GeS4 and In4SnS4 are suitable for top cell application 

in tandem solar cells. All Te-based compounds have suitable bandgaps for single junction solar 

cell applications but none of them has been reported experimentally. It should be noted that 

In4SnTe4 shows no negative mode in its 0 K phonon spectrum as shown in Figure S3, indicating 

that it should be dynamically stable. Since the M’ elements have very low oxidation states, the 

M4M’X4 may decompose into MX and M’ metal. Therefore, we further calculated their (0K) 

decompose energies (∆E = 4*E(MX)E(M’)E(M4M’X4)) to evaluate the thermodynamical 

stability of M4M’X4 family as shown in Figure 2(b). The calculated decomposition energy for non-

redox reaction is much smaller than those in redox reaction pathways as shown in supporting info 

eqs.(S1-S5). All total energies were calculated using PBEsol as the exchange correlation functional 

since it well predicts the lattice constants of the synthesized M4M’X4 compounds. The positive ∆E 

indicates that the compound is stable against decomposition. The following secondary phases are 

used for the calculations: Si (Fd-3m),15 Ge (Fd-3m),16 Sn (Fd-3m),17 GaS (P63/mmc),18 GaSe 

(P63/mmc),18 GaTe (C2/m),19 InS (Pnnm),20 InSe (R3m),14 InTe (Fm-3m).21 It is seen that all five 

experimentally reported compounds (Ga4GeS4, In4GeS4, In4GeSe4, In4SnS4, and In4SnSe4) are also 

stable, showing good agreement between experimental results and PBEsol total energy 

calculations. Ga4SnS4 with a bandgap of 2.80 eV is predicted to be stable with smallest non-redox 
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decomposition energy of 0.07 eV/f.u. as shown in supporting info eqs.(S6-S11). Even though Te-

based compounds have suitable bandgaps for single junction solar cell applications, they are 

predicted to be not stable against decompositions.  

 

Figure 3. (a) MBJ+SOC calculated bandgap as a function x in In4Sn(Se1-xTex)4. Lines indicates 

parabolic fitting of bandgap with respect to x. (b) PBEsol calculated decomposition energies of 

In4Sn(Se1-xTex)4 alloys. The decomposition energies with respect to binary and ternary secondary 

phases are colored in blue and red, respectively. 

    Though Te-based compounds are not stable, Te can be used to alloy with other compounds to 

effectively reduce the bandgaps. This is because the Te 5p is higher in energy than Se 4p, so the 

alloying with Te will push up the VBM as shown in Figure S4. For example, In4SnSe4 has been 

experimentally synthesized and is predicted to be stable. However, its bandgap of 1.6 eV is slightly 

larger than the optimal bandgap for single junction solar cell application. Alloy Se with a small 

amount of Te can effectively reduce the bandgap but not significantly impacts the stability. The 

calculated bandgaps of In4Sn(Se1-xTex)4 alloys are shown in Figure 3(a). We use a 2x1x1 supercell 

containing 144 atoms to model the alloys. We construct the anion ordering states with x=0.25, 0.5 

and 0.75 by using special quasirandom structures generator mcsqs code employed in Alloy-
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Theoretic Automated Toolkit (ATAT) package.22 As the Te content increases, the bandgap of 

In4Sn(Se1-xTex)4 rapidly decreases. For example, with 25% Te alloying in In4SnSe4, the bandgap 

decreases from 1.55 eV to 1.42 eV. The bowing effect can be seen from the parabolic fitting of 

bandgap with respect to x. To achieve a 1.5 eV bandgap, about 15% alloying of Te is needed. 

Figure 3(b) shows PBEsol calculated decomposition energies of In4Sn(Se1-xTex)4 alloys. The 

ternary pathway indicates the decomposition into In4SnSe4, InTe and Sn. The binary pathway 

indicates the decomposition to InSe, InTe and Sn. It is seen that Te is difficult to alloy in In4SnSe4 

in large concentrations. As the Te content increases to more than 25%, the binary decomposition 

energy is positive (stable). However, the corresponding ternary decomposition energy is negative 

(unstable). We further considered a lower Te concentration of 15.6% and found it is stable against 

both ternary and binary decompositions. With this composition, the bandgap is about 1.48 eV, 

which is the optimal bandgap for single junction solar cell applications. 

 

Figure 4. PBEsol+SOC calculated optical absorption coefficients for In4GeS4, In4GeSe4, In4SnS4, 

and In4SnSe4. The absorption onsets were corrected using the their MBJ+SOC calculated bandgaps.  
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The above calculations show that In4GeS4, In4GeSe4, In4SnS4, and In4SnSe4 are potential 

candidates for photovoltaic applications due to their stability and suitable bandgaps. Therefore, we 

calculated the absorption coefficients of these compounds, shown in Figure 4. The absorption of 

M4M’X4 is based on direct allowed p-s transitions which is very similar to those in GaAs. The 

absorption coefficients near the absorption onsets are as high as >104 cm-1, which are as good as 

the calculated absorption coefficients of GaAs. The high absorption coefficients enable the use of 

thin absorber layers, which can reduce the fabrication costs.  

 

CONCLUSIONS  
 

In conclusion, we have investigated the stability, electronic, and optical properties of M4M’X4 

by density functional theory. We found that M4M’X4 presents some properties that favor solar cell 

applications, including direct bandgaps, small electron effective masses, and tunable bandgaps. 

We found that In4GeS4, In4GeSe4, In4SnS4, and In4SnSe4 are potential candidates for photovoltaic 

applications due to their stability. We further found that the alloy of In4Sn(Se0.846Te0.156)4 can be 

thermodynamically stable and exhibits a bandgap of 1.48 eV, which is optimal for single junction 

application. 

 

COMPUTATIONAL DETAILS 

The density functional theory (DFT) calculations are carried out using the Vienna ab initio 

simulation package (VASP).23 The core−valence interaction is described by the projector-

augmented wave (PAW) method.24 While the DFT exactly calculates the ground-state energy and 

electron density, the accuracy of the results depends on the used exchange correlation functional. 

We have tested various exchange correlation functionals to calculate the lattice constants, bandgap 

and decomposition energy for experimentally reported In4SnSe4 phase as shown in Table S1. The 
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functionals used in this study include: local density approximation (LDA),25 generalized gradient 

approximation (GGA) as implemented by Perdew−Burke−Ernzerhof (PBE),26 PBE functional 

revised for solids (PBEsol),27 strongly constrained and appropriately normed (SCAN) semi-local 

density functional,28,29 the modified Becke-Johnson (MBJ) meta-GGA functional30,31 and Heyd-

Scuseria-Ernzerhof (HSE06) hybrid functional.32,33 Based on the results shown in Table S1, only 

MBJ was used to calculated bandgaps and PBEsol was used calculated the total energies. HSE06 

was used to validate the MBJ calculated bandgaps. The spin-orbit coupling (SOC) effect leads to 

negligible 0.08 eV reduction on the bandgap. However, SOC introduces removal of degeneracy of 

VBM, which may affect following optical properties calculation. We thus consider SOC in optical 

properties calculation. For DFT calculations, the k-point meshes were chosen such that the product 

of the number of k points and corresponding lattice parameter are at least 40 and 60 Å for electronic 

and optical properties, respectively. The unit cell of In4SnSe4 contains 72 atoms. Deep localized 

In 3d and Sn 3d states have been tested with no contribution to band edges. Spin-polarization also 

shows no effect on electronic description. The 0 K phonon dispersion is calculated by the finite 

displacement method using the PHONOPY code.34 Maximally localized Wannier functional 

(MLWF) is calculated using Wannier90 code.35  
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