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Abstract:  

AgInS2, AgInSe2 and AgInTe2 are materials with Chalcopyrite structure whose properties have been studied using 

the pseudopotential method within the density functional theory (DFT) framework. The LDA+U scheme together 

with the projector augmented wave (PAW) were used for the electronic band structure calculations, while the 

norm-conserving pseudopotentials were used for the structural optimizations. The results of the investigations 

predicted the materials AgInS2, AgInSe2 and AgInTe2 to be semiconductors with energy band gap value of 1.77 

eV, 1.63 eV and 1.29 eV respectively. The total density of states and their corresponding partial density of states 

were also computed. The In-s state was the dominant state in the conduction band for all the materials while 

the S-p, Se-p and Te-p states dominated the valence band preceding the Fermi level. 

Keywords: Silver Indium disulpgide (AgInS2), Silver Indium diselenide (AgInSe2), Silver Indium ditelluride 

(AgInTe2), Electronic band structure of Silver Indium disulpgide (AgInS2), Chalcopyrites materials  

INTRODUCTION 

This group of compounds have the chalcopyrite structure to which the crystals AgInS2, AgInSe2 and AgInTe2 are 

members. Chalcopyrite has a relativity simple structure of the ZnS type and also a diamond lattice. It`s a 

tetragonal crystal system constructed from sulphur S (or Selenium Se or Tellurium Te) atoms surrounded by two 

Silver (Ag) atoms and two Indium (In) atoms each at the corners of a nearly regular tetrahedron. These materials 

have attracted considerable amount of attention from both theoretical and experimental researchers due to 

their technological applications. These materials have found applications in the fields of photovoltaic cells, photo 

catalysis, optoelectronics designing of non-linear optical devices, solar cells optical detectors and light emitting 

diode (LED) (Kopytov and Kosobutsky, 2010; Baeissa, 2014; Yin et al, 2013; Xue et al, 2000) 

Experimentally, quite a number of researchers have worked on these materials. The Single Source Thermal 

Evaporation Method (Akaki et al, 2005; Khudayer et al, 2018; Lee et al, 2007); Far Infrared Reflectivity and Optical 

Absorption (Koitabashi et al, 2010). Also, the co-evaporation method was employed to investigate AgInSe2 

(Kumar and Pradeep, 2009; Arredondo and Gordillo, 2010); the ultra-high vacuum pulsed laser deposition 

method was used by Mustafa et al (2007); Molecular beam epitaxial Method (Yamada et al 2006; Martins and 

Pamela (2005). Furthermore, Vertical gradient temperature freezing Method was employed by Yoshino et al, 

(2001); Solid state microwave irradiation (Tadjarodi and Cheshmekhavar 2012); Electrodeposition technique 

(Kulkarni, 2016; Aouaj et al, 2015); Sol-gel spin-coating technique grown on Si substrate (Al-Agel and Mahmoud 

(2012); Chemical bath deposition (CBD) (Chang et al, 2010) and Facile route (Ranjbar et al, 2014). 

Theoretically, these materials have received attention. Kopytov and Kosobutsky (2010), worked on the 

thermodynamic and elastic properties of AgInSe2 and AgInTe2. Also, Zhang et al (2014) investigated the structure 

and thermal properties of AgInTe2 using the pseudopotential method with the ultra-soft pseudopotential. 

Nguimdo et al (2016) studied the structure and electronic properties of the ternary compound AgInS2. They did 

a comparative study of the effect of different functional on the energy band gap, and reported a band gap range 

of 0.27 to 1.73 eV. Sharma et al (2014) carried out a first principle study on the structural, electronic, optical, 

elastic and thermal properties of AgInX2 (X=S, Se). They employed the full potential linearized augmented plane 

wave, and reported a deformation parameter u for AgInS2 and AgInSe2 to be 0.261 and 0.265 respectively. 

Kotmool et al (2015) did a theoretical study of structural phase transformation and band structure of AgInTe2 

under high pressure based on DFT within both local density approximation (LDA) and generalised gradient 

approximation (GGA) exchange-correlation, and reported band gap values of 1.02 eV and 0.95 eV for GGA and 

LDA functional respectively.  
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In this study, the pseudopotential method will be used in conjunction with the LDA+U scheme to investigate 

the electronic properties of AgInS2, AgInSe2 and AgInTe2. 

COMPUTATIONAL DETAIL 

The ternary Chalcopyrites belongs to the space group (space group number 122). The Chalcopyrite structure is 

a superlattice of the Zinc-blende structure. The I-III-VI2 chalcopyrite has each group VI member [Sulphur (S), 

Selenium (S), Tellurium Te] coordinated by two group I [Silver (Ag)] and two group III atoms [Indium (In)]. Each 

group III atom is tetrahedrally coordinated by four group VI atoms. In and Ag are at the 4a and 4b Wyckoff’s 

atomic positions respectively. S or Se or Te is at the 8d site as the case may be. The z value for the materials is 

four (4), which gives a total of 16 atomic coordinates of three (3) types. Here, structure optimization and 

electronic band structure were performed for AgInS2, AgInSe2 and AgInTe2. The pseudopotential method was 

used within the density functional theory (DFT) framework. The Abinit (Gonze et al, 2002; Gonze et al, 2005) 

Quantum suite of packages was used in this study. In the structural optimization of the materials under 

investigations, the starting lattice parameters were adopted from the experimental value (Madelung, 2001). The 

x component of the 8d Wyckoff’s position was allowed to evolve while the others were fixed. The self-consistency 

iterations continued until a force tolerance of 0.01 was reached. The optimization was done without the LDA+U 

component of the Abinit package. The result of the optimizations is shown in Table 1. For the energy bands, 

total density of states (DOS), partial density of states (PDOS) and charge transfer. The LDA+U scheme was used 

with the projector augmented wave as implemented in the Abinit package. The following were states included 

in the computations: Ag has the 4s, 4p,4d and 5s orbitals, In has 5s, 5p while S, Se and Te were represented by 

3s,3p; 4s, 4p and 5s, 5p states respectively. The plane waves were generated by a kenetic energy cut-off of 10 

Ha, a Monkhorst-Pack shifted grid 4x4x4 yielding a mesh of 256 k-ponit,  which was used for the Brillioun zone 

intergration. The self-consistent computation was deemed to have achieved convergence when the energy 

tolerance of 10-8 was reached. 

    

Fig. 1: The structure used in the computations. Yellow balls represent S or Se or Te atoms, Blue balls for Ag 

atoms and Grey for In atoms. 

Table 1: Optimization results 

 a() c() x y z 

AgInS2 5.7873 11.1073 0.0  0.0 0.0 

   0.0 0.0 0.5 

   u=0.19 0.25 0.125 

Experiment 5.82a, 5.80c, 5.807d, 5.816e, 11.17a, 11.33c, 11.85d, 11.17e, u=261b, 0.25c   

AgInSe2 6.0527 11.6088 0.0  0.0 0.0 

   0.0 0.0 0.5 
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   u=0.212  0.25 0.125 

Experiment 6.095a, 6.086d, 6.102f,g 11.69a, 11.80d, 11.69f,g, u=0.265b,    

AgInTe2 6.4287 12.5875 0.0  0.0 0.0 

   0.0 0.0 0.5 

   u=0.194 0.25 0.125 

Experiment 6.43a, 6.35d 12.59a, 12.6531d 0.26d   

aMadelung (2001) 

bSharma et al (2014) 

cNguimado et al (2015) 

dZhang et al (2014) 

eRanjbar et al (2014) 

fLee et al (2007) 

gAl-Agel and Mahmmoud (2012) 

RESULTS AND DISCUSSIONS 

Figures 2a to 2c show the electronic band structure of the materials under investigation, that is, AgInS2, AgInSe2 

and AgInTe2 respectively. The band structure is a plot of energy against high symmetry points, that is, the first 

brillioun zone. The dashed lines indicate the Fermi energy. Figure 2 shows that the valence band maximum 

(VBM) and the conduction band minimum (CBM) are both along the gamma point. The valence bands show 

narrow dispersion, while the bands around the Fermi level are flat. This might indicate that transitions from all 

high symmetry points are notable. There is a slight decrease in band energy from the Fermi level at the M point 

of high symmetry from AgInS2 to AgInTe2 as seen from Fig 2. Computational results presented in Fig 2 indicate 

that the materials AgInS2, AgInSe2 and AgInTe2 are semiconductors. The optical bands gaps of these materials 

are 1.77 eV, 1.63 eV and 1.29 eV for AgInS2, AgInSe2 and AgInTe2 respectively. These results are in excellent 

agreement with experimental and other theoretical results. The experimental band gap value of AgInS2 reported 

by Chang et al (2010) ranges from 1.873 eV to 1.92 eV, while Madelung (2001) reported a range of value from 

1.87 eV to 2.02 eV. Sharma et al (2014) reported a theoretical value of 1.61 eV, Nguimdo et al (2015) obtained a 

range of value from 0.27 eV to 1.73 eV. The experimental value reported for AgInSe2 by Madelung (2001) ranges 

from 1.24 to 1.6 eV.  On the other hand, Koitabashi et al (2010) reported a value of 1.2 eV; Aouaj et al (2015) 

reported a band gap value of 1.24 e3V; Khudager et al (2016) reported a range of value from 1.6 eV to 1.9 eV; 

Lee et al (2007) obtained a range of value of 1.76 eV to 1.82 eV and Sharma et al (2014) reported a computed 

value of 1.24 eV.  
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Fig. 2: The electronic band structure of (a) AgInS2 (b) AgInSe2 (c) AgInTe2. EF indicate the Fermi level. 

The experimental value reported for AgInTe2 in the literature by Madelung is 0.964 eV, Kotmool et al reported 

a calculated value of between 0.95 eV and 1.02 eV. The total density of states (TDOS) for the materials AgInS2, 

AgInSe2 and AgInTe2 are presented in Figs. 3a to 3c respectively, and the plot is DOS versus energy in Hartree. 

All the features of the band structure plots are well reproduced in the TDOS graph. The band gaps are clearly 

seen at the Fermi level of the TDOS plot, re-emphasizing the semiconducting nature of these materials. The 

various peaks and curves in the TDOS graphs in Fig 3 correspond to the different sections of the band structure 

(Fig 2). For example, AgInS2 represented by Fig 3a presents about six (6) peaks or curves separated by different 

energy values. These curves correspond to the 6 sections into which its band structure (Fig 2a) is parted.   
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Fig. 3: Total density of states for (a) AgInS2 with the Fermi level at 0.13 Ha (b) AgInSe2 with the Fermi level at 

0.12 Ha (c) AgInTe2 with the Fermi level at – 0.05 Ha 

The partial density of states (PDOS), that is, the orbital components to the density of states of the materials 

under investigation are presented in Figs 4 to 6 for AgInS2, AgInSe2 and AgInTe2 respectively. The states included 

as valence in the pseudopotential computations are Ag: 4d, 5s; In: 5s, 5p; Te: 5s, 5p. The orbital decomposition 

of the TDOS of AgInS2 is presented in Fig 4.  The Ag-d states are dominant about -0.6 Ha as seen from Fig 4a. 

About the zero mark on the energy axis, it can be seen from Fig 4b that The In-s state is dominant, and is also 

mostly made up of the conduction band. Figure 4c shows that the states preceding the Fermi level are 

predominantly made up of the S-p states, while the S-s state is dominant about -0.3 Ha. States also found in the 

conduction band are the In-p and S-p. Other notable states around the Fermi level are Ag-s, In-p and In-s. 
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Fig 4: The partial density of states of AgInS2. The Fermi level is at 0.13 Ha. (a) orbital contributions from the 

Silver Ag atom (b) orbital contributions from the Indium In atom (c) orbital contributions from the Sulphur S 

atom. 

The orbital decomposition of the TDOS of AgInSe2 is presented in Fig 5. Ag-d is least in energy and dominates 

the far left of the Fig 5a about -0.9 Ha. The In-s states dominate the zero mark as clearly seen in Fig 5b. Again, 

the In-s state is the dominate state in the conduction band just as in AgInS2. The valence states after the zero 

mark are made up of Ag-s, In-p and Se-p, while Se-s dominates about -0.3 Ha. Other states in the conduction 

band apart from the dominant states are the In-p and se-p.  
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Fig 5: The partial density of states of AgInSe2. The Fermi level is at 0.13 Ha. (a) orbital contributions from the 

Silver Ag atom (b) orbital contributions from the Indium In atom (c) orbital contributions from the Selenium Se 

atom. 
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Fig 6: The partial density of states of AgInTe2. The Fermi level is at -0.05 Ha. (a) orbital contributions from the 

Silver Ag atom (b) orbital contributions from the Indium In atom (c) orbital contributions from the Tellurium Te 

atom. 

The orbital decomposition of the TDOS of AgInTe2 is presented in Fig 6. The peak representing the Ag-d states 

is very sharp and narrow suggesting a far less dispersion compared to AgInS2 and AgInSe2. Again, as in AgInS2 

and AgInSe2, it is less in energy and dominates the far left in Fig 6a. In-s states dominate the zero mark as clearly 

seen in Fig 5b.  The In-s state is the dominate state in the conduction band just as in AgInS2 and AgInSe2. The 

valence states after the zero mark are made up of Ag-s, In-p and Te-p, while Te-s dominates about -0.4 Ha. 

Other states in the conduction band apart from the dominant states are the In-p and Te-p.  

Conclusion 

The electronic band structure, the total density of states and the partial density of states for AgInS2, AgInSe2 and 

AgInTe2 Chalcopyrite materials have been studied using the pseudopotential method within the density 

functional theory (DFT) framework. The LDA+U scheme together with the projector augmented wave (PAW) 

were used for the electronic band structure calculations, while the norm-conserving pseudopotentials were used 

for the structural optimizations. The results of the investigations predicted the materials AgInS2, AgInSe2 and 

AgInTe2 to be semiconductors with energy band gap value of 1.77 eV, 1.63 eV and 1.29 eV respectively. The 

transition points in the band structure are all notable because of the narrowness of the bands about the Fermi 

level. The total density of states and their corresponding partial density of states were also computed. The In-s 
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state was the dominate state in the conduction band for all the materials while the S-p, Se-p and Te-p states 

dominated the valence band preceding the Fermi level. 
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