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Structural, optoelectronic and electronic characteristics of the semiconductor chalcopyrite 

XYZ2 (X=Zn, Cd; Y=Si, Sn; Z=P) are predicted using first-principleS calculations. The 

(PBE-GGA) is used for the geometrical relaxation whereas the (TB-mBJ) potential is used to 

determine the ground state properties. The bandgap decreases by substituting Si by Sn in 

XYP2. The calculated energy bandgap values exhibit good consistency with experimental 

evidence and prior theoretical findings. The d-states of Zn and Cd contribute greatly to the 

density of states in XSiP2, Sn-d states are predominant in the XSnP2. Given its great 

reflectivity in UV region makes XYP2 good candidate for photonic and optoelectronic 

devices.  
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1. INTRODUCTION 

Ternary compounds AIIBIVC2
V and AIBIIIC2

VI having chalcopyrite structure, with space group 

I4̅2d, due to their structural, mechanical, electronic, and nonlinear optical characteristics, are 

extremely useful [1]. By increasing the unit cell along the (c) z-axis in binary zinc-blende 

structures, the chalcopyrite structures are obtained from the analogs III-V and II-VI, giving 

rise to a tetragonal unit cell with its center in the body. According to the zinc-blende 

structure, each cation/anion is surrounded by its four closest neighbors’ anions/cations. In a 

tetrahedral bonding of the two cation sublattice, the A and B cations take turns occupying the 

Zn-positions. When compared to their binary counterparts, the ternary compounds' band gap 

is substantially less due to the diminished symmetry [2]. They are extensively utilized in a 

variety of fields, including photovoltaic, optoelectronic, spintronic, non-linear optical, solar 
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energy converters, detectors, light-emitting diodes, and many more [3-12]. The direct-band 

gap of the compounds is between (0.2) and (2.2) eV, indicating that they exhibit 

semiconducting properties [13].  ZnSnP2 is a material used as an absorber in solar cells, and 

its band gap may be successfully tuned by adjusting the cation disorder [14]. The band gap is 

direct and it is valued at approximately 1.0 eV for ZnSiP2. [15]. Due to its low parasitic 

below-band gap absorption, ZnSiP2 is a potential material for solar cells, super photo 

response, and high open circuit voltage, low-cost, earth-abundant, and nontoxic elementals 

[16-19]. Due to its potential for use in optical parametric oscillators and up converters, in the 

present technical context, CdSnP2 has several practical applications [20-22]. Using ZnSe as a 

buffer layer, CdSnP2 thin-film solar cells reach their maximum efficiency of 15.15 percent 

[23]. Substantial absorptions and high conductivities have been observed in the ultraviolet 

range for CdSnP2 compounds [24].  A 1.22 eV is the gap value of the direct-gap 

semiconductor CdSiP2 at its Γ-point [25], He et al. [26] reported that in CdSiP2, the pseudo-

direct gap is 1.66 eV, with a structure mechanically stable. Due to a shortage of appropriate 

emitting substances for (IR) solid state lasers, nonlinear optical (NLO) crystals are required 

for frequency conversion in order to achieve the mid-IR spectral range over 3 𝜇m [27]. The 

highest efficiency (25.7%) is demonstrated by CdSiP2 thin-film solar cells [28]. 

In this work, we focus on (ZnSiP2, CdSiP2, ZnSnP2, and CdSnP2) materials and display 

findings from density functional theory-based first principles computations of their structural, 

optoelectronic and electronic characteristics. Structure of the Paper as follows: In section 2, 

the theoretical framework is presented of our study and shows briefly how it is implemented 

using computational methods; Results and discussion of the properties are given in Section 3. 

Finally, Section 4 provides a summary and notes. 

2. COMPUTATIONAL DETAILS 

Calculations are performed in this investigation using the full-potential linearized augmented 

plane-wave (FP-LAPW) method carry out by the WIEN2k code [29]. The generalized 

gradient approximation (PBE-GGA) of Perdew-Burke and Ernzerhof [30] are used to 

perform geometrical relaxation. The relaxed geometry well-aligned with the experimental 

data [2,35,36]. The Tran-Blaha modified Becke–Johnson (TB-mBJ) potential is also used to 

determine the band structure and the related properties [31] based on Density Functional 

Theory (DFT) [32,33]. In FP-LAPW method the unit cell is partitioned into two regions, 

inside muffin-tin (MT) spheres that are non-overlapping are centered on the atomic locations, 

and outside MT sphere an interstitial region (IR). In the IR, a plane wave expansion with cut-

off RMT Kmax= 7, where RMT is the smallest radius of the MT spheres and the magnitude of 

the biggest K vector in the plane wave expansion is given by Kmax. The biggest vector in the 

charge density Fourier expansion, Gmax, has a value of 12 (a.u) −1. The valence wave 

functions within MT spheres are extended up to Imax = 10 and lmax= 4 for the interstitial 

region. The chosen MT radii during the self-consistence calculations are Cd, Zn, Si, Sn and P 

= 2.21. When the system's total energy is stable within 10−5 Ryd , the self-consistent 

calculations are deemed to have converged. The integrals over the irreducible Brillouin zone 

(IBZ) are performed with 12×12×12 points. 
 

3. RESULTS AND DISCUSSIONS 

3.1. Structural properties 

The structure of XYP2 is shown in fig. 1 Ternary compounds XYP2 (X =Zn, Cd; Y=Si, Sn ) 

tetragonal body-centered crystals (BCT), with space group I4̅2d, each unit cell contains eight 

atoms. The X-group atoms, Y-group atoms, and P atoms occupy the Wyckoff positions: 

4a(0.0,0.0,0.0), 4b(0.0,0.0,0.5), and 8d(u,0.25,0.125) respectively, where u represents anion 
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displacement parameter (internal distortion parameter). The c/a ratio indicates the degree of 

tetrahedral distortion in the structure; due to these distortions, the c-axis in tetragonal unit 

cells is nearly twice as large as the a-axis, and chalcopyrite volume being nearly two times 

that of the zinc blende structure. In the perfect structure, c/a =2.0 and u =0.25. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                              Figure 1 Crystal structure of XYP2. 

 

 

 3.2. Electronic properties   

                                                                                                                        

Band structure and electronic density of states (total and partial) are the focus of this 

subsection. The atomic configurations are: 

Zn30(Ar 3d10 4S2), Cd48(Kr  4d10 5S2 ), Si14(Ne 3S2 3P2), Sn50(Kr  4d10 5S2 5P2), P15(Ne 3S2 

3P3).  

The experimental lattice constants (a, c), and internal parameter (u) along with the calculated 

lattice constant (a, c) are summarizing in Table 1. 
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Table 1 Lattice constant (a, c), and internal parameter u. 
______________________________________________________________________________________________________________ 
Compounds                              a (Å)                                    c (Å)                                            u 
______________________________________________________________________________________________________________ 
ZnSiP2      This work               5.396                                 10.430                               
                  Experimental        5.399b                               10.435b                                0.269b 
                  Calculated              5.405a                                                           10.505a                                 0.264a 
 
ZnSnP2     This work                5.649                                11.301                                              
                  Experimental         5.651c                               11.302c                                0.24c 
                  Calculated               5.650a                               11.300a                               0.25a 
 
CdSiP2       This work                 5.677                                10.427 
                  Experimental         5.680±0.001f                   10.431±0.003 f                     0.292f 
                  Calculated               5.576g                             10.415g       
 
CdSnP2   This work                 5.898                              11.510                                           
                 Experimental            5.901±0.001e                   11.512±0.002e                        0.265e 
                Calculated                6.063d                           11.604d                                  0.273d 
_____________________________________________________________________________________________________________ 
   aRef. [19] , bRef.[35], cRef. [36], dRef.[ 34], eRef. [2], fRef. [35], gRef. [52]. 
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(a)                                                                            (b) 

                       
    (c)                                                                                  (d) 

 

Figure 2 Calculated band structure (a) ZnSiP2, (b) ZnSnP2, (c) CdSiP2 and (d) CdSnP2.  

 

The calculated band structures of XYP2 are presented in Fig. 2 along the high-symmetry BZ 

directions.  Based on electronic band structures calculations, these compounds are the 

semiconductor. The maximum of the valence band (VBM) is chosen to concur with the zero 

energy. The band structures of these compounds differ slightly in details. In all cases, the 

(VBM) and the minimum of the conduction band (CBM) are located at Γ-point resulting in a 
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direct energy gap in close agreement with earlier findings [13, 37, 38] for ZnSnP2 and 

CdSnP2 and ZnSiP2 [15, 19, 42]. While the previous results reported that the CdSiP2 possess 

an indirect gap [39] and pseudo-direct gap [40-41]. We would like to mention here the 

previous result reported that the ZnSiP2 have pseudo-direct gap [43]. Table 2 shows the 

obtained values of the energy bandgaps of XYP2 compounds, as well as earlier experimental 

and theoretical data. 

 

Table 2 Calculated bandgaps in (eV) with other previous theoretical and experimental gaps. 

_____________________________________________________________________________________________________ 
  Compounds                   this work                  Experimental                            Theoretical       
______________________________________________________________________________________________________________   
     ZnSiP2                         1.98 a                         1.0b , 2.082e                                           1.32c , 1.98g , 2.12f 
     ZnSnP2                                          1.60a                         1.683k  ,  1.2d                            1.23c , 1.48g ,1.58f 
     CdSiP2                                     2.10a                             2.2_2.45g                                   2.05g ,1.10i, 1.75f 
     CdSnP2                                         1.15 a                          1.17g                                          0.753h , 1.05g, 1.32f      
______________________________________________________________________________________________________________ 
aThis work, bRef. [15], cRef. [19], dRef. [36], eRef. [44], fRef. [20], gRef. [13], hRef[34], iRef[40], 
kRef. [51]. 

 

The decrease in the gap can be attributed due to the reality that the CB’s shift towards Fermi 

energy when on the move from Si to Sn. 

 

 

3.2.1. Total and Partial Density of States  

 

The total and partial density of states (T/PDOS) for the four II-IV-V2 type semiconductors are 

shown in Fig. 3 and Fig. 4 respectively.  
 

                                     
                                                   Figure 3 Total density of states (TDOS) for XYP2. 
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                               Figure 4 Total and Partial Density of States for XYP2. 
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The nature of the TDOS for ZnSiP2 and CdSiP2 are very identical, and the same case for the 

ZnSnP2 and CdSnP2. In the PDOS, we note that the ZnSnP2 and CdSnP2 are dominated by the 

contribution of (Sn-d) states in the valence (VB) and conduction (CB) bands, while the 

ZnSiP2 and CdSiP2 are dominated by the contribution of (Zn/Cd-d) states in the VB and CB, 

respectively. Fig. 4.(a, b) show that the DOS of  ZnSiP2 and CdSiP2 can be partitioned  into 

three notable regions in the VB, the first region in the energy range ( -6 to -5 eV) is 

dominated by the contribution of essentially (Si-p), (Zn-d, P-p), and(Cd-d, Si-p) states, 

respectively. The second region (-5.4 to -3 eV) it is dominated by the contribution of 

essentially (Zn/Cd-d, Si-p) with a small mixed contribution of (Si-s, Zn-p, P-p) states for 

ZnSiP2, the latter region in VBM extend from -3 to Fermi level is formed with significant 

contributions of (Zn/Cd-d) with small mixed contribution (Si-p,s, P-s), with less (P-p, Zn/Cd-

p) states. The CB, consists fundamentally of a mixture of states of type (Zn/Cd-d, p), (Si-p), 

with less contribution of (Si-s)(Zn/Cd-s) states in the minimum C.B. 

 

Fig. 4.(c, d) show that the electronic DOS of the ZnSnP2 and CdSnP2 can be divided into 

three notable regions in the VB, the first region in the energy range (from -6 to -5eV) is 

dominated by the contribution of essentially (Sn-d, P-p), and small mixed contribution of 

(Zn/Cd-s, Sn-p), and less of (Sn-s) states. The second area is situated between (-5.4 and -3 

eV) it is dominated by the contribution of essentially (Sn-d) with a small mixed contribution 

of (Zn/Cd-p, Sn-p,s, P-p,s) states. The latter region in VBM extend from -3 to Fermi level is 

formed with significant contributions of (Sn-d) with small mixed contribution (Sn-p, P-s), 

with less (P-p, Zn-p, Cd-s) states. The CB, consists fundamentally of a mixture of states of 

type (Sn-d), with small contribution of (Zn/Cd-p, d)(Sn-p, s) (P-p, s), and less of (Zn/Cd-s) 

states in the minimum CB. 

 

3.3. Optical properties 

 

Optical properties of XYP2 chalcopyrite can be described by the dielectric function of the 

semiconductor which obtain from the Ehrenreich and Cohen's equation: ε(ω)= ε1(ω)+ 

iε2(ω)[45], where ε1(ω) is the real part of the dielectric function follows the Kramer and 

Kroning relations, and ε2(ω) is the imaginary part, and it is the essential factor in the optical 

properties of matter [46-47]. The dielectric function for ZnYP2(Y=Si, Sn) and CdYP2(Y= Si, 

Sn) with chalcopyrite structures and space group I4̅2d have only two major optical 

components. These are  εx(ω) and εz(ω). Which are plotted for the electrical field vector for 

ordinary polarization spectra along direction x (E⊥c-axis) and εz(ω) corresponding to the 

extraordinary polarization along the direction of z (E//c-axis). Fig. 5. explain the real and 

imaginary parts of the electronic dielectric function ε(ω) spectrum for a radiation ranging up 

to 14 eV. 
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                                           (a)                                                                                  (b) 

Figure 5 The calculated (a) real ε1(ω) and (b) imaginary ε2(ω) parts of complex dielectric 

constant for XYP2. 

 

 

The main peaks of ε1(ω) is mainly generated by the transition of electrons from the VBM to 

the CBM, occur at 3.306, 3.192, 3.724, and 3.496 eV for ZnSiP2, CdSiP2, ZnSnP2, and 

CdSnP2 , respectively. One can obviously see that the ε1(ω) vanishes at the energy values 

5.11, 5.11, 5.32, and 5.32eV for ZnSiP2, CdSiP2, ZnSnP2, and CdSnP2, respectively, and all 

ε1(ω) of XYP2 becomes negative and reach their minima at around 6.99, 6.99, 7.204, and 7.07 

eV for ZnSiP2, CdSiP2, ZnSnP2, and CdSnP2, respectively. Then, at high energy, the 

spectrum of ε1(ω) progressively increases to zero. For ZnSiP2, CdSiP2, ZnSnP2, and CdSnP2 

respectively, the static dielectric constants ε1(0) found to be around 8.528, 8.84, 8.216, and 

8.44 eV in all directions. Fig. 5. (b) illustrates the imaginary (absorptive) parts ε2(ω), the first 

critical point (start of absorption) is happening at the energy of 1.824, 1.672, 2.218, and 1.938 

eV for ZnSiP2, CdSiP2, ZnSnP2, and CdSnP2, respectively, identical to the main optical 

energy gap, "Fundamental absorption edges" [48] corresponds to the direct optical 

(interband) transition between the V.Bmax and C.Bmin. Then the ε2(ω) curve increases rapidly 

because the number of points subscribes to ε2(ω) increases sharply. The major peaks occur at 

about 4.096, 3.99, 4.522, and 4.446 eV for ZnSiP2, CdSiP2, ZnSnP2, and CdSnP2, 

respectively. 

 

The other optical properties including, absorption coefficient α(ω), reflectivity R(ω), 

extinction coefficient k(ω), refractive index n(ω), energy loss function L(ω)n[49,50] can be 

obtain from the ε1(ω) and ε2(ω). Fig. 6 displays the absorption coefficient α(ω) for 

ZnYP2(Y=Si, Sn) and CdYP2(Y= Si, Sn). The α(ω) is a quantity that describes how much 

light of electromagnetic wave loses when it travels through a material of a given thickness. 

From the absorption spectrum, the absorption edges of 2.66, 2.5, 2.812, and 2.738 eV for 

ZnSiP2, CdSiP2, ZnSnP2, and CdSnP2, respectively. The α(ω) increases when the photon 

energy exceeds the value at the absorption edge then it reduced at the high-energy range. The 

main peaks is located at about  ∼ 6.15-8.7 eV for XYP2 compounds in the UV region. In 

XYP2, α(ω) marginally decreases when Zn replaced by Cd and Si by Sn. In close proximity 

to the major peaks, these compounds show high absorption over a wide energy range and 

they are well suited for use in solar cell absorbers. The R(ω) of XYP2 are displays in Fig. 7. 

The static value of reflectivity R(0) is 0.237, 0.24, 0.23, and 0.23 for ZnSiP2, CdSiP2, 

ZnSnP2, and CdSnP2 , respectively. First peak occurs at energy about ∼3.5-4.8 eV. The 

maximum reflectivity R(ω) of XYP2 lie in the energy range of 8–9 eV at about 0.61-0.628. 

The calculated extinction coefficient k(ω) shows in Fig. 8. From k(ω) spectra the absorption 

edge occurs at about 1.9, 1.77, 2.06, and 2 eV for ZnSiP2, CdSiP2, ZnSnP2, and CdSnP2 
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respectively, one can see as photon energy increase, k(ω) decreases. In Fig. 9 the complex 

refractive index represented by the equation n˜ (ω) = n(ω) + ik (ω) [24], the refraction and 

absorption occur when light waves travel through substances. Where n(ω) is the ordinary 

refractive index, and k(ω) is the extinction index, which illustrates the energy photons lose 

when traveling through an optical medium. The static refractive indexes n(0) are 2.905, 2.95, 

2.836, and 2.85 for ZnSiP2, CdSiP2, ZnSnP2, and CdSnP2, respectively. The refractive index 

n(ω) peaks reach a maximum value in the ultraviolet (UV-A) zone is about 4.48, 4.48, 4.33, 

and 4.296 for ZnSiP2, CdSiP2, ZnSnP2, and CdSnP2, respectively at a range energy about 

3.34-3.8 eV. Finally, Fig. 10 shows the electron energy-loss function L(ω), it means there is 

an electron energy loses when moving through a material. The maximum value of L(ω) for 

XYP2 is located at 13 eV. 
 

         

 Figure 6 The calculated absorption coefficient α(ω) 104cm-1.         Figure 7 The calculated reflectivity (R (x)). 

 

     

Figure 8 The calculated extinction coefficient.                    Figure 9 The calculated refractive index coefficient. 
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                                                   Figure 10 The energy loss spectrum. 

 

4. CONCLUSIONS 

The structural, optical, and electronic characteristics of chalcopyrite's XYZ2 ( X= Zn, Cd  ; 

Y= Si, Sn ; Z=P) semiconductors with space group I4̅2d are calculated within DFT. The 

(PBE-GGA) is used to perform geometrical relaxation and the (TB-mBJ) potential is used to 

determine the ground state properties. By substituting Si for Sn in XYP2, the band gap values 

decrease. Zn and Cd's (d-state) considerable contribution to the density of states in XSiP2, in 

the XSnP2, Sn-d states are predominant. The calculated partial density of states shows there is 

a significant degree of hybridization between the states. XYP2 is a promising material for 

photonic and optoelectronic devices due to its strong UV reflectance.  
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