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The theoretical approach was employed to comprehensively investigate the structural, 
dynamical, band structure, optical characteristics, and elastic anisotropy of CuAlS2. The 
determined lattice parameters (a and c), elastic properties exhibit with the available data. 
The band structure and density of state indicates that CuAlS2 exhibits semiconductor 
properties, characterized by a direct band gap measuring approximately 1.791 eV. The 
mechanical stability and optical properties of CuAlS2 was calculated and analyzed.  
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1. Introduction 
 
Scientists have shown significant interest in the versatile technological applications of 

chalcopyrite semiconductors, which are characterized by the formula AXIBXIICVI2. Ternary 
chalcopyrites are widely recognized for their capacity to be utilized in light-emitting diodes (LEDs), 
solar panels, and devices with nonlinear optical properties [1-4]. CuAlS2 is classified as a member 
of the chalcopyrite family. Numerous investigations have undergone examination [5, 6] to explore 
the electronic, electrical, and optical characteristics of CuAlS2 under normal atmospheric conditions. 
S. Sugan and colleagues conducted a study on the optical characteristics of CuAlS2 at ambient 
temperature by employing the experimental technique [7]. Jaffe et al employed the theoretical 
technique to explore chemical properties of CuAlS2[8]. Abdellaoui et al. investigated the CuAlX2 
(X = S, Se, Te) using the theoretical approach to analyze their structural, and physical properties [9]. 
Recently, Geng et al have conducted a analysis on the properties of tetragonal CuAlS2 under various 
pressures [10]. There has been a lack of extensive research on the anisotropy and dynamic properties 
of CuAlS2. In this study, we examined the anisotropy of CuAlS2 in terms of its structure and elasticity 
through first-principles calculations. DFT has demonstrated its efficacy in investigating the 
characteristics and mechanical behavior of various materials, including theoretical examinations on 
comparable substances [11]. 
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2. Computational methods 
 
In this study, the theoretical method is employed within the DFT framework to investigate 

the characteristics of CuAlS2. The analysis is conducted using the CASTEP code developed by 
Cambridge for calculating total energy [12-13]. The Perdew-Burke-Ernzerhof (PBE) functional is 
employed in the generalized gradient approximation (GGA) to describe the exchange-correlation 
energy [14]. We utilize Vanderbilt-type ultrasoft pseudopotentials for characterizing the interactions 
between electrons and ions [15]. In the computation, the threshold was established at 500.00 eV and 
the Monkhorst-Pack mesh with k 7×7×6 [16]. In this study, we performed dynamical properties 
calculations using the VASP code [17] and phonopy code [18], employing DFPT within the linear 
response framework. During the dynamical calculations, we have pre-expanded the 2×2×1 super 
cell of 64 atoms to enhance result accuracy. 

 
 
3. Results and discussion 
 
3.1. Structural model 
In Table 1, we presented the findings alongside the experimental data [8] that is accessible 

and other theoretical outcomes [9-10, 19]. The calculated lattice parameters (a, c) show a maximum 
relative difference of 2% compared to their corresponding experimental counterparts[8]. All the 
findings indicate that the results derived from GGA calculation exhibit a higher level of concordance 
with the available data. 

 

  
 

Fig. 1. The structural model of CuAlS2 
 

Table 1. The lattice parameters a and c (in Å) were determined, along with the ratio of c/a, for CuAlS2. 
 

 a  (Å) c (Å) c/a 
Present 5.3335 10.5489 1.9778 

Theo.[9] 5.18 10.35 1.9981 
Theo.[10] 5.414 10.507 1.9407 
Theo.[19] 5.341 10.57 1.9790 
Exp.[8] 5.31 10.42 1.9623 
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Fig. 2. Phonon dispersion curve and Phonon density of states of CuAlS2. 
 
 
Fig. 2 showcases dynamical properties calculations for CuAlS2 in its state of equilibrium. It 

can be observed that the material CuAlS2 demonstrates dynamic stability, as there is an absence of 
detected imaginary phonon frequencies within it. The CuAlS2 material exhibits frequency gaps in 
its phonon dispersion curves and is characterized by three distinct groups of bands in its partial 
phonon density of states. The dominant factors influencing the high frequency modes (12-13 THz) 
are attributed to atoms Al and S. The identification of the range of modes within the medium 
frequency group, spanning from 3 to 10 THz, is influenced by the combined contributions of Al and 
S atoms. The Cu and Al atoms combine the low frequencies ranging from 0-3 THz. 

 
3.2. Electronic properties 
In Fig. 3, CuAlS2 displays properties typical of a direct bandgap semiconductor. The value 

obtained for the bandgap Eg is 1.791 eV, despite employing the generalized gradient approximation 
(GGA), it slightly deviates from the experimental measurement of 3.49 eV[8]. 

 

     
 

Fig. 3. Band structure of CuAlS2. 
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In Fig. 4, the dominant composition of higher valence band in CuAlS2 is attributed to the 
presence of Cu 3d and S 3p orbitals. Other components include Cu 3p, Al 3p, and Al 3s orbitals. The 
major portion of the lower valence band is composed of S 3p, Cu 3d, Al 3s, and Al 3p orbitals. 
Furthermore, Cu 4s and Cu 3p orbitals also make slight contributions. In addition, the valence band 
of CuAlS2 is primarily composed of S 3s, Al 3p, and Al 3s in the energy range from -14.5eV to -
12.8eV. This particular valence band is located far away from other valence bands and exhibits 
minimal interaction with them. In contrast, Fig. 4 illustrates that the conduction band of CuAlS2 
displays a relatively dispersed nature and consists mainly of Al 3p, Al 3s, Cu 3p, Cu 4s along with 
a small proportion of S 3p. 

 

        
 

Fig. 4. Density of states of CuAlS2. 
 
 
3.3. Optical properties 
The following is the dielectric function expressed by complex expression [20]  
 

              )()()( 21 ωεωεωε i+=                                   (1) 

 
It can be used to represent the ability of CuAlS2 to store electromagnetic fields, and it is 

what we call the dielectric constant. It represents the loss caused by the lagging response caused by 
the crystal polarizability not keeping up with the external field changes. 

Both the real
1( )ε ω and imaginary

2 ( )ε ω of dielectric function is depicted in Fig.5. As depicted 

in the diagram, the value of ε1(0), which represents the static dielectric constant, is measured to be 
6.39. Before the photon energy surpasses 3.18 eV, there is a progressive rise in the real part ε1 as the 
photon energy increases until it reaches its peak value of 9.44 at 3.07 eV. After that, the real part ε1 

gradually decreases, rising and then decreasing at about 5 eV of photon energy, until it reaches the 
lowest point of -3.093 at 9.72 eV of photon energy. On the other hand, the imaginary part rises first 
and then falls, reaching a maximum peak value of 10.83 when the photon energy is 6.71 eV.  
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Fig. 5. The real part
1( )ε ω and imaginary part

2 ( )ε ω of the dielectric function of CuAlS2. 

 
 
The refractive index ( )n ω and the extinction coefficient ( )k ω are displayed in Fig. 6. When 

the photon energy is 3.22 eV, the maximum refractive index n is 3.12. Previously, there was a gradual 
rise in the refractive index as photon energy increased. n fluctuates greatly in the range of 3.34eV ~ 
6.84eV, with a minimum value at first and then rising to the second peak value of 2.45; After this, 
the refractive index n decreases continuously until it drops to 0 when the energy is about 15 eV, and 
then gradually increases. 

 

 
 

Fig. 6. The refractive index ( )n ω and the extinction coefficient ( )k ω of CuAlS2 . 

 
 
The reflection coefficient R can be formulated based on n and k. 
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The absorption coefficient α represents the percentage of light absorbed when it is displaced 

in the crystal, and its mathematical expression is as follows: 
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Fig. 7. Reflectivity spectrum ( )R ω and absorption spectrum ( )α ω of CuAlS2. 

 
 
Fig. 7 illustrates the reflectivity and absorption spectra of CuAlS2. We can find that the 

reflectivity spectrum has three peaks, corresponding to the highest peaks of n and k and the 15 eV 
where they decay rapidly together. When the reflectance reaches the highest peak, the refractive 
index and absorbance of the crystal are very low, because most of the light is reflected out. It is 
evident from the figure provided that for photon energies < 1.791 eV, α exhibits a value of zero. In 
this range, CuAlS2 is transmitting. After 1.791 eV, α increases continuously with the increase of 
photon energy, until the photon energy reaches 4.63 eV, reaching the first peak of 91571.3 cm-1, and 
then rising again after a short period of reduction, reaching the maximum absorption rate of 
305443.4 cm-1 at 10.09 eV. The value of α exhibits a significant decline as the photon energy rises, 
eventually approaching zero. 

 
3.4. Elastic properties 
To the best of our understanding, chalcopyrite compounds exhibit six distinct components. 

These components are denoted as C11, C33, C44, C66, C12 and C13. The elastic compliance tensor 
components of CuAlS2 can be found in Table 2. The satisfaction of Born stability criteria [21] is 
necessary for the elastic stiffness tensor components in the tetragonal chalcopyrite lattice. The values 
obtained in Table 2 satisfy all the aforementioned limitations, suggesting that CuAlS2 exhibits 
mechanical stability. The elastic constants derived from our computations and those obtained 
through other theoretical findings [9, 10, 22, 23] can be found in Table 2. By comparing, we found 
that the calculated results match the reference values very well, indicating the accuracy of our 
calculations. 

 
 
 



39 
 

Table 2. The elastic constants Cij (GPa), linear compressibilities aχ , cχ (TPa-1) and volume 

compressibilities , χ ( TPa-1) of CuAlS2. 

 
  C11    C12  C13  C33  C44  C66    aχ   cχ   χ  

Present 108.44 61.39 64.79 108.81 53.21 38.8 0.0044 0.0040 0.0127 
Theo.[22] 91.7 57.3 67 105.8 51.43 35.3 0.0057 0.0022 0.0137 
Theo.[9] 133.001 80.762 84.552 135.064 56.543 53.762 0.0035 0.0031 0.0099 

Theo.[10] 124.12 78.37 80.97 127.18 51.68 52.18 0.0037 0.0032 0.0105 
Theo.[23] 108.2 57.3 60.8 117.9 55.1 54.7 0.0047 0.0036 0.0130 

 
 

Table 2 displays the linear compressibilities 
aχ  and 

cχ , which are observed along the a 

and c axes, as well as the volume compressibility χ [24]. The findings derived from this study 
appear to exhibit a significantly greater proximity to alternative theoretical values [9, 10, 22, 23]. 
This validates the current computations. 

In addition, the bulk modulus B and shear modulus G of polycrystalline CuAlS2 can be 
acquired through the Voigt, Reuss and Hill's study [25-27], resulting in values of 78.62 GPa and 
37.56 GPa, respectively. The above values can be utilized for the analysis of the Poisson ratio v and 
Young's modulus E. 

 
(3 2 ) / (6 2 )B G B Gν = − +                                (4) 

 
9 / (3 )E BG B G= +                                     (5) 

 
Table 3. Calculated bulk modulus B (GPa), Shear modulus G (GPa), Young’s Modulus E (GPa), Poisson’s 

ratio v, B/G ratio CuAlS2. 
 

 BV BR B GV GR G E v  B/G 

Present 78.63 78.6 78.62 40.55 34.17 37.56 97.20 0.3156 2.0931 
Ref.[9]   100.03   40.443 106.919 0.321 2.4733 

 
 
Table 3 presents the computed B, G, E, ν, and B/G for CuAlS2. It can be deduced that our 

findings are consistent with the previously reported results [9]. If B/G < 1.75, the material exhibits 
brittleness. When B/G >1.75 [28], it indicates a ductile nature of the material. According to the 
information provided in Table 3, it can be inferred that CuAlS2 exhibits ductility. 
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Fig. 8. The surface contours of β (TPa-1)(a), G (GPa) (b) and E (GPa) (c) of CuAlS2. 
(linear compressibility). 

 

 
(shear modulus) 

 
(Young modulus) 

 
 

Fig. 9. Estimations of β (a) (TPa-1), G (b) (GPa) and E (c) (GPa) in different planes. 
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The utilization of surface contours and Projections graphical depictions can effectively 
illustrate the elastic anisotropy displayed by crystals, specifically in terms of linear compressibility 
(β), E, and G. The ELATE software [29] is employed to input the matrix and facilitate the 
visualization of anisotropy with respect to β, G, E of CuAlS2. The isotropic nature of crystals can be 
inferred from their graphical depictions in different plane and surface contours. The level of 
anisotropy rises with increasing deviation from these forms. Fig. 8-9 illustrates the directional 
dependence of β, G, E for CuAlS2 in both Projections (xy-, xz-, and yz-planes) and 3D perspectives. 
Simultaneously, the linear compression anisotropy of CuAlS2 was thoroughly evaluated through the 
analysis of βmax/βmin, Gmax/Gmin and Emax/Emin. A higher value of βmax/βmin indicates greater anisotropy 
in linear compression, which is also reflected in the corresponding values of Gmax/Gmin and Emax/Emin. 
The βmax/βmin is 1.0937, the Gmax/Gmin is 2.432; and the Emax/Emin values is 2.174, respectively. Based 
on the graphical plots in both Projections and 3D, it can be observed that CuAlS2 exhibits anisotropy 
with the following order of β < E < G. 

 
 
4. Conclusions 
 
We have employed theory to conduct computations on the properties of CuAlS2, including 

its structural characteristics, elasticity, band structure and optical behavior. The determined lattice 
parameters and elastic properties demonstrate concurrence with previously established theoretical 
values. The analysis of the electronic characteristics indicates that CuAlS2 possesses band gap with 
a magnitude of 1.791 eV. The transmission of CuAlS2 is observed for frequencies below 1.791 eV, 
as indicated by its optical properties. According to the given data on elastic constants, it can be 
deduced that CuAlS2 demonstrates mechanical stability that closely aligns with its theoretical values 
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