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H I G H L I G H T S  

• CuYZ2 (Z = S, Se and Te) chalcogenides compounds are semiconductors. 
• CuYS2 compound has a high optical absorption coefficient compared to the other compounds. 
• At room temperature, CuYS2 compound has a higher heat capacity “Cv” and lower thermal expansion. 
• Unlike the CuYTe2 compound, the highest ZT factor value was obtained for both CuYS2 and CuYSe2. 
• The results advocate using this material for photovoltaic and thermoelectric applications.  
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A B S T R A C T   

Due to their useful physical properties, copper-based chalcogenides materials are recently promising for 
numerous emerging technological fields. In photovoltaics, discovering and designing suitable materials for solar 
cells is a primary technical challenge. The structural, electrical, optical, and thermoelectric properties for both 
CuYSe2 and CuYTe2 in the hexagonal phase, as well as CuYS2 in the orthorhombic phase have been investigated 
using a numerical Full Potential-Linearized Augmented Plane Wave (FP-LAPW) technique based on Density 
Functional Theory (DFT). 

To compute the structural properties, both, the local density approximation (LDA) and the generalized 
gradient approximation (PBE-GGA) were used as exchange-correlation potentials. On the other hand, the 
modified Becke-Johnson (mBJ) was used to compute the optoelectronic, properties with higher degree of pre
cision. Our calculations revealed that these three compounds have indirect band gaps in the range of 0.6 eV–2.1 
eV. Moreover, numerous thermoelectric qualities of the investigated compounds estimated as a function of 
chemical energy at different temperatures using the semi-local Boltzmann transport theory, whereby the findings 
exhibit a higher Seebeck coefficient for CuYS2 compared to CuYZ2(Z = Se and Te) up to 2.7 mV/K for CuYS2 at 
300 K, with acceptable values of thermal and electronic conductivity. The quasi-harmonic model is used to 
examine thermodynamic properties such as heat capacity at constant pressure and volume, entropy, Debye 
temperature, and thermal expansion coefficient under both pressure and temperature influences. As a result of 
this study, CuYS2, CuYSe2 and CuYTe2 are promising materials for optoelectronic devices, especially as photo
voltaic materials in solar cells.   
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1. Introduction 

Finding and developing suitable materials for photovoltaic cells is a 
major technical issue in solar technology. A promising photovoltaic 
absorber must have an appropriate band gap for solar cells, high optical 
absorption, non-toxic and abundant materials [1]. Experimental [2–7] 
and theoretical prediction [7–12] research for optoelectronic and 
photovoltaic materials used to refine and improve the device’s perfor
mance and contribute to discovery a large number of compounds, 
which, differ in terms of material cost, toxicity, stability of their struc
tural and electronic properties, as well as their ability to interact effec
tively with light, since their optical properties respond to the light 
intensity exposed to. Due to their semiconducting behavior and their 
useful physical properties, copper-based chalcogenides materials in 
chalcopyrite, chalcostibite, emplectite, kesterite and stannite structures 
are recently considered as promising materials for numerous emerging 
technological fields, including optoelectronic and photovoltaic devices 
[13–18]. Thin-film solar cells have become more practical and 
commercially viable indeed for recent advancements in copper indium 
gallium selenide Cu(Ga,In)Se2, the material used to make the best 
thin-film solar cells [4]. Furthermore, Jiang et al. [2] showed that 
copper-based chalcopyrite is one of the best materials in high-efficiency 
thin films solar cells application. Also, Ting et al. [19] showed in their 
study the possibility of applying copper ternary chalcogenides as 2D 
materials due to their a good bandgap (where the energetic gap was 
equal to 1.53 eV, 1.38 eV and 0.99 eV for CuInS2, CuSbS2 and respec
tively CuInSe2) that enabled to endowed various applications in elec
tronics, optoelectronics. Moreover, Sorina et al. [3] demonstrated 
experimentally that copper-based chalcogenide has good thermoelectric 
properties, with the possibility to obtain multilayer structures, these 
films could be used as thin-film based thermoelectric devices. 

Another endeavor in the study of solid materials, especially semi
conductors, is to verify if they are adequate for use in modern power 
source equipment where this last research axe is considered as one of the 
most important research challenges at the present time as this research 
mostly focuses on developing different ways of converting other 
renewable energies, especially electric energy. 

Thermal energy is one of the most important sources of energy in our 
daily life due to the variety of resources available, including solar energy 
and waste heat generated by machines or motors that may be recovered 
and converted into electrical energy. 

Thermoelectric generators are among the most efficient ways to 
recover and convert waste heating energy into electrical energy, this 
technology is based on the Seebeck effect, which was discovered in 1821 
when Thomas Seebeck observed a voltage difference between the ends 
of two different materials exposed to two different temperatures. The 
thermoelectric properties of materials have recently received consider
able attention and have become a priority for scientific research, as they 
are the basis for many renewable energy applications. Since these 
modern technologies in generating electric power are favored than the 
old technologies because they do not emit noise that’s because they use 
non-moving materials and only depend in their principle work only on 
the intrinsic properties of semiconductor materials. 

The suitability of using any material for usage as thermoelectric parts 
in devices whether they are generators or sensors is evaluated using the 

merit figure ZT 
(

ZT= S2σT
κ

)

where this factor is controlled by several 

other parameters of the substance, such as the contribution of electrons 
to the electrical conductivity and thermal conductivity, as well as the 
Seebeck coefficient. 

Ternary Cu-based chalcogenides compounds with AI BIII C2
IV (A =

Cu, B––Y and C= S, Se and Te) are among materials that had direct band 
gap energy and can be crystallized in several structures, these features 
have put this category of materials in a superior status, allowing them to 
be used in a wide range of technologies [5]. In recent years, an 

experimental study carried out by Li et al. [5] on the Copper Yttrium 
Selenide compound after its preparation and using X-ray diffraction 
showed that it has a good absorption capacity in the visible light range 
with bandgap of 1.53 eV, which is close to the optimum value to use in 
solar cells. In addition, the CuYSe2 film with an Ilight/Idark ratio equal to 
2.81 appeared an excellent photo-electron responsive behavior [5]. 
Since Cu-based chalcogenides are known by their stability, low cost and 
low toxicity, so we decided to study CuYS2, CuYSe2 and CuYTe2 com
pounds in order to explore their structural, optoelectronic, thermody
namic and thermoelectric properties. Therefore, CuYS2 in its 
orthorhombic phase, as well as CuYSe2 and CuYTe2 in the hexagonal 
structure, have been studied as part of the copper-based chalcogenide 
materials category, and hence, we provided details about the calcula
tions we performed, and then analyzed and interpreted the results ob
tained for the structural, electronic, optical, thermodynamic and 
thermoelectric properties in the second part, and in the conclusion, we 
highlighted the most important conclusions that we extracted through 
this study. 

2. Computational details 

The Full Potential-Linearized Augmented Plane Wave (FP-LAPW) 
method based on the density functional theory (DFT) within the WIEN2k 
code [20] is used in this paper to predict the structural, optoelectronic, 
thermoelectric properties of CuYS2, CuYSe2 and CuYTe2. We used both 
the local density approximation (LDA) [21] of Perdew and Wang and the 
revised Perdew-Burke-Ernzerhof (PBESol) parameterization of the 
generalized gradient approximation (GGA) [22] to treat 
exchange-correlation potential for the structural properties whereas the 
modified Becke-Johnson exchange potential [23] was used for the op
toelectronic properties. The unit cell is divided into non-overlapping 
muffin-tin spheres and an interstitial region. In the interstitial region, 
the wave functions are expanded in terms of plane waves with a cut-off 
of RMT*KMAX = 8, where RMT is the minimum muffin-tin radius and KMAX 
gives the magnitude of the maximum K vector wave in the Brillouin 
zone. Whereas, a spherical harmonic expansion has used inside the 
spheres with an angular momentum up to lmax = 10. The chosen values 
of the muffin-tin radius RMT for Cu, Y, S, Se and Te atoms are 2.15, 2.4, 
1.75, 2.35 and 2.4 (a.u) respectively. For the Brillouin zone (BZ) inte
gration, 162 special k-points have been used for CuYS2 and 100 special 
k-points have been used for both CuYSe2 and CuYTe2 in the irreducible 
wedge, the electronic configurations for valence electrons are for Cu (3 
d10 4s1), Y (4 d1 5s2), S(3s2 3p4) Se (3 d10 4s2 4p4) and Te (4 d10 5s2 5p4). 
To separate between the valence and core states − 6 eV was used as 
separating energy. Both energy (10− 5 Ry) and charge (10− 3 e) values 
were used as criteria for convergence during the calculation. To appear 
pressure and temperature effects on different thermal properties, we 
employed the quasi-harmonic model implemented in the GIBBS2 code 
[24,25]. To estimate the thermoelectric properties, we have used the 
semi-local Boltzmann transport theory implemented in BoltzTraP code 
[26]. 

3. Results and discussion 

3.1. Structural properties 

Ternary chalcogenides with copper-based can be crystallized in 
several types of structures, which directly affect many properties, 
especially electronic and optical. For this reason, we studied CuYS2 
compound in orthorhombic phase structure with Pnma space group (62) 
and CuYSe2, CuYTe2 in hexagonal phase with P-3m1 space group (164) 
(see Fig. 1). Before calculating lattice constants, bulk modulus and the 
cohesive energy, we should determine the atoms positions formed these 
compounds, through full geometry optimizations, the internal atomic 
positions are relaxed by using the total energy and force minimization 
scheme basing on Broyden’s method [27,28] in which a good relaxed 
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structure can be achieved if the force applied to each atom was smaller 
than 0.5 Ry/au. The optimized positions of the atoms for each com
pound by using GGA and LDA approximations are presented in Table.1 
and compared to other experimental or theoretical results. Computing 
the lattice parameter “a” of each unit cell is performed by calculating the 
total energy at different volumes, and then, we use the Murnaghan 
equation of state [29] to determine the equilibrium volume that corre
spond to the lowest energy (see Fig. 2). Thereafter, the total energy for 
different values of c/a ratio for the hexagonal as well as c/a and then b/a 
for the orthorhombic structure at a fixed volume is computed to measure 
the lattice constant “c" for both CuYSe2 and CuYTe2 in the hexagonal 
phase, as well as “b" and “c" constants in the orthorhombic phase for 
CuYS2. 

The equilibrium lattice constants, bulk modulus, and cohesive en
ergy are calculated and denoted summarized in Table 2 and compared 
with the other available results, from this table we can see that the 
finding lattice parameters obtained using GGA approximation for CuYS2 
and CuYTe2 compounds are in good agreement with the other experi
mental results, whereas the nearest parameters of the experiment results 
for the CuYSe2 compound are obtained using LDA approximation. The 
bulk modulus B(GPa) describes the material’s resistance to any defor
mation caused by applying external hydrostatic pressure. Therefore, the 

bulk modulus values reveal that the CuYS2 compound is more resistant 
against regular external pressure compared to CuYSe2 and CuYTe2 
where this distinction is attributed to a disparity in the number of bonds, 
the strength of these bonds between atoms and the difference in struc
ture type between CuYS2 and the remaining compounds. We can confirm 
this result by calculating the cohesive energy of these compounds ac
cording to the following formula: 

Ecoh =

(
ECu

atom + EY
atom + 2 ​ EZ

atom

)
​ − ​ ECuYZ2

tot ​
NCu + NY + NZ

(1)  

where NCu, NY and NZ are the numbers of Cu, Y and Z atoms, respec
tively, in the unit cell of the CuYZ2 compound and EZ

atom are isolated 
atoms energies of the Cu, Y and Z atoms, respectively, ECuYZ2

tot is the total 
energy of bulk CuYZ2 compound. Comparing the cohesive energy of 
these compounds leads to finding that the CuYS2 is more cohesive 
because it has higher energy and is, therefore, the most structurally 
stable. 

3.2. Electronic properties 

Knowing the electronic behavior of materials has a great importance 

Fig. 1. Crystal structure of: (a) CuYS2 (orthorhombic), (b) CuYSe2 and (c) CuYTe2.  

Table 1 
Calculated atomic positions using GGA and LDA approximations of CuYZ2 (Z = S, Se and Te) compounds.    

GGA LDA Other works 

Materials Atoms x y z x y z x y z 

CuYS2 (Pnma # 62) Cu 0.4561 0.2500 0.3758 0.4589 0.2500 0.3768 0.4465 0.2500 0.3919 [30] 
Y 0.1335 0.2500 0.5016 0.1336 0.2500 0.5013 0.1348 0.2500 0.4925 [30] 
S 0.4602 0.2500 0.7534 0.4621 0.2500 0.7514 0.4623 0.2500 0.7597 [30] 
S 0.2965 0.2500 0.2418 0.3002 0.2500 0.2440 0.2934 0.2500 0.2310 [30] 

CuYSe2 (P-3m1 # 164) Cu 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 – – – 
Y 0.0000 0.0000 0.5000 0.0000 0.0000 0.5000 – – – 
Se 0.3333 0.6666 0.2323 0.3333 0.6666 0.2500 – – – 
Se 0.6666 0.3333 0.7676 0.6666 0.3333 0.7500 – – – 

CuYTe2 (P-3m1 # 164) Cu 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 – – – 
Y 0.0000 0.0000 0.5000 0.0000 0.0000 0.5000 – – – 
Te 0.3333 0.6666 0.2245 0.3333 0.6666 0.2246 – – – 
Te 0.6666 0.3333 0.7754 0.6666 0.3333 0.7753 – – –  
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in technology because it allows us to decide the appropriate domain for 
their use. The majority of chalcogenide compounds have semiconductor 
behavior, as proven in several studies [32]. Due to this character, these 
compounds are high demand, especially in the spintronic and solar cells 
fields. The band structure and the states densities using the TB-mBJ 
approach are plotted in Figs. 3–5. 

Band structures curves of the studied compounds indicates the 
presence of two bands (conduction above Fermi level and valence 
below) separated from each other by an indirect gap, where the value of 
the gaps estimated using TB-mBJ approximation are 2.01, 1.35 and 0.64 
eV for CuYS2, CuYSe2 and CuYTe2 respectively, and therefore we can say 
that these three compounds have semiconductor behavior. We notice 
that our results are in good agreement with the other experiment work 
[11,12]. To understand the formation of each band in band structure 
spectra, we analyze the total and the partial density of the atomic or
bitals states that shown in Fig. 3. According to this figure, we notice that 

there is no density of the state around the Fermi level, which confirms 
the semiconductor behavior of these compounds. Also, for CuYS2 in its 
orthorhombic phase structure, it is clear that the conduction band is 
formed mainly by the dominant contribution of the “d” orbitals of the 
Yttrium atom, with the presence of weak contribution from “s” and “p” 
orbitals of Cu and Y atoms while the “d” and “p” orbitals of the Cu and S 
atoms respectively which they exhibit a strong hybridization in the 
range of − 5 eV–0 eV, on the other hand, the contribution of “s” orbital of 
“S” atom was located around − 12 eV. Partial density of states (PDOS) 
curves of CuYSe2 and CuYTe2 compounds have appeared that the 
valence band below Fermi level was formed due to “s” orbital of Se and 
Te atoms contribution near to − 12 eV energy value, while “p” orbital of 
Se and Te atoms has contributed in the range [− 5; 0 eV] and hybridized 
with “d” orbital of Cu atoms. For the conduction band, the partial 
density curves for both CuYSe2 andCuYTe2, appears a dominant 
contribution of “d” orbital of Y atoms. Through total partial density of 

Fig. 2. Energy-Volume optimization curves for (a) CuYS2 (b) CuYSe2 (c) CuYTe2 compounds.  
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states analysis, our obtained results are similar to the previous studies 
[11,12]. 

3.3. Optical properties 

The effect of incident light on solid materials differs depending on 

their electronic behavior (conductor, insulator, or semiconductor), 
electronic density, and the gap separating the valence bands from the 
conduction, and the number and the nature of bonds between their 
atoms. For semiconductor materials, this difference is mainly due to the 
value of the energy carried by the electromagnetic waves, the photon- 
electron interaction and valence band electrons, where the electric 
field of the electromagnetic waves interacts with electrons and polarizes 
them in its same direction. As a result of this polarization, the light 
energy can be absorbed through the excitation of the valence electrons, 
in which this polarization gives sufficient energy to the electrons that 
allows them to move from the valence band to the conduction band in 
the so-called interband transition, where the excited electrons, the en
ergy range in which the interband transition occurs, and the atomic 
orbital to which they transform to/or from can be inferred and deter
mined depending on the electronic state density analysis. These phe
nomena can be depicted in terms of time-dependent perturbations of the 
ground-state electronic states. As another result of the polarization, the 
velocity of these electromagnetic waves can be reduced when across the 
material, where the refraction of the light occurs and its path changes. 
Absorption, reflection, refractive index, and energy loss coefficients are 
among the main characteristics that indicate usability of material in a 
specific application, whether as optical filters, optical detectors, sensors, 
or anti-reflection coatings. 

The optical properties were studied using the dielectric complex 
function ε(ω) as a function of real (ε1(ω)) and imaginary (ε2(ω)) parts 
given by the formula [33–36]: 

Table 2 
The Calculated equilibrium lattice constants, bulk modulus, and cohesive energy 
for CuYZ2 (Z = S, Se and Te) using both GGA and LDA approximations.    

a (Å) b (Å) c(Å) B 
(GPa) 

Ecoh (eV/ 
atom) 

CuYS2 GGA 
Other cal 
[11] 

13.446 
13.758 

3.979 
4.013 

6.287 
6.351 

80.594 
73.48 

4.868 
– 

LDA 
Other cal 
[11] 

13.154 
13.196 

3.892 
3.858 

6.151 
6.111 

97.195 
84.37 

6.251 
– 

Exp [30] 13.453 3.981 6.290 – – 
CuYSe2 GGA 

Other cal 
[11] 

3.995 
3.994  

6.339 
6.372 

71.180 
– 

4.305 
– 

LDA 4.037  6.405 66.999 6.556 
Exp [31] 4.068  6.454 – – 

CuYTe2 GGA 
Other cal [7] 

4.223 
4.317  

6.748 
6.918 

57.119 
– 

3.874 
– 

LDA 4.107  6.587 73.457 5.267 
Exp [7] 4.297  6.908 – –  

Fig. 3. Calculated band structure, total and partial density of states for CuYS2 by using the TB-mBJ approximation.  

Fig. 4. Calculated band structure, total and partial density of states for CuYSe2 by using the TB-mBJ approximation.  
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ε(ω)= ε1(ω) + iε2(ω) (2) 

The real part of the dielectric function ϵ1(ω) present the dispersion of 
the incident photons by the substance’s [37] and it gives us more in
formation about the electronic polarization state of the material [38] 
while the imaginary part of the dielectric function ϵ2(ω) means the en
ergy absorbed by the material. The Imaginary part ϵ2(ω) is estimated 
using the electronic band structure by relating the momentum matrix 
elements between the occupied and unoccupied electronic states [39] 
whereas the real part can be obtained from the Imaginary part ϵ2(ω) 
using the Kramers–Kronig transformation [40]. 

The real and imaginary parts of the dielectric functions of the studied 
compounds are calculated using TB-mBJ approximation along each x, y, 
and z directions and presented in Figs. 6 and 7. Through this figures, we 
can see that the values of the real part ϵ1(ω) at zero frequency present the 
static dielectric constant which are calculated and summarized in 
Table 3 where we can see reveals that CuYTe2 has a higher value 
compared to the other compounds. Also, we can observe that the spectra 
of ϵ1(ω) increase sharply from the static dielectric constant ϵ1(0) and 
reaches its maximum value at energies equal to 10.5, 9.0 and 7.0 eV for 
CuYS2, CuYSe2 and CuYTe2 respectively, since then gradually decreases 
to take negative values in the range [ 8; 18 eV] for all the studied 
compounds where their behavior in this region they transform from 
metallic to dielectric and therefore the dispersion is unavailable in this 
range, unlike to the absorption coefficient, which has a greater value in 
this range. 

Regarding the spectra of the imaginary part ϵ2 (ω) plotted in figures 
(6 and 7), we can see that the optical band gaps obtained from the 
imaginary part of the dielectric function calculated using TB-mBJ 

approximation are 2.01, 1.31 and 0.56 eV for CuYS2, CuYSe2 and 
CuYTe2 respectively. The ϵ2 (ω) spectra express the absorption that can 
occur as a result of electronic excitation from the valence states below 
the Fermi level to the conduction states where through this spectra we 
can observe that this absorption can only occur if the energy value of the 
incident photons is greater than the energy gap. 

The light incidence as an electromagnetic waves on the material 
causes electrons in the valence band to absorb the energy and raising its 
energy level [41]. The absorption coefficient α(ω) is connected to the 
extinction coefficient k(ω), by the following formula [40]. 

α(ω)= (4π/λ)k(ω) (3)  

where λ is the wavelength of light in vacuum. Also the absorption co
efficient α(ω) can be calculated using another formula [40]: 

α(ω)= 2πω
c

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
− Re(ε(ω)|ε(ω)|)

2

√

(4) 

According to Fig. 8, the absorption edge is located at around 2.04 eV 
for CuYS2, 1.31 eV for CuYSe2 and 0.56 eV for CuYTe2 where all the 
studied compounds have a good response in the range of 11.3–47 eV for 
CuYS2, 6.25–47eV for CuYSe2 and 5.7–47 eV for CuYTe2 to incident 
photons. 

The optical refractive index, conductivity and the reflectivity are 
presented in Figures (9)–(11). We have determined the refractive index 
given by using the real and imaginary parts of the dielectric function 
[40]: 

n(ω)=
(

1
/ ̅̅̅

2
√ )[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε1(ω)2
+ ε2(ω)2

√

+ ε1(ω)
]1/2

(5) 

Fig. 5. Calculated band structure, total and partial density of states for CuYTe2 within the TB-mBJ approximation.  

Fig. 6. Real and imaginary part of the dielectric function for CuYS2 within TB-mBJ approximation compared the real one with other computational work.  
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The refractive index n0 at zero frequencies and the maximum values 
are shown in Table 3. At zero-frequency, the refractive index is 1.91 for 
CuYS2, 1.88 for CuYSe2 and 1.98 for CuYTe2 with maximum values of 
2.80 at 6.59 eV for CuYS2, 2.92 at 7.90 eV for CuYSe2 and 3.12 at 6.81eV 
for CuYTe2 respectively. 

We define another parameter, which is the reflectivity coefficient R 
(ω). This parameter characterizes the part of the reflected energy from 
the solid surface and can be derived by the refractive index [40] as 
follows: 

R(ω)=
⃒
⃒
⃒
⃒
⃒

(n(ω) − 1)2
+ k(ω)2

(n(ω) + 1)2
+ k(ω)2

⃒
⃒
⃒
⃒
⃒

(6) 

In Fig. 10, the optical reflectivity of CuYZ2 (Z = S, Se and Te) was 
plotted as function of the light energy where the zero-frequency 
reflectivity limit of CuYZ2 is found to be 0.14 for CuYS2, 0.21 for 
CuYSe2 and 0.30 for CuYTe2. We can see also that the high reflectivity 
peaks are observed at energies 15.76 eV, 9.03 eV and 11.16 eV for 

CuYS2, CuYSe2 and CuYTe2 respectively. 
Optical conductivity is a complex quantity defined by the following 

formula [35]: 

σ(ω)= − (iω / 4π)ε(ω) (7) 

Fig. 11 shows that the optical conductivity starting from 2.04 eV, 
1.31 eV and 0.56 eV to CuYS2, CuYSe2 and CuYTe2 respectively. As 
remark, the maximum of optical conductivity of the compounds is at 
10.57 eV for CuYS2, 8.28 eV for CuYSe2 and 6.62 eV for CuYTe2. 

3.4. Thermodynamic properties 

Getting high efficiency for materials that used in solar energy sys
tems requires the full knowledge of their properties such as the various 
changes occurred to their properties when under temperature and 
pressure effects. The most important characteristics that we studied 
included the changes in their energy absorption ability, their thermal 
expansion coefficient, and the resistance to deformation and other 
properties. 

All these properties were theoretically investigated in a temperature 
range of up to 1000 K and under the pressure influence up to 30 GPa. It 
calculation was performed using the quasi-harmonic Debye model [33] 
applied in the GIBBS2 code [34,35]. 

To study the thermodynamic properties variation of a solid matter 
under the influence of temperature and pressure, we use the Gibbs free 
energy given by: 

G*(x,V; P,T) ​ = ​ Estat(x,V) ​ + ​ PV ​ + ​ A*
vib(x,V; T) ​ + ​ F*

el(x,V; T)
(8) 

Fig. 7. The computed real and imaginary part of the dielectric function for CuYSe2 and CuYTe2 within TB-mBJ approximation.  

Table 3 
The values of the refractive index and the static dielectric constant.    

ε1(0) n(0) R(0) 

CuYS2 mBJ-GGA 4.942 2.22 0.144 
mBJ-LDA 5.105 2.26 0.149 

CuYSe2 mBJ-GGA 7.632 2.76 0.219 
mBJ-LDA 7.048 2.65 0.205 

CuYTe2 mBJ-GGA 11.754 3.42 0.301 
mBJ-LDA 13.200 3.63 0.323  
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Fig. 8. Absorption coefficient of CuYZ2 (Z = S, Se and Te) within TB-mBJ approach.  

Fig. 9. Optical refractive index of CuYTe2 with (Z = S, Se and Te) within TB-mBJ approach.  
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Fig. 10. Optical reflectivity of CuYZ2 with (Z = S, Se and Te) using TB-mBJ approach.  

Fig. 11. Optical conductivity of CuYZ2 (Z = S, Se and Te) using TB-mBJ approach.  
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where Estat is the total energy, PV corresponds to the hydrostatic con
dition, A∗

vib and F∗
el are the non-equilibrium vibrational Helmholtz free 

energy and electronic free energies respectively. Using Debye’s model 
allows to express the non-equilibrium vibrational Helmholtz free energy 
A∗

vib in terms of the density of phonon states (the vibrational density of 
states) g(ω): 

A∗
vib =

∫∞

0

[ω
2
+kBT ​ Ln

(
1 − ​ e− ​

ω
kB T

)]
​ g(ω)dω (9)  

F*(x,V; T) ​ = ​ Estat(x,V) ​ + ​ A*
vib(x,V; T) (10)  

where n represents the atoms number per unit volume, and D (θ/T) 
indicates the Debye integral, which is written as: 

D(x) ​ = ​
3
x3

∫x

0

y3e− y

1 − e− y dy (11) 

To get the equilibrium state, we minimize Gibbs free energy G∗ with 
respect to volume at constant pressure and temperature: 
(

∂G*(V,P,T)
∂V

)

P,T
= 0 (12) 

Solving the last equation enable us to find formulas of various 
thermal quantities, such as: entropy (S), the heat capacity at constant 
volume (Cv), and the thermal expansion coefficient (α) which are given 
by: 

S ​ = ​ − 3nkBln
(
1 − ​ e− θD/T) ​ + ​ 4nkBD(θD/T) (13)  

Cv ​ = ​ 12nkBD(θD/T) ​ − ​
9nkBθD/T
eθD/T − 1

(14)  

α= −
1
V

(
∂V
∂T

)

P
=

γCV

VBT
(15) 

Heat capacity at volume constant Cv that is expressed by formula (2) 
depicts how much energy can be absorbed by 1 mol of compound when 
temperature increases by 1 K and is the result of vibrations of the atoms 
of lattice [42]. We plotted in Fig. 6 the variation of heat capacity of 
CuYZ2 (Z = S, Se and Te) as a function of volume and pressure. 

Fig. 12-a shown that at low temperature (smaller than 200 k) Cv 
increases with temperature and proportions to T3, whereas it set up 100 
j/mol. k) at a temperature equal or greater than 450 K which is in 
accordance to Petit Dulong law [43]. At ambient temperature (300 k), 
all studied compounds have high heat capacity values, where the 
greatest value was for CuTe2 (96.47 j/mol.k) and the smallest value for 

CuYS2 (91.89 j/mol.k). On the other hand, pressure affects the heat 
capacity Cv, where the curves Cv-P in Fig. 11-b appears a linear decrease 
of the heat capacities values with pressure increasing of all compounds. 

We plotted in Fig. 13 the pressure and temperature effects on entropy 
thermal quantity and this latter means the unconvertible energy in 
system. According to Fig. 13-a, CuYTe2 has higher entropy compared to 
the other compounds, also, the three curves of entropy change with 
increasing pressure and temperature and show a quasi-linear increase in 
entropy with increasing temperature and pressure for each of them 
separately. We can explain this observation as follow: the increase of 
temperature leads to a growth in the vibration modes and consequently 
the number of configurations possible while increasing pressure affects 
the atoms movement and therefore decreases the numbers vibrations 
atoms. 

Thermal expansion expresses the proportion of change in dimension 
per unit degree temperature change at constant pressure when the 
temperature changes. Higher temperature leads to rise in the movement 
of the atoms that make up the substance and this leads to a change in its 
volume. Vibrations of the constituent atoms of the substance always play 
an important role and affected by external heat and their inter-atomic 
distances [44]. The coefficient of thermal expansion is related to 
several factors [45] such as the nature of its constituent atoms, the 
number of bonds, and the type of its structure. Fig. 14-a shows the 
variation of the coefficient of thermal expansion as a function of tem
perature. According to this figure, we can see that the thermal expansion 
of all studied compounds increases rapidly for temperatures less than 
200 K and slowly for higher than 200 K. Also, we can notice that at 
temperatures less than 350 K, CuYTe2 compound has the greatest ther
mal expansion coefficient, while at temperatures higher than 350 k the 
CuYSe2 thermal expansion value become upper than the other. 

The most important thermal property is the Debye temperature. It is 
associated with many mechanical and elastic properties, and it repre
sents the temperature that caused the greatest number of vibration 
modes, Also, Debye temperature θD is associated to sound velocity due to 
the reason that vibrations of solid are considered as elastic waves [42, 
46]. The obtained results of the temperature dependence of Debye 
temperature for all compounds CuYZ2 (Z = S, Se and Te) are plotted in 
Fig. 14-b. Curves of θD-T exhibit a linear decreasing of Debye’s tem
perature with increasing temperature where CuYS2 has the highest value 
compared to CuYTe2 and CuYSe2 compounds. 

3.5. Thermoelectric properties 

To estimate Seebeck coefficient, electrical conductivity (σ/τ), the 
thermal conductivity (κ/τ) and electronic specific heat capacity (c) of 
CuYZ2 compounds (Z = S,Se and Te) for different temperature (300, 500 
and 700 k) in the first step as function of the relative chemical potential 

Fig. 12. Pressure and temperature dependence of heat capacity “Cv” on CuYZ2 (Z = S, Se and Te) compounds.  
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where the positive value of chemical potential (μ) reveals that the 
doping is n-type whereas the negative value indicates the p-type doping 
[47], and at Fermi level for each CuYZ2 (Z = S,Se and Te) compound at 
room temperature equal to 300 K we depend on the semi-classical 
Boltzmann transport theory implemented in BoltzTraP code [26]. 

The intrinsic Seebeck coefficient is the ratio of the voltage created 
between the ends of a material when its ends are exposed to a thermal 

gradient. This thermal gradient causes the moving charge carriers 
(electrons or holes) [48] and induced an electrical current. 

We plotted in Figure (15-a) the variation of Seebeck coefficient along 
the relative chemical potential μ to the Fermi level μ0 for all CuYZ2 (Z =
S, Se and Te) compounds at three temperatures values (300, 500 and 
700 K). According to the obtained results, we can see at 300 K that the 
Seebeck coefficient is as great as possible for the three materials studied. 

Fig. 13. Pressure and temperature dependence of entropy “S” of CuYZ2 (Z = S, Se and Te) compounds.  

Fig. 14. Temperature dependence of entropy “S” of CuYZ2 (Z = S, Se and Te) compounds.  

Fig. 15. Variation of Seebeck coefficient for CuYZ2 (Z = S, Se and Te) as function of: (a) the relative chemical potential for different temperature values (300, 500 
and 700 K). (b) As function temperature at Fermi level. 
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We can also see that the CuYS2 compound has a significantly higher 
Seebeck coefficient than the other two compounds, with a maximum 
value set up 2.7 mV/K at 300 K and decreasing to 1.6 mV/K if the 
temperature increases to 700 K. Figure (15-b) shows the temperature 
variations of the Seebeck coefficient computed exactly at the Fermi 
level. The Seebeck coefficient rises to its maximum value at tempera
tures 650, 350 and 500 K for CuYS2, CuYSe2 and CuYTe2 respectively, 
also we can see that the coefficient of Seebeck for theCuYSe2 compound 
at room temperature is greater for the remaining compounds. 

The other three important parameters in the study of thermoelectric 
phenomena are the electrical conductivity (σ/τ), electronic thermal 
conductivity (κ/τ) and electronic specific heat (c) of the free electrons in 
material where these factors express the contribution of the electrons 
movement to the conductivity of electric current, its contribution to 
thermal conductivity and its contribution to the heat capacity of the 
material, respectively. In Figs. 16–17 and 18, we have plotted the 
variation of the electrical conductivity (σ/τ) coefficient, the electronic 
thermal conductivity (κ/τ) and electronic specific heat (c) of CuYZ2 in 
terms of chemical potential at different temperatures (300, 500 and 700 
K) and as function of temperature at Fermi level. 

The electrical conductivity, which is a measure of free charge-carrier 
flow of the material [49]. The electrical conductivity directly depends 
upon the carrier concentration (n) and mobility (μ) through the relation 
(σ = neμ) [47]. According to the results obtained about the changes of 
electrical conductivity in terms of the relative chemical potential at 
different temperatures (300, 500 and 700 K) shown in Fig. 16-a. We note 
that the CuYTe2 compound has higher electrical conductivity than the 
rest compounds, where its maximum value was at the relative chemical 
potential in the range − 1, − 0.5 eV, also it can be noted that the electrical 
conductivity has the highest value at the temperature of 300 k and 
decreased slightly with increasing temperature for the all studied com
pounds, whereas the electrical conductivity of the CuYS2 compound is 
large when the relative chemical potential is greater than 1.5eV. 
Fig. 16-b characterizes the electrical conductivity variation in terms of 
temperature for the three compounds at the Fermi level for each com
pound. The results indicate that electrical conductivity is non-existent at 
low temperatures and then goes up with increasing temperature, CuYSe2 
compound having a higher electrical conductivity coefficient than the 
other compounds. 

It is usually known that the contributions of electrons to thermal and 
electrical conductivity are exactly proportional and related to each other 
by relation of Wiedemann–Franz law κ = L σ T (L: Lorentz constant), so 
we can see similar shapes of curves for the electrical conductivity (σ/τ) 
and the electronic thermal conductivity (κe/τ) (see Fig. 17 (a and b)) 
where the increase of the electronic thermal conductivity is related to 
the electron-phonon interaction due to random transport carries [50]. 

The electronic heat capacity (c) is independent of system size and 
yields a degree of temperature change per unit of the substance by 
absorbing heat [49]. The variation of the electronic heat capacity (c) as 
function of the relative chemical potential at different temperatures 
(300, 500 and 700K) in both is shown in Fig. 18-a. The results indicated 
that the value of electronic heat capacity (c) takes higher values in the 
relative chemical potential range of − 2 eV–0 eV for the three studied 
compounds, and the value of the capacity increases with rising tem
perature for the three compounds. The plotted curves also reveal that the 
CuYS2 compound has a higher electronic heat capacity (c) than the other 
compounds unlike to CuYTe2 compound that having the lowest values. 
Concerning the variations in electronic heat capacity (c) as a function of 
temperature computed at the Fermi level (See Fig. 18-b), we found that 
the electronic heat capacity (c) has zero values at temperatures below 
150 K, whereas the electronic heat capacity (c) starts to rise as tem
perature increases and it increases more in CuYS2 than CuYTe2 and 
CuYSe2. 

Fig. 19 (a - b) display the variation of ZT factor as a function of 
chemical potential at different temperatures and as function of tem
perature at Fermi level for each compound. This parameter is used to 
express the qualification of materials to transfer heat into useful electric 
energy. 

As previously mentioned, the efficiency of materials in converting 
heat into electricity varies from one material to another, as can be 
predicted theoretically by estimating the ratio of merit, this latter is 
related to the many other thermoelectric properties of the material such 
as the contribution of electrons to thermal conductivity,electrical con
ductivity in addition to Seebeck coefficient. To obtain a high merit ZT 
ratio, the material must have high Seebeck factor, high electricity fans 
and low thermal conductivity, which are significantly contributing to 
the heat energy transfer to electricity instead of storing or transported as 
a heat. According to Fig. 19-a shown to the ZT variation in term of the 
chemical potential at different temperatures, we note that both CuYS2 
and CuYSe2 compounds have high ZT factor, unlike to CuYTe2 com
pound. For the variations of ZT coefficient in terms of temperature at the 
Fermi level (see Fig. 19-b) we note that the coefficient value for the 
CuYTe2 compound reaches a maximum at a temperature of 300 K and 
then decreases with increasing temperature, in contrast to CuYS2 and 
CuYSe2 compounds, where the coefficient value remains high and nearly 
constant at temperatures greater than 300 K. 

4. Conclusion 

Aspects of our work included estimation of structural, electronic and 
optical properties of copper-based chalcogenides: CuYS2, CuYSe2, and 
CuYTe2 in orthorhombic and hexagonal structural phases using the first 

Fig. 16. Variation of electrical conductivity (σ/τ) for CuYZ2 (Z = S, Se and Te) as function of: (a) the relative chemical potential for different temperature values 
(300, 500 and 700 K). (b) Temperature at Fermi level. 
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principle calculation based on DFT theory. The analysis of the obtained 
results showed that the three compounds have the same electronic 
behavior, as they are semiconductors with different energy gaps. In 
addition, these compounds are considered to have good cohesive en
ergies, especially CuYS2 compound. Studying the optical properties 

indicates that the three compounds have good optical properties, in 
particular, CuYS2 compound, which has a high absorption coefficient 
compared to the rest of the compounds. Which makes them candidate 
materials to use in photovoltaic applications. With regard to the tem
perature and pressure effects in the thermodynamic properties of the 

Fig. 17. Variation of electronic thermal conductivity (κ/τ) for CuYZ2 (Z = S, Se and Te) as function of: (a) the relative chemical potential for different temperature 
values (300, 500 and 700 K), (b) temperature at Fermi level. 

Fig. 18. Variation of electronic heat capacity (c) for CuYZ2 (Z = S, Se and Te) as function of: (a) the relative chemical potential for different temperature values (300, 
500 and 700 K). (b) Temperature at Fermi level. 

Fig. 19. Variation of (a) the merit figure (ZT) for CuYZ2 (Z = S, Se and Te) as function of: (a) the relative chemical potential for different temperature values (300, 
500 and 700 K). (b) Temperature at Fermi level. 
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three compounds, we found that the CuYZ2 with the sulfur atom (S) has 
a less ability to absorb energy at ambient temperatures compared to the 
rest of the compounds as well as other thermal properties under the 
influence of pressure and heat, so our study appears that CuYZ2 (Z = S, 
Se and Te) are promising compounds to use them in electro-optical fields 
and its applications. Estimating thermoelectric properties based on the 
semi-classical Boltzmann theory, such as thermal conductivity, Seebeck 
coefficient, and electronic conductivity, allows us to validate the ability 
of both CuYS2 and CuYSe2 to be used as thermoelectric materials due to 
its specific thermodynamic and electronic features. The thermoelectric 
findings indicate that CuYS2 is a good candidate thermoelectric device 
due to their high Seebeck coefficient reaching to 3.0 mV/K and low 
thermal conductivity value at ambient temperature. 
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