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ABSTRACT 

The main objective of this work is the prediction of optoelectronic properties of Cl doped Cu2Se 

by FP-(L)APW method which is implemented in WIEN2k code. The structure is optimized by 

using GGA as exchange-correlation functional. TB-mBJ (Tran-Bhala modified Becke-Johnson) 

approximation was used for the prediction of the electronic properties of this compound and this 

choice is motivated by its proven success for this kind of study. The electronic properties have 

shown the metallic nature. The optoelectronic transitions between the valence band top and the 

conduction band bottom have been identified by an analysis of the real and imaginary part 

variations of the dielectric function. 
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INTRODUCTION 

Copper chalcogenides have been compounds of extreme interest for researchers in recent 

past due to their potential applications in thermoelectric and photovoltaic devices [1, 2]. As an 

example, cuprous chalcogenide (Cu2Se) have wide applications in thermoelectric generators [3], 

solar cells [4, 5] and optoelectronic devices [6, 7]. In particular, an important ingredient in CIGS 

(Cu(In,Ga)Se2 solar cells) is Cu2Se, which is among the most promising technologies in the field 

of renewable energy. Regardless of its significant applications and simple chemical formula, the 

atomic structure of Cu2Se in low-temperature phase was undefined until recent past, which 

hindered the theoretical calculations of the physical properties of Cu2Se. Definitely, some DFT 

studies are available in the literature that are based on high temperature phase of Cu2Se [8, 9], 

which shows huge difference between the experimental and theoretical results. With the help of 



X-ray diffraction calculations, a complex monoclinic structure of Cu2Se was by Gulay et al. for 

low-temperature phase [10]. Nguyen et al. used genetic algorithm study to predict a naiver layered 

structure of Cu2Se [11], and approximately at the same time a similar layered structure was 

detected experimentally [7]. Layered configuration is found to be one of the most stable dynamical 

structural model [11].  

Layered nature of the transition metal chalcogenides is attracting the interest of researchers 

as they have been emerging as potential candidates to be utilized in future nano-scale devices [12]. 

In fact, van der Waals (vdW) forces of attractive nature weakly bound their layered structures, 

permitting the trite segregation of the layered building blocks and resultant applications of their 

interesting two-dimensional characteristics in different areas of material science [12]. Newly 

proposed model of Cu2Se is shown in Fig. 1 having strongly bonded layered building blocks that 

contain six atomic layers [11].  

 

 Fig. 1: Layered structure of Cu2Se 

Values of energy band gap measured in optical experiments are between 1.0 to 1.3 eV [13-

15]. In contrast, cubic models of Cu2Se having semi-metallic and metallic nature were reported in 

earlier first-principles studies [8, 9]. Several experimental attempts have been made in order to 

determine crystal structure of Cu2Se in low-temperature phase. However, main focus of many 

experimental studies was to determine lattice parameters instead of detailed atomic positions. It is 

important to note that layered structure of Cu2Se at low temperature show considerable low value 

of energy band gap (0.74 eV) as calculated by meta-GGA method [11]. However, it is uncertain 

that whether these discrepancies between different theories comes out due to the use of different 

structural models, as earlier studies were carried out by employing different computational 



methods having different accuracies. Therefore, such discrepancies must be addressed through 

further theoretical studies. 

In this study, by using first-principles calculations in the framework of density functional 

theory by employing GGA approximation, we calculated electronic and optical properties of Cu2Se 

and [Cu2Se]:Cl. These studies give more explanation regarding physical properties of the 

photovoltaic materials based on Cu2Se. 

COMPUTATIONAL DETAILS 

In this article, WIEN2k package is used with the FP-LAPW (full-potential augmented 

plane wave) method for the analysis of significant properties of Cu2Se and [Cu2Se]:Cl [16]. We 

used newly developed TB-mBJ (Tran-Bhala modified Becke-Johnson) and optimized values of 

lattice parameters for calculation of essential exchange-correlation potentials [17]. In FP-LAPW 

method, two regions are combined to form space of unit cell i.e. (a) IR (interstitial region) and (b) 

muffin-tin (atomic spheres). Potential is taken as constant in interstitial region whereas in muffin-

tin region it is taken as a function of r ≤ RMT (RMT = Muffin-tin radius) and is spherically 

symmetric. No leakage of current is ensured from the core states of atoms by choosing suitable 

values of muffin-tin radii for different elements and no overlapping of the atomic spheres exist in 

the convergence of total energy. Plane wave function and radial wave function time’s spherical 

harmonics are used to solve SWE (Schrodinger wave equation) in interstitial region and muffin-

tin region, respectively.  

The value of maximum angular momentum (lmax) is taken as 10 to expand wave functions 

in muffin-tin radii and value of cutoff energy is set to be -6.0 Ry. The values for convergence point 

of total energy and force are taken as 0.0001 Ry and 0.001 Ry/au, respectively. To achieve these 

values a k-mesh of 500 points has been taken and the cutoff parameter for plane wave i.e. 

RMT*Kmax and Gmax are taken as 7.0 and 12, respectively, in first Brillouin zone. Where RMT and 

Kmax are the values of smallest muffin-tin radius and largest reciprocal lattice vector, respectively.  

Forces on the atoms are reduced to less than 1mRy/au in order to get relaxed geometry for the 

calculations. Unit cells of Cu2Se and Cu2Se are shown in Fig. 1 (a) and (b), respectively.   



       

(a)                                                                         (b) 

Fig. 2: Unit cell structures of (a) Cu2Se (b) [Cu2Se]:Cl 

RESULTS AND DISCUSSION 

ELECTRONIC PROPERTIES 

Information regarding the optoelectronic properties of the material under is mainly 

provided by the density of states (DOS) and energy band structure. In this section of the 

manuscript, electronic properties of Cu2Se and [Cu2Se]:Cl are discussed by using the calculated 

results of band space dispersion, electronic density of states and partial density of states (PDOS). 

Partial density of states (PDOS) are useful in the explanation of the contributions from different 

components of angular momentum and are also helpful for the explanation of the origin of sub 

energy bands. 

BAND STRUCTURE 

Properties like energy band gaps and energy band structures play an important role while 

deciding an efficient semiconductor material for applications in electronic devices. In this section 

of the article we discussed the calculated energy band structure of Cu2Se and [Cu2Se]:Cl. 

Calculated energy band structures along highly symmetric points of the first Brillouin zone are 

shown in Fig. 3. Band structures are plotted for the range of -5.0 to 5.0 eV. Cu2Se is direct band 

gap material as VBM (valance band maxima) and CBM (conduction band minima) are collinear 



at Г whereas [Cu2Se]:Cl possess indirect band gap as VBM and CBM are not present at same 

point. It can be noted from Fig. 3 that values of energy band gap are 0.824 and 0.145 eV for Cu2Se 

and [Cu2Se]:Cl, respectively. 

       

(a)                                                                         (b) 

Fig. 3: Band structures of (a) Cu2Se (b) [Cu2Se]:Cl 

DENSITY OF STATES 

Contribution of different electronic states in electronic and optical properties of Cu2Se and 

[Cu2Se]:Cl have been studied in VB and CB by calculating partial density of states (PDOS) and 

total density of states (TDOS) in this section of the article. PDOS and TDOS are calculated for 

foresaid compounds at stable lattice parameters by using mBJ-GGA approximation. Calculated 

DOS are presented in Fig. 4 (a) and (b) for Cu2Se and [Cu2Se]:Cl, respectively. One can clearly 

see that Fig. 4 (a) is divided into three portions in bottom up mode i.e. (i) TDOS and PDOS of 

elements, (ii) PDOS of Cu and (iii) PDOS of Se. Total and partial density of states for Cu2Se are 

plotted for the energy range of -6.0 to 6.0 eV with Fermi level at 0 eV. Contributions from different 

sub-shells of the atoms in a compound can be explained by calculating PDOS of that compound. 

We can divide the valance band in the plots of TDOS and PDOS into two sections i.e. section 1 

from -6.0 to -4.0 eV and section 2 from -4.0 to 0 eV. It can be observed from Fig. 4 (a) that in 



section 1 of the valance band both Cu and Se have approximately same contributions whereas the 

plots of PDOS shows that in this section major contributions comes from Se-p orbitals and some 

minor contributions are also present due to Cu-d orbitals. In section 2, major contributions comes 

from Cu atoms and Se atoms have no impact in this section. From the plots of PDOS, it can be 

noted that major contributions in this section are due to Cu-d and Se-p orbitals. Similarly, it can 

be noticed from the plot of TDOS that in conduction band both atoms have approximately same 

impact. However, it can be observed from the plots of PDOS that Se-S, Se-p and Cu-d orbitals 

have major contribution at lower energies whereas at energies higher than 3.0 eV, Se-p, Se-d and 

Cu-d orbitals have major contributions.  

One can clearly see that Fig. 4 (b) is divided into four portions in bottom up mode i.e. (i) 

TDOS and PDOS of elements, (ii) PDOS of Cl, (iii) PDOS of Cu and (iv) PDOS of Se. Total and 

partial density of states for [Cu2Se]:Cl are plotted for the energy range of -8.0 to 8.0 eV with Fermi 

level at 0 eV. We can divide the valance band in the plots of TDOS and PDOS into two sections 

i.e. section 1 from -8.0 to -4.0 eV and section 2 from -4.0 to 0 eV. It can be observed from Fig. 4 

(b) that in section 1 of the valance band both Cl, Cu and Se have approximately same contributions 

whereas the plots of PDOS shows that in this section major contributions comes from Se-p and 

Cl-p orbitals and some minor contributions are also present due to Cu-d orbitals. In section 2, 

major contributions comes from Cu atoms but Se and Cl atoms also have some minor contributions 

in this region. From the plots of PDOS, it can be noted that major contributions in this section are 

due to Cu-d and some minor contributions due to Se-p and Cl-p orbitals are also present. Similarly, 

it can be noticed that valance band can also be divided into two regions i.e. section 1 from 0 to 4.0 

eV and section 2 from 4.0 to 8.0 eV. In section 1 of the conduction band, major contributions are 

due to Se atoms whereas some minor contributions are also present due to Cu atoms whereas the 

plots of PDOS shows that in this section major contributions comes from Se-p and Cu-d orbitals 

and some minor contributions are also present due to Se-s and Se-d orbitals. In section 2, major 

contributions comes from Se and Cl atoms. From the plots of PDOS, it can be noted that major 

contributions in this section are due to Se-d, Se-p and Cu-s orbitals whereas some minor 

contributions due to Cu-d orbitals are also present. 

 



 

(a) 

 



(b) 

Fig. 4: Total and partial density of states for (a) Cu2Se (b) [Cu2Se]:Cl 

OPTICAL PROPERTIES 

Calculated optical properties such as dielectric function, extinction coefficient, refractive 

index, absorption coefficient, energy loss function and optical conductivity for Cu2Se and 

[Cu2Se]:Cl are discussed in this section in order to get deeper understanding of the electronic 

structure. Appropriate knowledge regarding refractive index and absorption coefficient is the 

primary requirement in order to design effective optoelectronic devices. These theoretical results 

are in good agreement with previously reported experimental as well as theoretical results. Optical 

properties of aforementioned compounds are explained by taking average of the parameters along 

three axis as these compounds possess tetragonal symmetry. Calculated results of the optical 

parameters are shown in Fig. 5 (a-g). 

Complex dielectric function can be used to explain the optical response of the 

semiconductor material over the energy range of 0-14 eV. Dielectric function can be calculated by 

using the following equation: 

휀(𝜔) = 휀1(𝜔) + 𝑖휀2(𝜔)                                                          (1) 

Where 휀2(𝜔) and 휀1(𝜔) are the imaginary and real parts of the complex dielectric function, 

respectively. Imaginary part 휀2(𝜔) of dielectric function describes all probable excitations of 

electrons between occupied and unoccupied states whereas all the stored energies in material are 

associated with real part 휀1(𝜔) of the complex dielectric function. Imaginary part 휀2(𝜔) of 

dielectric function can be calculated by using the following relation [18]: 

휀2(𝜔) =
𝑉𝑒2

2𝜋𝑚2𝜔2 ∫ 𝑑3𝑘 ∑ ⟨𝑘, 𝑛|𝑝|𝑘, 𝑛′⟩2𝑓(𝑘𝑛)[1 − 𝑓(𝑘𝑛′)]𝑛,𝑛′ 𝛿(𝐸𝑘𝑛 − 𝐸𝑘𝑛′ − 𝜔)          (2) 

Where m, e, f (kn) and 𝐸𝑘𝑛 are used to specify mass of electron, charge of electron, Fermi 

distribution function and eigenvalue of the nth state wave function of the crystal |𝑘, 𝑛⟩, respectively. 

And p represents the momentum matrix elements between states n and n’. The real part 휀1(𝜔) of 

dielectric function can be calculated by using the following Kramer-Kronig relation [19, 20]: 

ε1(ω) = 1 +
2

π
∫

ε2(ω)ω′dω′

ω′2−ω2

∞

0
                                                            (3) 

 



Calculated results of the real part 휀1(𝜔) of dielectric function are presented in Fig. 5 (a). 

One can see that peaks are shifted towards lower energies and static value also increases by the 

doping of chlorine in Cu2Se. Highest values in the spectra of real part 휀1(𝜔) of complex dielectric 

function occurs at approximately 1.0 and 0.5 eV for Cu2Se and [Cu2Se]:Cl, respectively. There is 

a sharp decrease in the spectra of 휀1(𝜔) for [Cu2Se]:Cl after the peak value. Spectra of Cu2Se and 

[Cu2Se]:Cl enters in the negative region at approximately 4.3 and 7.4 eV, respectively, that shows 

metallic response of the compounds for higher frequencies of the incident photons. An important 

physical parameter of the material is the value of its static dielectric function 휀1(0). It can be 

observed from Fig. 5 (a) that static values of dielectric constant 휀1(0) are almost 12.6 and 22.4 for 

Cu2Se and [Cu2Se]:Cl, respectively. Following Penn relation can be used to relate the static value 

휀1(0) of complex dielectric function and energy band gap (Eg) [21]: 

휀1(0) = 1 + (
ℏ𝜔𝑝

𝐸𝑔
)

2

                                                                 (4) 

Calculated spectra of imaginary part 휀2(𝜔) of dielectric function for Cu2Se and [Cu2Se]:Cl 

are presented in Fig. 5 (b). One can see that peaks are shifted towards lower energies by the doping 

of chlorine in Cu2Se but overall profile of the spectra is almost similar for both compounds. From 

Fig. 5 (b), it can be observed that main peaks for Cu2Se and [Cu2Se]:Cl are present in the energy 

range of 2.0 to 8.0 eV and 0 to 5.0 eV, respectively. HOMO-LUMO transitions between different 

orbitals of VB and CB are responsible for these peaks in the said energy regions. Highest peaks 

are present at 4.3 and 0.7 eV in the spectra of Cu2Se and [Cu2Se]:Cl, respectively. For energies 

higher than 8.0 eV both compounds shows maximum reflectivity and negligible absorption of 

incident photons is present in this region. 



 

(a) 

 

(b) 

Refractive index 𝑛(𝜔), also known as the material transparency is the measure of the speed 

with which light can through that material whereas extinction coefficient 𝑘(𝜔) specifies the loss 

of energy during the propagation of photons through the medium.  Refractive index 𝑛(𝜔) is an 

important quantity to be calculated in order to manufacture effective optoelectronic devices such 

as wave guides, detectors, photonic crystals and solar cells. Obviously, extinction coefficient 𝑘(𝜔) 

and refractive index 𝑛(𝜔) shows similar pattern as that of the imaginary part 휀2(𝜔) and real part 



휀1(𝜔) of complex dielectric function, respectively. Complex refractive index can be calculated by 

using the following equation [22]: 

�̃�(𝜔) = 𝑛(𝜔) + 𝑖𝑘(𝜔)                                                             (5) 

In the above equation, 𝑛(𝜔) and 𝑘(𝜔) are the real and imaginary part of complex �̃�(𝜔). 

Following Kramers-Kronig relations can be used to describe relation between refractive index 

𝑛(𝜔) and the extinction coefficient 𝑘(𝜔) [23]:  

𝑛 (𝜔) = 1 +
2

𝜋
𝑃 ∫

𝑘(𝜔′)

𝜔′−𝜔

∞

0
𝑑𝜔′                                                    (6) 

𝑘 (𝜔) = −
2

𝜋
𝑃 ∫

𝑛(𝜔′)−1

𝜔′−𝜔

∞

0
𝑑𝜔′                                                   (7) 

Extinction coefficient 𝑘(𝜔) and refractive index 𝑛(𝜔) can also be described in terms of 

the calculated values of real part 휀1(𝜔) and imaginary part 휀2(𝜔) of complex dielectric function 

of the compounds under study [24]: 

𝑛(𝜔) = [
√𝜀1

2(𝜔)+𝜀2
2(𝜔)

2
+

𝜀1(𝜔)

2
]

1/2

                                              (8) 

𝑘(𝜔) = [
√𝜀1

2(𝜔)+𝜀2
2(𝜔)

2
−

𝜀1(𝜔)

2
]

1/2

                                              (9) 

Following Peolman relation can be satisfied by the static values of real dielectric function 

휀1(0) and refractive index 𝑛(0):  

𝑛(0) = √휀1(0)                                                               (10) 

Calculated spectra of refractive index 𝑛(𝜔) as a function of incident photon energy is 

shown in Fig. 5 (c). It can be noted from the spectra of refractive index 𝑛(𝜔) that the values of 

zero frequency limit (static values) are approximately 3.6 and 7.6 for Cu2Se and [Cu2Se]:Cl, 

respectively. Highest peaks in the spectra occurs at almost 1.1 and 0.4 eV for Cu2Se and 

[Cu2Se]:Cl, respectively.  

One can see the shifting in the curve towards lower energy and also a sharp increase and 

decrease in the curve of [Cu2Se]:Cl. Main peaks are present in an energy range of 3.0 to 9.0 eV 

and 0 to 3.0 eV for Cu2Se and [Cu2Se]:Cl, respectively. Threshold value also shifted to below 0 

eV for [Cu2Se]:Cl as compared to Cu2Se that have threshold value of approximately 0.7 eV. 



Highest peaks of extinction coefficient 𝑘(𝜔) corresponds to approximately 4.5 and 2.2 eV for 

Cu2Se and [Cu2Se]:Cl, respectively. 

 

(c) 

 

(d) 

Reflectivity 𝑅(𝜔) is another essential parameter to get more insight of the optical 

transitions of the aforesaid compounds. Calculated values of refractive index 𝑛(𝜔) and extinction 

coefficient 𝑘(𝜔) can be used to calculate reflectivity 𝑅(𝜔) by using the following relation [24]: 



𝑅(𝜔) = |
�̃�(𝜔)−1

�̃�(𝜔)+1
| =

(1+𝑛)2+𝑘2

(1−𝑛)2+𝑘2
                                                  (11) 

Calculated spectra of reflectivity 𝑅(𝜔) is presented in Fig. 5 (e). Values of reflectivity 

𝑅(𝜔) at zero frequency limit (𝑅(0)) are given as approximately 0.21 and 0.59 for Cu2Se and 

[Cu2Se]:Cl, respectively. Static values of reflectivity 𝑅(0) shows that these compounds possess 

semiconducting nature as its values are not around unity. 

Optical conductivity 𝜎(𝜔) and imaginary part 휀2(𝜔) of complex dielectric function are 

related with each other by following equation [25]: 

𝜎(𝜔) =
𝜔

4𝜋
휀2(𝜔)                                                                (12) 

Absorption coefficient 𝛼(𝜔) can be defined as the length travelled by photon inside the 

material while having greater energy than the energy band gap before its complete absorption [22]. 

Absorption coefficient 𝛼(𝜔) can be calculated by using real 휀1(𝜔) and imaginary part 휀2(𝜔) of 

complex dielectric function by using following equation [26]: 

𝛼(𝜔) = √2𝜔 [√휀1
2(𝜔) + 휀2

2(𝜔) − 휀1(𝜔)]
1/2

                                      (13) 

Following relation can be used to relate absorption coefficient 𝛼(𝜔) and extinction 

coefficient 𝑘(𝜔) with each other [26]: 

𝑘(𝜔) =
𝑐

2𝜔
𝛼(𝜔)                                                               (14) 

Calculated spectra of absorption coefficient 𝛼(𝜔) is presented in Fig. 5 (f). Threshold value 

of absorption coefficient 𝛼(𝜔) is shifted to approximately 0.2 eV for [Cu2Se]:Cl as compared to 

Cu2Se that have threshold value of approximately 1.7 eV. We can note an increase in the spectra 

of absorption coefficient 𝛼(𝜔) for both compounds with increasing energies of incident photons. 

Main peaks in the spectra of both compounds are present in the energy range of 2.0 to 10.0 eV. 

Cu2Se shows transparent behavior in infrared region whereas [Cu2Se]:Cl absorb photons in this 

region. 



 

(e) 

 

(f) 

Energy loss function 𝐿(𝜔) play an important role in getting information regarding the 

number of non-scattered and scattered electrons by atoms in the lattice sites and also the energy 

loss due to it. Energy loss function 𝐿(𝜔) can be calculated from real 휀1(𝜔) and imaginary part 

휀2(𝜔) of complex dielectric function by using the following equation [26]: 

𝐿(𝜔) = −𝐼𝑚 (
1

𝜀(𝜔)
) =

𝜀2(𝜔)

𝜀1
2(𝜔)+𝜀2

2(𝜔)
                                                  (15) 

 



Equation 15 shows that imaginary part 휀2(𝜔) of complex dielectric function and energy 

loss function have totally opposite behavior for different energies of photons as they are strongly 

related with each other. One can notice that energy loss function has minimum values in infrared 

and visible region as imaginary part 휀2(𝜔) of complex dielectric function is dominant in these 

regions showing that maximum absorption of photons take place in this region.  

Calculated spectra of energy loss function 𝐿(𝜔) is presented in Fig. 5 (g). Threshold value 

of energy loss function 𝐿(𝜔) is shifted to approximately 0.2 eV for [Cu2Se]:Cl as compared to 

Cu2Se that have threshold value of approximately 1.1 eV. Highest peaks are present around 13.0 

eV, which means that maximum photons are vanished in upper UV region. For both compounds, 

multiple peaks are present in the calculated results of energy loss function 𝐿(𝜔). Highest peak 

(most energetic) in the spectra of energy loss function 𝐿(𝜔) corresponds to plasma resonance 

frequency. 

 

(g) 

Fig. 5: Real part (휀1(𝜔)), (b) imaginary part (휀2(𝜔)) of complex dielectric function, (c) 

refractive index 𝑛(𝜔), (d) extinction coefficient 𝑘(𝜔), (e) reflectivity 𝑅(𝜔), (f) absorption 

coefficient 𝛼(𝜔) and (g) energy loss function 𝐿(𝜔) for Cu2Se and [Cu2Se]:Cl 

CONCLUSION 

The optoelectronic properties of Cl doped Cu2Se were studied using FP-(L)APW method with 

GGA as exchange-correlation functional. The obtained lattice parameter is in perfect agreement 



with the experimental one. mBJ have been used for the prediction of electronic properties. As a 

result, Cu2Se: Cl is metallic material. The refractive index variations and the different 

optoelectronic transitions between the top of the valence band and the bottom of the conduction 

band have been identified by the determination of the dielectric function. 
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