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Abstract: Within the framework of the density functional theory (DFT) using the Wien2k package and 

the method of linear extended plane waves (FP-LAPW), quantum mechanical calculations were 

implemented to study the structural, electronic, and optical properties of the ZnxCd1-xTe system in the 

full range of 0≤x≤1 with a step of 0.25. To determine the optimal volume and grid parameters, the 

calculation of the total energy of semiconductor nanocomposites CdTe, Zn0.25Cd0.75Te, Zn0.5 Cd0.5 Te, 

Zn0.75Cd0.25Te, and ZnTe, the generalized gradient approximation (GGA) was applied, which is based 

on relaxation (optimization) of the volume and minimization of energy (finding the energy of the ground 

state). According to our calculations within the framework of the DFT, with an increase in the Zn 

concentration, the constant lattice parameters and the size (volume) of these nanocrystals decrease and 

are in good agreement with the results obtained this work by the method of X-ray structural analysis. 

The calculated band gaps of these nanocrystals using the modified exchange-correlation potential mBJ 

tend to increase, which agrees with the experimental data. The results of spin-polarized and spin-orbit 

calculations of the band structure showed that all these nanocrystals have direct transition points for 

electrons. After approximation by the least-squares method, empirical formulas were obtained to 

establish the concentration dependence of changes in the volumes and bandgap of Zn-modified 

nanocrystals, which will help experimenters obtain particles with certain sizes and bandgap. Such 

theoretical studies further open the possibility of accurate prediction of the electronic-energy properties 

of other semiconductor nanosized structures to develop and produce new nanomaterials with 

predetermined and programmed properties.   

Keywords: cadmium telluride; doping; density functional calculation; X-ray analyses; electronic 
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1. Introduction 

With rapidly increasing emissions of greenhouse gases into the atmosphere, it is 

important to develop technologies that can generate energy at a low cost to the environment 

and reverse the currently intensifying climate change. However, to successfully make the 

transition from fossil fuels to renewable energy sources, humanity cannot rely solely on 
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existing materials but must focus on the synthesis of other classes of substances, especially 

nanomaterials with improved and easily controllable properties. Conventional energy 

production methods will not be able to meet the energy needs of the ’world’s population. 

Therefore, unconventional measures like creating photovoltaic devices and wind farms are of 

great interest [1-3]. Type II-VI semiconductor materials have found their application in many 

branches of science and technology, such as photovoltaic and photoconductive devices [4]. 

On the other hand, heteronanojunctions (HNJs) have attracted intense research interest 

over the past four decades [5] because of their potential importance in many technological 

problems. Cadmium telluride (CdTe) is unique among II-VI compounds, making it important 

and highly suitable for several such applications since it can exhibit both n- and p-type 

conductivity. It is one of the few compounds II-VI that is commonly used as an absorber for 

photovoltaic devices [6-9]. In addition, CdTe can be easily doped with p- and n-type 

semiconductors. Elements of the first and fifth columns of the periodic table act as acceptors, 

and elements of the third and seventh columns act as donors. Some of these elements exhibit 

special behavior in CdTe, depending on their place (position) in the crystal lattice. In recent 

years, work intensively obtained high-class CdZnTe crystals at a low cost. Due to their working 

potential at room temperature, nanosized CdZnTe alloys are very important for nuclear 

detectors [10,11]. Moreover, it is reported that the possibility of using nanosized alloys Zn1-

xCdxTe to develop X-ray detectors of gamma radiation and the manufacture of optoelectronic 

devices and solar cells that operate in the blue-green region of the spectrum [12,13]. On the 

other hand, CdTe nanoscale thin-film technology has a prominent place in the solar energy 

market and, therefore, may offer a natural alternative. Another advantage of thin films is that 

they can be synthesized by several available physicochemical methods, such as chemical bath 

deposition, spray pyrolysis, thermal evaporation, electrodeposition, sputtering, and pulsed laser 

ablation (ILD). Moreover, nanosized crystals based on CdTe have a high optical absorption 

coefficient of about 104 cm-1 and absorb about 92% of visible light. This efficiency is much 

higher than crystalline silicon, based on which tandem solar panels have been prepared 

recently. Therefore, it is possible to use CdTe nanocrystals and thin films to produce efficient 

solar cells with reduced recombination losses and improved current density. 

The bandgap is 1.5 eV for pure CdTe, just in the middle of the solar spectrum, and has 

a high absorption coefficient for the visible solar spectrum [14]; however, to obtain maximum 

performance, the bandgap of CdTe must be increased to 1.8 eV [15,16], because according to 

the Shockley-Keisser limit [17], the maximum conversion efficiency is achieved for materials 

with a bandgap of 1.5 eV and more [18], and also the spectrum of solar radiation received by 

the Earth has a maximum intensity at a wavelength almost corresponding to photons with an 

energy of 1.5 eV [18]. However, it is known that for mixed semiconductor materials such as 

CdTe and its alloys, the maximum efficiency (Shockley-Keisser limit) is achieved for shorter 

wavelengths. Therefore, it is necessary to increase the bandgap and optimize the absorption 

capacity of CdTe for beams with energies above 1.5 eV. This can be achieved by doping foreign 

ions such as Zn or Mg in the CdTe supercell. One of the advantages of this material is the 

ability to control and regulate the bandgap with different impurity concentrations. Doping with 

Zn causes a significant change in CdTe thin films' optical, electrical, and mechanical properties. 

Nanocrystals of the Zn1-xCdxTe system with a low Zn content (up to 20%), in particular, have 

been carefully studied for radiation detectors (gamma and X-ray radiation) [19], which showed 

a higher electrical resistance and lower density defects compared to pure CdTe. However, low 

concentrations have been shown to introduce little change in bandgap optimization.      
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Considering the above points, the purpose of this work is to study the effect of the 

percentage of Zn doping on the structural (dimensional) and electronic properties of the Zn1-

xCdxTe system in the full range of 0≤x≤1 with all possible doping concentrations. Doping is 

carried out by replacing Cd atoms with Zn in the CdTe cell. 

2. Materials and Methods 

2.1. Experimental section. 

The experimental part of the work consists of X-ray structural analysis of pure CdTe 

crystals, which were obtained in [20-25] for use in nuclear detectors with high radiation 

resistance by vacuum deposition. X-ray structural analysis of CdTe crystals was performed on 

a DRON-3.0 diffractometer. The samples were examined at angles from 10° to 60° along 2θ. 

The X-ray source was operated with an emission current of 6 mA, and the voltage between the 

cathode and anode in the X-ray tube was 36 kV. Ordinary water was used to cool the anode. 

Since single crystals were used in X-ray diffraction analysis, the maximum direction of X-ray 

diffraction is determined following the Wolf-Bragg condition: 

2𝑑 sin 𝜃 = 𝑛𝜆                                 (1) 

Experimental analysis can confirm that theoretical calculations based on DFT can give 

correct estimates of the lattice parameters, completely independent of the experiment. 

2.2. Theoretical part. 

To study the structural and electronic properties of the Zn1-xCdxTe system, quantum-

mechanical calculations were implemented using the density functional theory (DFT), as well 

as the extended plane wave (FP-LAPW) code, the Wien2k package with the generalized 

gradient approximation GGA-PBE (for geometry optimization), and a modified exchange-

correlation potential mBJ (for calculating electronic properties). 

The initial data for calculations were the parameters of the CdTe cubic phase with the 

space group (F-43m) and number 406 in the Material Projects crystallographic database [26] 

with fixed atomic positions for Cd, Te, and Zn. The radius of the Mufftin sphere (ion radius) 

for Cd, Te, and Zn was taken as 2.5a0 , where a0 is the Bohr radius. After doping with a certain 

concentration of zinc, optimization steps were implemented for all nanocrystals of the Zn1-

xCdxTe system. In fig. 1 (a - e) shows the optimized crystal structures 2 × 2 × 2 - supercells 

CdTe, Zn0.25Cd0.75Te, Zn0.5Cd0.5 Te, Zn0.75Cd0.25Te, and ZnTe. The three-dimensional 

structures of the crystal lattice of these systems were visualized by the VESTA. 

The total energy minimization is performed using convergence steps that include lattice 

relaxation, energy convergence, and k-convergence to obtain a stable ground state structure. 

The optimization of crystal structures was carried out by the Murnaghan method, which, in 

connection with ab initio calculations, would be preferable to express the energy as a function 

of volume: 

𝐸(V) = 𝐸0 + 𝐵𝑉0 [
1

𝐵′(𝐵′−1)
(

𝑉0

𝑉
)

1−𝐵′

+
𝑉

𝐵′𝑉0
−

1

𝐵′−1
]          (2) 

where B - bulk modulus, B’ - pressure derivative of the volumetric modulus (𝐵′=(∂B/∂P)T), V0 

- equilibrium volume, that is, when the system is in a relaxing (ground) state. 

To determine the bandgap, it is necessary to calculate the total energy. The 

minimization and calculation of the total energy of a many-electron system are performed 
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according to the Kohn - Sham rules [27], based on two Hohenberg - Kohn theorems [28], and 

begins with writing the Schrödinger equation in the form: 

(
ћ2

2𝑚
𝛻2 + 𝐸𝑖𝑜𝑛(𝑟) + 𝐸ℎ(𝑟) + 𝐸𝑥𝑐(𝑟)) 𝜓𝑖(𝑟) = 𝐸 𝜓𝑖(𝑟)           (3) 

Here  Eion (r) is the ionic potential, Eh (r) - Hartree potential, and Exc(r) is the exchange-

correlation potential. The last 2 potentials are calculated as: 

𝐸ℎ(𝑟) =  𝑒2 ∫
𝜌(𝑟′)

|𝑟−𝑟′|
 𝑑𝑟′                                                     (4) 

𝐸𝑥𝑐(𝑟) =  
𝛿𝜖𝑥𝑐[𝜌(𝑟)]

𝛿𝜌(𝑟)
                                                             (5) 

where ρ(r) is the electron density functional. 

 
Figure 1 (a, e). Cristallic structures (a) CdTe, (b) Zn0.25Cd0.75Te, (c) Zn0.5Cd0.5Te, (d) Zn0.75Cd0.25Te and (e) 

ZnTe. 

  

Hohenberg and Kohn showed in 1964 within the framework of the DFT that the 

electron density functional ρ(r) for the normalized 𝜓 is defined as 

𝜌(𝑟) = 𝑁 ∫ 𝑑3𝑟2 … ∫ 𝑑3𝑟𝑁 𝜓∗(𝑟, 𝑟2, … 𝑟𝑛)𝜓(𝑟, 𝑟2, … 𝑟𝑛)          (6) 

For the density of the ground state 𝜌0(𝑟), it is possible in principle to calculate the 

corresponding wave function of the ground state 𝜓0(𝑟1, … , 𝑟𝑁), where N is the number of 

electrons. In other words, 𝜓 is a unique functional of 𝜌0(𝑟). 

                   𝜓0 = 𝜓(𝜌0)                                                            (7) 

Thus, the density functional is defined as: 

         ρ(r) = ∑ ψi
∗ (r)i=busy

 states 

ψi(r)                                            (8) 

In the framework of Wien2k, the corresponding ρ(r), Eh and Exc are first calculated, and 

then the solution of the Schrödinger equation (equation 3) is carried out. Then, from the 

eigenstates (𝜓i(r)), the ρ(r) is calculated using Eq. 8.   

The energy of the bandgap within the modified Becke and Johnson potential [29] is 

determined by the following equation: 

𝐸𝑥𝑐
𝑚𝐵𝐽(𝑟) = 𝑐𝐸𝑥

𝐵𝑅(𝑟) + (3𝑐 − 2)
1

𝜋
√

5𝑘(𝑟)

6𝜌(𝑟)
                              (9), 
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where k (r) is the kinetic energy density according to the Kohn - Sham equation, is the spin-

dependent electron density, and 𝐸𝑥
𝐵𝑅 -  is the Becke - Roussel exchange functional (BR) [30]. 

The parameter c was proposed to be determined self-consistently depending on the electron 

density, as:  

c = α + βgp,                                        (10) 

where  

g =
1

𝑉𝑐𝑒𝑙𝑙
∫

|∇𝜌(𝑟′)|

𝜌(𝑟′)
𝑑3𝑟′                         (11) 

The constants of equation 6 were taken as α = - 0.012, β = 1.023 B 1/2, and  p = 1/2 after 

minimizing the average absolute error of the bandgap for a wide range of solids [31]. 

The optical properties of the Zn1-xCdxTe system were investigated using their real (ε1) 

and imaginary (ε2) parts of the permittivity [32-43], and then the optical conductivity (σ), as 

well as the extinction (k) and absorption (α) coefficients as: 

𝑘 = √𝜀2                (12) 

𝛼 =
4𝜋

𝜆
𝑘               (13) 

𝜎 =
1

2 

𝑐

𝜆
 𝜀2             (14), 

For all our calculations of the convergence criterion, the total energy was taken to be 

10-5 eV, and the forces per atom were reduced to 10-3 eV. The valence wave functions inside 

the MT sphere were expanded to lmax = 10 (the maximum order of the spherical harmonic used 

in the expansion), and the charge density was expanded in a Fourier series up to Gmax (Bohr-1) 

(the summation boundary over reciprocal lattice vectors). The calculations were carried out in 

the irreducible Brillouin zone according to the Monkhorst-Pack scheme [44] and a 2 × 2 × 2 k-

point grid. The kinetic cutoff energy of a plane wave is set at 400 eV for all calculations. 

3. Results and Discussion 

3.1. Structural properties. 

The calculated optimized structural parameters for all nanocrystals of the ZnxCd1-xTe 

system are given in Table 1. The calculation results are in table 1, and figure 2 show a linear 

decrease in the lattice constant and volumes of these systems with increasing zinc 

concentration, which ideally obey ’Vegard’s law. 

Table 1. The meaning of structural parameters ZnxCd1-xTe. 

ZnхCd1-хTe  

Lattice parameters and system volume 
Error in  

a, % 
This work Experiment 

a=b=c, Å V, Å3 a=b=c, Å 

CdTe 6.7364 305.7004 6.5 [45] 3.5 

Zn0.25Cd0.75Te 6.6299 291.4278 - - 

Zn0.5Cd0.5Te 6.5140 280.1688 - - 

Zn0.75Cd0.25Te 6.4496 268.2909 - - 

ZnTe 6.3774 259.3805 6.103 [46],  6.20 [47] 4.37,  2.7 

Least squares corresponding to the calculated volume of these nanoparticles, shown by 

the solid line in Fig. 2, are expressed by the formula V = -11.578x + 315.73, from which it is 

possible to estimate the volume of these nanocrystals of the ZnxCd1-xTe system for any other 

concentration of Zn, in the range 0<x<1. 

https://doi.org/10.33263/BRIAC131.090
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Figure 2. The dependence of the volume on the Zn content for ZnxCd1-xTe samples. 

Figure 3 (a) compares the obtained X-ray diffraction patterns from the experiment 

(DRON 3) and powder X-ray patterns obtained from the optimized geometry using the 

REFLEX software included in the Materials Studio software package with CuKa radiation (λ 

= 1.54 Å). 

 
Figure 3 (a, b). Calculated and experimental X-ray diffraction patterns for pure CdTe (a) and powder 

diffraction patterns (b) for the ZnxCd1-xTe system. 

According to the results of our quantum-chemical calculations (Fig. 3 (b)), for the 

ZnxCd1-xTe system, one can notice a change in the interplanar spacing since, with an increase 

in the Zn concentration, displacements and shifts of the peaks are observed diffractograms 

towards large angles. The data obtained from first-principle calculations in the form of unit cell 

parameters, bond lengths, and angles, as well as a powder X-ray diffraction pattern, have 

excellent agreement with their experimental counterparts from this work and other 

experiments; therefore, the DFT method is used to carry out the remaining theoretical 

calculations on the electron-energy and spectral properties displaced cadmium telluride 

crystals. 

3.2. Electronic properties. 

The electronic properties of the ZnxCd1-xTe system were estimated in the form of the 

bandgap, the distribution of energy bands, and the dependence of the energy of the bandgap 

(Bandgap) on the density of electronic states (DOS) in the unit cell, since understanding their 

formation is considered vital for the development and manufacture of photovoltaic devices 

based on CdTe and other materials. Table 2 compares the band gap values we calculated within 

a) b)
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the DFT, and  I fixed and added this link above exchange-correlation potentials LDA, GGA, 

and mBJ (TB-mBJ) with experimental data. 

Table 2. Bandgap values calculated with LDA, GGA, and mBJ for ZnxCd1-xTe system in comparison with 

experimental results. 

System CdTe Zn0.25Cd0.75Te Zn0.5Cd0.5Te Zn0.75Cd0.25Te ZnTe 

 

Band gap,  

eV 

 

This work 

 

LDA 0.800 0.996 1.186 1.228 1.332 

GGA 0.758 0.839 1.023 1.198 1.270 

mBJ 1.501 1.672 1.788 1.840 2.169 

Experiment 1.5 [48,49] - - - 2.25 [49] 

 

Figure 4 shows the dependence of the change in the bandgap value on the change in the 

zinc content in the system. The bandgap value increases according to the law EBg = 0.6016 x + 

1.4932, where x is the concentration of zinc in the range 0<x<1. Typically, these least-squares 

allow us to find the bandgap value for the remaining intermediate zinc concentrations. 

 
Figure 4. The dependence of the BandGap energy on the Zn content for ZnxCd1-xTe samples. 

The results of our calculations for estimating the bandgap of pure tellurides (CdTe and 

ZnTe) agree with the experiment with high accuracy, which confirms the correct choice of the 

exchange-correlation functional for these systems, as well as the correctness and reliability of 

calculations within the DFT framework. It can be seen that the bandgap increases linearly. Still, 

the linearity is violated for some doping concentrations, and the bandgap deviates from the true 

value, which may be due to the quantum nature of these systems or to errors in our quantum 

chemical calculations. 

 
Figure 5(a, b). The total density of states for the ZnxCd1-xTe system (a) and comparison of the density of 

electronic states of pure CdTe and ZnTe (b). 
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The calculated total density of electronic states of the structurally optimized ZnxCd1-

xTe models described above is shown in Fig. 5 (a). The Fermi level is marked with dashed 

lines, which are located at point zero.  

The calculated density of states (DOS) of these materials is discussed in terms of the 

contribution of the constituent atoms' various s-, p-, and d-states. The graphs of the charge 

density distribution are analyzed. It can be seen that with increasing concentration, the bandgap 

and the density of electronic states increase (Fig. 5 (a, b)), and new energy levels appear in the 

negative energy region due to p-electrons of Zn orbitals, which are absent in the band diagram 

of pure cadmium telluride (Fig. 5 (a)). The densities of electronic states for terminal elements 

(CdTe and ZnTe) in Figure 5 (b) suggest that pure tellurides are characterized by low densities 

of states in the conduction band compared to their shifted compositions. However, with an 

increase in the zinc concentration in the ZnxCd1-xTe system and the transition to the ZnTe 

system, the density of states is observed in both bands. 

 It can be seen that with increasing concentration, the bandgap and the density of 

electronic states increase, and new energy levels appear in the negative energy region due to p-

electrons of Zn orbitals, which are absent in the band diagram of pure cadmium telluride (Fig. 

6 (a-e)). 

 
Figure 6 (a-e). Calculated bandstructure (energy diagram) for: (a) CdTe, (b) Zn0.25Cd0.75Te, (c) Zn0.5Cd0.5Te, (d) 

Zn0.75Cd0.25Te, and (e) ZnTe.  The position of the Fermi level is at 0 eV. 

The energy band diagram in Figure 4 indicates that all of these materials have a direct 

transition band structure, which means they are quite suitable for use as optical materials of 

interest. The calculated band structures show a direct bandgap for all three alloys with an 

increasing order in the entire range of values of the composition parameter x (Zn 

concentration). 

3.3. Optical properties. 

The optical parameters of materials, such as the imaginary (ɛ2) part of the dielectric 

constant, absorption coefficient, an extinction coefficient, indicate what type of response these 

materials will exhibit when photons are incident on them. Based on this, the optical properties 

of the ZnxCd1-xTe system are explained using their real (ɛ1) and imaginary (ɛ2) parts of the 

dielectric functions. The real part indicates the accumulated energy of the material, which can 

be delivered at zero energy or at the zero frequency limit, which is considered an intrinsic 

characteristic of any material. On the other hand, the imaginary part (ɛ2) represents the 

absorption capacity; however, basically, it gives us information about how the material reacts 

E
n

er
g

y,
 e

V

Wave vector,  k

a)                       b)                      c)                      d)                       e)
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when the disturbance is caused by electromagnetic radiation and directly depends on its band 

structure.   

Figure 7 (a, b) shows the graphs of the dependence of ɛ2 and ɛ2  on the energy of incident 

photons for all nanocrystals of the ZnxCd1-xTe system (0≤x≤1). 

 
Figure 7 (a, b). Calculated real (a) and imaginary (b) parts of the dielectric constant of ZnxCd1-xTe system. 

Typically, when light propagates in an elastic medium, light dissipation occurs, the 

cause of which is the scattering and absorption of light. This phenomenon is called extinction. 

In other words, extinction means how actively rays with a certain wavelength are absorbed in 

a material. The extinction coefficient (k) measures the extinction of light. Figure 8 shows the 

dependences of the extinction coefficients of the investigated materials on the photon energy. 

 
Figure 8. The dependence of the extinction coefficient on the photon energy for the ZnxCd1-xTe system. 

A negative value for ɛ1 indicates their metallic nature. That is, at a sufficiently high 

value of the incident photon energy, the ZnxCd1-xTe systems exhibit metallic behavior. It is 

possible to investigate and evaluate the metallicity of a compound by a real function. 

At low scattering and high absorptions, the extinction coefficient becomes the same as 

the absorption coefficient. Figures 9 (a, b) show the absorption capacity and optical 

conductivity of the systems understudy for the infrared and visible range of solar radiation 

since materials active in infrared and visible radiation are generally suitable for tendemic 

photovoltaic devices. 
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Figure 9(a, b). Calculated absorption coefficient (a) and optical conductivity (b) function of photon energy for 

the ZnxCd1-xTe system. 

The absorption coefficient (α) determines the depth of penetration of light to its total 

absorption. This process depends on the wavelength (energy) of the photon and the intrinsic 

properties of the material [50,51]. The calculated maxima of extinction (Fig. 8) and absorption 

(Fig. 9 (a)) are in the same energy range, which is confirmed with the theory of dispersion [52-

55]. The optical conductivity spectra σ (ω) calculated in the low-energy range in Fig. 9 (a) 

show several peaks corresponding to bulk plasmon emissions caused by electrons passing from 

the valence band to the conduction band. σ (ω) values in the low energy range correspond to 

interband and intraband transitions, respectively. 

The results obtained are in very good agreement with the results of other authors [56-

59] and may contribute to the understanding of some features of the optical properties that are 

important for the practical application of the systems under study and may be of interest to 

researchers looking for materials with predetermined and programmed optoelectronic 

characteristics. 

4. Conclusions 

Zinc doping of the CdTe crystal lattice increased the bandgap to an optimal value, 

which led to the fact that ZnxCd1-xTe nanoparticles can become a promising candidate for work 

in thin-film solar cells as an absorber layer. The obtained results of studies of the electronic 

properties of these materials were compared with existing experimental data and other 

theoretical calculations. It was found that new energy levels appear for displaced tellurides in 

the region of negative energies due to the p-electrons of the Zn orbitals, absent in the band 

diagram of pure cadmium telluride and zinc telluride. The absorption spectra of the studied 

nanocrystals show that with an increase in the Zn concentration, the absorption edges shift 

towards shorter waves. At the same time, it became known that the optimal concentration of 

Zn (x = 0.75) effectively increases α. The results obtained can be used by other researchers to 

model the structure of СdTe - similar systems that are supposed to be synthesized and 

determine such important characteristics as “composition-structure-property”. 
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