
PHYSICS AND CHEMISTRY 

OF SOLID STATE 
V. 23, No. 2 (2022) pp. 261-269 

 Vasyl Stefanyk Precarpathian 

National University 

Section: Physics  

DOI: 10.15330/pcss.23.2.261-269 

ФІЗИКА І ХІМІЯ ТВЕРДОГО ТІЛА 

Т. 23, № 2 (2022) С. 261-269 

Фізико-математичні науки 
 

261 

PACS: 71.15.Mb, 74.20.Pq, 74.25.Gz ISSN 1729-4428 

H.A. Ilchuk1, L.I. Nykyruy2, A.I. Kashuba1, I.V. Semkiv1, M.V. Solovyov1,  

B.P. Naidych2, V.M. Kordan3, L.R. Deva1, M.S. Karkulovska1, R.Y. Petrus1 

Electron, Phonon, Optical and Thermodynamic Properties of CdTe 

Crystal Calculated by DFT 

1Lviv Polytechnic National University, Bandera Str. 12, 79646 Lviv, Ukraine, andrii.i.kashuba@lpnu.ua 
2Vasyl Stefanyk Precarpathian National University, Shevchenko Str. 57, 76018 Ivano-Frankivsk, Ukraine, 

lyubomyr.nykyruy@pnu.edu.ua  
3Ivan Franko National University of Lviv, Kyrylo & Mephodiy Str. 6, 79005 Lviv, Ukraine 

Electronic and phonon band structure, thermodynamic and optical properties are studied for the CdTe crystal. 

We calculated the electron and phonon dispersion at high symmetry directions, density of electron and phonon 

state, temperature dependence feature of Raman spectra, heat capacity, free energy, entropy, enthalpy and Debye 

temperature estimated with the generalized gradient approximation (GGA). A Perdew–Burke–Ernzerhof functional 

(PBE) was utilized. To study the optical properties was use a complex dielectric function ε(ħω). All of the calculated 

parameters correlate well with the known experimental data. 
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Introduction 

Cadmium chalcogenides crystals namely CdTe 

belongs to a large II–VI group of semiconductor 

compounds. This material is characterized by different 

degrees of ionic, metallic, covalent bonding, and 

crystallizes in several crystal structures such as zinc-

blende and wurtzite. CdTe has a melting point 1092 ºC [1], 

and is the most fusible among II–VI group of 

semiconductor compounds. It crystallizes in the sphalerite 

structure with а = 6.481 Å [1], which is stable to 1000 K. 

Each atom of CdTe is located in the center of a regular 

tetrahedron in which on the tops located the atoms of 

another element. Wurtzite structure type in purest form in 

crystals are not obtained, but observed at high pressures 

and temperatures [2], and in thin film. Lattice parameters 

of the hexagonal phase are а = 4.57 Å, с = 7.47 Å [1]. 

CdTe possess the high density of 5.85 g/cm3 and a sharp 

absorption edge and high efficiency of light absorption of 

around 90 % [3]. CdTe bandgap Eg is 1.531 eV at 

T = 300 K and 1.608 eV at T ≈ 0 K [4]. Its Zinc blende 

symmetry possesses a high electro-optical coefficient r41 

that can be used in efficient Pockels cell. r41 coefficient for 

CdTe is about three times higher than for InP or GaAs in 

the infrared part of the electromagnetic spectrum [5]. 

Cadmium telluride (CdTe) of considerable 

technological importance for many purposes, such as 

photovoltaics [6-9], medical imaging [10], electro-optic 

modulators, photorefractive systems, photodetector [11], 

thermoelectric [12]. CdTe can show both n-type and  

p-type electrical conductivity which can be used in diodes 

and transistors. Cadmium telluride composed of two 

elements cadmium Cd (Z = 48) and telluride Te (Z = 52), 

which high effective atomic number Zeff = 50 is essential 

for the good attenuation of up to several hundred keV of 

ionizing radiation. Also CdTe has high mobility-lifetime 

product (μτ). Thus CdTe is a very attractive material for 

X- and γ-radiation detection with many advantages over 

other semiconductors [13, 14]. According to the Shockley-

Quessier limit [15], the maximum power conversion 

efficiency (PCE) of cadmium telluride is up to 32 %, 

which is a promising material for photovoltaic 

applications. CdTe has a direct band gap of 1.5 eV at room 

temperature and a high light absorption coefficient (over 
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104 cm–1) which are the optimal for solar light collection 

and makes compound to be an attractive material for solar 

cell applications [16-19] which also characterized low 

manufacturing. 

The structural and electronic properties of cadmium 

telluride are being investigated, both experimentally and 

theoretically during the many years. Theoretical studies 

were conducted by the ab initio calculations and have been 

extensively used to carry out the structural [20], electronic 

[21, 22], elastic [23], thermodynamic [24], optical [25, 26] 

and lattice dynamical [24] properties for cadmium 

chalcogenides. In [27, 28] calculations of structural and 

electronic properties was performed using standard 

LDA/GGA and the hybrid functional (HSE06). In addition 

to calculations of the band structure DFT are used to 

establish the optical and thermodynamic parameters of 

cadmium telluride but with different approaches: by 

B3LYP hybrid functional [29]; all-electron full potential 

linearized augmented plane wave method [12]. Some 

properties of CdTe namely electronic and optical 

properties were calculated under hydrostatic pressure [30, 

31]. However, in different articles use different 

approaches that gives some discrepancies, for example for 

band gap value, with the experimental data and with each 

other. 

In this work, we report on the fundamental electron 

and phonon properties of the CdTe crystal. Having 

performed the electronic band-structure calculations for 

CdTe, one can obtain their optical parameters. Finally, we 

have derived the temperature dependence of Raman 

spectra, free energy, heat capacity, entropy, enthalpy and 

Debye temperature. 

I. Methods of calculation 

The theoretical calculations were performed within 

the framework of the density functional theory (DFT). To 

calculate the properties of single-crystalline CdTe, a 

crystalline lattice with the basal parameters given below 

was used. To describe the exchange-correlation energy of 

the electronic subsystem, a functional in the 

approximation of generalized gradient (GGA) and the 

Purdue–Burke–Ernzerhof (PBE) parameterization [32] 

was used. As a correlation potential, the Ceperlay–Alder 

and Gell–Mann–Brueckner equations were applied to the 

high electron-density boundaries. 

The charge-density distribution was calculated by the 

method of special points involving the techniques of 

charge damping. The relaxation of ion positions on the 

basis of calculated atomic forces was achieved for each 

crystal structure, and then the integral stress of the cell was 

determined. 

The value Ecut-off= 660 eV for the energy of cutting-

off the plane waves was used in our calculations. The 

electron configurations 4d105s2 for Cd and 5s25p4 for Te 

atoms formed the valence electron states. The integration 

over the Brillouin zone (BZ) was performed on the 4×4×4 

grid of k points using the Monkhorst–Pack scheme [33]. 

The self-consistent convergence of the total energy was 

taken as 5.0×10-6 eV/atom. For DFT calculations of CdTe 

crystal the 3×3×3 supercell containing 256 atoms has been 

created. The cubic structure has been used for the 

optimized structure of the crystal supercell Cd16Te16. 

Geometry optimization of the lattice parameters and 

atomic coordinates were performed using the Broyden–

Fletcher–Goldfarb– Shanno (BFGS) minimization 

technique with the maximum ionic Hellmann–Feynman 

forces within 0.01 eV/Å, the maximum ionic displacement 

within 5.0×10-4 Å, and the maximum stress within 

0.02 GPa. These parameters are sufficiently small to lead 

to a well-converged total energy of the structures studied. 

The energy band diagram was constructed using the 

points of the BZ in the inverse space, which were as 

follows: X(0.5, 0, 0.5), R(0.5, 0.5, 0.5), M(0.5, 0.5, 0) and 

G(0, 0, 0). 

II. Results and Discussion 

2.1. Electron band energy structure 

The full energy band diagrams of the CdTe crystal is 

shown along the highly symmetric lines of the tetragonal 

BZ in fig. 1. The energy in this case is counted from the 

Fermi level. Analysis of the results of theoretical 

calculations of the energy band spectrum shows that the 

smallest bandgap is localized in the center of the BZ (the 

point G).  

 

 

Fig. 1. Electron band energy structure of CdTe crystal. 

 

This means that the crystal is characterized by a direct 

energy bandgap. Our bandgap Eg prove to be less than the 

appropriate parameters derived experimentally for pure 

CdTe (~ 1.44 eV [26]) crystal. Note, however, that the 

generalized gradient approximation always suffers from 

unavoidable underestimation of the bandgap (see Table 1). 

 

Table 1 

Comparison of experimental and calculation basic 

physical properties for CdTe crystal. 

Parameters 
Calculation 

value 

Experimental 

value 

a, Å 6.564376 6.4765(19) [22] 

B, GPa 45.13 39 [38] 

Eg, eV 1.418 1.44 [26] 

 

The underestimation of the bandgap is a known issue 

with this calculation approach. The easiest way to get the 

results closer to experimental ones is to use a so-called 
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‘scissor’ operator, which leads to changing the bandgap by 

shifting the conduction band into the region of higher 

energies. This operator is based on the proximity of the 

E(k) dispersion dependences of the energies of conduction 

bands, which are determined from the Kohn–Sham 

equations [34]. The conduction bands of the calculated 

energy spectrum are usually shifted until the experimental 

value of the minimum energy gap bandwidth Eg of the 

crystal is achieved. In this work, the calculated value was 

corrected to the value of ΔЕ = 0.022 eV for CdTe to bring 

the absolute Eg values into agreement. However, this does 

not affect the overall trend in the electronic and structural 

properties, which is confirmed by a number of previous 

calculations of the electronic states [35, 36]. 

The analysis of partial contributions of individual 

levels to the function of the total density of states (Fig. 2) 

and the partial contributions of individual bands to the 

electronic density allows us to find genesis of the valence 

and conduction bands for the CdTe crystal. The lowest 

band near –10 eV is formed by the s states of Te. The 

following bands dispersed at the energy marker near ‒

9 eV is formed because of the contributions of the d states 

of Cd. The peak of the valence complex is practically 

formed by the p states of Te, with ‘contamination’ of the 

p states of Cd. But the conduction band bottom is mainly 

formed by the p states of Cd and Te, as well as by the s 

states of Cd.  

Basically, the physical properties of compounds are 

determined by the nature of chemical bonds and the 

peculiarities of the electronic structure. An effective 

indicator of charge distribution is the spatial map of 

electron distribution [37]. The charge density contour 

diagrams in planes along the internuclear axis for the 

CdTe crystals are represented in Fig. 3. 

The mixed ionic-covalent nature of the bond in the 

CdTe compound determines the distribution of charge 

regions around atomic backbones. Almost the same size 

electron clouds around the atoms are connected by a fairly 

wide "bridge", which indicates the сovalent nature of such 

a bond. The concentration of higher electron density near 

the metal atom is observed due to the consideration of d-

states and weakly held bonding electrons.  

 

 
Fig. 2. Electron density of states of CdTe crystal. 

 

2.2. Phonon band energy structure 

The curves of phonon dispersion ωp and total phonon 

density of states of CdTe at several high symmetry BZ 

points are represented in Fig. 4. As it has been known [22], 

a crystal lattice consisting of four atoms per unit cell has 

12(3×4) branches in which three of them are acoustic and 

the rest are optical. It can be seen that 3 acoustic branches 

 
Fig. 3. Charge density contour diagrams in CdTe crystals. 
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that correspond to sound propagation as q → 0 and 9 

optical branches emerge from point G (with ω= 0). The 

acoustic modes are including the longitudinal acoustic 

(LA) and transverse acoustic (TA) modes. The highest 

phonon frequency of ~4.85 THz was found at point G. 

 

 
Fig. 5. RS of CdTe crystal at different temperatures. 

 

Phonon frequencies calculated at the high-symmetry 

points are also listed in Table 2. Along the symmetry 

direction G→R (G→M), the TO branch is gradually 

increasing amount of upward dispersion, but LO branch is 

decreasing. They note that the values for the longitudinal 

and transverse optic modes of 4.85 and 4.11 THz, 

respectively, are in good agreement with the values given 

in Ref. [39]. 

Fig. 5 shows theoretically calculated Raman 

scattering (RS) spectra of CdTe crystal at different 

temperatures between 0.1 and 1000 K. Series of peaks 

corresponding to vibrational modes of crystal structural 

elements were observed in the frequency range 

80 - 180 cm–1 at different temperatures 0.1 - 1000 K. RS 

are shows single peak localization near 134 cm-1. This 

peak was increases with increasing temperature (see 

Fig. 6).  

 

 
Fig. 6. Temperature dependence of intensity of the band 

at RS (134 cm-1) for CdTe crystal. Legend: dashed line – 

functions of approximation, R2 – determination 

coefficient. 

 

Temperature dependence of Raman active bands 

shows parabolic behavior and don't shifted position with 

increasing temperature (see legend on Fig. 6). The 

calculated RS spectra agreed well with the experimental 

ones although peaks were slightly shifted (139 cm-1 [40]). 

This could be due to specifics of DFT theory. The 

theoretical calculations found that Cd–Te symmetric 

stretching modes contributed most to vibration in RS at 

the frequency 134 cm–1 (see Fig. 7). 

 
a       b 

Fig. 4. The phonon dispersion ωp curves (a) and total phonon density of states (b) of CdTe crystal. 

 

Table 2 

The phonon frequencies (in THz) for CdTe at 300 K. 

Mode TO(G) LO(G) LA(G) TA(G) TO(X)  TA(X) 

This work 4.11 4.85 0 0 4.30  1.05 

Reference 
4.17 

[39] 
4.20 [38] 5.01 [39] 

5.08 

[38] 
0 [38] 0 [38] 

4.44 

[38] 

 1.05 

[38] 
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Fig. 7. Vibrations in the CdTe (at 134 cm-1) crystal (Light 

balls – Cd, brown balls – Te). 

 

2.3. Optical properties 

To study the optical properties, it is convenient to use 

a complex dielectric function ε(ħω). The imaginary part of 

the dielectric function ε(ħω) (ε = ε1 + iε2) for CdTe crystal 

(Fig. 8) can be calculated using the relation (1). Then the 

real part of the ε1(ħω) function can be obtained from the 

Kramers–Kronig relation (2). 

 

휀2 =
2𝑒2𝜋

𝑉휀0
∑|〈𝛹𝐾

𝑐 |�̂� · 𝑟|𝛹𝐾
𝜈〉|2𝛿(𝐸𝐾

𝑐 − 𝐸𝐾
𝑣

𝐾,𝜈,𝑐

− ℏ𝜔) 

(1) 

 

휀1 − 1 =
2

𝜋
∫

𝑡휀2(𝑡)𝑑𝑡

𝑡2 − (ℏ𝜔)2

∞

0

 (2) 

As seen from the curve of the imaginary part of the 

dielectric function, the first critical point of the dielectric 

function in the form of fundamental absorption edge arises 

at an energy level of about 1.4 eV. With increasing energy, 

a typical rapid increase in the ε2(ħω) value is observed 

[22]. We can observe a significant anisotropy of the 

dielectric function that varies with the optical polarization 

(see Fig. 8). 

Using the calculated spectra for the real (Eq. (2)) and 

imaginary (Eq. (1)) parts of the dielectric function, one can 

obtain the following spectral dependences of the refractive 

index (n) and extinction coefficient (k): 

 

𝑛 = √(𝜀1
2+𝜀2

2)
1
2⁄ +𝜀1

2
 ,     𝑛 = √(𝜀1

2+𝜀2
2)

1
2⁄ −𝜀1

2
 , (3) 

 

The theoretical dependence of the refractive index for 

CdTe in the visible region of the spectrum is shown in 

Fig. 9. We obtained n = 2.61 at λ = 10.6 μm, if 

comparisons this value with known data from literature 

(n = 2.672 [39] and n ≈ 2.81 [41] at λ = 10.6 μm) can be 

see good agreement. The refractive indices obtained 

theoretically are less than the experimental ones, which 

can be caused by the negative contribution of infrared 

absorption in the crystal, which has not been taken into 

account in the calculations. Using the calculated spectra of 

the real and imaginary parts of the dielectric function (see 

Fig. 8), the spectral dependences of the optical 

conductivity (σ) can be obtained (Fig. 10): 

 

 𝜎 = 𝜎1 + 𝑖𝜎2 = −𝑖
𝜔

4𝜋
(휀 − 1), (4) 

 

 
Fig. 8. Real (a) and imaginary (b) components of 

dielectric function ε calculated for CdTe crystal. 

 

 
Fig. 9. Theoretically calculated spectra of refractive index 

(a) and extinction coefficient (b) for CdTe crystal. 

 

 

Fig. 10. Real (a) and imaginary (b) components of 

conductivity σ for CdTe crystal. 
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2.4. Thermodynamics properties 

The estimated temperature dependence features of 

free energy (F) and enthalpy (E) are presented in Fig. 11. 

As shows in Fig. 9, free energy (F) is decreases and tends 

to zero and negative values with increasing temperature, 

while the enthalpy (E) is increases. The calculated entropy 

(S) increases upon increasing temperature indicating that 

by raising temperature, it causes deeper oscillations of 

crystal planes. 

Figure 12 shows the constant-volume specific heat 

capacity for CdTe. As can be seen at high temperature, it 

almost approaches the Petit-Dulong limit representing that 

at high temperature, all phonon modes are motivated by 

the thermal energy according to the observed behaviors of 

solids at high temperature [42]. 

 

 
Fig. 11. Calculated temperature dependence (5–1000 K) 

of free energy (F) and enthalpy (E) and entropy (S) for 

CdTe crystal. 

 

  

 
Fig. 12. Calculated temperature dependence (5–1000 K) 

of Debye temperature for CdTe crystal. 

 

The Debye temperature θD is one of the most 

important parameters that determine thermal properties of 

a material. The Debye temperature can be defined in terms 

of the mean acoustic velocity and gives explicit 

information about the lattice vibrations. This is the highest 

temperature that corresponds to the highest-frequency 

normal vibration νD, BDD kh / =  (where 

kB = 1.380658·10–23 J·K–1). At relatively low 

temperatures, the vibrational excitations arise mainly due 

to acoustic oscillations. Notice that the value obtained for 

the Debye temperature (θD = 153 K, T = 25 K) correlates 

well with the other θD values (θD = 158 K, T = 25 K) [38]. 

Conclusion 

Basing on the application of a number of modern 

theoretical approaches, in this work we elucidate a set of 

results that solve an important scientific and applied 

problem. The main results of the work reported in the 

present work can be summarized as follows: 

1. First-principle theoretical studies of the 

electron energy spectrum for the CdTe crystal have been 

carried out using the reliable techniques of density 

functional theory and known approximations. It has been 

established that the smallest bandgap is localized at the 

center of the BZ (i.e., at the point G). Therefore, our 

substances should reveal direct optical transitions. We 

have good agreement of obtained theoretical value of 

bandgap with known experimental results (1.418 eV). 

2. The phonon spectrum and frequencies of 

atomic vibrations in CdTe crystal were calculated using 

DFT. It was found that RS spectra calculated ab initio 

agreed rather well with the experimental data. Single peak 

of RS was observed in crystal which increases with 

increasing temperature. Temperature dependence of 

Raman active bands shows parabolic behavior and don't 

shifted position with increasing temperature. 

3. To study the optical properties was use a 

complex dielectric function ε(ħω). Using Kramers–Kronig 

relation was calculation reflective index, extinction 

coefficient, real and imaginary part of dielectric function 

and optical conductivity. 

4. Free energy is decreases and tends to zero and 

negative values with increasing temperature, while the 

enthalpy and entropy is increases, it causes deeper 

oscillations of crystal planes. At high temperature, all 

phonon modes are motivated by the thermal energy 

according to the observed behaviors of solids at high 

temperature. The value obtained for the Debye 

temperature correlates well with the other θD values. 

Hence, the analysis of the fundamental physical 

properties of CdTe crystal which has been carried out in 

this work, makes it possible to proceed in the future to 

large-scale researches (2D and/or 0D structures based on 

this materials) aimed at producing the devices, which are 

based on these semiconductor compounds. 
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Електронні, фононні, оптичні та термодинамічні властивості кристалу 

CdTe, розраховані методом функціонала густини 
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2Прикарпатський національний університет імені Василя Стефаника, вул. Шевченка, 57, 76018 Івано-Франківськ, 

Україна, lyubomyr.nykyruy@pnu.edu.ua 
3Львівський національний університет імені Івана Франка, вул. Кирила і Мефодія, 6, 79005 Львів, Україна; 

Представлено результати теоретичного розрахунку електронного та фононного енергетичного 

спектру, оптичних і термодинамічних властивостей кристалів CdTe. Дисперсія електронного та фононного 

енергетичного спектру у високо симетричних точках зони Бріллюена, електронна та фононна щільність 

станів, температурна поведінка спектрів комбінаційного розсіювання, питомої теплоємності, вільної 

енергії, ентропії, ентальпії і температури Дебая розрахована в межах наближення узагальненого градієнта 

апроксимації з використанням функціоналу Пердью–Берк–Ернцергоф. Для аналізу оптичних функцій 

використано комплексну діелектричну функцію. Розраховані параметри добре корелюють із відомими 

експериментальними результатами. 

Ключові слова: теорія функціонала густини, зонні структури, оптичні функції, термодинамічні 

властивості. 
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