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ABSTRACT:  

A First-principles based study to investigate the different properties of telluride (Te) based 

materials XTe (X= Pb, Cd, Nb) such as structural, electronic, optical, and thermal 

properties. The bandgap of XTe (X= Pb, Cd, Nb) was originate significantly decrement 

from 1.50 eV to 0.00 eV. Under the First-principles exploration Pb, Cd, and Nb are 

appropriate periodic elements for bandgap decrement in XTe materials. The bandgap nature 

was obtaining direct furthermore bandgap show that materials are proficient 

semiconductors. Niobium (Nb) is more advantageous than Pb and Cd. By substituting of 

X= Pb, Cd, Nb at the corner sites in XTe (X= Pb, Cd, Nb) additional gamma sites were 

participated in the electronic energy band gap (Eg). It is also examined that optical peaks 

shifted toward larger energy due to decrement in the band gap. Thermal impact on 

macroscopic properties of XTe (X= Pb, Cd, Nb) compounds are predicted using the quasi-

harmonic Debye model. The variations of the enthalpy (U-U), entropy (S-S), heat capacity, 

Debye temperature, and free energy with temperature function are obtained successfully. 

Moreover, small band-gap semiconducting Telluride (Te) based materials reveal low 

thermal conductivities at a prominent temperature which is curious for simple cubic 

structured materials. These compounds for electrical, optical, and thermal properties have 

made them practical novel materials for optoelectronic device applications. 

 

Keywords: Telluride (Te) based compounds, Electronic, Structural, Optical, optoelectronic, 

CASTEP software  

 

 

1. Introduction: 

Telluride (Te) based compounds have received abundant consideration in recent decades owing to 

their simple cubic symmetries and variety of physical properties, which allow them to be used in a range of 

applications. Telluride (Te) based compounds show a extensive variety of applications including 

semiconducting and half metallic behavior furthermore ferroelectric, ferromagnetic and potentially multi-

ferroic phases. Outstanding physicochemical characteristics make them ideal for a prominent application 

comprehended ferroelectricity, high charge ordering, giant magneto-resistance, magneto-transport, 
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piezoelectricity and thermoelectric properties [1-2]. The remarkable cubic structure present efficient 

functionalities in optoelectronics field as well as enormous projection for novel thermo-electric devices [3-

5]. These compounds exhibit efficient and remarkable theoretical considerations aimed to learn the physical 

fact behind the electronic optical and thermal behavior [6].  

They are predicting some incoming facts of XTe (X= Pb, Cd, Nb) accessible as a novel object for 

energy-saving, sensors, solar cells, fuel cells and other optoelectronic devices. Outstanding physical-

thermal characteristics related XTe (X= Pb, Cd, Nb) compounds make them ideal for an extensive range of 

advanced applications as well as high-temperature electrical conductivity, charge transportation, magneto-

transport piezoelectricity, and ferroelectricity properties [7]. The Quantum dots shape of (CdTe) materials 

is an efficient semiconductor due to few nano-scale in size and controlled shape. The CdTe semiconductor 

materials belong to group II-IV in periodic trend with excellent characteristics to current fluorophores. The 

proficient optical characteristics of CdTe quantum dots make them applied extensively in the field of 

optoelectronics applications. The PbTe is a very important and efficient thermoelectric material as well as 

considered for power creation applications through enhancing power factors via improvement in energy 

band engineering. The cubic NbTe with indirect band-gap semiconductor as well as ultra-high charge career 

mobility is prominent and excellent as compared to another 2-dimension semiconductor for ultra-fast 

optoelectronic application [8]. 

  Theoretical materials have a wide range of applications such as efficient thermal properties. The 

parameters which determine the thermoelectric efficiency are dependent on different features such as Debye 

temperature (K), Enthalpy (U-U), Helmholtz free energy F(T), entropy (S-S), and heat capacity (Cp-Cv) 

respectively. Telluride (Te) based compounds exhibit efficient properties which are unusual, as compared 

to other semiconducting materials [9-10]. The semiconducting CdTe, PbTe, and NbTe compounds show a 

narrow direct structure of bandgap at place G symmetry. Furthermore, depiction of the electronic, structural 

and optical properties of Telluride (Te) based compounds but there is a knowledge gap about their thermal 

characteristics. An accurate explanation of the thermal properties of cubic Telluride (Te) based compounds 

XTe (X= Pb, Cd, Nb) are crucial because they have a significant influence in defining the characteristics 

any materials. According to best our information, literature to yet has no theoretical studies on the electrical, 

optical, or thermal behaviour of these Telluride (Te) based XTe (X= Pb, Cd, or Nb) compounds. The main 

goal of the current work is to provide some substantial and relevant information to the data that has been 

presented about the electrical, structural, and thermal properties of compounds based on Telluride (Te) 

through simulation utilising CASTEP software and density functional theory. The purpose of this research 

is to investigate whether Telluride (Te) based compounds are efficient and appropriate for applications in 

optoelectronic devices. The findings show that the energy band gap of compounds based on Telluride (Te) 

is trending decrement. Telluride (Te) based compounds XTe (X= Pb, Cd, Nb) are more reliable and suitable 

materials for optoelectronic applications due to their promising optical conductivity, heat capacity, entropy, 

and enthalpy.  

 

2. Computational approach:  

The flawless cubic (Pm3m) rally of labeled Telluride (Te) based compounds XTe (X= Pb, Cd, Nb) was 

simulated through CASTEP software with PBE+GGA approximation. In the (X= Cd+, Pb+, and Nb+
 ) is 

positioned at coordinates (0.5, 0.5, 0.5) moreover Te+ is located at coordinates of the crystal structure (0, 

0.5, 0), furthermore at face-centered (0, 0.5, 0) as shown in Fig.1 (a-c). The ensuing lattice parameter is 

3.7631 Å, which matches very well with the given value of 3.80. The electronic configuration of Pb, Cd, 

Nb, and Te respectively. To explore the effect of Cd, Pb and Nb of 1×1×1 super crystal tactic was used to 

reduce boundary limitations. Furthermore, Te was substituted at center position, depending on the super-

cells shown in Fig.1. The USP is often used to quantify the interaction between electrons and ions, although 

PBE proposed a GGA approach to assessing the interactions among electron exchangers. The USP approach 
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was utilized with cutoff energy 517 eV to calculate the geometry simulation. The Brillouin zone was build 

over 666 k-points through the Monkhorst–Pack Grid (MPG). The converging precision was adjusted at 

2 × 10−5 eV/atom. The domain of remnant forces was restricted to 2 meV/Å.  

 

 

Figure 1: Supercell structure of (a) CdTe (b) PbTe and (c) NbTe. 

3 Results and Discussion: 
3.1 Structure Analysis: 

The simulated lattice structure parameters for pure CYF is gained which is a = b = c = 4.593 Å, through 

the Birch-Murnaghan equation. After geometry optimization, lattice constants are a = b = c = 4.60 Å, which 

have errors of about 0.15% related to the theoretical one, correspondingly as shown in Fig.1(a-c). The 

optimized position of the atoms is XTe (X=Pb+, Cd+, and Nb+)  are positioned at (0.5, 0.5, 0.5) and Te+ is 

placed at of the cell (0, 0.5, 0), while at face-centered (0, 0.5, 0), which have an error that cannot exceed 

more than 0.15%. These outcomes point out that our computational investigations are realistic, which 

certifies the reliability of our successive calculations. However, the designed lattice parameter of Telluride 

(Te) = b = c = 4.47 Å. After optimization, the lattice constants are a = b = c=4.51Å which have errors of 

about 0.88% related to the experimental ones, respectively.  
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3.2 Electronic properties: 

 

 

Figure 2: Band structures of Telluride (Te) based compounds (a) PbTe (b) CdTe and (c) NbTe  

The energy eigenvalues of concerning electronic structure participate in figure out Fermi levels, 

which decide the material is conductor or semiconductor. The energy bands of Telluride (Te) based 

compounds XTe (X=Cd, Pb, Nb) are shown in Fig. 2 (a-c). The maxima (VBM) upper edge of valence 

band and minima (CBM) lower edge of conduction band site at different k points, this decide Telluride (Te) 

based compounds XTe (X= Pb, Cd, Nb) are narrow band-gap semiconductor compound. The whole profile 

shows that the characteristics of XTe (X= Pb, Cd, Nb) compounds are the similar by simulation.  In the 

Telluride (Te) based compounds, VBM (crest) and CBM (trough) position on the same symmetry L and G 

symmetries of the Brillion zone in PbTe, CdTe respectively indicating the cubic materials have a direct 

band gap as presented in Fig. 2(a-c). The direct band gap for Telluride (Te) based compounds XTe (X=) 

are 1.50eV, 0.309 eV, and 0.00 eV respectively showing these compounds have narrow band-gap 

semiconductor behavior for optoelectronic device applications.  

The band structure for Telluride (Te) based compounds XTe (X= Pb, Cd, Nb) are same in shape 

with the appropriate symmetry lines with minor variation in energy levels at G and L symmetry position. 

These results indicate that CBM is slightly shifting toward the (EF) Fermi energy level. The band gap for 

XTe (X= Pb, Cd, Nb) has been decreased by 1.50 eV, 0.309 eV, and 0.00 eV corresponding doping X= Pb, 

Cd, Nb, respectively as shown in Fig.3(a-c).  
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Figure 3 (a-c): Schematic diagram of direct bandgap structures of Telluride (Te) based compounds (a) 

PbTe, (b) CdTe and (c) NbTe. 

The Bandgap decrement with X= Pb, Cd, Nb is shown in Figs. 2(a-c) and Fig 3(a-c). Moreover, 

The CBM slightly move toward EF to closer the band gap, with X= Pb, Cd, Nb. The direct band gap 

promising effect on optical characteristics as presented in Fig.5. In comparison the energy (Eg) band gap is 

significantly contracted by X= Pb, Cd, Nb are used. The VMB and CMB of X= Pb, Cd, Nb are located at 

L and G points in the 1st Brillion zone.  The decrement in the Eg bandgap is because of appearance of newly 

energy states nearby the energy Fermi EF level. Furthmore, all the facts are shown , in DOS and PDOS 

findings as shown in Fig. 4 (a-c). These results conclude that the Eg of Telluride (Te) based compounds 

XTe (X= Pb, Cd, Nb) are prominent, and outstanding for optoelectronic device applications.  
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Figure 4 (a-c): Partial density of states (PDOS) of Telluride (Te) based compounds (a) PbTe, (b) CdTe, 

and (c) NbTe 

Fig.4(a-c): shows that by substituting XTe (X= Pb, Cd, Nb) decrement in energy bandgap, this 

predicting that Telluride (Te) based compounds are proficient for optoelectronic device applications. The 

energy band gap scheme represents that per unit energy are calculated by total density of states moreover 

ions role of various band structures are examined through PDS. The decrement in the band gap can be 

explained using the TDOS and PDOS. Fig-4(a-d) represent that the elemental examination of XTe (X= Pb, 

Cd, Nb) PDOS. These graphs delegate that sum of states participate important role to the CB and have the 

steepest peaks represent at -5.25 eV and 15.343 eV, correspondingly. Furthermore, the Pb, Cd, and Nb-s 

states of Telluride (Te) based compounds have smaller peaks placed at -5.eV and 15 eV, correspondingly, 

and fascinatingly P-state in valance band is greater impact as compare to CB. Additionally, the sum of 

states has a proficient effect on conduction band, Therefore, the CB and VB are significantly exaggerated 

by the accretion of states in Telluride (Te) based compounds XTe (X= Pb, Cd, Nb). By the help of energy 

bandgap results we can indicate that PDOS slightly shift towards smaller energies as a result foremost to 

decrement trend in energy band gap, which is also simplified the optical explanation is given below. 

3.3 Optical Properties:  

Telluride (Te) based compounds XTe (X= Pb, Cd, Nb) have intriguing optical characteristics and 

are widely used in optoelectronic devices. The complex 𝜀(𝜔)dielectric calculations describes the behavior  

of Telluride (Te) based materials XTe (X= Pb, Cd, Nb) toward an electric field.  It consists of two parts: 

the real and the imaginary of the dielectric terms, both of which depend on the optical band structure of the 

crystal.  

The optical properties of Telluride (Te) based materials can be used to explain XTe (X= Pb, Cd, 

and Nb) compounds through the electronic structure, along with relative permittivity, refractive index, 

reflectivity, energy loss function and coefficient of absorption. These properties are very meaningful in 

signifying appropriateness of Telluride (Te) based compounds XTe (X= Pb, Cd, Nb) material in 

optoelectronic and electronic devices. All of the optical properties are result of the dealings of materials 

(Telluride material) and electromagnetic waves. All these optical results are connected to each other’s; the 

complex term of dielectric is used which is given by [11-12].  
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𝜀(𝜔) =  (𝜀1𝜔) + і𝜀2(𝜔)                                                                                                           ------------ (1) 

Equations (2) and (3) can be used to calculate the  the dielectric function's RDF (𝜀1𝜔) and IDF 𝜀2(𝜔)in 

order to analyse the optical response  [13-14]. 

𝜀2(𝜔) =  −
𝑉𝑒2

2𝜋ℏ𝑚2𝜔2 ∫ 𝑑3𝑘 ∑ 1 <𝑛𝑚′ 𝑘𝑛|𝑃|𝑘ñ > 𝐼2𝑓(𝑘) × (1 − 𝑓(𝑘ñ)𝛿(𝐸𝑘𝑛 − 𝐸𝑘ñ − ℏ𝜔)---(2) 

(𝜀1𝜔) = 1 +
2

𝜋
𝑃 ∫

𝜔′𝜀2(𝜔′)𝑑𝜔′

𝜔′2−𝜔′
= 𝑛2(𝜔) − 𝑘2(𝜔)

∞

0
,                                                                          ------------ (3) 

𝑎(𝜔) =
4𝑘𝜋

𝜆
=

𝜔

𝑛𝑐
𝜀2(𝜔),                                                                                                                          ------------ (4) 

𝑎(𝜔) = 2𝜔𝑘(𝜔) = √2 [{𝜀1 (𝜔)2 + 𝜀2(𝜔)2}
1

2⁄ − 𝜀1(𝜔)]
1

2⁄                                                           ------------ (5) 

L(ω) =  
ε2

ε1(ω)2+ ε2(ω)2                                                                                                                               ------------(6) 

I(ω) = √2ω(√ε1(ω)2  + √ε2(ω)2 − ε1(ω))
1

2⁄                                                                                 ------------(7) 

n(ω) =  (
1

√2
) (√ε1(ω)2 + √ε2(ω)2 − ε1(ω))

1
2⁄                                                                                ------------(8) 

K(ω) =
I(ω)

2ω
                                                                        ------------(9) 

r(ω) =  
n+𝑖K−1

n+𝑖K+1
                                                                                  ------------(10) 

√𝜀(ω) = n(ω) + iK(ω) = N(ω)                                                                              -------------(11) 

ε1(ω) =  n2 − K2                                                                    ------------(12) 

ε2(ω) = 2nK                                                                     ------------(13) 

The absorbance of Telluride (Te) based material is increasing with doped XTe (X= Pb, Cd, Nb) 

elements as presented in Fig.5(b). The photon energy increment by increasing doped XTe (X= Pb, Cd, Nb) 

elements, the absorption coefficient of Telluride (Te) based material rises of  XTe (X= Pb, Cd, Nb) materials 

respectively. On the other side reflectivity of Telluride (Te) based material is decreasing as shown in Fig 

5(d). The findings show that materials based on Telluride (Te) have proficient optical conductivity and 

absorbance, making them more reliable and suitable for optoelectronic applications. 
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Figure.5(a-e): (a) Dielectric functions (b) absorption (c) conductivity (d) reflectivity and (e) refractive 

index of Telluride (Te) based compounds  

Any material's reflectivity can be utilized to study the behavior of its surface.  The reflectivity surface 

behavior of Telluride (Te) based material with doped XTe (X= Pb, Cd, Nb) is shown in Fig.5(d). The result 

present that reflectivity peaks slightly shift toward the larger values of frequency of XTe (X= Pb, Cd, Nb) 
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materials. As the frequency increases, the reflectance rapidly decreases from 3.5 to 0.75. The ability of any 

material to absorb luminescent electromagnetic waves in contrast to photons of the proper energy (E = ħ𝜔), 

is closely related to the absorption of that material. In addition, when the material comes into range with 

incident photons, the energy dissipation is described by the energy loss function L(𝜔).  

3.3 Thermal Properties: 

To study the thermodynamic behavior of Telluride (Te) based material with doped XTe (X= Pb, Cd, 

Nb) through different thermodynamic functions such as heat capacity at constant volume Cv, heat capacity 

at constant Pressure Cp, enthalpy, vibration entropy S(T), Internal energy U(T), Helmholtz free energy F(T) 

as shown in Fig. 6(a-e). The heat capacity Cv at constant volume is given by [15-16]. 

𝐶𝑣 = 𝛾𝜅Β  ∫ 𝑑𝜔𝑔(𝜔)
∞

0
(

ℏ𝜔

Κ𝛽𝑇
)

2 𝑒𝑥𝑝(
ℏ𝜔

Κ𝛽𝑇
)

[𝑒𝑥𝑝(
ℏ𝜔

Κ𝛽𝑇
)−1]

2                                                               ------------(14) 

Here 𝛾 is representing the degree of freedom and 𝑔(𝜔) is density of states of unit cell. Moreover, ℏ  and 

Κ𝛽 are representing Planks constant and Boltzmann constant respectively.  The Cv limit at temperature 0֯ K 

furthermore maximum temperature are 0 and  Κ𝛽𝑇 correspondingly. The relation between Cp and  Cv at 

constant (Pressure and Volume) of quasi-harmonic approach is given by [17-18] 

𝐶𝑝 − 𝐶𝑣 = 𝛼2(𝑇)𝐵𝑉𝑇                  ------------(15) 

In the above equation “α” is the thermal expansion coefficient of constant volume defined as 

(1 𝑉⁄ )(𝜕𝑉 𝜕𝑇⁄ ) moreover V is volume of system. The vibration entropy S(T) can be calculated  at the finite 

temperature [19-23]. 

𝑆(𝑇) = 𝛾𝜅Β  ∫ 𝑔(𝜔)
∞

0
{(

ℏ𝜔

2Κ𝛽𝑇
) [𝑐𝑜𝑡ℎ (

ℏ𝜔

Κ𝛽𝑇
) − 1] − 𝑙𝑛 [1 − 𝑒𝑥𝑝 (

−ℏ𝜔

Κ𝛽𝑇
)]} 𝑑𝜔    ------------(16) 

The internal energy U(T) of  Telluride (Te) unit cell be measured through given equation. 

𝑈(𝑇) =
1

2
 𝑟 ∫ ℏ𝜔𝑔(𝜔)

∞

0
𝑐𝑜𝑡ℎ (

ℏ𝜔

Κ𝛽𝑇
)                  ------------(17) 

All above calculated thermodynamic functions, we can measured Helmholtz free energy F(T) of  Telluride 

(Te) unit cell.  

𝐹(𝑇) = 𝐸𝑒𝑙𝑒𝑐 + 𝑈(𝑇) − 𝑇𝑆(𝑇)                  ------------(18) 

  In above equation 𝐸𝑒𝑙𝑒𝑐 is representing the electronic energy of the Telluride (Te) unit cell can be 

calculated through first principles total-energy of Telluride (Te) based compounds XTe (X= Pb, Cd, Nb) 

calculations. In the current study the thermal expansion impact which is associated to the enharmonic trend 

of Telluride (Te) based compounds XTe (X= Pb, Cd, Nb). Furthermore, quasi-harmonic approximation 

(QHA), in which phonons of Telluride (Te) compounds are pretended as harmonic but dependent volume. 

The Telluride (Te) compounds unit cell are compressed and expended to set of fix volumes through 

positions of atoms and shape of the unit cell. The equilibrium volume of unit cell at appropriate temperature 

T is attained through minimizing the free energy of the unit cell. The calculated free energy versus 

temperature of Telluride (Te) based compounds XTe (X= Pb, Cd, Nb) as shown in Fig.5(c). PbTe has 

proficient thermal stability at high temperature. It is astounded that PbTe show prominent thermal stability 

at high temperature such as at above 150 K. Quasi-harmonic approximation (QHA) is only applicable when 

the temperature is much smaller than melting point where enharmonic impact is foremost.  
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Figure.6(a-e):  (a) Debye temperature (b) enthalpy (c) free energy (d) entropy (e) heat capacity of 

Telluride (Te) based compounds XTe (X= Pb, Cd, Nb). 

100K temperature. According to the findings, materials based on Telluride (Te) have excellent heat capacity 

and are more reliable and suitable for optoelectronic applications. 
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4 CONCLUSION: 
Under the First-principles exploration Pb, Cd, and Nb are appropriate periodic elements for bandgap 

decrement in XTe materials. The bandgap of XTe (X= Pb, Cd, Nb) was originate significantly decrement 

from 1.50 eV to 0.00 eV. Niobium (Nb) is more advantageous than Pb and Cd. By substituting of X= Pb, 

Cd, Nb at the corner sites in XTe (X= Pb, Cd, Nb) additional gamma sites were participated in the electronic 

energy band gap (Eg). It is also examined that optical peaks shifted toward larger energy due to decrement 

in the band gap. Thermal impact on macroscopic properties of XTe (X= Pb, Cd, Nb) compounds are 

predicted using the quasi-harmonic Debye model these materials are thermally stable. The variations of the 

enthalpy (U-U), entropy (S-S), heat capacity, Debye temperature, and free energy with temperature function 

are obtained successfully. Moreover, small band-gap semiconducting Telluride (Te) based materials reveal 

low thermal conductivities at a prominent temperature which is curious for simple cubic structured 

materials. In the future inspective scope, these Telluride based materials  find great potential because of 

very less energy production possessions, moreover present computed work is awaiting lab work.  
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