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Abstract The electronic and structural properties of Lead Telluride (PbTe) compound were computed using
FHI-aims DFT code. We firstof all relaxed the structure by using Brillouin-zone of 12x12x12 k-grids for the
self-consistent field (SCF) convergence. For the exchange correlation functional, we usedPerdew
BurkeEnzerhof approximation. We obtained the most stable structure to be halite structure with total ground
state energyof -777754.818 eV. The Fundamental band gab was found to be 0.75632758 eV, similarly the DOS
computations show a good availability of electronic statesin the conduction band (CB) and valence band (VB).
The research show that PbTe is a promising material for solar cell as well as thermoelectric applications.

Keywords DFT, PbTe, Band Gap, Ground State Energy, PBE

1. Introduction

Interesting properties of 1V-VI semiconductor compounds have become a subject of extensive research on the
lead Chalcogenides (also known as lead salt) PbX (X =S, Se, Te) [1-6]. The systematic and logical studies of
such compounds on theoretical, computational as well as experimental background have provided fascinating
properties which have wide technological applications [2]. Researchers have find out that the wide potential of
these compounds as good semiconductor devices are due to their narrow band gap, high dielectric constant, high
carrier mobility, positive temperature coefficient of the band gap, and negative pressure dependence of the band
gap [2, 4-9]. As a result of such anomalous properties, they are applicable in the branches of thermoelectric,
visible, gamma and infrared (IR) detectors and sensors [3-13]. More recently, they are also used as IR laser in
fiber optics, super lattices, quantum dots and multiple exciton generation [6-7, 14-15]. On account of narrow
band gap of ~ 0.31eV at 300K [7-9, 13, 26] and high absorption coefficient [3, 13] of PbTe, it appeared to be a
suitable candidate for applications in optoelectronic devices [12-13, 18-19]. It was also reported [2] that, the
outstanding properties of PbTe and IV-VI semiconductor compounds as compared to -V and I1I-VI
semiconductors are due to the interaction of Pb s-electron valence band with the Te p-electrons valence band.
Exceptional properties of this material were the motive to synthesize, compute and characterize their properties.
In the last few decades, a number of studies on its deposition and characterization were reported; see for
example, [11-13, 15-19].

Many researchers have used different types of deposition techniques to deposit PbTe thin film. For instance, [18]
fabricated PbTe thin films with different thickness using vacuum technique. In [17], PbTe thin films growth on
various substrate {glass, Si (100), Si (111), BaF, (111)} by pulsed laser deposition was reported. Similarly, [21]
grew PbTe by hot wall epitaxy on BaF, substrates. In another report, [32] deposited PbTe thin films on a non-
conducting glass substrate through solvo thermal method. PbTe thin films were also deposited by other methods
such as magnetron sputtering, pulsed laser evaporation [21], vacuum evaporation method [8], flash evaporation
method [7], two stage process, first stage using chemical bath deposition (CBD), and then chemical vapor
deposition (CVD) [12-13].
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Computational wise, many researchers who performed DFT computation of PbX properties are mentioned in
Ref. [1]. However, [1] also computed the optical and electronic properties of Lead Chalcogenides using DFT-
LDA/GGA, hybrid functional and GW. They show that hybrid functionals describe important aspects of the
band structure of these materials which LDA/GGA clearly fail to describe. They performed their calculations
using the projector augmented wave (PAW) method and the full potential (Linearized) augmented plane wave
plus local orbital [FP-(L) APW+ LO] method. The results obtained by the PAW and the FP-APW+ LO methods
take into account spin orbit coupling (SOC), and incorporate the semi core Pb 5d states as valence states.

Hence, it is the aim of this study to systematically and logically compute the most stable electronic structure of
PbTe using an all electron numeric atom-centered basis set that include both the core and valence electrons.
Similarly, we also incorporate the SOC to account for the Pb and Te large atomic number.

2. Methodology
Density functional Theory code of Fritz Haber Institute for ab-initio molecular simulation was used for the

5
computation. DFT requires the electron density of a material n(r), to be self-consistently solved according to

the Kohn-Sham equations which computes the energy E from n(r);

E = ia ﬁwd rd f+ Exc[n]—j\xlc@)n(?)d r [41] (L1)
‘ | r—r|

N
V(r)is the exchange-correlation (xc) potential of atomic nuclei, EXC [n] is the xc energy functional, the
Xc

double-integral provides the electron-electron interaction. EXC [n] serves as a correction for the errors in the

kinetic energy functional and the electron-electron double-integral. In principle DFT is exact, the approximation
is only in the xc energy and potential. One of the approximations for xc is the generalised gradient
approximation (GGA) as parameterized byPerdew, Burke and ErnzerhofPBE. It gives the effective potential that
depend both on the local density and its local gradient. The GGA approach therefore corrects the problems
encountered in the local density approximation (LDA).

EfAmtnl]=[egenTnl Vnt Vnl] n(?) d (?) (1.2)

In this work, the total ground state energy of PbTe were calculated in the Generalized

Gradient Approximation GGA using the PBE exchange-correlation energy functionals.

The calculation was performed by using Brillouin-zone of 12x12x12 k-grids for the SCF convergence. We used
a lesser k-space to integrate the DOS. The factors by which the original k-space from the SCF cycle is increased
are now (5, 5, 5). Together with the original k-grid of 12x12x12, this makes for a 60x60x60 integration mesh
that is used for the DOS. A Gaussian broadening of 0.05eV was used for the DOS computations. We used an
experimental lattice constant of a = 6.454 A for the PbTe lattice parameters. Fig. 1.1 shows the crystalline
structure of PbTewith Pb and Te represented by the bigger and smaller balls respectively.

Figure 1: PbTe crystalline structure
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In Fig. 1, PbTe crystalline lattice is presented. We optimize the geometry using 1e™ eV, while for the unit cell we
select the full relaxation option. For this optimized geometry, we obtain the following three lattice vectors and
atomic coordinates as shown in Table 1.

Table: 1
Crystal structure  Atomic coordinates (A) Lattice vectors (A)
Fcc -0.0021 -0.0021 -0.0021Pb  3.2387 3.2387 -0.0116

3.2291 3.2291 3.2291Te -0.0116 3.2387 3.2387
3.2387 -0.0116  3.2387

3. Results
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Figure 2: The Band structure and DOS of PbTe

The results obtained are based on the output files from the FHI-aims code used for simulation.The
optimizedPbTe structure and its parameters were used to calculate the DOS, band structure, Ground state
energy, HOMO, LUMO and the HOMO-LUMO gap.

Figure 2 shows the PbTe band structure and DOS. The mini gap for PbTe appears at L- symmetry pointresulting
from pushing the anion p states upward,this occurs between -5.089 eV (valence) and -4.333 eV
(conduction).Since states with equal symmetry repel each other, this gives rise to strong level repulsion, which
determines the main features of the band structures and is the origin of their peculiarities [1]. Since the HOMO
and LUMO are on the same symmetry point, our work shows that PbTe is a direct band gap
semiconductor.Moreover, the LUMO bottom indicate an s-like atom character which is localized on an anion
splits off from the rest of the valence band antisymmetric gap, and p-like around the group VI(Te).This
difference is relevant, it is use in interpreting Knight-shift data and the temperature dependence of band states
[42].

—

Table 2: Fundamental Direct Band gap of PbTe

Crystal HOMO LUMO HOMO-LUMO gap Total Other research
structures (VBM) (CBM) (eV) Energy Band gap (eV)
(eV) (eV) (eV)
PbTe -5.08988074 -4.33355316 0.75632758 777754.818  0.3[32,36],
0.7[1]
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This again gives rise to a difference in the nature of the HOMO and LUMO which retards the return of the
excited electron to the valence band.However, it makes the state near the valence band maximum have p
bonding character which are associated with more electronegative element in the solid, while those near the
conduction band minimum have p anti-bonding character and are associated with less electro negativity. The
main effect on the band structure due to SOC is that the topmost valence band is shifted upward, whereas the
lowest conduction band is moved downward in energy, resulting in a significant reduction of the direct energy
gap at the L point.

The energy band gap is seen as the difference between the conduction band and the valence band which is
estimated to be 0.76 eV as shown in Table 1.This value is in good agreement with the value computed by[1]
using PBE. However, the experimental value of the direct band gap is 0.31 eV as obtained by [32, 36]. This is so
because, standard DFTPBE largely overestimates the band gap in PbTe [1].

Figure.2: also shows the Density of state of PbTe as a halite structure semiconductor; we divide the density of
state into three general regions while analysing. The first region is the most tightly bound energy band where
electron states corresponding to this band are strongly localized on the anion state. The next region of noticed is
a peak arising from the onset of the second valence band which shows there is no energy variation along the
symmetry direction; in fact, it is very flat over the entire square face of the Brillouin zone. The character of state
associated with the second valence band changes from predominantly cation s-like states at the bond edge to
predominantly anion p-like state at the band maximum. The third region of interest in the density of state
extends from the onset of the third valence band to the valence band maximum. This region encompasses the top
two valence bands and is predominantly p-like and is associated with anion state.

4. Conclusion

This work has successfully employed DFT-PBE functional method to calculate and estimate the band structure
and DOS of PbTe using FHI-aims in which the input parameters are optimized.The minimum total energy
obtained from the experimental lattice constant of 6.454 A results in -777754.818eV.The calculated electronic
band structure show that PbTe is a direct band gap semiconductor with 0.75 eV HOMO-LUMO gap. The DOS
energy level within the semiconductors shows considerable high state of electron occupation and the DOS
observed around the Fermi level for the semiconductors at zero level indicate that they have conducting
properties.In general, FHI-aims code has predicted the band structure and DOS calculation within a reasonable
computational time when compared to some other DFT theoretical programs observed in literature.
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