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In this paper, electronic and optical properties of magnesium (Mg) and manganese (Mn) doped lead sulfide (PbS) 
compounds have been investigated based on the full-potential linear augmented plane wave (FP-LAPW) method by using 
the modified Becke-Johnson (mBJ) method. The detailed optical studied revealed that the band gap of pure PbS was found 
to be ~0.9 eV and Mg doped PbS exhibited direct band gap energy of ~2eV. Further, Mn doped PbS possess a metallic 
behavior. The PbS compound possess a cubic rock-salt structure with the space group Fm-3m and lattice parameter                 
a = 5.931Å, which were used in our calculations. The optical parameters, such as dielectric constant, refractive index and 
reflectivity were analyzed. The results demonstrated that Mg and Mn doped PbS compounds have the potential to be used 
for optoelectronic applications. 
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1. Introduction 
 
Lead sulfide PbS, as one of the most important IV–VI 

group semiconductors with a large Bohr radius (18 nm), 
has attracted considerable interest in the recent years due 
to its promising applications in IR detection, decorative 
coatings, photo-thermal conversion for solar energy, and 
solar control coatings [1,2]. Lead sulphide has shown 
strong electron-holes quantum confinement, this causes 
multiple exciton generation leading to an enhancement in 
the photo-conversion efficiency of solar cells. One of the 
key requirements for many of these desired applications is 
the property induced by doping of PbS with various 
transition metal elements [3-6].Hence, on that view, the 
doping of PbS with transition metal elements such as Mg, 
Zn and Cu have been studied by our group and published 
elsewhere [7–9]. A simple way to modify the properties of 
PbS is by systematic doping, with magnesium and 
manganese. The theoretical methods such as density 
functional theory (DFT) provide an extremely valuable 
tool for predicting different properties of a large number of 
semiconductors. In this work, we aim to establish 
theoretical means for a comprehensive understanding of 
the fundamental physical properties of Mn and Mg doped 
PbS for their potential use in advanced optoelectronic 
materials. 

Recently Mg2+ ion has been used as doping in our 
experimental work [7] because of its outstanding 
properties such as small ionic radius (0.066 nm), p-type 
conductivity and large activation energy [10,11].  

On the other hand, Mn2+ ion-doped has received 
increasing attention due to their potential applications in 
quantum computing, spintronic, and magneto-optics 
[5,12]. 

Moreover, the DFT calculation can serve as a 
predictive tool to development of new materials. However, 
the main limitation of theoretical study is the ability to 
produce the band gap of semiconductors in good 
agreement with that of experimental measurement due to 
exchange–correlation terms.  

Furthermore, first principles calculations based on the 
density functional theory (DFT) using the common LDA 
and GGA usually underestimates the band gap energy as 
mentioned in Ref. [13,14]. Some moderate methods have 
recently been developed to correct band gap error such as 
modified Becke–Johnson (mBJ). This yield a band gap 
value less underestimated to experimental result. In our 
work, we use the modified Becke-Johnson (mBJ) 
approach, because it is more effective for the band gap 
calculations for semiconductors [15].In our calculations, 
we used PbS with a cubic rock-salt structure, space group 
Fm-3mand lattice parameter a = 5.931Å [16]. We believe 
that this study will help understand the fundamental 
properties of the designated materials and may improve 
their potential applications for many other engineered 
materials and technologies. 
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2. Computational methods  
 
In this study, all the calculations for Mg and Mn 

doped PbS have been performed using the density 
functional theory (DFT) [17], based on the full-potential 
linearized augmented plane wave (FP-LAPW) method 
[18]. We have performed the calculations using a 
WIEN2K package [19]. We have applied the modified 
Becke-Johnson (mBJ) functional for the electronic 
structure and optical properties calculations. The 
convergence parameter RMT*Kmax was equal to 8 and the 
Imax was equal to 10. The Fourier expansion of charge 
density was up to Gmax=12 (a.u.)-1. Less than 0.10 mRy of 
the self-consistency calculation of total energy has been 
used in this work. We constructed a 2× 2 × 2 supercell, 
containing 32 atoms: 16 of Pb and 16 of S atoms, 
respectively. The doping of PbS was done by substituting 
one Pb atom by Mg or Mn atom in the supercell, which is 
produced a 3.125% doping concentration. 

 
 
3. Results and discussion 
 
3.1. Electronic properties   
 
In order to understand the electronic properties of 

pure and Mg or Mn doped PbS in the 2× 2 × 2 supercell 
(that corresponds to level doping of 3.125%), the band 
structures and the densities of states (DOS) are 
investigated with mBJ potential. In Fig. 1, it presented the 

three band structures for pure PbS and for Mg and Mn 
doped PbS in the high symmetry direction in the BZ, the 
Fermi level (EF) is chosen to locate at (E = 0.0 eV) and 
coincide with the top of the valence band (VB).It is 
observed from Fig. 1(a), that the calculated direct band 
gap of pure PbS is 0.9 eV  Fig. 1(b) shows that our results 
of the band structure calculations demonstrate that the Mn 
doped PbS material presents a metallic behavior which is 
in good agreement with other previous calculations [20], 
while Mg doped PbS reveals a semiconducting nature with 
a band gap of about 2eV ( see Fig. 1(c)), which is close to 
the experimental data [21]. When the Mg is doped in PbS, 
the Fermi level shifts down into the valence band, which 
produce a degenerate p-type semiconductor. To remind, in 
this effect, the band gap is measured between the 
conduction band minimum (CBM) and the Fermi level in 
the valence band. The energy distributions of the 
electronic states can be actually investigated by calculating 
the density of states (DOS). Since the optical spectra are 
calculated from the interband transitions, the total density 
of states (TDOS) along with the partial (PDOS) for Mn 
and Mg doped PbS are shown in Fig. 2 and Fig. 3, 
respectively.  The valence band below the Fermi level 
(EF) consists of different regions, where the lower part 
situated between -5.0 and -1.0 eV is mainly due to the S-p 
states. Above the Fermi level (EF), the conduction band 
with positive energies is composed mainly of Pb-p states. 
When we substitute one Pb atom with one Mn or Mg 
atom, we find that, the Mn-p and Mg-s orbitals contributes 
to the occupied states around Fermi level. 

 
 

       (a)            (b)                                                 (c) 

 
 

Fig. 1. Band structure of (a) pure PbS(b)Mn doped PbS in  2× 2 × 2 supercell (c) Mg doped PbS in  2× 2 × 2 supercell 
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Fig. 2. Calculated total and partial density of states (DOS) for Mn doped PbS 
 
 

 
 

Fig. 3. Calculated total and partial density of states (DOS) for Mg doped PbS 
 

3.2. Optical properties 
 
In this section we study the optical properties of Mg 

doped PbS which has a semiconductor behavior. The 
optical properties were investigated within mBJ potential. 
The other optical constants, like the refractive index, the 
extinction coefficient and the reflectivity, are then 

calculated from the dielectric function. The dielectric 
function )( represents the collective excitations of the 

Fermi Sea like the volume and surface plasmons [22]. 
Moreover, this function depends on the electronic structure 
of a material, and the determination of the behavior of the 
band of a solid. The dielectric function has real 
(dispersive) and an imaginary (absorptive) parts [23]:  



456                                                            A. Gassoumi, A. Al-Shahrani, S. Alfaify, H. Algarni, R. Vidu 
 

)(i)()(  21                           (1) 
 

The imaginary part )( 2 of the dielectric function 

is given by [24]: 
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wherei and j the initial and final states, M is the dipole 
matrix, fi the Fermi distribution function for the ith state 
andEi the energy of the electron attheith state. The real part 

)(1  is given by the Kramers–Kroning relation [25]: 
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whereP is the principal value of the integral. 

The refractive index )(n  and the extinction 

coefficient )(k  , are calculated from the real and 

imaginary part of the dielectric function as seen in Ref. 
[26]: 
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Using optical constants )(n  and )(k  , the 

reflectivity )(R  was calculated by the following 

equation:  
 

22

22

1

1

k)n(

k)n(
)(R






                        

(6) 

 
Maximum value of ε1(ω) is 13.72 at 2.93eV  for Mg 

doped PbS (Fig. 4). We observe a decrease of )(1 is 

observed and after that it becomes negative, in this energy 
range, the material has metallic behavior. Refractive index 

)(n   has been calculated, which has similar profile of 

ε1(ω). Fig. 5 shows that the Mg doped PbS have the main 
peak in ε2 at 3.64eV. The imaginary part ε2 was obtained 
from the electronic calculation. The energy loss L(ω) is 
important to the description of microscopic and 
macroscopic properties of materials. The major peak in the 

L(ω)spectrum is identified as the plasmon peak, The 
energy-loss function L(ω)is given by[27]:  
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Fig. 4. Real part ε1(ω) of the theoretical dielectric function  

for Mg doped PbS 
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Fig. 5. Imaginary part ε2(ω) of the theoretical dielectric  
function for Mg doped PbS 

 
 

In Fig. 6 the calculated energy loss L(ω) for Mg doped 
PbS is presented. The major peak occurs at 7.27eV. This 
major peak is related to the bulk Plasmon [28]. The bulk 
plasmon peak as obtained from the L(ω) spectra can be 
used to give information about the strain in the solid [29]. 
In Fig. 7, we observe an abrupt reduction is observed in 
the reflectivity spectra R(ω)  at 7.44eV, which is due to 
the occurrence of a collective plasma resonance [30]. The 
calculated refractive index )(n  is shown in Fig. 8(a), 

from which the values of the static refractive index is 
obtained at n(o) = 2.79. Generally, a refractive index 

)(n  smaller than unity (
n

c
vg  ) indicated that the group 

velocity of the incident radiation is higher than the speed 
of light [31]. The refractive index )(n  is related to the 

density and the local polarizability of this material [32]. 
From Fig. 8(b), we observe local maxima of the extinction 

2 2
2 1 2( ) ( ) ( ) ( )L          



Modified Becke-Johnson calculations applied to the electronic and optical properties of Mg and Mn doped PbS                 457 
 

coefficient )(k   is for an energy of 3.81eV. 
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Fig. 6. Energy loss function L(ω) of  Mg doped PbS 
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Fig. 7. Reflectivity spectra R(ω) of Mg doped PbS 
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Fig. 8(a). Refractive index n(ω) of Mg doped PbS 
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Fig. 8(b). Extinction coefficient k(ω) of Mg doped PbS 
 

 
4. Conclusion 
 
We have investigated the physical properties of Mn 

and Mg doped PbS. Band gap dependent optical constants 
like the dielectric function, the refractive and reflectivity 
were investigated based on the modified Becke-Johnson 
approach. We have found that the band gap of pure PbS is 
0.9 eV, the Mn doped PbS presents a metallic behavior, 
and the Mg doped PbS reveals a semiconducting nature 
with a band gap of about 2 eV. Hence, it is found that, the 
calculated fundamental band gap of PbS is close to the 
experimental one. The maximum value of ε1 = 13.72 at 
2.93 eV for Mg doped PbS. We have also calculated the 
refractive index n(ω), the extinction coefficient k(ω), the 
energy-loss L(ω) and the reflectivity R(ω). The value of 
the static refractive index is n(0) = 2.79 for Mg doped PbS. 
The calculated electronic structure and optical properties 
obtained in our investigation demonstrate promising 
applications of Mg doped PbSfor optoelectronic 
technologies. 
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