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The structural, electronic, and chemical bonding properties of the Ge doped PbTe and SnTe in the rock salt phase have 
been calculated by full potential linearized augmented plane wave method within density functional theory. Generalized 
gradient approximation of Wu and Cohen has been utilized for calculating these properties. With doping of Ge in Pb1–

xGexTe and Sn1–xGexTe, the lattice constant reduces linearly as the concentration increases. Also, it is observed that 
electronic properties of these compounds are affected by varying concentration of doping Ge. The band gap of 
corresponding compounds varies with respect to the composition, so the electronic properties alter as doping increases. The 
alloys have direct band gap which varies in the range 0 to 0.19 eV. The alloys Pb1–xGexTe and Sn1–xSnxTe show covalent 
bonding nature which enhances by increasing the Ge concentration. As the physical properties vary widely with doping 
therefore the resulted materials can be used in thermoelectric, optical storage devices, Infrared detectors, Bragg’s reflectors 
and optical devices working in lower frequency regime. 
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1 Introduction  
IV–VI semiconductors are highly important and 

promising, when compared with the other family of 
semiconductors due to their unique and unusual 
properties. For more than thirty years, these 
compounds have been the central subject of 
considerable research work due to the interest in the 
basic physics of these semiconductors, the 
technological and commercial applications. IV–VI 
compounds are successful materials that can be used in 
thermoelectric, IR radiation, ferroelectric, optical 
storage devices and other useful applications1–3. 
Effective thermoelectric semiconductor materials have 
been developed using small band gap lead 
chalcogenides. They have complex crystal and 
electronic structure4. The crystalline ternary 
compounds including Ge1-xPbxTe, Ge1-xSnxTe, PbSrSe, 
and PbEuTe are still relatively understood5–7. Now 
efforts are made to develop efficient semiconductors by 
annealing new alloys. The efficiency can be increased, 
by appropriate composition changes e.g., doping, 
alloying or by engineering techniques. They have 
been utilized in larger wavelength imaging, diode 

lasers. IV-VI semiconductors are also called 
thermoelectric materials which can also be used for 
fabricating photovoltaic cells. These can be applied  
in the direct conversion of thermal energy into 
electrical energy. Due to this quality these materials 
have attained high attention for their uses in solid state 
devices. These devices can be implemented in power 
generators, heat dissipaters, and thermoelectric 
coolers8. They also applied in pollution control 
devices and the fields of gas spectroscopy9.  
The doping of Tin (Sn) in PbX (X= S, Se, Te) at 
different concentrations the ternary semiconductors 
PbS1–xSex, Pb1–xSnxTe, Pb1–xSnxSe, have been 
experimentally synthesized6. These semiconductors 
have promising applications which are broadly  
used for photo solar cells and optoelectronic 
applications, e.g., photovoltaic sensors. These 
photovoltaic infrared sensors (Pb1–xGexTe, Pb1–

xSnxSe, SnxGe1-xTe, PbTe etc.) are as sensitive as  
Hg1–xCdxTe. In this work, we are studying the  
effect of Ge doping in PbTe and SnTe pure crystals 
using the first principle technique of density 
functional theory (DFT). To date, less attention  
has been paid to investigate the structural and 
electronic properties of these alloys theoretically. 
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Therefore this work will cover the lack of theoretical 
data on these materials.  
 

2 Computational Details 
Present calculations are performed using the full 

potential linearized augmented plane wave plus local 
orbitals (FP-LAPW+lo) method10 as implemented in 
wien2K package11. The exchange-correlation effects 
are included by generalized gradient schemes of Wu-
Cohen (WC)12. RMT*Kmax (where RMT is the 
minimum muffin-tin radii and Kmax gives the 
magnitude of largest K vector in the plane wave basis) 
is 7, Gmax (The potential and the charge density 
Fourier expansion parameter) is taken to be 12, lmax 
(The valence wave functions inside the atomic 
muffin-tin-spheres expansion parameter) is 10 and  

47 K-points (in the irreducible wedge of the first 
Brillouin zone (IBZ) has been chosen to obtain self 
consistent calculations. The self-consistency was 
achieved up to 0.0001 Ry.  
 
3 Results and Discussion 
3.1 Structural properties 

The determination of equilibrium structural parameters 
of Pb1-xGexTe and Sn1-xGexTe was carried out using the 
total energy calculations as a function of equilibrium 
volume for binary compounds (at x = 0, 1) in the stable 
rock salt structure. The alloys (at x = 0.25, 0.50 and 0.75) 
have been modeled using the special quasi random 
structures (SQS)13. The calculated total energies as 
function of volume (shown in Figs 1 and 2) were fitted to 
the Birch-Murnaghan equation of state14. The calculated 

 
 

Fig. 1 ─ Total unit cell energy as function of unit cell volume for Pb1-xGexTe 
 

 
 

Fig. 2 ─ Total unit cell energy as function of unit cell volume for Sn1-xGexTe 
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lattice constants and bulk modulus for binary compounds 
as well as ternary alloys are given in Table 1 along with 
the available experimental and theoretical data. The 
present predicted data shows that the computational 
results match with the experimental results. In case of 
alloys, as a rule of thumb, as assumption when atoms are 
located at ideal sites, the lattice parameters of alloys 
should have linear relationship with concentration x, 
which is Vegard's law15. However, Vegard's law is 
violated in experimental16 and theoretical17 reports for 
semiconductor alloys. The variation in lattice constant and 
bulk modules as function of composition x are plotted and 
are shown in the Fig. 3. It is seen that lattice constant 
decreases with increase in concentration x. This is due to 
the insertion of Germanium-atom with small lattice 
constant replacing the lead and tin atoms of higher lattice 
constant. The calculated lattice constants at different 
compositions x of Pb1-xGexTe alloy show signs of 

tendency to Vegard's law with a minor upward bowing 
parameter of –0.068 Å. In case of Sn1-xGexTe, a visible 
deviation from Vegard's law is predicted with downward 
bowing parameter of 0.36 Å. In case of bulk modules, 
increase is found while increasing the concentration of 
Ge. Bowing of 1.68 GPa for Pb1-xGexTe and -5.41 GPa 
for Sn1-xGexTe are predicted. The increase in bulk 
modules with increase in concentration is attributed to the 
hardening of the material while replacing the Pb and Sn 
atoms by Ge-atom. 
 

3.2 Electronic properties 
Band structure of GeTe in the rock salt phase is 

shown in Fig. 4(a). From figure the minimum value of 
the conduction band which is represented by CB and 

Table 1 ─ Present calculated structural parameters along with previous experimental and theoretical data 

  a Å   Bo (GPa)
 

  

 x Present study Experimental Other calculations Present study Experimental Other calculations 
Pb1-xGexTe 0 6.44 6.47a 6.55c 36.6 39.8c 39.95c 
 0.25 6.33   42.27   
 0.50 6.20   48.80   
 0.75 6.06   60.90   
 1 5.925   65.52   

Sn1-xGexTe 0 6.43 6.32d 6.31b 52.16   
 0.25 6.214   54.10   
 0.50 6.09   56.86   
 0.75 5.99   67.40   
 1 5.92   65.52   

aRef. [18], bRef. [19],cRef. [20], dRef. [21] 

 
 

Fig. 4 ─ Band structures of (a) PbTe, (b) Pb0.75Ge0.25Te, 
(c) Pb0.5Ge0.5Te, (d) Pb0.25Ge0.75Te, and (e) GeTe 

 
 
Fig. 3 ─ Variation of lattice constant (a (Å)) and bulk modulus 
(Bo (GPa)) as a function of composition for Pb1-xGexTeand Sn1-xGexTe 
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the maximum value of the valance band which is 
represented by VB, is at L-symmetry point so GeTe is 
a direct band gap semiconductor of band gap energy 
0.2 eV. Similar to GeTe the PbTe also have a direct 
band gap at L-symmetry point of value 0.8 eV as 
shown in Fig. 4(b). From Fig. 4(c) it is to be noted 
that when we doped Ge in Sn1-xGexTe with 25% of 
the total to have Pb0.25Ge0.75Te the band gap vanishes 
so that in such case the semiconductor becomes 
conductor as shown in Fig. 4(d). For Pb0.5Ge0.5Te this 
band gap is very narrow. It is about 0.05 eV. For 
Pb0.75Ge0.25Te the band gap becomes a little wide. It is 
about 0.19 eV. And for PbTe the band gap is 0.8 eV 
(Fig. 4(e)). So the above semiconductor materials 
become metallic at doping concentration of x= 0.25 
but at doping concentration of x= 0.5, 0.75 and 1 then 
again there will be different narrow band gap 
depending upon the doping concentration. 

For SnTe the band structure is shown in Fig. 5(a), 
from figure the minimum value of the CB and the 
maximum value of the VB is situated at L-symmetry 
point, so SnTe is a direct band gap semiconductor 
which has band gap energy 0.07 eV. Similarly GeTe 
have same L-symmetry point and have direct band 
gaps of 0.2 eV as shown in Fig. 5(b). From Fig. 5(c) it 
is to be noted that when we doped Ge in Sn1-xGexTe 
as 25% of the total that is Sn0.25Ge0.75Te the band gap 
vanishes so that in this case the semiconductor 
becomes conductor as shown in Fig. 5(d). For 
Sn0.5Ge0.5Te this band gap is zero that is why it is still 

conductor. For Sn0.75Ge0.25Te the energy band gap 
vanishes and the material becomes conductor, .so the 
above semiconductor materials become metallic at 
doping concentration of x = 0.25, 0.5 and 0.75 but at 
doping concentration of x = 1 then again there will be 
narrow band gap depending upon the doping 
concentration. All the band gap values for different 
compounds at different doping concentration are 
mentioned in the Table 2. In the Fig. 6, a graph 
between energy gap and composition (x) of 

 
 
Fig. 5 ─ Band structures of (a) SnTe, (b) Sn0.75Ge0.25Te, (c) 
Sn0.5Ge0.5Te, (d) Sn0.25Ge0.75Te and (e) GeTe 

Table 2 ─ Calculated band gap values using GGA, experimental 
and theoretical values of Pb1-xGexTe and Sn1-xGexTe for 

concentrations 0, 0.25, 0.50, 0.75 and 1.00. All entities are in eV 

Compounds  This work 
(GGA) 

Experimental Theoretical 
calculation 

PbTe    
Eg 0.8 0.33 b, 0.196c 0.649c 
Pb0.75Ge0.25Te    
Eg 0.19   
Pb0.50Ge0.50Te    
Eg 0.05   
Pb0.25Ge0.75Te    
Eg 0   
GeTe    
Eg 0.2 0.1d 0.3d 
SnTe    
Eg 0.07 0.35a 0.19f 

Sn0.750Ge0.250Te    
Eg 0   
Sn0.5Sn0.5Te    
Eg 0   
Sn0.250Sn0.750Te    
Eg 0   

aRef. [22], bRef. [23], cRef. [24],dRef. [25],eRef. [26] 
 

 
 
Fig. 6 ─ Band gap vs composition of Pb1-xGexTe (PbTe, 
Pb0.75Ge0.25Te, Pb0.5Ge0.5Te, Pb0.25Ge0.75Te, GeTe) and Sn1-xGexTe 
(SnTe, Sn0.75Ge0.25Te, Sn0.5Ge0.5Te, Sn0.25Ge0.75Te,GeTe) 
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compounds Pb1-xGexTe and Sn1-xGexTe have been 
plotted. For compounds Pb1-xGexTe and Sn1-xGexTe as 
the concentration of doping Ge increases, the energy 
gap decreases.  

Density of states (DOS) defines the number of 
states of a system per unit energy, which are occupied 
by the electrons. For the better understanding of the 
band structure the knowledge of DOS is required. Our 
calculated DOS of the GeTe which is direct band gap 
semiconductor, it shows that the major contribution is 
of Ge-p state that makes the CB shown in Fig. 7 as 
blue dotted lines, while in VB, the major contribution 
is due to Te-p and a minor contribution of Ge-p. Now 
for Pb0.25Ge0.75Te the major contribution in CB is due 
to Pb-p with minor contribution of Ge-p, while in VB 
the major contribution comes from Te-d, that is why 
in this case the semiconductor becomes metal and the 
valance band and the conduction band overlaps with 
each other. In the case of Pb0.5Ge0.5Te, CB is 
composed of Pb-p state with very minor contribution 
of Ge-p, while in VB Te-p state contribute majorly. 
Now for Pb0.75Ge0.25Te, the major contribution in 
upper CB comes from Pb-p state with no contribution 
of Ge-p, while in VB the major contribution is due to 
Te-p with minor contribution of Ge-p, so that in this 
case the material becomes wide band gap 

semiconductor as compared to Pb0.5Ge0.5Te. Now for 
PbTe the major contribution in CB is due to Pb-p state 
with small contribution of Ge-p state, while in VB the 
major contribution comes from Te-p with minor 
contribution of Pb-s, so that in this case the material 
becomes wide band gap semiconductor as compared 
to other above cases. The densities of states of Sn1-

xGexTe are shown in Fig. 8. The binary compound 
GeTe which is direct band gap semiconductor, the CB 
of the compound is due to Ge-p with a small 
contribution from Ge-d and Te-p states, while in VB 
the major contribution is due to Te-p with minor 
contribution of Ge-p and Ge-s states. Now for 
Sn0.25Ge0.75Te, Sn-p and Ge-p contribute majorly in 
CB, while in VB the major contribution comes from 
Te-p. Now for Sn0.5Ge0.5Te, Sn-p state occupied the 
CB, while Te-p state contributes in VB with a minor 
contribution of Ge-s. Now for Pb0.75Ge0.25Te the major 
contribution in upper band that is conduction band 
take place by Sn-p with minor contribution of Ge-p, 
while in VB the major contribution take place by Te-p 
with minor contribution of Ge-p, In the last for SnTe, 
the major contribution in upper band that is 
conduction band take place by Sn-p and with small 
contribution of Sn-s, while in VB the major 
contribution comes from Te-p and Sn-s, so that in this 

 
 
Fig. 7 ─ Total and partial DOS of PbTe, Pb0.75Ge0.25Te, 
Pb0.5Ge0.5Te, Pb0.25Ge0.75Te, GeTe 

 
 
Fig.8 ─ Total and partial DOS of Sn0.75Ge0.25Te, Sn0.5Ge0.5Te, 
Sn0.25Ge0.75Te, GeTe 
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case the material becomes a wide band gap 
semiconductor as compare to other above cases. 
 
3.3 Electronic charge density and bonding 

The chemical bonding properties of the material 
can be explained by the charge density distribution in 
a material. The nature of bonding can be explained by 
electron density, that is ionic or covalent bond 
between the cation and anion respectively. The 
electron density plots of adding Ge in the compound 
Pb1-xGexTe and by adding Ge in the compound Sn1-

xGexTe with different concentrations which are shown 
in Fig. 9(a,b). The electron density plots of these 
compounds are in rock salt phase along (110) plane. It 
is clear from figures that the electron density plot of 
compounds is of covalent nature. By adding Ge in the 
compounds Pb1-xGexTe and Sn1-xGexTe the nature of 
covalent bond becomes stronger. 
 
4 Conclusions 

The structural, electronic and chemical bonding 
properties of the Ge doped PbTe and SnTe with 
concentration x=0, 0.25, 0.50, 0.75 and 1.0 in the rock 

salt phase are calculated by FP-LAPW method within 
DFT. Generalized gradient approximation by Wu and 
Cohen (GGA-WC) is utilized for calculating these 
properties. With doping Ge in Pb1–xGexTe and  
Sn1–xGexTe, respectively, the lattice constant reduces 
linearly as the concentration increases. Also, it is 
observed that electronic properties of these 
compounds are affected with varying concentration of 
doping Ge. The band gap of corresponding 
compounds varies with respect to the composition of 
the materials, so the electronic properties alter as 
doping increases. The plots of Pb1–xGexTe show that it 
has a direct band gap. So the direct band gap of the 
ternary alloys varies in the range 0 to 0.19 eV. It has 
been observed that the s, p, d and f states of  
Pb1–xGexTe and Sn1–xGexTe control their electronic 
properties. The alloys Pb1–xGexTe and Sn1–xSnxTe 
show covalent bonding nature which enhances by 
increasing the Ge concentration. From the above 
discussion it is concluded that the Ge doing of Pb1–

xGexTe and Sn1–xGexTe varies the physical properties 
widely and the resulted materials that can be used in 
thermoelectric, IR radiation, ferroelectric, optical 

 
 
Fig. 9 ─ (a) Electron charge densities 2D-contour plot of PbTe, Pb0.75Ge0.25Te, Pb0.5Ge0.5Te, Pb0.25Ge0.75Te, and GeTe and (b) Electron 
charge densities2D-contour plot ofSn0.75Ge0.25Te, Sn0.5Ge0.5Te, Sn0.25Ge0.75Te, and GeTe 
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storage devices, Infrared detectors, Braggs reflectors 
and optical devices working in lower frequency 
regime and other useful applications. 
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