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Abstract 

This study examines the effect of doping Si0.3Sn0.7Ge with an impurity 
element X (B, Al, N, or P) on the Sn site, using first-principle calculations 
based on the fully self-consistent Korringa-Kohn-Rostoker method with the 
coherent potential approximation (KKR-CPA). To treat several forms of 
chemical disorders of Si0.3Sn0.7Ge, X-doping was carried out by substituting 
small amounts of Sn with each element X, which gives rise to the alloy 
Si0.3Sn0.7-yXyGe. As the X content increases from y = 0.01 to 0.06, the Fermi 
level maintains its position in the conduction band edge. While the number of 
states at the Fermi level decreases. With 1% X impurity added to the alloy 
Si0.3Sn0.7-yXyGe, the number of carriers (electron and hole) states was 
generally enhanced. For the case of X = P, when compared to the parent 
material Si0.3Sn0.7Ge, an enhancement of 0.04 states/eV was observed. Due to 
the increase in the number of states, which indicates an improvement in 
thermopower, these alloys Si0.3Sn0.7-yXyGe are promising for application as 
n-type electrodes in a thermoelectric generator (TEG).
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1.0. Introduction 
SiGe-based alloys are a promising material for thermoelectric devices 

such as a micro-energy generator for wearable and portable electronics (Peng 
et al., 2019; Francioso et al., 2011). SiGe compounds have the advantage of 
being widely available, inexpensive, and non-toxic. So, there is an increasing 
interest to use SiGe alloys in thermoelectric generators. A thermoelectric 
generator (TEG) converts heat into electricity through a temperature 
difference between two sides of the device. The efficiency of such a device 
depends on the thermoelectric material’s figure of merit ZT, which is a 
dimensionless quantity. This in turn depends on the product of the square of 
the Seebeck coefficient and electrical conductivity (𝛼𝛼2𝜎𝜎), called the 
thermopower. Hence, to get an efficient TEG, the thermopower of the 
thermoelectric material should be high.  

It is generally known that to increase the ZT values of a thermoelectric 
material, the Seebeck coefficient and electrical conductivity need to be high, 
while, the thermal conductivity has to be, low. So, a high Seebeck coefficient 
and electrical conductivity indicates an enhancement in the thermopower. An 
improvement in thermopower can be achieved through an increase in the 
electronic density of state (DOS) at the Fermi level (Chen et al., 2012; He & 
Tritt, 2017). One of the ways of increasing the thermopower is through 
bandstructure engineering (He & Tritt, 2017), which has to do with tuning the 
electronic structure of the promising material by adding impurity elements to 
it.   

Motivated by the works of Peng et al., 2019 and Bhogra et al., 2019, 
that through ion implantation, the thermoelectric properties of materials can 
be tuned (Peng et al., 2019; Bhogra et al., 2019). And the promising results 
from the work of Ouserigha and Ogobiri (2021), where the addition of one 
percent Boron (B) impurity to the SiGe-based alloy, Si0.3Sn0.7Ge lead to an 
increase in the number of carrier states. Here, a small amount of impurity 
elements X (1 to 6%) from group III (Boron {B} and Aluminium {Al}) and 
group V (Nitrogen {N} and Phosphorus {P}) of the periodic table are added 
to the Si0.3Sn0.7Ge alloy on the Si site. The systems were modeled with the 
spin-polarized relativistic Korringa-Kohn-Rostoker (SPR-KKR) density 
functional theory code (Ebert et al., 2011). The simulation results show that 
the alloys Si0.3Sn0.69B0.01Ge, Si0.3Sn0.69Al0.01Ge, Si0.3Sn0.69N0.01Ge, and 
Si0.3Sn0.64P0.06Ge has the highest number of carrier states.  

 
2.0. Computational Method 

The atomic positions in the conventional unit cell of zinc-blende SiGe 
(space group 𝐹𝐹4�3𝑚𝑚) are given by the Wyckoff position 4a (0, 0, 0) for Si atom 
and 4c (0.25, 0.25, 0.25) for Ge atom. This conventional unit cell of SiGe with 
lattice parameter a = 10.5825 a.u is shown in figure 2.1. For the impurity-
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doped systems, Si0.3Sn0.7-yXyGe, element X (B, Al, N, and P) was inserted 
into the Sn site to form the new alloys. Where y represents the doping 
concentration with values from 0.01 to 0.06.  

The calculations were performed using the Korringa-Kohn-Rostoker 
Green’s function (KKR-GF) method as implemented in the Munich spin-
polarized relativistic Korringa-Kohn-Rostoker (SPR-KKR) code (Ebert et al., 
2011). KKR-GF method is an all-electron electronic structure method that 
provides direct access to the electronic Green’s Function (GF) and uses a 
minimal, numerical and energy-dependent basis set. Is an accurate and flexible 
method to study a wide range of systems and properties in electronic structure 
theory. In the KKR-GF method, GF plays the central role and the single-
particle GF is used as the starting point of the calculation. To perform the 
simulations, we used the local density approximation – Vosko, Wilk, Nusair 
(LDA-VWN) exchange-correlation functional (Vosko et al., 1980) throughout 
the calculations. The coherent potential approximation (CPA) is implemented 
for the chemically disordered systems. In the self-consistent field (SCF) 
calculations, a full potential spin-polarized relativistic Korringa-Kohn-
Rostoker (FP-SPR-KKR) calculation was set up with a 25 x 25 x 25 k-mesh 
grid (which generates 2119 k-points) and energy (E)-mesh points of 50 Ry. 
Broyden’s second method has been implemented for the SCF algorithm. An 
angular momentum expansion (lmax) of two was used. 

 
Figure 2.1. Cubic structure of SiGe. Blue (small) spheres represent Si atoms at 

position (0, 0, 0) while gray (large) spheres represent Ge atoms at position (0.25, 0.25, 0.25). 
 

3.0. Discussion of Results  
With the introduction of each impurity element X (B, Al, N, and P) 

into Si0.3Sn0.7-yXyGe with the impurity concentration y varying from 0.01 to 
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0.06, several robust n-type thermoelectric alloys were formed. These alloys 
are Si0.3Sn0.7-yByGe, Si0.3Sn0.7-yAlyGe, Si0.3Sn0.7-yNyGe, and Si0.3Sn0.7-

yPyGe, whose total density of state (dos) plots are given in figures 3.1 to 3.4. 
The small amount of group III or V impurities introduced into the Sn site can 
lead to improvement in the power factor. And when the number of states is 
high from the dos plots (figures 3.1 to 3.4) for a given impurity concentration, 
it indicates that the power factor is also high for that particular alloy. 
Increasing the amount of X impurity from 0.01 to 0.06 with a step increment 
of 0.01 did not affect the conductivity type. The n-type conductivity of the 
parent alloy Si0.3Sn0.7Ge was maintained by the newly formed alloys and an 
increase in the total number of electronic states was observed. With an increase 
in the number of states at the Fermi level, the thermopower of the materials 
will improve and they can be used as an n-type material in a thermoelectric 
device.  

Figures 3.1, 3.2, 3.3, and 3.4 show the total DOS plots, respectively, 
for the Si0.3Sn0.7-yByGe, Si0.3Sn0.7-yAlyGe, Si0.3Sn0.7-yNyGe, and Si0.3Sn0.7-

yPyGe alloys. In each of these figures, the graphs (a) through (f) represent the 
DOS plots for the impurity concentration y as it increases from 0.01 through 
0.06 in the interval 0.01. For the alloy systems Si0.3Sn0.7-yByGe, Si0.3Sn0.7-

yAlyGe, and Si0.3Sn0.7-yNyGe, as the amount of impurity concentration y 
increases from 0.01 to 0.06, the number of carrier (electron and hole) states 
per unit volume per energy decreases as shown in table 1. While in the case of 
Si0.3Sn0.7-yPyGe an increase in the impurity concentration results in an 
increase in the total number of carrier states (see table 1).  

From table 1, we can see that the highest value for the carrier states is 
0.264 states/eV and the alloy that produces this value is Si0.3Sn0.64P0.06Ge. 
Also, when 1% of the impurity atoms of B, Al, N was introduced into the Sn 
site of Si0.3Sn0.7Ge, the following alloys were formed: Si0.3Sn0.69B0.01Ge, 
Si0.3Sn0.69Al0.01Ge, and Si0.3Sn0.69N0.01Ge. These alloys have an increased 
number of carrier states as can be seen in Table 1 when compared to the 
computed carrier states of 0.117 states/eV for the parent alloy Si0.3Sn0.7Ge 
(Ouserigha and Ogobiri, 2021). With an improvement in their carrier states, it 
means the conductivities of these alloys will increase, making them promising 
n-type materials for a TEG.  
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Figure 3.1. Total DOS of Si0.3Sn0.7Ge doped with Boron impurities for a varying 

amount of concentration y. Impurity concentration y is from 0.01 to 0.06, which is 
respectively given in figures (a) to (f). 

 

 
Figure 3.2. Total DOS of Si0.3Sn0.7Ge doped with Aluminium impurities for a 

varying amount of concentration y. Impurity concentration y is from 0.01 to 0.06, which is 
respectively given in figures (a) to (f). 
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Figure 3.3. Total DOS of Si0.3Sn0.7Ge doped with Nitrogen impurities for a 

varying amount of concentration y. Impurity concentration y is from 0.01 to 0.06, which is 
respectively given in figures (a) to (f). 

 

 
Figure 3.4. Total DOS of Si0.3Sn0.7Ge doped with Phosphorus impurities for a 

varying amount of concentration y. Impurity concentration y is from 0.01 to 0.06, which is 
respectively given in figures (a) to (f). 
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Table 1. Total number (No.) of the carrier (electron and hole) states at the Fermi 
level (EF) for the alloy systems Si0.3Sn0.7-yByGe, Si0.3Sn0.7-yAlyGe, Si0.3Sn0.7-yNyGe, and 

Si0.3Sn0.7-yPyGe. 
S/N Amount of 

impurity 
Conc. y 

Total No. of 
States at EF for 
Si0.3Sn0.7-yByGe 

 
 

Total No. of 
States at EF for 
Si0.3Sn0.7-yAlyGe 

 
 

Total No. of 
States at EF for 
Si0.3Sn0.7-yNyGe 

Total No. of 
States at EF for 
Si0.3Sn0.7-yPyGe 

1 0.01 0.227 0.228 0.231 0.241 

2 0.02 0.217 0.218 0.223 0.246 

3 0.03 0.207 0.208 0.217 0.251 

4 0.04 0.198 0.197 0.210 0.255 

5 0.05 0.193 0.184 0.210 0.259 

6 0.06 0.183 0.171 0.203 0.264 

   
Conclusion 

Density functional theory studies have been carried out on Si0.3Sn0.7-

yXyGe (X = B, Al, N, P) using the full potential relativistic Korringa-Kohn-
Rostoker Green function (KKR-GF) method as implemented in the Munich 
SPR-KKR simulation software. Analysis of the density of states plots of these 
alloys indicates that they all maintain the n-type conductivity of the parent 
alloy Si0.3Sn0.7Ge and some of them show an increased number of carrier 
states when a small quantity of the dopant X is added. These features can be 
seen in figures 3.1 to 3.4, where the dip of the curve around the Fermi level 
(the zero mark on the energy axis) is located on the left side of the fermi level 
and the point where the curve cuts through the Fermi level indicates the carrier 
states per electron-volt (eV). With 1% of the impurity element X (for X = B, 
Al, and N) added to form the alloys; Si0.3Sn0.69B0.01Ge, Si0.3Sn0.69Al0.01Ge, 
and Si0.3Sn0.69N0.01Ge, the highest number of carrier states, respectively given 
as 0.227, 0.228, and 0.231 states/eV was reached. While the highest number 
of carrier states of 0.264 states/eV for the alloy Si0.3Sn0.64P0.06Ge was 
achieved at 6% P impurity added to Si0.3Sn0.7-yXyGe (see table 1). The high 
carrier states observed for these materials are an indication that their electrical 
conductivity and Seebeck coefficient have increased. Which makes these 
alloys (Si0.3Sn0.69B0.01Ge, Si0.3Sn0.69Al0.01Ge, Si0.3Sn0.69N0.01Ge, and 
Si0.3Sn0.64P0.06Ge) possible candidates for application as an n-type 
thermoelectric material. SiGe-based n-type electrode for TEGs has not been 
studied widely and quaternary compounds made by ion implantation have 
been shown to increase the thermoelectric performance of a thermoelectric 
material (Bhogra et al., 2019; Peng et al., 2019). This research work has 
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contributed to existing knowledge by supporting the work of Peng et al., 2019 
and has shown other possible alloys (Si0.3Sn0.69Al0.01Ge, Si0.3Sn0.69N0.01Ge, 
and Si0.3Sn0.64P0.06Ge) that can be made via implanting Al, N, P ion in a SiGe 
based thermoelectric material. 
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