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Deliverable 1.3: Part I: Calculation of the bandgap energy and 
optical transition matrix elements as a function of hexagonal 
SiGe composition. 

 
1. Computational Methods 
All calculations are performed using density functional theory (DFT)1 as implemented in the 
Vienna Ab Initio Simulation Package (VASP)2. For structural calculations, the PBEsol 
exchange-correlation potential3 is used, whereas the modified Becke-Johnson exchange 
potential4 in combination with local density approximation is used for electronic structures and 
optical properties. More details on the ab initio method and the selected approximations can be 
found in the project evaluation report. 

Alloys are studied here using a cluster expansion method for isostructural lonsdaleite binary 
alloys within the generalized quasi-chemical approximation5. 

 

2. Structural properties 
For the cluster expansion, the macroscopic alloy is divided into clusters of 8 atoms obtained 
from the primitive wurtzite unit cell. In this way it is possible to study 46 different structures 
ranging from pure Ge to pure Si in 12.5% steps as listed in Tab. 1. 

# Si atoms # distinct clusters # degeneracies 
0 1 1 
1 1 8 
2 7 4,4,4,4,4,4,4 
3 7 8,8,8,8,8,8,8 
4 14 2,8,8,8,8,2,8,8,2,2,8,2,2,2 
5 7 8,8,8,8,8,8,8 
6 7 4,4,4,4,4,4,4 
7 1 8 
8 1 1 

Table 1: List of distinct SiGe clusters and their degeneracies for all Si concentrations that can 
be generated using an 8 atom supercell. 
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This method becomes more accurate with increasing size of the clusters, even if already small 
clusters can give reliable results. Although we only report here only the results obtained with 
8-atom clusters, we are currently completing runs with 16 atom clusters. These latter 
calculations are significantly heavier from a computational point of view, as the number of 
cluster configurations grows exponentially with the size of the cluster. 

From Fig. 1 and Fig. 2 we observe that the total energy, lattice parameters and cell volume show 
an almost linear behavior with respect to the Si content. 

From Tab. 2 we observe that the standard deviations of the total energy at given Si content are 
negligible, which indicates that the presence of each of these clusters is equally probable in 
random alloys at T=0. An additional confirmation for this hypothesis is the negligible standard 
deviation of lattice parameters, which signifies almost no lattice mismatch between different 
clusters. 

# Si atoms Total energy (eV) Volume (Å3) a (Å) c (Å) 
0 -39.348 181.87 3.9919 6.5885 
1 -40.220 178.61 3.9678 6.5501 
2 -41.000 ± 0.007 175.56 ± 0.08 3.9450 ± 0.0006 6.5137 ± 0.0012 
3 -41.792 ± 0.010 172.68 ± 0.11 3.9233 ± 0.0010 6.4787 ± 0.0012 
4 -42.595 ± 0.016 169.96 ± 0.16 3.9023 ± 0.0014 6.4457 ± 0.0024 
5 -43.410 ± 0.009 167.39 ± 0.10 3.8823 ± 0.0009 6.4136 ± 0.0016 
6 -44.232 ± 0.006 164.96 ± 0.07 3.8633 ± 0.0007 6.3828 ± 0.0010 
7 -45.061 162.63 3.8438 6.3562 
8 -45.899 160.44 3.8269 6.3253 

Table 2: Average total energy, volume and lattice parameters together with their standard 
deviation for all available Si contents. 

 
3. Electronic properties 
To analyse the electronic structure of the supercells, the tool fold2bloch6 is employed to unfold 
the Brillouin zone to compute and effective band structure in the primitive wurtzite unit cell. 

In Fig. 3 we can observe how the effective electronic structure evolves as function of the Si 
content. The unfolded band structure is visualized by blue dots, whose intensities represent the 
probability of the corresponding supercell reciprocal lattice vector to be unfolded onto the 
depicted wurtzite reciprocal lattice vector. 

We observe a large broadening of the two lowest conduction bands at intermediate 
concentrations, especially in the M-L and L-A directions. From Fig. 4 we see that in the process 
of mixing in more Si atoms, the lowest conduction band increases faster at Γ than at M, L or U, 
leading to a direct – indirect bandgap transition between 25% and 50% Si content. Note that it 
                                                            
6O. Rubel, A. Bokhanchuk, S. J. Ahmed, and E. Assmann, Phys. Rev. B 90, 115202 (2014); V. Popescu and A. 

Zunger, Phys. Rev. Lett. 104, 236403 (2010). 
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is not possible to locate exactly the composition at which the transition takes place because of 
the broadened character of the folded bands at intermediate concentrations. 

At 50% Si content, configurations with a direct bandgap at Γ can still be found, e.g. the one 
shown in Fig. 7. The smallest direct bandgap found is 700meV with the weighted average 
bandgap at 920meV. 

 

 

 

 
 
Figure 2: Evolution of cell volume and lattice parameters as function of the Si content. The blue 
curve represents the weighted average of different alloy clusters at the same Si content and their 
standard deviation, while the orange curve are actual experimental lattice parameters for 
comparison obtained from x-ray diffraction measurements in Linz. 

 
Figure 1: Total energy with respect to the Si content. The weighted average of all available 
clusters at a given Si content and their standard deviation are drawn. 
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Figure 3: Electronic structures of hexagonal SiGe alloys. The nine figures represent the 
different Si concentrations that can be obtained using an 8 atom supercell. In each of these 
figures, the red curves are the reference electronic structure of lonsdaleite Ge, while the green 
curves are the reference for lonsdaleite Si. The blue dots are the unfolded effective band 
structures of different clusters with the same Si content. The probability of a supercell 
eigenvalue being unfolded to the presented reciprocal lattice position is indicated by the 
intensity of the blue color, with dark blue indicating a high probability. Energies are given 
relative to the valence band maxima. 
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Part II: Calculation of the bandstructure of Hex-Ge.  

As an exception, we include the manuscript in Arxiv. We think that this exception is justified since the 
theoretical description needs a full justification of the methods used.  

  

Reference: 

https://emea01.safelinks.protection.outlook.com/?url=https%3A%2F%2Farxiv.org%2Fabs%2F1812.0186
5&amp;data=02%7C01%7CJ.E.M.Haverkort%40tue.nl%7Cdd1e1084a0bf4574811808d6640c9f15%7Ccc7df24760c
e4a0f9d75704cf60efc64%7C1%7C0%7C636806402717698329&amp;sdata=dTZDkgNU3n7aZpLTPkMlpC2jjznpWYkfg
RK1TOA3djc%3D&amp;reserved=0 

  

 
Figure 4: Energies of the first conduction band at different locations of the Brillouin zone 
relative to the valence band maximum over the range of available Si concentrations for the 4 
atom primitive wurtzite unit cell. The choice of Brillouin zone locations reflects the knowledge 
of possible conduction band minimas in lonsdaleite Ge and lonsdaleite Si. 

https://emea01.safelinks.protection.outlook.com/?url=https%3A%2F%2Farxiv.org%2Fabs%2F1812.01865&amp;data=02%7C01%7CJ.E.M.Haverkort%40tue.nl%7Cdd1e1084a0bf4574811808d6640c9f15%7Ccc7df24760ce4a0f9d75704cf60efc64%7C1%7C0%7C636806402717698329&amp;sdata=dTZDkgNU3n7aZpLTPkMlpC2jjznpWYkfgRK1TOA3djc%3D&amp;reserved=0
https://emea01.safelinks.protection.outlook.com/?url=https%3A%2F%2Farxiv.org%2Fabs%2F1812.01865&amp;data=02%7C01%7CJ.E.M.Haverkort%40tue.nl%7Cdd1e1084a0bf4574811808d6640c9f15%7Ccc7df24760ce4a0f9d75704cf60efc64%7C1%7C0%7C636806402717698329&amp;sdata=dTZDkgNU3n7aZpLTPkMlpC2jjznpWYkfgRK1TOA3djc%3D&amp;reserved=0
https://emea01.safelinks.protection.outlook.com/?url=https%3A%2F%2Farxiv.org%2Fabs%2F1812.01865&amp;data=02%7C01%7CJ.E.M.Haverkort%40tue.nl%7Cdd1e1084a0bf4574811808d6640c9f15%7Ccc7df24760ce4a0f9d75704cf60efc64%7C1%7C0%7C636806402717698329&amp;sdata=dTZDkgNU3n7aZpLTPkMlpC2jjznpWYkfgRK1TOA3djc%3D&amp;reserved=0
https://emea01.safelinks.protection.outlook.com/?url=https%3A%2F%2Farxiv.org%2Fabs%2F1812.01865&amp;data=02%7C01%7CJ.E.M.Haverkort%40tue.nl%7Cdd1e1084a0bf4574811808d6640c9f15%7Ccc7df24760ce4a0f9d75704cf60efc64%7C1%7C0%7C636806402717698329&amp;sdata=dTZDkgNU3n7aZpLTPkMlpC2jjznpWYkfgRK1TOA3djc%3D&amp;reserved=0
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