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Abstract: Binary alloys of Si1−xGex, where x is the Ge composition, have attracted much attention 

as functional materials of both micro-electronic and opto-electronic devices in recent years. In this 

study, we employ first-principles density functional theory (DFT) and k.p method to study ground 

states of the SixGe1-x (x = 01) alloys. In the systems, most physical properties of the indirect 

semiconductors are retained which are principally described by the ground states. An interesting 

property of Si1−xGex alloys that is their electronic band structures are tunable between those of 

bulk Si and Ge. The conduction band minimum of Si shifts gently from a point along ΓX path to 

the L point with the increased Ge composition x. The band structures of Si1-xGex alloys calculated 

by the k.p method are consistent with the results from DFT calculations. We also find that band 

topology changes along ΓL path yield various quantum transitions which may give rise to the 

changes of external quantum efficiency. The theoretical results provide comprehensive 

understanding for recent experimental observations on the shift of the absorption energy assigned 

to E1 direct transitions within L and Γ points in the Brillouin zone of Si1-xGex alloy nanocrystals. 

Keywords: Si-Ge alloy nanocrystals, electronic structure, and ground state, density  

functional theory. 

1. Introduction

 

Forming from the two typical indirect semiconductors in group IV of the periodic table, Si1−xGex 

(x = 01) alloys have attracted much attention for their possibility to produce new versions of Si 

microlectronic devices [1–3], still maintaining the existing complementary metal oxide semiconductor 

(CMOS) fabrication technologies. Since the alloys can yield higher carrier mobility and smaller 

bandgap of Ge, they provide the building blocks for realization of advanced functional devices. The 

significant advantages can be accounted for high-speed transistors [4], low energy electro-absorption 

modulators [5], high performance detectors [6], light emitter and optical interconnects [7].  

Thoroughly understanding and control of the Si1−xGex alloys are big challenges as a significant 

uncertainty in tensions or stress created by a relatively large lattice mismatch between the 
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compositional materials. More efforts need to be done in discerning the fundamental physical and 

chemical properties of the materials. For the similarities, one expects that some properties of the 

Si1−xGex alloys can be tuned between those of Si and Ge. Yet indeed, it is possible. In our previous 

reports [8, 9], we have shown that the lattice constant and certain energy transitions of the Si1−xGex 

alloys increased with the Ge composition x. In this paper, theoretical approaches to describe the 

electronic band structures of the materials will be investigated. A portion of the calculation results is 

examined with experimental data attained in the investigation of optical properties in sputtered 

Si1−xGex alloy nanocrystals.  

2. Experimental and computational details 

We carried out first-principles calculation within density functional theory by employing 

pseudopotential method as implemented in the planewave self-consistent Quantum Espresso package 

[10]. Kinetic energy cutoff of 34 Ry for wavefunction and a 666 Monkhorst-Pack k-point grid have 

been used for the self-consistent calculation. For electronic band structure calculations, we included 

spin-orbit coupling within generalized gradient approximation (GGA) [11]. 

 

Fig. 1. (Color online) (a) Conventional and (b) primitive unit cells of Si1-xGex (x=0.6250) alloys.  

Figure 1 shows the schematic (a) conventional and (b) primitive unit cells of Si1-xGex (x = 0.6250) 

under the diamond FCC silicon crystal structure. The Si1-xGex suppercells were attained by doubling 

all lattice vectors of the primitive cell of Si. As a result, one suppercell contains 16 Si atoms. The 

substitution of selected number of Ge atoms into Si atom positions in the suppercell provided the 

desired compositions of the Si1-xGex alloys (i.e., x = 0.0625, 0.1875, 0.3125, 0.6250, and 0.8125).  

A set of Si1-xGex alloy nanocrystals, with the Ge composition x = 0.2, 0.4, 0.6, and 0.8, prepared 

by co-sputtering methods were examined as references to the theoretical calculations. High quality of 

SiO2, Si, and Ge materials were used as sputtering targets. After deposition, single-phase nanocrystals 

of Si1-xGex alloys were attained by a heat treatment process in continuous-flow pure N2 for 30 min. 

Sample preparation procedures and characterizations can be found elsewhere [8,9]. 
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3. Results and discussion 

In Fig. 2, we present the calculated band structure of Si1-xGex for x=1, 0.5, and 0. As shown, the 

composition x alters substantially band topology near Fermi at conduction band edges whereas the 

change of valence bands is small. The band structure alters gradually from Si-like to Ge-like. 

At Γ point, electron pocket is appeared and developed with the increase of x. The shift of the band 

at L point occurs dominantly whereas the shift at X is slowly fort and back. This pushes the 

conduction band minimum (CBM) gently from a point along ΓX path to the L point. Together with the 

change of band topologies at Γ, this feature induces various possibilities of quantum occupied states. 

Thus, it leads to various quantum transitions which may give rise the changes of external quantum 

efficiency.  

 

Fig. 2. (Color online) Electronic band structure of dot-dash (red) Si, dot (black) Ge and solid (blue) Si0.5Ge0.5. 

 

Fig. 3. (Color online) Electronic band structure of Si1-xGex superlattices, namely x=0.0625 (dot red)  

and x=0.6250 (solid black).  
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To substantiate these features, we calculated band structures for Si1-xGex superlattices with various 

values of x, i.e. x=0.0625, 0.1875, 0.3125, 0.4375, 0.6250, and 0.8125. We present the calculated 

results for x=0.0625 and x=0.6250 in Fig. 3.  

 

Fig. 4. (Color online) Electronic band structure of Si1-xGex with x = 0.0625 (solid red), x = 0.3125 (dot black), x 

= 0.6250 (dash blue), and x = 0.8125 (dot-dash magenta) calculated using k.p method.  

As clearly shown, the CBM, indicated by an arrow in Fig. 3, gradually shifts to the Γ point when x 

is increased. It is noted that in this case, the Brillouin zone is reduced due to the fact that the lattice 

constant of the single-phase Si1-xGex increases with the Ge composition parameter x [9].  Thus, the L 

point in original representation is folded to the Γ point. To elaborate, we also used k.p method to 

reproduce the band structure of Si1-xGex [12–15]. In Fig. 4, we present the calculated band structure of 

Si1-xGex alloys for x = 0.0625 (solid red), x = 0.3125 (dot black), x = 0.6250 (dash blue), and x = 

0.8125 (dot-dash magenta). The calculated results are consistent with the calculated results from first-

principle density functional theory calculation. The conduction band edge along ΓL path is gradually 

shifted down with the increased Ge composition. We note that while first-principles calculation in 

GGA/LDA (local density approximation) has been successfully applied to describe structural, 

electronic, thermoelectric, etc. properties of materials, the well-known “band gap problem”, in which 

it underestimates typically band gaps of solids by 30%-100%, is still a hindrance to research delicate 

properties [16]. To overcome, a proper exchange-correlation functional should be invoked. We leave 

this issue for further studies. 

For a comparison, the optical direct transitions between valence band and conduction band, 

assigned as E1 direct transition, in Brillouin zone along ΓL path are examined on the sputtered sample 

set after a heat treatment process at 800 C. The direct transition can be determined by using following 

formula, often used for various semiconductors [8,17]:    
2( ) ( )ghv A hv E  

 

where α is the absorption coefficient, hν is the absorption photon energy, A is a constant depending 

on different semiconductors, and Eg is the optical band gap that can be attained by drawing the (αhν)
2
 

versus hν. We apply this mothodology to estimate the allowed optical transition E1.  
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Fig. 5. (Color online) Plot of (αhν)
2
 versus photon energy of Si1-xGex alloy nanocrystals (x = 0.2, 0.4, 0.6, 0.8). 

Intense absorption at around 2 eV decreases with the increased Ge composition x. 

Fig. 5 presents the plot of (αhν)
2
 versus photon energy of the Si1-xGex alloy nanocrystals (x = 0.2, 

0.4, 0.6, 0.8). We see that intense absorption at around 2 eV assigned as E1 transition, decreases with 

the increased Ge composition x. These data are in good agreement with the previous calculated results 

and a good experimental references to proof the authentication of the calculations. 

4. Conclusion 

We carried out first-principles calculation and k.p method to study electronic band structure of Si1-

xGex. The increase of composition x alters dominantly the conduction band edge. The band gap is 

reduced whereas the CBM shifts gradually from a point along ΓX path to the L point. A narrow 

conduction valley is formed at the Γ point. These features, together with the change of the band 

topology along ΓL path, yield various quantum transitions which give rise to the changes of the 

external quantum efficiency. The results may partly help to elucidate well-documented behaviors 

found recently in the Si1−xGex alloys. 

Acknowledgments 

This research is funded by Vietnam National Foundation for Science and Technology 

Development (NAFOSTED) under grant number 103.01-2015.11 and Ministry of Education and 

Traing, project number B2016-BKA-31.  

References 

[1] M. Amato, M. Palummo, R. Rurali, S. Ossicini, E. Fondamentale, U. Paris-sud, A. P. Morselli, I. R. Emilia, 

Chem. Rev. 114 (2014) 1371–1412. 

[2] I. Berbezier,  A. Ronda, Surf. Sci. Rep. 64 (2009) 47–98. 



T.V. Quang et al. / VNU Journal of Science: Mathematics – Physics, Vol. 32, No. 4 (2016) 57-62 

 

62 

[3] A. Lepadatu, M. L. Ciurea, Phys. Status Solidi A 213 (2015) 255–259. 

[4] B. S. Meyerson, Sci. Am. 270 (1994) 62–67. 

[5] J. Liu, M. Beals, A. Pomerene, S. Bernardis, R. Sun, J. Cheng, L. C. Kimerling, J. Michel, Nat. Photonics 2 

(2008) 433–437. 

[6] D. Ahn, C. Y. Hong, J. Liu, W. Giziewicz, M. Beals, L. C. Kimerling, J. Michel, J. Chen, F. X. Kärtner, Opt. 

Express 15 (2007) 3916–3921. 

[7] L. Tsybeskov, D. J. Lockwood, Proc. IEEE 97 (2009) 1284–1303. 

[8] N. N. Ha, N. T. Giang, T. T. T. Thuy, N. N. Trung, N. D. Dung, S. Saeed, T. Gregorkiewicz, Nanotechnology 26 

(2015) 375701. 

[9] N. T. Giang, L. T. Cong, N. D. Dung, T. Van Quang, N. N. Ha, J. Phys. Chem. Solids 93 (2016) 121–125. 

[10] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni, D. Ceresoli, G. L. Chiarotti, M. 

Cococcioni, I. Dabo, A. Dal Corso, S. de Gironcoli, S. Fabris, G. Fratesi, R. Gebauer, U. Gerstmann, C. 

Gougoussis, A. Kokalj, M. Lazzeri, L. Martin-Samos, N. Marzari, F. Mauri, R. Mazzarello, S. Paolini, A. 

Pasquarello, L. Paulatto, C. Sbraccia, S. Scandolo, G. Sclauzero, A.P. Seitsonen, A. Smogunov, P. Umari, R.M. 

Wentzcovitch, J. Phys. Condens. Matter 21 (2009) 395502. 

[11] J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 77 (1996) 3865–3868. 

[12] M. Cardona, F. H. Pollak, Phys. Rev. 142 (1966) 530–543. 

[13] E. O. Kane, Phys. III-V Compd. 1 (1966) 75–100. 

[14] B. Foreman, Phys. Rev. B 56 (1997) R12748–R12751. 

[15] D. Rideau, M. Feraille, L. Ciampolini, M. Minondo, C. Tavernier, H. Jaouen, A. Ghetti, Phys. Rev. B 74 (2006) 

195208. 

[16] M. K. Y. Chan, G. Ceder, Phys. Rev. Lett. 105 (2010) 196403; C. S. Wang and W. E. Pickett, Phys. Rev. Lett. 51 

(1983) 597. 

[17] X. Zhang, X. Yan, Q. He, H. Wei, J. Long, J. Guo, H. Gu, J. Yu, J. Liu, D. Ding, L. Sun, S. Wei, and Z. Guo, 

ACS Appl. Mater. Interfaces 7 (2015), 6125−6138. 

 


