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Abstract 
This work examines the effect of co-doping the Si and Ge on the 

structure of graphene in terms of the structural, electronic and 

optical properties based on First-principles (FPS) density 

functional theory calculations. The immersion of impurity atoms 

was increased from 8.33% to 12.5% and their causes on pure 

graphene characteristics were investigated. It is observed that, 

co-doping of Si and Ge atoms in graphene leads to broadening of 

band gap at the Dirac K-point. We also found that, co-doping of 

silicon and germanium atoms in graphene lattice significantly 

changes its optical parameters in the visible range of spectrum. 

These results suggest a unique method to tailor the opto-

electronic properties of graphene layer which can be realized on 

experimental basis as well. 
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1. Introduction 

Graphene [1] is a single allotrope of carbon atoms 

arranged in two-dimensional hexagonal lattice, discovered 

by Geim and Nosovelov in 2004 at Manchester university 

[2],[3]. In 21st century graphene has emerged as an 

attractive candidate for science and technology, 

particularly electronics [4], [5], energy storage and 

conversion [6], [8], sensing, and biomedical research [9] 

due to its unique structure and properties [10], [13]. 

Moreover, the absence of band gap in graphene might 

limit its use for real engineering applications where 

appropriate band gap is a requisite. The major reason for 

this zero band gap in pristine graphene is the identical 

atmosphere of two C-atom in its unit cell [14], [15]. 

Therefore, it is necessary to break this atmosphere in order 

to open the band gap of pristine graphene. For instance, 

the symmetry could be broken if atoms of carbon in unit 

cell are substituted or absorbed by foreign atoms. 

Depending on their nature, these foreign atoms shifts the 

Fermi energy level (EF ) up or down [16], [17]. Many 

studies [18], [20] reveal that the, graphene can be made 

semiconducting material by doping with different foreign 

atoms. Since graphene is zero band gap semi-metal while, 

Silicon (Si) and Germanium (Ge) are the semiconductors 

having wide band gap. Hence doping the graphene by 

these atoms can produce considerable band gap in its 

electronic structure [21], [25]. 

Very recently, FPS calculations based study reports that, 

doping the graphene with individual Si and Ge atoms can 

alter its optoelectronic parameters [26], [27]. However, in 

this study Si and Ge atoms are co-doped with the variation 

of dopant concentration. Hence, we have manipulated the 

Si-Ge co-doping effects on the intrinsic graphene by 

varying dopant concentration in constant size of super cell 

structure. 

2. Computational method 

In the present study, we have used DFT and pseudo 

potential method based first-principle calculations 

implemented in Vienna Ab-initio simulation package 

(VASP) [28], [29]; in order to investigate optoelectronic 

properties of pure as well as Si-Ge atom co-doped 

graphene. For the purpose of exchange-correlation energy 

functional, general gradient approximation (GGA) were 

used as described by Perdew-Burke-Ernzerhof (PBE) [30]. 

For the expansion of the ground state electronic wave 

function, the plane waves with energies up to 400eV cut-

off were used. The model used in this study consists of 

4×3 supercell of graphene containing 24 number of carbon 

atoms. In order to eliminate the dealing between adjacent 

layers a vacuum of 12 Å  has been induced in the Z-

direction. However, to achieve self-consistent results, the 

Brillion zone was sampled using 11×11×1 Г-centered k-

points. All the structures were relaxed until the potential 

on each was lower than the 0.02 eV/ Å  and equivalent 
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energy was lower than 10−6  eV. All the computations 

were done in spin-polarized mode. 

3. Results and discussions 

Initially we investigated and fully optimized the geometry 

of pure graphene sheet. After optimization, it was found 

that the lattice constant of pure graphene is as 2.4589Å . 

This result is in close agreement with the experimental 

value of 2.46 Å . The bond length between the carbon 

atoms was found to be 1.418 Å , which is in close 

agreement with previous calculated values [32]. The 

Figure 1 (a) and (b) shows the optimized geometry of 4×3 

pure graphene supercell and band structure diagram. Our 

simulated results were found to be in good agreement with 

previous literature [33]. 

 

 
   (a) 

 
   (b) 

Fig. 1  (a) Pristine monolayer graphene sheet (b) Simulated electronic 

band structure of pristine graphene. After the geometry optimization, 

pure graphene doped with foreign atoms and their concentration is 

changed during our course work. 

3.1 The structural and electronic parameters of Si-Ge 

co-doped grapheme 

Figure 2 shows the simulated results for Si-C, Ge-C and 

C-C bond lengths. After Si-Ge co-doping, it is found that, 

via sp2hybridization process the Si and Ge atoms forms 

the strong covalent bonds with neighboring C atoms. This 

overall change in lattice structure of pure graphene is due 

to doping of Si and Ge atoms. Our calculated results 

regarding structural parameters show consistency with the 

previous literature [34], [35]. 

 

 
   (a) 

 

 
   (b) 

Fig. 2  Optimized structure of Si-Ge co-doped graphene with (a) 8.33 % 

and (b) 12.5 % dopant concentration 

 

Later, we investigated the effects on electronic properties 

of graphene, co-doped with silicon and germanium atoms 

by varying dopant concentration. In Figure 3 it is clear that, 

band gap value induced in graphene structure changes with 

variation in dopant concentration. The substitution of 

2SiGe atoms in graphene structure induced the band gap of 

approximately 0.9 eV at the Dirac point, which is 

consistent with previous studies [36], [39]. However, as 

the dopant concentration is increased (i.e., 3SiGe atoms) in 

graphene super cell, the induced band gap vanishes, which 

indicates the maximum crystal limit of material. Obtained 

results suggest that, doping the graphene with silicon and 

germanium atoms causes induction of fine band gap at 

Dirac point. These predictions are in complete agreement 

with previous reports [39], [40]. 
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   (a) 

 

 
   (b) 

Fig. 3  Band structures of Si-Ge co-doped graphene with (a) 8.33 % and 

(b) 12.5 % dopant concentration 

3.2 Optical parameters of Si-Ge co-doped graphene 

After optimization of electronic parameters, we used 

Random Phase Approximation (RPA) [41] approach 

within density function theory calculation method in order 

to investigate the optical characteristics of intrinsic and Si-

Ge co-doped graphene. First we calculated the  value of 

dielectric constant i.e (ε=ε′+ iε″ ). After calculating the 

value of dielectric constant, we can easily get the values  

of the refractive index ‘n’, extinction coefficient ‘k’, 

absorpion coeffiient ‘α’ and reflectivity‘R’.  The detail of 

technique used for calculating mentioned parameters is 

elucidated in Ref. [42], [43]. The optical parameters which 

we have calculate are in close agreement with previous 

work [18], [23], [44]. 

Figure  4(a-c (c) show the variation of the refractive index 

plots of pristine as well as Si-Ge co-doped graphene with 

varying dopant concentration.The static refractive index 

value  is 2.7 in case of pure graphene. It is also clear that, 

its least crest value appears at approximately 5eV. 

However, the static refractive index value is increases after 

Si-Ge co-doping. Its value is 3.75 in case of 2SiGe co-

doping as shown in Figure 4(b). 

 

 
   (a) 

 

 
   (b) 

 

 
   (c) 

Fig. 4  (a) Refractive index plot of pure (b) 2Si-Ge atom co-doped and (c) 

3Si-Ge atom co-doped grapheme 

Similarly, the maximum peaks of extinction coeffficient (k) 

appears at 1 eV  and 5 eV with intensities at 1.45 and 1.3 

respectively. Though, after 2Si-Ge co-doping, the value of 

first highest peak converges towards  smaller value at 0.7 

eV with an intensity of 1.75 as shown in Figure 4(b). 

Similarly, same changes were observed as the doping 

concentration is increased as described clearly in Figure 

4(c). This behaviour suggests that co-doping of silicon  

and gemanium atoms in graphene can change its optical 

parameters.The absorption coefficient (α) plots of intrinsic 

and silicon and germanium co-doped graphene systems are 
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represented in Figure 5. In case of pure graphen, two 

major peaks appears at approximately 4.5 eV and 14 eV  

with intensities of ∼3000𝑐𝑚−1 and 7300𝑐𝑚−1respectively 

as reprented in Figure 5(a). These results are relaible as 

compared to the past literature [45]. Moreover, in a pure 

graphene zero absorption peak appears at 0-0.5 eV and 7-

11 eV energy range. However , after co-doping of 

graphene with Si and Ge atoms, the absorption coefficient 

peak starts from the energy level of ~ 0 eV, indicating red 

shif  as shown in Figure 5 (b)-(c). 

 

 
   (a) 

 

 
(b) 

 

 
   (c) 

Fig. 5  Absorption coefficient of (a) pure (b) 2Si-Ge atom co- doped and 

(c) 3Si-Ge atom co-doped grapheme 

Similarly, notable changes are also observed in the range 

of 7-11 eV energy intervals. It is observed that after Si-Ge 

co-doping in highest absorption peak at 14 eV in the 

regard of  pure graphene gets smaller values where as the 

leasts absorption crest appearing at approximately 4.5 eV 

and shifts towards lower potential limits. From calculated 

absorption parameters we can perdict that, co-dopng of 

graphene with Si and Ge atoms causes overall decline in 

absorption coefficient but provides a red-shift in 

absorption spectrum at visible energy region. 

The reflectivity diagrams for intrinsic and and Si-Ge atom 

co-doped grphene are presented in Figure 6(a) to 6(c). For 

investigating the considerations of Si-Ge atom co-doping 

on the reflectivity of graphene, the energy intervals are 

considered from 0 to 25 eV. There are three main peaks in  

reflectivity  plots of pure graphene having intensity of ~ 

0.28, 0.33 and 0.21 at energy levels of ~ 1.5 eV, ~ 4.5 eV 

and ~ 14 eV as presented in Figure 6(a), respectively [23], 

[43]. 

 

 
   (a) 

 

 
   (b) 
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   (c) 

Fig. 6  Reflectivity plot of (a) pure (b) 2Si-Ge atom co-doped and (c) 3Si-
Ge atomco-doped graphene. 

However,the intensity of two main peaks appearing at 

energy level of approximately 4.5 eV and 14 eV has been 

reduced when atoms of Si and Ge are co-doped into 

graphene rings, as depicted in Fig.6(b) and 6(c). Also, the 

first peak appearing in the reflectivity plot of pure graphe 

at intensity of 0.28 at energy level of 1.5 eV in inreased 

upto intensity of approximately 0.39 and 0.35 for 2Si-Ge 

and 3Si-Ge co-doped graphene as shown in Fig. 6(b) and 

6(c) respetively. It can be concluded that, co-doping of 

pure graphene by Si and Ge atoms increases the static 

reflectivity and also reduces the reflectivity in the range of 

lower energy values as depicted  in Fig. 6(b) and 6(c) 

respectivily[23,43]. 

4. Conclusions 

This study invesigated the effect  of Si and Ge co-doping 

on the structural and optoelectronic  properties of graphene 

based on FPS-DFT calculations. The concentration of 

dopant atoms were increased from 8.33% to 12.5% and 

their effects on pure graphene characteristics were 

investigated. It was found that, the substitution of 2Si-Ge 

atoms in graphene structure induced the band gap of ~0.9 

eV at the Dirac point where as, by increasing the dopant 

concentration (3Si-Ge atoms) in graphene supercell, the 

induced band gap again vanished, which indicates the 

maximum crystal limit of material. For optical parameter 

calculatons, it is observed that, the co-doping of silicon 

and germanium atoms in graphene  causes the variations in 

n and k peak values. It is also found that, the peak 

appearing at 4.5 eV energy in the spectrum of pure 

graphene shows a red-shift in absorption spectrum at 

visible energy region when Si and Ge atoms are co-doped 

into graphene. Moreover, co-doping of silicon and 

gemanium atoms causes absorption spectrum to start at 0 

eV energy. Similarly, in case of reflectivity parameters, 

co-doping of Si and Ge atoms causes reduction in crest 

intensities in greater potential levels while increase in crest 

intensities is found in smaller potential limits. At the last, 

we can suggest that, co-dopig of silicon  and germanium 

atoms in graphene can induce direct band gap in 

semiconducting graphene and also produce new trends in 

optical parameters which can provide an opportunity for 

graphene to be fuctional in the engineering world, 

specially in the fiels of photonics and nanoelectronics. 

Acknowledgment 

The research work was supported by the Higher Education 

commission, Pakistan under SRGP (No:21-

1778/R&D/HEC/2017). In addition, we would like to 

concede the support that NVIDIA provided us through the 

GPU Grant Program. 

 

References 
[1] K. S. Novoselov, a. K. Geim, s. V. Morozov, d. Jiang, y. 

Zhang, s. V. Dubonos, i. V. Grigorieva and a. A. Firsov, 

“Electric field effect in atomically thin carbon films”, 

Science, Vol. 306, no. 5696, 2004, pp. 666-669. 

Doi:10.1126/science.1102896. 

[2] Geim, A.K. And Ovoselov, K.S. (2007) “The Rise of 

Graphene” Nature Materials, 6, 183 191.2007.   

[3] Castro Neto, A. H. And Guinea, F. And Peres, N. M. R., 

Novoselov, K. S. And Geim, A. K. “The Electronic 

Properties of Graphene” Rev. Mod. Phys., Vol. 81, Pg. 

109—162.Jan 2009.  

[4] Areshkin, D. A, White, C.T. “Ballistic Transport In 

Graphene Nano strips In The Presence of Disorder:  

Importance Of Edge Effects”, Nano Lett2007, 7(11), 3253-

3259. 

[5] Schwierz, F. “Graphene Transistors” Nature 

Nanotechnology, 5, 487-496.   

[6] Lightcap, I.V, Kamat, P.V. Graphitic Design: Prospects of 

Graphene- Based Nano composites For Solar Energy 

Conversion, Storage And Sensing”. Account Chem RES. 46, 

2235-2243.2013. 

[7] Zhang, J, Zhao, F. Zhang, Z.P, Chen, N. Qu, L.T. 

“Dimention-Tailored Functional Graphene Structures for 

Energy Conversion And Storage” Nanoscale, 5, 3112-3126. 

2013 

[8] C. Hu, X. Chen, Q. Dai, M. Wang, L. Qu, L. Dai, “Earth-

Abundant Carbon Catalysts for Renewable Generation of 

Clean Energy from Sunlight and Water” Nano Energy. 41. 

367-376, 2017. 

[9] Yang, Y. Q, Asiri, A.M, Tang, Z. W, Du, D, Lin, Y. H. 

“Graphene Based Materials For Biomedical Applications” 

Mater Today, 16, 365-373. 2013 

[10] M.J. Allen, V.C. Tung, R.B. Kaner, Honeycomb “Carbon: A 

Review Of Graphene” Chem. Review, 110, 132-145. 2010 

[11] Alexander A. Balandin, Suchismita Ghosh, Wenzhongbao, 

Irene Calizo, Desalenge Teweldebrhan, Feng Miao, Chun 

Ning Lau, “Superior Thermal Conductivity of Single-Layer 

Graphene”, J. Nano Lett, 8, 902-907. 2008 

[12] Pop, E. Varshney, V. Roy, A.K. “Thermal Properties of 

Graphene: Fundamentals And Applications” Mrs. Bull, 37, 

1273-1281.2012 



IJCSNS International Journal of Computer Science and Network Security, VOL.19 No.1, January 2019 

 

33 

 

[13] X. Cao, Z. Yin and H. Zhang, Energy Environ.Sci.7. 1850. 

2014. 

[14] Peigney, C. Laurent, E. Flahaut, R.R. Bacsa, A. Rousset, 

“Specific Surface Area of Carbon Nanotubes and Bundles 

of Carbon Nanotubes”, Carbon, Elsevier, Vol. 39, Pp. 507-

514. 2001. 

[15] Y. Zhang, Et Al, “Direct Observation of Widely Tunable 

Band gap in Bilayer Graphene”, Nature, 459, 820-823. 2009 

[16] P. Rani And V. Jindal, “Designing Band Gap 

of Graphene By B and N Dopant Atoms” Rsc Advances 

Journal 3 (3), 802-812.2013. 

[17] R. Nascimento, J. D. R. Martins, R. J. Batista and H. 

Chacham, The Journal Of Physical Chemistry C 119 (9), 

5055-50612015. 

[18] Laref, A., Ahmed, A., Bin-Omran, S., Luo, S.J. “First-

Principle Analysis of the Electronic and Optical Properties 

of Boron and Nitrogen Doped Carbon Monolayer 

Graphenes”, Carbon 81, 179–192. 2015 

[19] Denis, P.A., Pereyra Huelmo, C., Martins, A.S. “Band Gap 

Opening in Dual-Doped Monolayer Graphene” J. Phys. 

Chem. C 120(13), 7103–7112. 2016 

[20] L. Ci, L. Song, C. Jin, D. Jariwala, D. Wu, Y. Li, A. 

Srivastava, Z. Wang, K. Storr and L. Balicas, “Atomic 

Layers of Hybridized Boron Nitride and Graphene 

Domains”, Nature Materials 9 (5), 430-435. 2010. 

[21] Shahrokhi, M., Leonard, C. “Tuning the Band Gap and 

Optical Spectra of Silicon-Doped Graphene: Many-Body 

Effects and Excitonic States”, J. Alloys Compd 693, 1185–

1196. 2017. 

[22] M. L. Ould Ne, A. Abbassi, A. G. El Hachimi, 

A. Benyoussef, H. Ez- Zahraouy, A. El Kenz, “Electronic 

Optical, Properties and Widening Band Gap of Graphene 

with Ge Doping ” Optical and Quantum Electronics, 49 (6) 

218. 2017. 

[23] P. Rani, G. S. Dubey and V. Jindal, “DFT Study of Optical 

Properties of Pure and Doped Graphene” Physica E: Low-

Dimensional Systems and Nanostructures, Volume 62, P. 

28-35.2014. 

[24] R. Muhammad, Y. Shuai and H.-P. Tan, Physica E: Low-

Dimensional Systems and Nanostructures. 2016. 

[25] S. Chopra, “Excited State Analysis of Absorption Processes 

In Metal Decorated Graphene Nanoribbons”,  RSC 

Advances 6 (25), 20565-20570. 2016. 

[26] Muhammad Rafique, Yong Shuai, Nayyer Hussain “First-

Principle Study on Silicon Atom Doped Monolayer 

Graphene” Physica E: Low-Dimensional Systems and 

Nanostructures, Volume 95, P. 94-101.2018. 

[27] Muhammad Rafique, Shuai Yong, Irfan Ali, Irfan Ahmed 

“Germanium Atom Substitution in Monolayer Graphene: A 

First-Principle Study” Material Science and Engineering 

422. 2018. 

[28] G. Kresse and D. Joubert, “From Ultra soft Pseudo 

potentials To The Projector Augmented-Wave Method” 

Physical Review B 59 (3), 1758.1999. 

[29] G. Kresse and J. Furthmüller, “Efficiency of Ab-Initio Total 

Energy Calculations for Metals and Semiconductors using A 

Plane-Wave Basis Set” Computational Materials Science 6 

(1), 15-50. 1996. 

[30] P. E.Blöchl, “Projector Augmented-Wave Method”, 

Physical Review B. 50 (24). 17953.1994. 

[31] J. P. Perdew, K. Burke and M. Ernzerhof, “Generalized 

Gradient Approximation Made Simple”, Physical Review 

Letters 77 (18), 3865. 1996. 

[32] L. E. Garcia, S.E.B., A.H. Romero, J. F. Perez Robelsand A. 

Rubio, Computational and Theoretical Nanoscience. 5: P. 1-

9. 2008. 

[33] K. Geim, K.S.N., “The Rise of Graphene” Nat Mater,6(3): 

P.183-191. 2007. 

[34] J. Liu, Z. Xin, X. Yan, H. Li and M. Yu, Solid, “Structural, 

Phononic and Electronic Properties of Ge-Doped Γ-

Graphynes: A First-Principles Study” State 

Communications 258, 38-44. 2017. 

[35] E. Beheshti, A. Nojeh And P. Servati, “A First-Principles 

Study of Calcium-Decorated, Boron-Doped Graphene for 

High Capacity Hydrogen Storage” Carbon 49 (5), 1561-

1567. 2011. 

[36] P. A. Denis, Chem physchem 15 (18), 3994-4000.2014. 

[37] M. S. Azadeh, A. Kokabi, M. Hosseini and M. Fardmanesh, 

Micro & Nano Letters 6 (8), 582-585. 2011. 

[38] E. Aktürk, C. Ataca and S. Ciraci, “Effects Of Silicon and 

Germanium Adsorbed on Graphene” Applied Physics 

Letters 96 (12), 123112. 2010. 

[39] S.J. Zhang, S.S. Lin, X.Q. Li, X.Y. Liu, H.A. Wu, W.L. Xu, 

P. Wang, Z.Q. Wu, H.K. Zhong, Z.J. Xu, “Opening the 

Band Gap of Graphene through Silicon Doping for the 

Improved Performance of Graphene/Gaas Heterojunction 

Solar Cells”, Nanoscale 8. 226–232, 2016 

[40] Z. Liu, J. Li, Z.-H. Sun, G. Tai, S. P. Lau and F. Yan, “The 

Application of Highly Doped Single-Layer Graphene as the 

Top Electrodes of Semi transparent Organic Solar Cells” 

ACS Nano. 6 (1). 810-818. 2011 

[41] M. Gajdoš, K. Hummer, G. Kresse, J. Furthmüller and F. 

Bechstedt, “Linear Optical Properties In The Projector 

Augmented Wave Methodology” Physical Review B 73 (4), 

045112. 2006. 

[42] Marinopoulos, L. Reining, A. Rubio and V. Olevano, “Ab 

Initio Study of the Optical Absorption and Wave-Vector-

Dependent Dielectric Response of Graphite” Physical 

Review B 69 (24), 245419. 2004). 

[43] R. Muhammad, Y. Shuai, H.-P. Tan, “First-Principles Study 

on Hydrogen Adsorption on Nitrogen Doped Graphene”, 

Phys. E: Low Dimens. Syst. Nanostruct. 88. 115–124. 2017 

[44] O. Sedelnikova, L. Bulusheva and A. Okotrub, “Ab Initio 

Study of Dielectric Response of Rippled Graphene” The 

Journal Of Chemical Physics 134 (24), 244707. 2011. 

[45] M. Rafique, Y. Shuai, H.-P. Tan and M. Hassan, 

“Manipulating Intrinsic Behaviors af Graphene By 

Substituting Alkaline Earth Metal Atoms in its Structure” 

RSC Advances 7 (27), 16360-16370. 2017. 


