
Advances in Nano Research, Vol. 9, No. 2 (2020) 105-112 
DOI: https://doi.org/10.12989/anr.2020.9.2.105 

Copyright ©  2020 Techno-Press, Ltd. 
http://www.techno-press.org/?journal=journal=anr&subpage=5                                                  ISSN: 2287-237X (Print), 2287-2388 (Online) 

 
1. Introduction 

 

Moore’s law is approaching its end as transistors are 

scaled to sub-10 nanometers regime that features less than 

tens of atoms in a device (Waldrop 2016). This constraint 

has urged the research efforts in discovering potential 

candidates for “more than Moore’s” nanoelectronic devices 

(Ye et al. 2019, Chuan et al. 2020). One of the ground-

breaking developments is the success of graphene synthesis 

(Novoselov et al. 2004). Interestingly, the researchers who 

have discovered graphene were awarded the Nobel Prize. 

Due to its extraordinary electronic and mechanical 

properties, graphene has attracted rigorous attentions among 

researchers (Najam et al. 2016, Rodriguez-Perez et al. 

2017, Low and Shon 2018, Xue et al. 2019). The graphene 

fabrication technology is still in its infancy level: large area 

production with good electrical properties and affordable 

production cost has not yet been reported (Ferrari et al. 

2015). 

Driven  by  the success of  gra phene, o ther two -

d im ensional (2D) materia ls such  as t ransit ion  m eta l 

d icha lcogen ides (TMDs) (Wa ng et  al . 2012 , 2019 ), 

hexagonal boron nitride (h-BN) (Golberg et al. 2010, Lim 

et al. 2018), phosphorene (Carvalho et al. 2016, Menezes 

and Capaz 2018, Watts et al. 2019) and silicene (Zhang et 

al. 2014 , Molle et al . 2018 , Chuan et al . 2020) are 

extensively studied. Akinwande et al. (2019) have identified 

that 2D materials face major challenges in  terms of their  
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compatibility with silicon (Si) complementary metal-oxide-

semiconductor (CMOS) technology (Akinwande et al. 

2019). Interestingly, silicene is the monolayer allotrope of 

Si arranged in honeycomb lattice structure which shares 

similar electronic propert ies with graphene, and yet acquires 

added advantage due to its compatibility with Si wafer 

technology (Tao et al. 2015). This is crucial as the Si 

technology is well understood and established in the 

semiconductor industry. An overv iew of silicene-related 

research is discussed in the next section. 

 

 

2. Related research 

 

Nanosheet field-effect transistors (FETs) using thin 

sheets of Si can be the last possible step for transistor 

scaling (Ye et al. 2019). However, similar to prist ine 

graphene, pristine silicene has almost zero band gap 

(neglect ing sp in-orbit ing effect) at the Dirac point from the 

band structure, which inhibits its potential as FETs. In 1994, 

Takeda and Shiraishi (Takeda and Shiraishi 1994) have 

predicted the existence of Si monolayer structure 

theoretically using first-principles calculations. This early 

theoretical prediction of monolayer silicene was further 

stimulated by the success of mechanically-exfoliated 

graphene discovery in 2004 (Zhao et al. 2016, Chuan et al. 

2020). 

The findings of Takeda and Shiraishi (1994) were later 

extended by other theoretical works based on first-

principles calculations (Durgun et al. 2005, Yang and Ni 

2005), density functional theory (DFT) (Cahangirov et al. 

2009, Ding and Ni 2009) and tight-b inding (TB) approach 

(Guzmán-Verri and Voon 2007).  
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Abstract.  Silicene is a two-dimensional (2D) derivative of silicon (Si) arranged in honeycomb lattice. It is predicted to be 
compatible with the present fabrication technology. However, its gapless properties (neglecting the spin-orbiting effect) hinders 

its application as digital switching devices. Thus, a suitable band gap engineering technique is required. In the present work, the 
band structure and density of states of uniformly doped silicene are obtained using the nearest neighbour tight-binding (NNTB) 

model. The results show that uniform substitutional doping using aluminium (Al) has successfully induced band gap in silicene. 

The band structures of the presented model are in good agreement with published results in terms of the valence band and 
conduction band. The band gap values extracted from the presented models are 0.39 eV and 0.78 eV for uniformly doped 

silicene with Al at the doping concentration of 12.5% and 25% respectively. The results show that the engineered band gap 
values are within the range for electronic switching applications. The conclusions of this study envisage that the uniformly 

doped silicene with Al can be further explored and applied in the future nanoelectronic devices. 
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(a) (b) 

Fig. 1 Schematic diagram of (a) selective single doping 

and (b) uniform doping where black and red 

atoms represent the original and the dopant atoms 

respectively 

 

 

  
(a) (b) 

Fig. 2 Schematic diagram of (a) planar hexagonal and 

(b) boat-like lattice structures (Ding and Wang 

2013) 

 

 

Their results have confirmed that pristine silicene is a 

semi-metallic material possessing a Dirac cone at the K-

point in the first Brillouin zone (FBZ). As a result, silicene 

has extremely high charge carrier mobility due to the 

massless fermions (Novoselov et al. 2005).  

In recent years, the amount of literature on silicene 

incorporating various band gap engineering techniques are 

increasing (Zhao et al. 2016). For instances, the 

introduction of defects (Song et  al. 2011, Iordanidou et al. 

2016, Ali et al. 2017), substitutional doping (Ding and 

Wang 2013, Chen et al. 2014, Lopez-Bezanilla 2014, Jiang 

et al. 2018), strain engineering (Liu  et al. 2012, Qin et  al. 

2012, Yang et al. 2014) and many other techniques are 

extensively explored. Among these studies, substitutional 

doping is found to be an effective approach to induce band 

gap in silicene. The common dopants are boron (B), 

aluminium (Al), nit rogen (N) and phosphorus (P). The 

results shown by Chen et al. (2014) and Jiang et al. (2018) 

suggest that the electronic properties of doped silicene using 

single or double atom substitutional doping technique is 

dependent on the doping sites. In contrast, the DFT study 

conducted by Ding and Wang (2013) have discovered 

useful band gap values in uniformly doped silicene sheets 

(known as SiX and XSi3 sheets in their paper). In addition, 

the electronic properties of uniformly doped structures are 

independent on the dopant sites. The difference between the 

two doping techniques are shown in Fig. 1. 

Although doping silicene uniformly with either Al or P 

can both induce semiconducting band gaps, Al has been 

chosen in this work because this dopant can retain the stable 

planar hexagonal lattice structure of silicene (Ding and 

Wang 2013) as depicted in Fig. 2(a). On the other hand, 

doping silicene uniformly with P would produce the boat-

like stable structure as shown in  Fig. 2(b). The fitting 

parameters of nearest neighbour tight-binding (NNTB) 

model has been computed by benchmarking with published 

result. After verifying the accuracy of the fitting parameters 

using root mean square deviation (RMSD), the modelling 

work is further extended by reducing the doping 

concentration of the Al atoms from 25% (2 dopant atoms 

out of 8 atoms) to 12.5% (1 dopant atom out of 8 atoms).  

The rest of the paper is organised as follows. Section 3 

presents the computation of NNTB model for the electronic 

properties of uniformly doped silicene monolayers with Al 

in terms of the band structure and density of states (DOS) 

by solving the time-independent Schrödinger equation. 

Subsequently, Section 4 describes and discusses the main 

findings of NNTB model for the uniformly doped silicene 

with  Al: the band structures, band gap values, and DOS. 

The conclusion and future recommendation of this study are 

reported in Section 5. 

 

 

3. Mathematical modelling 
 

The modelling procedures and equations used for the 

electronic properties of pristine silicene and uniformly 

doped silicene are described in details in this section.  

 

3.1 Modelling of band structure and density of states 
 

The schematic diagram of the pristine and uniformly 

doped silicene are shown in Fig. 3. The band structures of 

the 2D sheets are modelled using the NNTB model based 

on the time-independent Schrödinger equation (Datta 2005, 

Chuan et al. 2020), expressed as 

 

𝐸(∅0
) = [ℎ(𝑘⃗ )](∅0

) (1) 

 

where 𝐸 is the total energy, ∅0 is the wave function and 

[ℎ(𝑘⃗ )] is the matrix equation given by Eq. (2). 

 

[ℎ(𝑘⃗ )] = ∑ 𝐻𝑛𝑚𝑒𝑖𝑘⃗ (𝑟 𝑛−𝑟 𝑚)

4

𝑚=1,𝑛

  (2) 

 

where 𝐻𝑛𝑚 is the Hamiltonian matrix equation, 𝑘⃗  is the 

wave vector, 𝑟 𝑛  and 𝑟 𝑚  are the position vectors which 

describe the displacement of 𝑚𝑡ℎ  unit cell with respect to 

the 𝑛𝑡ℎ  unit cell. The origin is placed at one of the atoms 

of the 𝑛𝑡ℎ  unit cell. The interactions between the unit cells 

within the nearest neighbours are obtained by expanding 

Eq. (2) to obtain Eq. (3), given as 

 

[ℎ(𝑘⃗ )] = 𝐻𝑛𝑛 + 𝐻𝑛1𝑒
𝑖𝑘⃗ (𝑟 𝑛−𝑟 1)

+ 𝐻𝑛2𝑒
𝑖𝑘⃗ (𝑟 𝑛−𝑟 2)

+ 𝐻𝑛3𝑒
𝑖𝑘⃗ (𝑟 𝑛−𝑟 3)

+ 𝐻𝑛4𝑒
𝑖𝑘⃗ (𝑟 𝑛−𝑟 4)

 
(3) 

 

The energy eigenstates for energy momentum dispersion 

and 𝐸(𝑘)  relation are generated by using the standard 

solution for eigenvalue problem, given by 

 

det|[ℎ(𝑘⃗ )] − 𝐸𝐼| = 0 (4) 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 3 Schematic diagram of (a) pristine silicene,  

(b)-(d) uniformly doped silicene monolayers 

where orange and purple atoms represent Si and 

Al atoms respectively, a1 and a2 are the 

displacement vectors and the black rhombuses are 

primitive unit cells. The bold red numbers denote 

the nth unit cell and its four nearest neighbours 

 

 

where I is the identity matrix of the same size as [ℎ(𝑘⃗ )]. 
The size of the matrices depends on the number of atoms in 

a unit cell, where the size is 2 X 2 and 8 X 8 for pristine and 

uniformly doped silicene respectively. 

DOS describes the electronic properties in term of the 

number of availab le states in a system . The DOS is  

 

 

(a) (b) 

Fig. 4 Band structure of pristine silicene (a) in three-

dimensional (3D) plot and (b) in 2D plot within 

the FBZ. Blue dotted line is adapted from  

Shao et al. (2013) for benchmarking and red line 

is the result of present model 

 

 

computed numerically using the so lution of delta  (δ) 

function (Datta 2005), expressed as 

 

DOS(𝐸) = ∑
1

2𝜋
∑

2𝜂

[𝐸 − 𝜀(𝑘)]2 + 𝜂2
𝑎𝑙𝑙  𝑘

𝑁

𝑖 =1

 (5) 

 

where 𝜀(𝑘) is the energy eigenstate, E is the energy value 

as it is iterated from the minimum value of 𝐸(𝑘)  to 

maximum value of 𝜀(𝑘) and 𝜂 is a  very small value to 

prevent the inverse matrix from diverging. In this paper, the 

schematic structures in  Fig. 3  are assumed to be planar with 

regular hexagonal lattice arrangement (120° per interior 

angle). 

 

3.2 Hamiltonian matrix and tight-binding parameter 
 

Using Eq. (3), the Hamiltonian matrices for the silicene 

structures can be obtained. The Hamiltonian matrix for 

pristine silicene is derived based on Fig. 3(a), and is given 

by  

 

[ℎ(𝑘⃗ )]
𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒

= [
𝐸𝑜𝑆𝑖 ℎ0

ℎ0
∗ 𝐸𝑜𝑆𝑖

]  (6) 

 

where 𝐸𝑜𝑆𝑖 is the on-site energy for Si atom (is assumed to 

be 0 𝑒𝑉  for pristine silicene for simplification), ℎ0 =
2𝑡𝑆𝑖−𝑆𝑖𝑒

−𝑖𝑎𝑘𝑥 cos (𝑏𝑘𝑦) and ℎ0
∗
 is the complex conjugate 

of ℎ0. In the ℎ0 expression, 𝑡𝑆𝑖−𝑆𝑖 is the hopping integral 

for Si-Si atoms; 𝑘𝑥  and 𝑘𝑦  are the 𝑥- and 𝑦-components 

of the wave vectors; 𝑎  and 𝑏  are the 𝑥 - and 𝑦 -

components of the displacement vectors. By so lving Eq. (6) 

using Eq. (4), the simplified  analytical dispersion relation of 

pristine silicene is given as 

 

𝐸(𝑘⃗ )
𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒

= ±𝑡𝑆𝑖−𝑆𝑖√3 + 2cos(2𝑏𝑘𝑦) + 4cos (𝑎𝑘𝑥 )cos (𝑏𝑘𝑦) 
(7) 

 

Figs. 4 (a)-(b ) dep ict the band structu re of p rist ine 

silicene plotted using Eq. (7) in three-dimensional (3D) and  
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(a) (b) 

 
(c) 

Fig. 5 Band structures of AlSi3 within the FBZ by 

manipulating the values of hopping integral, 

𝑡𝐴𝑙 −𝑆𝑖 at (a) 0 eV, (b) -1.0 eV and (c) -2.5 eV, 

respectively. Blue dotted lines are adapted from 

Ding and Wang (2013) and red solid line is 

NNTB band structure of present model with 

varying 𝑡𝐴𝑙−𝑆𝑖 

 

 

2D plot respectively. In previous studies, the proposed 

𝑡𝑆𝑖−𝑆𝑖  is -1.60 eV (Liu et al. 2011) and -1.03 eV (Roome 

and Carey 2014). However, the 𝑡𝑆𝑖−𝑆𝑖 used in this paper is 

-1.02 eV by benchmarking with the results from first-

principle calculation by Shao et al. (2013). Since the 

hopping integral is generally obtained by fitting the 

parameter to the experimental or complex computational 

results, this parameter may vary accordingly (Lim et al. 

2017). The obtained band structure agrees with published  

results (Guzmán-Verri and Voon 2007, Cahangirov et al. 

2009, Shao et al. 2013), showing that pristine silicene is a 

gapless material. 

The same modelling procedure based on Eq. (3) is 

repeated to obtain the Hamiltonian matrices for uniformly 

doped silicene with Al as shown Figs. 3(b), (c) and (d). Fig. 

3(b) shows the schematic diagram of uniformly doped 

silicene with 25%  concentration of Al atoms while Figs. 

3(c) and (d) show the schematic diagrams of uniformly 

doped silicene with 12.5% concentration of Al atoms. The 

difference between Figs. 3(c) and (d) are the dopants 

locations of the Al atoms in the primit ive unit cell, that is, 

left and right oriented respectively. 

To simplify the description of the uniformly doped 

silicene structures in this paper, the structures shown in 

Figs. 3(b), (c) and (d) will be referred as AlSi3, AlSi7L and 

AlSi7R respectively, hereafter. The models with the same 

doping concentration of 12.5% Al atoms namely, AlSi7L and 

AlSi7R, are constructed to study the effects of doping 

concentration and orientation of Al on the electronic 

properties of silicene. The derived Hamiltonian matrices are 

shown in Eqs. (8), (9) and (10) for the 2D structures as 

depicted in Figs. 3(b), (c) and (d) respectively. 

 

[ℎ(𝑘⃗ )]
𝐴𝑙𝑆𝑖3

=

[
 
 
 
 
 
 
 
 
𝐸𝑜𝑆𝑖 0 0 𝒕𝑨𝒍−𝑺𝒊 0 ℎ1 ℎ2 0
0 𝐸𝑜𝑆𝑖 0 𝒕𝑨𝒍−𝑺𝒊 0 0 𝑡𝑆𝑖−𝑆𝑖 ℎ1

0 0 𝐸𝑜𝑆𝑖 𝒕𝑨𝒍−𝑺𝒊 0 𝑡𝑆𝑖−𝑆𝑖 0 ℎ2

𝒕𝑨𝒍−𝑺𝒊 𝒕𝑨𝒍−𝑺𝒊 𝒕𝑨𝒍−𝑺𝒊 𝑬𝒐𝑨𝒍 0 0 0 0
0 0 0 0 𝑬𝒐𝑨𝒍 𝒕𝑨𝒍−𝑺𝒊 𝒕𝑨𝒍−𝑺𝒊 𝒕𝑨𝒍−𝑺𝒊

ℎ1
∗

0 𝑡𝑆𝑖−𝑆𝑖 0 𝒕𝑨𝒍−𝑺𝒊 𝐸𝑜𝑆𝑖 0 0

ℎ2
∗

𝑡𝑆𝑖−𝑆𝑖 0 0 𝒕𝑨𝒍−𝑺𝒊 0 𝐸𝑜𝑆𝑖 0

0 ℎ1
∗

ℎ2
∗

0 𝒕𝑨𝒍−𝑺𝒊 0 0 𝐸𝑜𝑆𝑖 ]
 
 
 
 
 
 
 
 

 
(8) 

 

[ℎ(𝑘⃗ )]
𝐴𝑙𝑆𝑖7𝐿

=

[
 
 
 
 
 
 
 
 

𝐸𝑜𝑆𝑖 0 0 𝒕𝑨𝒍−𝑺𝒊 0 ℎ1 ℎ2 0
0 𝐸𝑜𝑆𝑖 0 𝒕𝑨𝒍−𝑺𝒊 0 0 𝑡𝑆𝑖−𝑆𝑖 ℎ1

0 0 𝐸𝑜𝑆𝑖 𝒕𝑨𝒍−𝑺𝒊 0 𝑡𝑆𝑖−𝑆𝑖 0 ℎ2

𝒕𝑨𝒍−𝑺𝒊 𝒕𝑨𝒍−𝑺𝒊 𝒕𝑨𝒍−𝑺𝒊 𝑬𝒐𝑨𝒍 0 0 0 0
0 0 0 0 𝐸𝑜𝑆𝑖 𝑡𝑆𝑖−𝑆𝑖 𝑡𝑆𝑖−𝑆𝑖 𝑡𝑆𝑖−𝑆𝑖

ℎ1
∗

0 𝑡𝑆𝑖−𝑆𝑖 0 𝑡𝑆𝑖−𝑆𝑖 𝐸𝑜𝑆𝑖 0 0

ℎ2
∗

𝑡𝑆𝑖−𝑆𝑖 0 0 𝑡𝑆𝑖−𝑆𝑖 0 𝐸𝑜𝑆𝑖 0

0 ℎ1
∗

ℎ2
∗

0 𝑡𝑆𝑖−𝑆𝑖 0 0 𝐸𝑜𝑆𝑖 ]
 
 
 
 
 
 
 
 

 
(9) 

 

[ℎ(𝑘⃗ )]
𝐴𝑙𝑆𝑖7𝑅

=

[
 
 
 
 
 
 
 
 
𝐸𝑜𝑆𝑖 0 0 𝑡𝑆𝑖−𝑆𝑖 0 ℎ1 ℎ2 0
0 𝐸𝑜𝑆𝑖 0 𝑡𝑆𝑖−𝑆𝑖 0 0 𝑡𝑆𝑖−𝑆𝑖 ℎ1

0 0 𝐸𝑜𝑆𝑖 𝑡𝑆𝑖−𝑆𝑖 0 𝑡𝑆𝑖−𝑆𝑖 0 ℎ2

𝑡𝑆𝑖−𝑆𝑖 𝑡𝑆𝑖−𝑆𝑖 𝑡𝑆𝑖−𝑆𝑖 𝐸𝑜𝑆𝑖 0 0 0 0
0 0 0 0 𝑬𝒐𝑨𝒍 𝒕𝑨𝒍−𝑺𝒊 𝒕𝑨𝒍−𝑺𝒊 𝒕𝑨𝒍−𝑺𝒊

ℎ1
∗

0 𝑡𝑆𝑖−𝑆𝑖 0 𝒕𝑨𝒍−𝑺𝒊 𝐸𝑜𝑆𝑖 0 0

ℎ2
∗

𝑡𝑆𝑖−𝑆𝑖 0 0 𝒕𝑨𝒍−𝑺𝒊 0 𝐸𝑜𝑆𝑖 0

0 ℎ1
∗

ℎ2
∗

0 𝒕𝑨𝒍−𝑺𝒊 0 0 𝐸𝑜𝑆𝑖 ]
 
 
 
 
 
 
 
 

  
(10) 

 

Eqs. (8), (9) and (10) are the Hamiltonian matrices, 

[ℎ(𝑘⃗ )]  for 𝐴𝑙𝑆𝑖3, 𝐴𝑙𝑆𝑖7𝐿  and 𝐴𝑙𝑆𝑖7𝑅  respectively. 𝐸𝑜𝐴𝑙 

is the on-site energy for Al atom, 𝑡𝐴𝑙 −𝑆𝑖 = 𝑡𝑆𝑖−𝐴𝑙 is the 

hopping integral for Al-Si (or Si-Al) atoms, ℎ1 =
𝑡𝑆𝑖−𝑆𝑖𝑒

−𝑖(𝑎𝑘𝑥−𝑏𝑘𝑦)
 and ℎ2 = 𝑡𝑆𝑖−𝑆𝑖𝑒

−𝑖(𝑎𝑘𝑥+𝑏𝑘𝑦 )
. Similarly, 

ℎ1
∗
 and ℎ2

∗
 are the complex conjugate of ℎ1  and ℎ2 

respectively. The TB parameters that are caused by 

substitution of the Al atoms to the Si atoms are highlighted 

in bold red font in the Hamiltonian matrices. Subsequently, 

Eqs. (8), (9) and (10) are solved using Eq. (4) to obtain the 

band structures. The solutions for an 8 X 8  matrix 

eigenvalue problem are generally eighth order polynomial 

characteristic equations, that is, practically not useful to be 

written. As such, the energy eigenstates for uniformly doped 

silicene are computed numerically to plot the band 

structures. 

Eq. (8) is so lved and fitted to published resu lts adapted 

from (Ding and Wang 2013) to obtain the tight-binding 

parameters. The hopping integral, 𝑡𝑆𝑖−𝑆𝑖  is fixed at -1.02 

eV, same as the previously obtained value for the pristine 

silicene model.  The on-site energies, 𝐸𝑜𝑆𝑖  and 𝐸𝑜𝐴𝑙  are 

ada pted  f rom  (Ha rrison  2004) where on ly  the 𝑝 - 
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(a) 

 
(b) 

 
(c) 

Fig. 6 (a) Band structure of AlSi3 for the FBZ. The blue 

dotted curve is adapted from Ding and Wang 

(2013). The squared difference between proposed 

model and published result for (b) conduction 

band minimum (CBM) and (c) valence band 

maximum (VBM) 

 

 

orbital energies are considered in this work. To obtain the 

missing hopping parameter for Al-Si (or Si-Al) atoms, the 

relationship between 𝑡𝐴𝑙 −𝑆𝑖  and the band structure is 

examined. In this work, the Fermi level is assumed to be 0 

eV. Fig. 5  clearly  shows that the band structures are 

distorted when incorrect values are chosen. At zero 𝑡𝐴𝑙−𝑆𝑖 

value, the energy bands are just straight lines; the slope of 

the energy bands increases as the magnitude of |𝑡𝐴𝑙 −𝑆𝑖 | 

increases.  

After adjusting the parameters accordingly, we fitted the 

NNTB model to the results  of the published resu lts from  

Table 1 The computed NNTB model parameters for 

uniformly doped silicene 

Parameters 𝑡𝑆𝑖−𝑆𝑖 𝑡𝐴𝑙−𝑆𝑖 𝐸𝑜𝑆𝑖  𝐸𝑜𝐴𝑙  

Values (eV) -1.02 -1.05 -7.59 -5.71 
 

 

 

Ding and Wang (2013). Fig. 6 (a) shows the optimised 

results by using fitting p rocedures as shown in Figs. 5(a), 

(b) and (c) to determine the fitting parameters. The NNTB 

model is not capable to completely reproduce the band 

structure from DFT calculation, but it can be used to fit two 

important energy bands: the conduction band and the 

valence band. Conduction band and valence band are 

sufficient to describe the carrier transports in most of the 

semiconductor devices. Moreover, the TB approximation is 

suitable for describ ing the non-metallic  materials with less 

computational cost compared to sophisticated 

computational software (LeSar 2013) and the results are 

useful for further explorations. The obtained parameters 

from the fitting procedure to plot the correct band structure 

in Fig. 6(a) is summarised in Table 1. 

The performance of the proposed model is evaluated by 

using RMSD. RMSD is a statistical approach that helps to 

provide a complete evaluation of the error distribution of a 

model (Chai and Draxler 2014, Leong et al. 2020), given by 
 

𝑅𝑀𝑆𝐷 = √
1

𝑁
∑ 𝑒𝑖

2

𝑁

𝑖 =1

 (11) 

 

where 𝑁 is the total number of data, 𝑒𝑖 is the error at 𝑖𝑡ℎ 

data. In this paper, 𝑒𝑖 is the difference between the 𝑖𝑡ℎ 

data of published resu lt and 𝑖𝑡ℎ data of proposed model, 

given as 
 

𝑒𝑖 = |∆𝐶𝐵𝑀𝑖
| = |𝐶𝐵𝑀𝑖(𝑝𝑢𝑏𝑙𝑖𝑠ℎ𝑒𝑑) − 𝐶𝐵𝑀𝑖(𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑) | (12) 

 

𝑒𝑖 = |∆𝑉𝐵𝑀𝑖
| = |𝑉𝐵𝑀𝑖 (𝑝𝑢𝑏𝑙𝑖𝑠ℎ𝑒𝑑 )

− 𝑉𝐵𝑀𝑖(𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑 ) | (13) 

 

Eqs. (12) and (13) are used to obtain the errors of 𝑖𝑡ℎ 

data for CBM and VBM respectively and the squared 

values of the error are plotted in Figs. 6(b) and (c). The 

calculated RMSDs are 0.034  for CBM and 0.047  for 

VBM. These close-to-zero RMSD values indicate that the 

proposed model is consistent with published result. 
 
 

4. Results and discussion 

 
4.1 Band structures and density of states 
 

The computed band structures and DOS for AlSi3 model 

based on the solution of Hamiltonian matrix expressed in 

Eq. (8) is shown in Fig. 7. The doping concentration for this 

structure is 25% where there are 2 Al atoms and 6 Si atoms 

in each unit cell. The band gap, 𝐸𝑔  of the structure can be 

obtained using 

 

𝐸𝑔 = |𝐶𝐵𝑀 − 𝑉𝐵𝑀|  (13) 
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(a) (b) 

Fig. 7 Plots of (a) band structure and (b) DOS for AlSi3 

 

 

  

(a) (b) 

Fig. 8 Plots of (a) band structure and (b) DOS for AlSi7 

 

 

The CBM and VBM extracted from the band structure 

of AlSi3 is 0.64 eV and -0.13 eV respectively. By applying 

Eq. (14), the extracted band gap for AlSi3 is 0.78eV.  

Fig. 8 depicts the computed band structures and DOS 

for AlSi7L and AlSi7R models based on Eqs. (9) and (10). 

The doping concentration for this structure is 12.5% where 

there are 1 Al atom and 7 Si atoms in each unit cell. 

Although two different orientations of doping (AlSi7L and 

AlSi7R) are considered, the results show no difference in 

their band structure and DOS. Therefore, only  one of the 

results is shown. The CBM and VBM extracted from the 

band structure of AlSi7L/R is 0.26 eV and -0.13 eV, 

respectively which represents a band gap of  0.39 eV. The 

band gap value of AlSi7L/R is half of the band gap value of 

AlSi3.  

 

4.2 Discussion on the proposed models 
 

The comparisons of the proposed models are indicated 

in Figs. 9 (a) and (b). It is clearly shown that the induced 

band gap of the silicene has become larger as the doping 

concentration of Al is increased from 0% to 25% in Fig. 

9(a). These promising resu lts show that the extracted band 

gap values are suitable for the applications in the areas of 

nanoelectronics (based on the standard value of  band gap 

which is between 0.1 eV (Ni et al. 2014) and 3 eV (Lim et 

al. 2017). The band gap values for AlSi3 and AlSi7 are also  

  

(a) (b) 

Fig. 9 Graphs of (a) the relationship between doping 

concentration and band gap, (b) DOS of AlSi3 and 

AlSi7 in the same plot 

 

 

comparable to bulk Si (1.12 eV) and Ge (0.66 eV). In 

addition, it is found that the doping concentration changes 

the DOS of the uniformly doped silicene sheets as shown in 

Fig. 9(b). It is observed that the peaks in the DOS, which 

are also known as Van Hove singularit ies (Lim et al. 2018), 

have shifted upwards when the doping concentration is 

decreased from 25% to 12.5%. However, the computations 

of the carrier t ransport properties and the current-voltage 

characteristics are required  to examine the significant 

impacts of the DOS to the device performance of the 

materials (Arora 2015). 

In summary, the band structures and DOS of prist ine 

silicene and uniformly doped silicene can be modelled 

using the NNTB approach. However, this approach requires 

fitting procedures to obtain the tight-binding parameters and 

it is unable to describe the stability of the lattice. Desp ite 

the mentioned drawbacks, this work has successfully 

described the fundamental electronic properties of the 

silicene structures. These results provide opportunity for 

further investigations such as applying non-equilib rium 

conditions to the models (Datta 2000, Wong et al. 2020). 

Besides, further studies can be conducted to analyse the 

carrier transport properties of the materials before 

proceeding to modelling and simulation at the device level. 

Alternatively, this study can also be extended by employing 

dislocations and defects in the perfect crystalline structures, 

which can greatly alter the electronic p roperties of the 

nanostructures (Mehdi Aghaei and Calizo 2015, Wong et al. 

2019, Chuan et al. 2020).  
 

 

5. Conclusions 
 

The electronic properties in terms of the band structure 

and DOS of uniformly doped silicene with Al have been 

modelled using the NNTB approach. The hopping integral 

for the interaction between Al and Si atoms has also been 

computed by validation with published DFT calculations. In 

addition, the results of developed models are in good 

agreement with published results. The relationship between 
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the doping concentrations of Al atoms to the band structure 

of silicene is also d iscussed. When the doping concentration 

of Al atoms in the silicene sheet increases, the band gap of 

the material increases. Moreover, it is noted that the left- 

and right- oriented AlSi7 sheets produce the same results 

although the Hamiltonian matrices for these structures are 

different. The band gap of silicene has been successfully 

engineered using substitutional doping with Al at uniform 

concentrations. The uniformly doped silicene has potential 

in nanoelectronic applications, namely digital switching 

devices. Further studies are recommended to predict the 

carrier transport properties and current-voltage 

characteristics of the uniformly doped silicene sheets at 

non-equilibrium conditions. 
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