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Abstract 

In this study, we use a tight binding model to investigate structural and electronic changes 

in zigzag-buckled silicene nanoribbons (ZBSiNRs) with two vacancies at different positions. 

We divide the defects into two categories based on a difference in geometric properties. The 

results show that the first- and second-order interaction parameters of two atoms of the same 

type play an important role in the electronic properties of this material. Vacancies near the 

edge have a stronger effect than those near the center of the ribbons. We further show that 

each type of divacancy will give a different result under the influence of a perpendicular 

electric field. This is a favorable condition for controlling the conductive state of materials 

in future applications in the semiconductor and thermoelectric industries. 

Keywords: Buckled silicene nanoribbons; Divacancy; Electric field; Electronic structure; 

Tight binding. 
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1. INTRODUCTION  

Silicene, a material with an energy band structure at the Fermi level similar to 

graphene, has attracted much attention from scientists (Castro Neto et al., 2009; 

Novoselov et al., 2004, 2005). The similarity in the energy band structure is leading to 

potential applications of this material in practical fields (Guzmán-Verri & Lew Yan Voon, 

2007; Vogt et al., 2012). In addition to the planar state, silicene also exists in a stable 

warped state known as buckled silicene (Cahangirov et al., 2009; Sahin et al., 2009; 

Zhang et al., 2012). This warped state has graphene-like properties and allows the band 

gap to be changed for applications in electronic semiconductor devices (Molle et al., 

2018; Nguyen et al., 2021; Peng et al., 2020; Sivek et al., 2013; Zhang et al., 2017; Zhu 

& Schwingenschlögl, 2016). 

Defects in a certain range will bring about many interesting changes in the 

structure and properties of materials (Li et al., 2015). In particular, the doping of atoms 

through adatoms and substitutions leads to many interesting changes in the electronic and 

magnetic properties of materials (Biel et al., 2009; Ersan et al., 2014; Guo et al., 2017; 

Huynh et al., 2021). If defects exist as zero-dimensional point defects, typically including 

Stone-Wales (STW), vacancy, and divacancy (DV) defects, the mechanical properties of 

the material are altered (Botello-Mendez et al., 2011; Le & Nguyen, 2015; Manjanath & 

Singh, 2014; Mortazavi & Ahzi, 2013; Sahin et al., 2013). However, they offer a 

scalability band gap, leading to a significant change in the thermal conductivity of the 

material (An et al., 2014; Shirodkar & Waghmare, 2012). In particular, some studies using 

density functional theory (DFT) calculations have predicted that when the number of 

vacancy units is 10 or more, it is energetically favorable for a single-row arrangement of 

atoms to form new structures (Ghosh et al., 2015; Kim et al., 2013). With the two missing 

atoms, the reconstruction will introduce many different types of reconstructions. 

However, recent experimental studies have shown that when restructuring occurs, the 5–

8–5 structure is the most stable and may also bring about many new properties. It has also 

been shown using simulation methods and theoretical calculations that new bonds will be 

created around the removed bonds in the 5–8–5 model. In particular, this model shows 

suitability given that the new restructuring parameters have interaction parameter values 

equivalent to those of the old bonds, thus ensuring the sustainability of the material. In a 

previous study by Ngo et al. (2023), we only had the opportunity to present the effect of 

divacancy on two adjacent obliquely bonded atoms (type 1). Nevertheless, we predict that 

if divacancy occurs with two atoms bonded in a straight line parallel to the width of the 

nanoribbon (type 2), it will also yield interesting results. Therefore, in this article, we 

examine restructuring for type 2 divacancy and compare the effects of both types of 

divacancy to provide a general picture of the effects of divacancy combined with 

restructuring on the properties of zigzag-buckled silicene nanoribbons (ZBSiNRs). 
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2. MODEL AND CALCULATION METHOD 

2.1. Model 

 

(a)                                 (b)                                        (c)  

 

(d) 

Figure 1. Atomic structure of ZBSiNRs with divacancies 

Notes: (a) Pristine structure; (b) Type 1 divacancy structure; (c) Type 2 divacancy structure; (d) Model 

representation for the case of an electric field applied at the top and bottom gates. 

In Figure 1, we investigate the structure of ZBSiNRs with and without defects. 

We begin with a perfect silicene nanoribbon of width W (Figure 1a). The ZBSiNRs are 

composed of alternating bonds between sp2- and sp3-hybridized silicene atoms to form a 

honeycomb structure with an interatomic distance of a = 0.224 nm. In particular, such a 

structure forms a warped structure with distance d = 0.044 nm between the upper layer 

atoms with sp3 hybridization and lower layer atoms with sp2 hybridization. We investigate 

material with width 
3 4

4

M
W a

− 
=  
 

 where M is the number of atoms in a zigzag line 

that spans the width of the material. In particular, we investigate materials with W = 6.832 

nm, corresponding to M = 42. Then, we form divacancy defects by directly removing 

atoms from the perfect (pristine) silicene nanoribbon. We remove bonds for the atoms at 

the divacancy and perform computations that enhance refactoring to form new structures. 

In the type 1 defect structure (Figure 1b), two adjacent atoms that are obliquely bonded 

are removed, such as pairs of atoms at positions 5–6 and 9–10. In the type 2 defect 

structure (Figure 1c), the two removed atoms are two adjacent atoms bonded in a straight 

line, such as atoms at positions 6–7 and 10–11. The differences in geometry lead to 

differences in the restructuring of each type of material. 
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In addition, to investigate the sensitivity of the electric field in controlling the 

band gap of buckled silicene (Khoeini & Jafarkhani, 2019; Nguyen et al., 2021), we 

modeled the use of two electrodes, Vtop and Vbottom, to apply an electric field to the 

reconstructed material, as shown in Figure 1d. We combined the reconstructed divacancy 

model with the perpendicular electric field and calculated based on the tight binding 

approximation. 

2.2. Calculation method 

To investigate the energy bands of the material, we chose to calculate by the tight 

binding method with the Hamiltonian in Equation (1) (Cresti et al., 2008): 

( ) ( )( ) ( )
6

0

1 1
2

i it
k i

k ij i i

V
H t i j j i i i q i i

=

= − + + + −  + −          (1) 

• The first term represents the interaction energy between the atoms. For the 

pristine case, we only investigate the nearest neighbor interaction with t0 = 

1.6 eV (Abdelsalam et al., 2015). For the defect structures, we extend the 

calculations to the next nearest neighbor interactions between the dissociated 

and defect atoms using new interaction parameters. 

• The second term characterizes the warping of the material sheet. The internal 

energy difference between the two types of sp2 and sp3 hybrid atoms is 

expressed by the parameter Δ (Peng et al., 2013), the parameter ε indicates 

onsite energy 

• The third term characterizes the amount of energy supplied to the material in 

the presence of an electric field, where q represents the charge of the electron 

and Vt represents the voltage value applied to create the electric field (Nguyen 

et al., 2021). 

For convenience of calculation, we divide the ZBSiNR into unit cells. The atoms 

in a unit cell are numbered from 1 to 2M, corresponding to two zigzag lines in a cell (Figure 

1a). We then use the matrix form to represent the Hamiltonian in Equation (1) as follows: 

• The first term is represented by the interaction matrices H00, H01, and H0-1, 

which correspond to the interactions between neighboring cells. 

( ) ( ) ( )

11 12 11 12 11 12

00 01 0 1

21 22 21 22 21 222 2 2 2 2 2

; ;
M M M M M M

h h l l p p
H H H

h h l l p p
−

  

     
= = =     
     

 (2) 

where 

- hij represents the interaction energy between the i-th and j-th zigzag lines of 

cell 0 ( ),i j M ; 
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- lij represents the interaction energy between the i-th zigzag line of cell 0 and 

the j-th zigzag line of cell 1 ( ),i j M ; 

- pij represents the interaction energy between the i-th zigzag line of cell 0 and 

the j-th zigzag line of cell -1 ( ),i j M . 

• The second term of Equation (1) is represented by the principal diagonal 

matrix representing the difference between the sp2 and sp3 atoms: 

( )2 2

0 0 0

0 0 0

0 0 0

0 0 0

B

M M

H






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• The third term of Equation (1)  is the energy added to each atom, so it has the 

following form: 
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The Hamiltonian of Equation (1) can be rewritten with matrices H00, H01, H0-1, 

HB, and Uext as 

( ) ( )00 01 01 0 1 0 1 extexp expx x BH H H ik R H ik R H U− −= + + + + . (5) 

3. RESULTS AND DISCUSSION 

3.1. Reconstruction according to the 5–8–5 model with type 1 divacancy 

Four atoms will lose their bonds for type 1 divacancy (Figure 1b), and we will 

build new quadratic interactions, namely, t2, t3, t4, t5, and t6, as shown in Figure 2a. Based 

on the stability of the material, the removal of two atoms from a cell will lead to the 

dissociation of four atoms. To ensure the stability of this structure, the atoms that have 

lost their bonds tend to bond together, as indicated by the t4 and t5 interactions (Figure 

2a). This shift also affects other atoms, changing the t1, t2, t3, and t6 interactions. To 

investigate the regeneration of the material, we calibrated the interaction parameters on 
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the basis of the experimental model combined with the theory of the Coulomb interaction 

potential field (Li et al., 2015; Piraux et al., 2021). We provide a model to predict the 

recombination as shown in Figure 2b with the parameters given in Table 1. Such a 

reconstruction is called a silicene defect 5–8–5 (Botello-Mendez et al., 2011; Li et al., 2015). 

 

Figure 2. Reconstruction according to the 5–8–5 model 

Notes: (a-b) Change in interaction parameters during refactoring; (c-f) Influence of the divacancy (DV) 

position on the energy band structure. 

Table 1. Interaction parameters with reconstruction according to the 5–8–5 model 

Parameter t1 t2 t3 t4 t5 t6 

Distance (nm) 0.224 0.224 0.224 0.224 0.224 0.672 

Energy (eV) -1.6 t1 t1 t1 t1 0 

Next, we created a type 1 divacancy at various locations to investigate the 

influence of defects on the band structure of this material. Specifically, we created defects 
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at positions 17–18, 13–14, 9–10, and 5–6. Under the influence of the reconstruction, the 

atoms will form a new structure with 5–8–5 rings at different positions based on the defect 

location. The energy bands are significantly affected by the transformation of the energy 

curves around the Fermi level, as shown in Figure 2(c-f). The energy bands show up to 

three lines close to the Fermi level, rapidly decreasing the flatband length. Therefore, the 

results indicate that the material properties have strongly changed, especially for 

conductivity. By comparing the simultaneous effect of each defect location, we found that 

the effect is greater when the defects appear closer to the material boundary. This is 

completely consistent with the results of previous studies on the properties of zigzag 

boundaries (Fujita et al., 1996). 

Although the band gap remains close to zero, the band structure exhibits a 

significant change in electron arrangement. The appearance of an additional line around 

the Fermi level indicates that the increase in electronic excitation channels depends on 

the defect. According to previous studies (e.g. Nguyen et al., 2021), it is possible to 

control the band gap based on the effect of an electric field on silicene. Therefore, tuning 

the excitation channels based on the atomic vacancy in combination with the presence of 

an electric field will be of great significance in modulating the conductivity of materials. 

The interesting changes observed when a perpendicular electric field is introduced will 

be explained in detail in Sub-section 3.3. 

3.2. Reconstruction according to the d5d7 model with type 2 divacancy 

Similar to the construction of the type 1 divacancy defect model, we simulate the 

changes in the hopping parameters of the type 2 divacancy defect model with new 

quadratic interactions: t'1, t'2, t'3, t'4, t'5, and t'6 (Figure 3a). We use the same reasoning as 

with the 5–8–5 model to reconstruct this model; however, instead of being able to form 

stable 5–8–5 rings, as in the type 1 divacancy, the difference in geometry means that the 

5–8–5 rings are unstable for the type 2 divacancy (Figure 3b). The restructuring leads to 

the displacement of atoms, which corresponds to the appearance of weak bonds t'3 when 

the distance between atoms is quite large. Moreover, it is easy to see that the interaction 

angle between atoms connected by t'2 and t'3 is unstable (Figure 3b). To form a stable 

reconstruction, we add the STW defect (rotate the Si-Si bond by 90°) (Botello-Mendez et 

al., 2011). Two atoms connected vertically by a t'6 interaction in ring 8 will rotate by 90° 

to form a horizontal interaction (Figure 3c). 

A structure consisting of bonds 5–7, known as d5d7 (double 5 double 7), results 

from the combination of a divacancy and the STW defect (Figure 3c) (Botello-Mendez et 

al., 2011; Li et al., 2015). The d5d7 structure ensures the geometric stability of the 

material after reconstruction, with the distance between the atoms being not too different, 

and creates a new geometry with stable pentagons and heptagons. Based on the success 

in adjusting the parameters in the previous model, we also rely on the Coulomb interaction 

theory and experimental results to adjust the interaction parameters to determine the 

energy band structure of the material. We provide a model (Figure 3c) for predicting the 

recombination generated with the parameters given in Table 2. 
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(a)                                (b)                                      (c) 

 

   (d)                                        (e)                                       (f) 

Figure 3. Reconstruction according to the d5d7 model  

Notes: (a-c) Change in interaction parameters during refactoring; (d-f) Influence of the divacancy (DV) 

position on the energy band structure. 

Table 2. Interaction parameters with reconstruction according to the d5d7 model 

Parameter t'1 t'2 t'3 t'4 t'5 t'6 

Distance (nm) 0.224 0.224 0.224 0.224 0.224 0.672 

Energy(eV) -1.6 t1 t1 t1 t1 0 

The energy band structure of the d5d7 model is shown in Figure 3d to Figure 3f. 

The reconstruction retains the band gap characteristic of the ZBSiNRs. The band structure 

retains symmetry, and the band gap remains almost zero near the Fermi level. The effect 

of the defect will be evident as more energy levels are examined further from the Fermi 

level. In particular, the second energy levels of the conduction and valence bands have 

changed significantly. For the defect-free structure at kx = 0, electrons are concentrated at 

energies of 1.6 eV for the conduction band and -1.6 eV for the valence band. When there 

is a defect and reconstruction, electrons are concentrated at energies of 0.6 eV and -1.0 eV 

in the conduction and valence bands, respectively. Moreover, the influence of defect 

position near the edge and in the center of the material is not obvious because of the 

formation of rings 5–7 compared to ring 6, which is relatively stable. 

By examining the energy band structure of the two types of divacancy, we realized 

that there are significant changes in the material properties. Although divacancy does not 

affect the band gap much, the shape and number of energy lines change markedly. This 

indicates that the defect strongly influences the formation of excited states around the 
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Fermi level, increasing the number of electron transfer channels for ZBSiNR materials. 

Therefore, we show in the next section that applying an electric field takes advantage of 

the potential for multiple excitation channels of defects (compared with pristine 

materials) to control the material’s band gap. 

3.3. Impact of an electric field 

 

(a)                              (b)                                          (c) 

 

(d)                                      (e)                                         (f) 

Figure 4. Impact of an electric field on the electronic properties 

Notes: (a-c) Type 1 divacancy; (d-f) Type 2 divacancy. 

The gap size of this material can be controlled by applying a perpendicular electric 

field (Figure 4). When the electric field is applied, the electrons in the two layers receive 

different amounts of energy. The atoms in the upper layer receive an energy of qVt/2, 

whereas the atoms in the lower layer receive an energy of -qVt/2. This leads to energy 

level separation, pushing the energy levels to both sides of the Fermi level and forming a 

band gap. To investigate the simultaneous influence of defects and the electric field, we 

chose locations where the defect impact is greatest, particularly at DV = 5–6 and DV = 

6–7 for type 1 and type 2 divacancies, respectively. 

The electric field separates the energy lines around the Fermi level into three 

separate paths for type 1 divacancy, as shown in Figure 4a and 4b. One line remains close 

to the Fermi level, and the other two are pushed to either side of the conduction and 

valence bands, similar to the perfect structure. This shift in energy levels can be explained 

by the fact that the electrons attached to the defective atom will return to the ground state 

around the Fermi level, and these electrons will again be located in the region of the 

canceled electric field, causing the electric field to have little effect on this energy curve 
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compared to the other two energy lines. In particular, when using an electric field of small 

magnitude, separating the energy levels creates a valid band gap of 0.143 eV (Figure 4a). 

However, when using an electric field of greater intensity, this shift creates two band gaps, 

which increases the number of electronic excitation channels. Specifically, with a voltage 

of 0.5 V, the Eg1 and Eg2 values are 0.230 eV and 0.163 eV, respectively (Figure 4b). We 

obtained interesting results when simultaneously investigating the Eg1 and Eg2 values 

according to the applied potential, as shown in Figure 4c. Eg2 only makes sense when the 

voltage used is 0.3 V. In particular, above 0.7 V, Eg2 has a stronger change than Eg1. 

In the type 2 divacancy structure, the electric field strongly affects the two energy 

levels adjacent to the Fermi level, forming band gaps of 0.227 eV and 0.386 eV for 

potential values of 0.3. V and 0.5 V, respectively (Figure 4d to Figure 4e). However, the 

difference lies in that the second-order energy level is close to the first-order energy level. 

The energy gap is approximately 0.435 eV in the absence of an electric field, whereas in 

the presence of an electric field, the energy gap is 0.274 eV for Vt = 0.3 V and 0.200 eV 

for Vt = 0.5 V. This result facilitates an increase in the number of electron transfer 

channels. Moreover, the gap increases linearly with an increase in the electric field 

strength (Figure 4f). At the same time, the second energy line is pushed closer and closer 

to the first energy line. 

In addition, when comparing the band gap between the two types of divacancy 

according to the electric field strength, we found that the band gap of the two materials increased 

linearly with the applied potential strength. However, the sensitivity of type 1 is lower than that 

of type 2, and the perfect structure has the greatest sensitivity. Therefore, the electric field can 

both widen the band gap of the material and provide control over other excitation channels. 

This is significant in various applications of electric fields to materials containing defects. 

4.  CONCLUSION 

Through theoretical calculations based on experiments, we have successfully built 

a set of reconstruction parameters for DV materials. The band structure changed markedly 

with the reconstruction, although the band gap is still almost zero. However, the type 1 

divacancy structure has an additional energy line near the Fermi level, whereas the type 2 

divacancy structure creates an energy line near the Fermi level, providing more optical 

excitation and displacement channels. In addition, the effect is greater when defects and 

reconstructions occur near the edge. In particular, the electric field has great significance in 

expanding the band gap and adjusting the electronic excitation channels. For the type 1 

structure, the electric field opens two sub-band gaps, in which each potential interval has a 

different meaning for each type of band gap. For the type 2 structure, the electric field also 

controls the electron transfer channels. This has huge potential for using a combination of 

external stimuli to create materials suitable for the evolving needs of materials science. 
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