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Abstract 

In this thesis, we have produced the number of carriers concentration 

expression of Silicene channel in Field Effect Transistor (FET) against gate 

voltage at various temperatures. Furthermore, we have also presented 

explicit analytical calculations for the conductance of Silicene 2D sheet, 

using Landauer's Formula, in the presence of an applied perpendicular 

electric field and the spin-orbital-interaction effect. The calculations show 

that the electric field and the SOI significantly affect the conductance, band 

structure and the density of state for the silicene used as a channel in the field 

effect transistor. 

 

 

 

 

 

 

 

 

 

 



1 

Chapter One 

Introduction 

1.1 Silicene, Graphene and other two dimension materials 

Monolayer materials one of the most active research area of condensed 

matter physics. Silicene, is a single two-dimensional layer of silicon atoms 

in a honey comb lattice [1]. Similar to the graphene, silicon  has a hexagonal 

buckled structure with two atoms per unit cell of  lattice constant 3.82 𝐴̇. The 

bulk silicon lattice constant is 0.78A, as sketched figure (1.2) [2]. A natural 

question is whether other monolayer honey comb material purely made of 

one kind of atoms are possible. It is shown that monolayer honey comb 

system made of silicon, germanium and tin are possible, which are named 

silicene , germanene and stanene,  respectively. Silicene is named after 

combination of silicon and suffix "ene" [3,4,5,6]. 

 
Figure (1.1) a) Buckled and unbuckled 2D materials, Silicene, Germanene, and Graphene 

monolayer.  b) Band structure ( 𝑬 –𝒌 ) of monolayer's diagrams of Silicene, Germanene, 

and Graphene monolayer [36]. 
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Silicene, germanene and stanene are expected to be topological insulators. 

Topological insulator (TI) is a distinctive state of matter indexed  by 

topological numbers, and characterized by an insulating gap in the bulk 

accompanied by topological protected gapless edges [7,8]. Thus the study of 

these topological insulators is very important since it has rich physics. 

1.2 Comparison between Silicene and Graphene 

One of the most attractive characteristics of graphene is ultra-high mobility   

at room temperature, comparable to the mobility of bulk silicon material 

which is currently used in the devices technology like our computers. This 

makes the graphene a very promising candidate material for high speed 

transistor electronic devices. 

Due to the linear energy dispersion, the surface electron of the topological 

insulator behave as mass less Dirac fermions with transport properties 

different from those of the charge carrier in conventional metallic or 

semiconductor system [9]. In graphene, the low energy charge carrier are 

described by mass less Dirac equation where Fermi velocity plays the role 

of the light velocity. Due to the linear energy spectra, the normally incident 

electrons can tunnel through a potential barrier via Klein tunneling without 

reflection [10]. This is significant disadvantage for use of graphene and 

topological insulator as field effect transistors since the Klein tunneling leads 

to an appreciable off current and thus a poor on/off current ratio [11]. On the 

other hand the intrinsic spin-orbit interaction induced energy gap of silicene 
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𝐸𝑔 ≈ 0.34𝑒𝑉 is smaller than the minimum band gap requirement for 

transistor operation ( 𝐸𝑔 ≈ 0.8 𝑒𝑉) [12, 13]. 

However , the band-gap of the silicon up to 800 𝑚𝑒𝑉 donated by DFT 

calculation, since ionic radius of silicene is large in 𝑠𝑝3 hybridization implies 

a small buckling with structure more stable, it is noted that Si atoms favors 

𝑠𝑝3 hybridization, whereas 𝑠𝑝2 hybridization for Silicene [14]. The main 

difference between the Silicene and Graphene  lies in the fact that the planer 

Silicene unstable in contrast to Graphene [15]. This buckling has been 

reported in the range 0.36 𝐴° to 0.75 𝐴° [16, 17, 18]. The buckling structure 

can be turned by applying a perpendicular electric field, other group element, 

such as silicon and germanium, have also stable honey comb monolayer. 

Unlike planer graphene monolayer, the most stable silicene and germanene 

monolayer prefer allow-buckled (LB) structure, see figure (1.1). The 

electronic structure of the silicene and germanene are zero gap semi metallic, 

and their charge carrier are also mass less fermions when a vertical electric 

field is applied. The buckled structure that separates A and B atoms of the 

honeycomb lattice is in the transversal direction and provides the required 

gradient of the potential. The buckling parameter ∆° is defined as the vertical 

distance between the two planes of Si atoms as display shown in figure (1.2). 
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Figure (1.2)  a: Silicene of planar and buckled silicene from tilted and side views. The 

bottom panel shows the variations of the cohesive energy (red solid line) and bond  

angle (green solid line) with respect to the lattice constant. The thin dashed blue line 

represents the ideal bond angle of sp3 hybridization. 

b: The total energy per unit cell versus the lattice constant for graphene, silicene, 

hexagonal BN sheet and GaAs sheet, zero of energy is set to the minimum energy of a 

stable configuration [ 43 ] .  
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1.3 Literature survey of Silicene Two Dimension Sheet 

The original paper reporting the buckling of Si atoms was published in 1994 

by Takeda and Shirashi [19]. As a result , the band structure can be controlled 

by an applied electric field that tunes the gap , as we mentioned in table (3.1). 

The modern electronic industry is built on a transistor designed from silicon 

not carbon. In 2007, a group of researchers published a theoretical paper and 

showed how the Silicene sheet transistor works [20]. Silicene was first 

predicted to the exits based on calculation in 1994 [21,  22]. It has high 

electrons mobility and also it has more advantage being easily integrated 

with the industrial silicon technology [23;27-29]. In the last years Silicene 

has been the object of many experimental and theoretical studies. For 

example, Silicene nanoribbons have been experimentally produced over Ag 

(110) surface by Padova et al [24]. Silicene nanosheet have been also 

synthesized by Xn et al [25]. And Silicene nanoribbons were successfully 

epitaxial grown on silver (110) and (100) surfaces by Lay [26]. 

Functionalized electronic properties of the Silicene based FET which is 

doped by Iodine and  Fluorine could open a gap of  1.194 and 1.469 𝑒𝑉,  

doped Silicene sheet. These which are candidate as a FETs channel materials 

with tunable energy gap [1].  

The new achievement in the field of 2D materials, divide the researcher 

community in two groups: one group support the graphene and another one 

in favors of Silicene [3]. 
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Figure (1.3) : a) Dirac space: The honeycomb structure, made of two fundemental lattice 

vectors 𝒂𝟏⃗⃗ ⃗⃗  and 𝒂𝟐⃗⃗ ⃗⃗  , consists of sublattices made of A and B. b) Reciprocal lattice is also 

a honeycomb lattice, which contains two inequivalent Dirac points 𝒌 and 𝒌′ [19]. 

 

 
Figure (1.4) : The upper and lower band oGraphene touch each other at the Dirac points, 

the vertices of the first Brillouin zone [19]. 
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Figure(1.5): Graphene first Brillouin zone with Dirac points 𝑘 =  (
𝜋

𝑎
 ,

𝜋

3𝑏
) and 𝑘′  =

 (
𝜋

𝑎
 , − 

𝜋

3𝑏
) [20]. 

 

Table (1.1) Some important parameter of selected 2D materials: 

Graphene, Silicene and Germanene [15, 19]. 

Parameter Graphene Silicene Germanene 

Lattice constant (a) (𝐴°) 2.468 3.858 4.06 

Bond Length (d) (𝐴°) 1.424 2.232 2.341 

Buckling Parameter (∆°) (𝐴
°) 0 0.42 – 0.45 0.69 

Hopping Integral (t) (𝑒𝑉) 2.8 1.6 1.3 

Energy Gap ( 𝐸𝑔) (𝑚𝑒𝑉) 0.02 1.9 33 

Fermi velocity ( 𝑣𝑓) (106 𝑚𝑠−1) 1.01 0.65 0.62 

Effective electron mass  (𝑚∗) (𝑚°) 0 0.001 0.007 

𝜆𝑠𝑜 (𝑚𝑒𝑉) 0.001 3.9 43 

Rashba Interaction (𝑚𝑒𝑣) 0.00 0.7 10.7 

∆𝐸 (𝑒𝑣) 8.7 7.2 8.1 

Buckled height (L) (𝐴°) 0 0.23 0.33 

∅ (Degree) 90 101.7 106.5 
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Chapter Two 

Theory of Silicene  

After discovery of graphene, as a two 𝑠𝑝2 bonded carbon atoms in two 

dimensional planner sheet in a honey comb lattice, which has fantastic 

electrical properties  with zero band gap in the Dirac point [27,28,29]. 

Crystalline form of the silicon atoms arranged in a honey comb lattice with 

𝑠𝑝3 bonded atoms called Silicene, as It has been observed by Nakano et al 

[30]. Theoretical calculations by Density Functional Theory (DFT)  which 

show that the graphene is a 2D planner sheet of carbon atoms,  while the 

silicene makes stable bounds in a semi two dimension buckled form as 

showing figure (1.1) [31, 32].                

The atomic structure of graphene -was confirmed as two dimension in a 

honey comb lattice- consists from two carbon atoms in a unit cell, A and B, 

in the form of triangular sub lattice periodicity. Figure (1.2) show that the 

electron in Graphene behaves as mass less Dirac fermions due to the electron 

band structure near the Fermi level described by the dispersion relation 

between energy and momentum: 

E²=p²c²+m²c⁴                                        .......... (1) 

Where 𝐸 is the energy, p is the momentum of the electron, m is the mass of 

body, and c the speed of electron. Here the energy is separated into two 

terms, first is kinetic energy and the second is rest energy of electron. 
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Figure (1.2) shows that the density of states (DOS) at the energy Fermi (𝐸𝑓) 

is zero and the energy level and contribution of DOS below and above Fermi 

level. The conduction band and valence band touch other at symmetry point 

k, the point where valance and conduction bands touch other at 𝐸𝑓 called 

Dirac points, and the charge at this point behaves like mass less Dirac 

fermions since the nature of these carrier obey relativistic Dirac-equation, as 

the figures ( 1.3, 1.4, 1.5 ) 

2.1 Band Structure of Silicene 

The dispersion relation of the Graphene as a 2D-material was derived 

explicitly by the help of tight-binding-method (TB). In various published 

works we refer the interested reader, for more details and 

+ discussion to reference [33,34]. The behavior of the free electron near the 

origin (𝑘𝑥 ≈ 𝑘𝑦 ≈ 0) in 𝑘-space is shown to be a relativistic Dirac behavior 

given by, 

𝐻𝐷=𝑣𝑓 𝜎  . 𝑝                                         ..........(2) 

The relativistic Hamiltonian in the presence of external electric field which 

describe the carrier structure of silicene around Dirac points, similar to that 

of graphene, can be     written as [21, 22], 

𝐻 = 𝑣𝑓 𝜎  . 𝑝  +∆ 𝜎𝑧                                  ..........(3) 

And in the matrix form as  

H =  [
𝛥 ħ𝑣𝑓(𝑘𝑥 − 𝑖𝑘𝑦)

 ħ𝑣𝑓(𝑘𝑥 + 𝑖𝑘𝑦) 𝛥
]                      ..........(4)   
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 𝐻 =  𝐻Graphene+ Δ σz                             ...........(5)  

To find the Eigen energies, 𝐸(𝑘) of the silicene sheet, the determinant of the 

matrix 𝐻, should be vanish.                                

| 𝐻 − 𝐸𝐼| = 0                                    ...........(6) 

|
−𝛥 − 𝐸 ħ𝑣𝑓(𝑘𝑥 − 𝑖𝑘𝑦)

ħ𝑣𝑓(𝑘𝑥 + 𝑖𝑘𝑦) 𝛥 − 𝐸
| = 0                ...........(7) 

-|Δ|² + |𝐸|2 −  ħ²𝑣𝑓² (kx² + ky²)  = 0               ...........(8) 

This equation can lead to the energy result given by equation (10). 

-|Δ|² + |𝐸|2 =  ħ²𝑣𝑓² |k|²                            ...........(9) 

𝐸 = ±√|Δ|2 +  ħ²𝑣𝑓² |k|²                       ...........(10) 

Where 𝑘 the momentum of charge carrier and 𝑣𝑓 is Fermi velocity of charge 

carrier Dirac points, Δ is the energy difference between Si atoms on A and 

B sites, ( 𝛥 =  𝐹 𝑑 , 𝐹 is strength of electric field and 𝑑 is the distance 

between Si  atoms along field direction ), and  ħ = 1.05 ∗ 10−34 J.s  is 

reduced Planck's constant. Due to the inversion symmetry between  A and B 

sites like graphene, the energy dispersion relation in equation (10) in the 

absence of electric field when ( ∆ = 𝐹 = 0 )  becomes 

𝐸 = ±  ħ𝑣𝑓 |𝑘|                                         ..........(11) 
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2.2 Carrier Concentration in Silicene 

The carrier concentration (n) in a band state of silicene sheet as a channel in 

FET  is calculated by integrating the Fermi- Dirac distribution times density 

of state energy band as,  n= ∫𝐷(𝐸). 𝑓(𝐸). 𝑑𝐸 where 𝐷(𝐸) is Density of state 

and 𝑓 (𝐸) is Fermi-Dirac distribution function. The density of state of 

silicene is calculated by converting the discrete continuum into integration 

form over 𝑘 with respect of 𝐸 − 𝑘 relation, 

 𝐷(𝐸) = 
𝑤𝐿

4𝜋²
 ∫ 𝛿(𝐸 − 𝐸(𝑘)). 𝑑𝐸

∞

−∞
                     ...........(12) 

 𝐷(𝐸) = 
𝑤𝐿

4𝜋²
 ∫ 𝑑𝜃

𝜋

−𝜋
∫ 𝑘𝑑𝑘. 𝛿(𝐸 − 𝐸(𝑘))

∞

0
                 ...........(13) 

Here the parameters W and L are the width and length of the channel in Field 

Effect Transistor (FET), and ∫𝑑𝐸  → ∫𝑑𝜃 ∫𝑘𝑑𝑘 in 2D rectangular 

coordinates in k-space 

The integration over 𝜃 is equal 2 𝜋 and 𝐸(𝑘) = √ħ2𝑣𝑓
2𝑘2 + ∆2 , 

So    𝜕𝐸(𝑘) =
2ħ2𝑣𝑓

2𝑘

2𝐸(𝑘)
 𝜕𝑘  ;  𝑘 = 

√𝐸(𝑘)−∆²

ħ𝑣𝑓
 ; 𝜕𝑘 =

1

ħ𝑣𝑓

𝐸(𝑘)𝑑𝐸(𝑘)

√𝐸(𝑘)−∆²
 

𝐷(𝐸) = 
 𝑤𝐿

2𝜋
∫ 𝛿(𝐸 − 𝐸(𝑘)).

√𝐸(𝑘)−∆²

ħ𝑣𝑓

.
1

ħ𝑣𝑓

𝐸(𝑘)𝑑𝐸(𝑘)

√𝐸(𝑘)−∆²
                     ..........(14) 

   𝐷(𝐸)    =  
𝑤𝐿

2𝜋
 

1

ħ²𝑣𝑓²
 |𝐸|                         ..........(15) 

  𝐷(𝐸) = 
2𝑤𝐿

𝜋ħ²𝑣𝑓²
  |𝐸|                            ..........(16) 

The density of state in equation (15) should be multiplied  by  2 include the 

spin   and 2 for the degenarcies. 
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The total electron concentration of silicene equal to the density of state times 

the Fermi-Dirac distribution function  

n =∫𝑑𝐸 𝐷(𝐸)𝑓(𝐸) 𝜃(𝐸)                       ..........(17) 

n = ∫
2𝑤𝐿

𝜋ħ2𝑣𝑓2
  |𝐸|

∞

0
. 𝜃(|𝐸| − ∆). (1 + 𝐸𝑥𝑝(

𝐸−𝐸𝑓

(𝐾𝐵𝑇)
) )ˉ¹   ..........(18) 

   

where    𝜃(|𝐸| − ∆) = {
0  , ∆> 𝐸 > 0

  1  ,      𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒       
 

after performing the integrals by mathmatica package program So equation 

(18) could be written as: 

n = 
2𝑤𝐿

𝜋ħ2𝑣𝑓
2
 (𝐾𝐵𝑇 { (𝐾𝐵𝑇. Γ(2).  𝒥1(𝜂) + ∆. Γ(1).  𝒥0(𝜂) } ..........(19) 

n = 
2𝑤𝐿

𝜋ħ2𝑣𝑓
2
  {(𝐾𝐵𝑇)².  𝒥1(𝜂) + ∆. (𝐾𝐵𝑇). 𝒥0(𝜂) }..........(20) 

Where  𝒥𝑗(𝑋) = Γ(j+1)ˉ¹ ∫
𝑡𝑗 𝑑𝑡

(1+𝐸𝑥𝑝(𝑡−𝑋))

∞

0
  is a Complete Fermi-Dirac integral 

and  Γ(n) = n(n-1)!  is a Gamma Function.  

2.3 The Conductivity of Silicene under the Effect of Electric Field. 

To calculate the conductance of Silicene (G)  channel between source and 

drain in a Field Effect Transistor (FET), as sketched in figure (1.6). We can 

take the Landauer's Formula, G = 
2𝑞²

ℎ
  ∫ 𝑑𝐸 𝑀(𝐸)𝑇(𝐸).−

𝜕𝑓(𝐸)

𝜕𝐸

∞

−∞
  [35]. 

In a ballistic transport 𝑇(𝐸) = 1 and 𝑀(𝐸) is a number of modes, which is 

equal to, 

𝑀(𝐸) = ∑ 𝛿(𝐸 − 𝐸(𝑘)𝑘 ) 
𝜋ħ

𝐿
 |𝑣𝑥(𝑘)|                ..........(21)                                      
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Where 𝑣𝑥(𝑘) = 𝜕𝐸(𝑘) ħ⁄ 𝜕𝑘𝑥 is a carrier velocity along the channel in 𝑥- 

direction 

𝑀(𝐸) = 
𝑤

𝜋ħ
 √|𝐸|2 − ∆²                          ..........(22) 

First, we will use the Landauer's formula to calculate the conductivity G, in 

absence of electric field (∆ = 0) the number of mode in equation (10) 

becomes 𝑀(𝐸) = 
𝑤

𝜋ħ
 |𝐸|  

G = 
−2𝑞²

ℎ
 

𝑤

𝜋 ħ 𝑣𝑓
 { ∫ 𝑑𝐸 |𝐸| 

𝜕

𝜕𝐸
 (

1

1+𝐸𝑥𝑝(
𝐸+𝐸𝑓

(𝐾𝐵𝑇
)
) 

∞

0
-           

∫ 𝑑𝐸 |𝐸| 
𝜕

𝜕𝐸
 (

1

1+𝐸𝑥𝑝(
𝐸−𝐸𝑓

(𝐾𝐵𝑇
)
) 

∞

0
}                                                      ..........(23) 

G = 
𝑞² 𝑤 (𝐾𝐵𝑇)

𝜋²ħ²𝑣𝑓
 [ 𝒥𝒥0(−𝜂) -  𝒥0(𝜂) ]               ..........(24) 

The details steps which lead to final analytical result of the conductance (G) 

in equation (24) for a channel made from a Silicene monolayer sheet, are 

shown explicitly in chapter three; Results and Discussion part. 

 

 Second, we switch on the electric field (∆ ≠ 0) and apply the same 

procedure to produce the conductance (G) of the Silicene channel as, 

G= 
−2𝑞²

ℎ
 

𝑤

𝜋 ħ 𝑣𝑓
 { ∫ 𝑑𝐸 √|𝐸|2 − ∆² 

𝜕

𝜕𝐸
 (

1

1+𝐸𝑥𝑝(
𝐸+𝐸𝑓

(𝐾𝐵𝑇
)
) 

∞

0
-  

∫ 𝑑𝐸 √|𝐸|2 − ∆² 
𝜕

𝜕𝐸
 (

1

1+𝐸𝑥𝑝(
𝐸−𝐸𝑓

(𝐾𝐵𝑇
)
) 

∞

0
}                                         .........(25) 

By using Taylor series expansion technique, the quantity could be extended 

as √|𝐸|2 − ∆²   to obtain the conduction (G)  
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G = 
−2𝑞²

ℎ
 

𝑤

𝜋 ħ 𝑣𝑓
  { ∫ 𝑑𝐸 √|𝐸|2 − ∆²  

𝜕

𝜕𝐸
 (

1

1+𝐸𝑥𝑝(
𝐸+𝐸𝑓

(𝐾𝐵𝑇
)
) 

∞

0
– 

  ∫ 𝑑𝐸 √|𝐸|2 − ∆²   
𝜕

𝜕𝐸
 (

1

1+𝐸𝑥𝑝(
𝐸−𝐸𝑓

(𝐾𝐵𝑇
)
) 

∞

0
}                        .........(26) 

Using  Landauer's Formula and the definition of the complete Fermi-dirac 

formula 𝒥𝑗(𝑥), the conductance (G) of the Silicene channel after performing 

the integration by the help of mathmatica symbolic package program is, 

given as :  

G =  
𝑞² 𝑤 (𝐾𝐵𝑇)

𝜋²ħ²𝑣𝑓
 [ 𝒥1(−𝜂) -  𝒥1(𝜂) ]                ..........(27) 

2.4 The conductivity of Silicene under effect of Spin Orbital Interaction 

(SOI) 

Silicene is a honey comb structure of Silicene atoms sites on A and B, it is 

located from each other by 2L distance. The spin orbital interaction of 

Silicene is equal to 1.55 m𝑒𝑉, and this value maybe make changes in the 

electronic properties for Silicene sheet in Field Effect Transistor (FET). 

However, (SOI) value measured in Graphene within limits of 𝜇𝑒𝑉 which is 

not significant.  In presence of spin orbital interaction (SOI) and external 

electric field perpendicular (∆ ≠ 0) to the Silicene sheet, and around 𝑘 point 

the complete 2-D Hamiltonian can be written as [36]. 

𝐻ɳ
𝑠𝑧 = ħ𝑣𝑓 (ɳ 𝑘𝑥σ𝑥 + 𝑘𝑦σ𝑦 ) + ɳ 𝑠𝑧∆𝑠𝑜σ𝑧 + ∆𝑧σ𝑧             ..........(28) 

Where 𝑣𝑓 is a Fermi velocity of Dirac Fermions, ɳ is +/- for 𝑘 / 𝑘′ dirac 

points, ( 𝑘𝑥  , 𝑘𝑦 ) = ( 
𝑛 𝜋

𝑎
 , ± 

𝑚 𝜋 

𝑏
) are the components of wave vector where 
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+/- for 𝑘 and 𝑘′ relative to the Dirac points, (σ𝑥 , σ𝑦 , σ𝑧 ) are Pauli matrices. 

The spin index 𝑠𝑧 = + /- for spin up (↑) and spin down (↓), respectively. ∆𝑧= 

L 𝐸𝑧 , with L = 0.23 𝐴° , here ∆𝑠𝑜 represents the spin orbital gap with 3.9 

m𝑒𝑉 for Silicene. 

The energy spectrum has been obtained by diagonalizing from the 

Hamiltonian given by equation (2,16), as: 

𝐸ɳ
𝑠𝑧  = ± √ħ²𝑣𝑓² 𝑘² + (∆𝑧 + ɳ 𝑠𝑧∆𝑠𝑜)²               .........(29) 

We noticed that the dispersion relation ( 10 ) and ( 29 ) for the silicene in the 

presence of electric field ( ∆𝑧) and spin-orbit interaction (∆𝑠𝑜) are similar 

under a simple linear direct shift: ∆𝑧 → ∆ +  ɳ 𝑠𝑧∆𝑠𝑜  in equation (10). 
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Chapter Three 

Results and Discussions 

     In this chapter we will give the main essential steps which produce the 

analytical results of conductance of Silicene and Graphene 2D material 

channels used in a Field Effect Transistor (FET). We show the dependence 

of the conductivity of electrons in silicene channel on the applied external 

electric field for varies temperature values. In addition, we show the effect 

of Spin-Orbit Interaction (SOI) term on the band structure and density of 

states on the silicene channel. 

3.1 The Conductance calculations of Silicene in present of external 

perpendicular electric field 

(3.1.1) Energy Dispersion of Silicene 

The first point is study the electronic properties of materials looking at their 

band structure, as we say that Silicene's band gap can be opened at the Fermi 

level under influence of external electric field, where the electric field must 

be perpendicular to the plane of Silicene sheet. External electric field will 

break the inversion symmetry and open the band gap, since the potential at 

the atoms A and B are different, we can write; 

 ∆ = ∝ (𝑉𝐴 − 𝑉𝐵)                                    ..........(1) 

  where ∝ is the proportionality constant and   ( 𝑉𝐴 , 𝑉𝐵  ) are the potential 

seen at the atoms  ( A , B ), when the field is applied, the difference potential 

becomes (𝑉𝐴 − 𝑉𝐵) = 𝐹 𝑑  where the 𝐹  the field strength and 𝑑 is the 
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distance between the atoms at the sites A and B, as we mentioned, the band 

gap can be evaluated: 

 𝐸𝑔 = 2 ∆ = 2 ∝ (𝑉𝐴 − 𝑉𝐵) = 2 ∝ 𝐹 𝑑 = ∝′ 𝐹          ..........(2) 

The numerical values of the energy gap ( 𝐸𝑔 ) of the silicene are listed in 

table (3.1) and also plotted in figure (3.1) for ∝′ = 10.14 ( 𝑚𝑒𝑉 𝑝𝑒𝑟 𝑣𝑜𝑙𝑡/

𝑛𝑚 ) taken from reference [37].  

 

Table (3.1) : The energy band gap ( 𝑬𝒈 ) of Silicene against the strength 

of the applied electric field along z-direction. 

Electric Field (𝑣𝑜𝑙𝑡 𝑛𝑚⁄ ) Energy Band Gap ( 𝐸𝑔 )( 𝑚𝑒𝑉) 

-0.0078 -0.0261 

 0.2813  3.0090 

 0.5029  5.0330 

 0.9076  9.2490 

 1.0040  10.090 

 2.0740  21.050 

 3.0080  30.160 

5.0030 50.570 
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Figure (3.1) The variation of band gap ( 𝑬𝒈) versus the strength of perpendicular external 

electric field to the plane of Silicene sheet. 

To investigate the behavior of the silicene band structure and energy gap on 

the momentum ( 𝑘⃗ ) and electric field ( Δ ), we have used the dispersion 

relation  

|𝐸| = ±√|Δ|2 +  ħ²𝑣𝑓² |k|²                      ..........(3) 

To list the calculated numerical energy gap at various gate voltage. 

The computed result are also displayed in table (3.2) and figure (3.2) to 

display the band structure of the silicene. 

In equation (3), 𝑘 is the momentum of charge carrier and 𝑣𝑓 is Fermi velocity 

of charge carrier at Dirac points, Δ is the energy difference between Si atoms 

on A and B sites, (Δ = 𝐹 𝑑 ), 𝐹 is strength of electric field and 𝑑 is the 

distance between Si  atoms along field direction), and ħ = 1.05*10−34  J.s is 

the reduced Planck's constant. Due to the inversion symmetry in A and B 

sites like graphene and  ( ∆ = 0 ) the energy dispersion becomes  

𝐸 = ±   ħ𝑣𝑓  |𝑘|                                 ..........(4) 
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In equation (4), it is possible to make non-zero ∆ in graphene by chemical 

doping, but it's difficult task. Another way to create ∆ ≠ 0 in the material is 

by including the Spin-Orbit-Interaction effect. The value of ∆ is found to be 

zero for the graphene and about 1.55 𝑚𝑒𝑉 for silicene [38, 39]. 

 

Table (3.2) The values of energy band gap ( 𝑬𝒈) with |𝒌⃗⃗ |values at 

different gate voltages, in absence electric field ( 𝑽𝒈𝟐 = 0 ) and presence 

perpendicular electric field ( 𝑽𝒈𝟐  ≠ 𝟎 ). 

 𝐸𝑛 (𝑚𝑒𝑉) 
𝑘 − 𝑣𝑒𝑐𝑡𝑜𝑟 

1 × 108  
            (𝑚−1) 

𝑉𝑔2 = 0 𝑉𝑔2 = 0.1 𝑉𝑔2 = 0.2 𝑉𝑔2 = 0.5 𝑉𝑔2 = 1.0 

-8.033 724.9 715.1 720.5 741.2 872.2 
-6.066 554.5 541.3 539.5 588.0 733.5 

-3.033 283.0 272.5 288.5 367.8 578.1 
0 5.263 48.08 97.97 250.5 498.5 

3.033 264.1 278.9 272.7 370.2 572.5 

6.066 560.8 550.8 558.5 588.0 737.2 
3.033 718.6 705.7 714.2 755.6 874.0 
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Figure ( 3.2 ): ( 𝑬 − 𝒌 ) Band structure of Silicene in absence and presence of a 

perpendicular electric field: energy gap ( 𝑬𝒈) against 𝒌- values.  

In  this figure,  we show the band structure of Silicene for difference gate 

voltage ( 𝑉𝑔 ) where Δ =  
𝑞

2
 (𝑉𝑔2 − 𝑉𝑔1), here 𝑉𝑔2 − 𝑉𝑔1 is gate voltage at the 

Field Effect Transistor (FET), and q is electron charge. We have noticed that 

band gap of silicene increases with gate voltage in presence of the 

perpendicular electric field. For Δ = 0 case, the band gap of silicene and 

graphene have the same behavior with also band gap ( 𝐸𝑔 = 0 ). Although, 

small difference due to Fermi velocity of the two materials.  
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3.1.2: Carrier Concentration of Silicene 

To show the behavior of the carrier concentration of Silicene and the effect 

of electric field, we have to find the relation of the concentration 

( n ) to the gate voltage ( 𝑉𝑔 ). For this purpose, we can start from equation 

(2.6), 

n = ∫𝑑𝐸 𝐷(𝐸)𝑓(𝐸) 𝜃(𝐸)                       ..........(5) 

n = ∫
2𝑤𝐿

𝜋ħ2𝑣𝑓² 
  |𝐸|

∞

0
. 𝜃(|𝐸| − ∆). (1 + 𝐸𝑥𝑝(

𝐸−𝐸𝑓

𝐾𝐵𝑇
) )ˉ¹  d𝐸   ..........(6) 

where    𝜃(|𝐸| − ∆) = {
0  , ∆> 𝐸 > 0

  1  ,      𝑜𝑡ℎ𝑒𝑟       
 

by changing variables as  𝜂 = 
𝐸𝑓−∆

𝐾𝐵𝑇
   and  X = 

𝐸−∆

𝐾𝐵𝑇
 

equation (6) can be obtained as : 

n = 
2𝑤𝐿

𝜋ħ2𝑣𝑓² 
 𝐾𝐵𝑇 { ∫

(𝐾𝐵𝑇) 𝑋𝑑𝑋

(1+𝐸𝑥𝑝(𝑋−𝜂))

∞

0
 + ∫

∆ 𝑑𝑋

(1+𝐸𝑥𝑝(𝑋−𝜂))

∞

0
 }  ..........(7) 

in equation (7), the first term is the complete Fermi-Dirac integral with first 

order j = 1, and the second term with zero order j. 

Where the complete Fermi-Dirac integral is given by the standard  

expression 𝒥𝑗(𝑋) =  𝛤(𝑗 + 1)−1 ∫
𝑡𝑗 𝑑𝑡

(1+𝐸𝑥𝑝(𝑡−𝑋))

∞

0
  

So equation (3.7) could be rewritten as: 

n = 
2𝑤𝐿

𝜋ħ2𝑣𝑓² 
 𝐾𝐵𝑇 { 𝐾𝐵𝑇. 𝛤(2).  𝒥1(𝜂) + ∆. Γ(1).  𝒥0(𝜂) }  ..........(8) 

equivalently, 

n = 
2𝑤𝐿

𝜋ħ2𝑣𝑓² 
  {(𝐾𝐵𝑇)².  𝒥1(𝜂) + ∆. (𝐾𝐵𝑇).  𝒥0(𝜂) }            ..........(9) 

 



22 

 
Figure ( 3.3 ): The total carrier concentration of Silicene - in absence of electric field - 

versus gate voltage at different temperature T = 300 𝑲° , T = 150 𝑲°  and T = 1.4 𝑲° . 

The above figure (3.3) shows the electron concentration of Silicene has been 

increasing dramatically with increase the temperature. This behavior is in 

agreement with the analytical expression of number of electron 

concentration (n) given in equation (3.9) the number of electron 

concentration (n) is linearly proportional with the temperature.   

3.1.3: The Conductivity of Silicene: 

     To calculate the conductance of Silicene (G) channel between the source 

(S) and the drain (D) in a Field Effect Transistor (FET), we can use the 

Landauer's formula;  

G  =  
 2𝑞²

ℎ
∫ 𝑑𝐸 𝑀(𝐸)𝑇(𝐸). (−

𝜕𝑓(𝐸)

𝜕𝐸

∞

−∞
)          .........(10) 

 where q is the electron charge q = 1.6 x 10−19 𝑐 , and h = 6.626 x 10−36 𝐽𝑠  

is a Plank's constant. Here, the electron transport in the  channel is assumed 
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to be ballistic tunneling process  T(𝐸) = 1, the number of modes ( M(𝐸) ) 

that are a above the cut-off at the energy 𝐸 in the transition channel could be 

expressed as: 

M(𝐸) = ∑ 𝛿(𝐸 − 𝐸(𝑘)𝑘  
𝜋ħ

𝐿
 |𝑣𝑥(k)|            ..........(11) 

M(𝐸) = 
𝑊 𝐿

(2𝜋)²
 ∫𝛿(𝐸 − 𝐸(𝑘)) 

𝜋ħ

𝐿
 | 𝑣𝑥(k)|          ..........(12) 

Where 𝑣𝑥(𝑘) is the carrier velocity of charge in the channel in 𝑥- direction  

𝑣𝑥(𝑘) = 𝜕𝐸(𝑘) ħ⁄ 𝜕𝑘𝑥= 
1

ħ
 
𝜕(√ħ² 𝑣𝑓² 𝑘²+ ∆²  )

𝜕𝑘𝑥
           ..........(13) 

𝑣𝑥(𝑘) =
ħ 𝑣𝑓²𝑘𝑥

√ħ² 𝑣𝑓² 𝑘²+ ∆²  
                            ..........(14) 

Substituting equation (14) in equation (12), we have the expression for the 

number of modes as: 

M(𝐸) = 
𝑤 ħ² 𝑣𝑓²

4𝜋²
  ∫ cos² 𝜃 𝑑𝜃

𝜋

−𝜋
  ∫

𝛿(𝐸−𝐸(𝑘))

𝐸(𝑘)
 

∞

0
𝑘² 𝑑𝑘        ..........(15) 

∫ cos² 𝜃 𝑑𝜃
𝜋

−𝜋
  = 2𝜋  ,  and  ∫

𝛿(𝐸−𝐸(𝑘))

𝐸(𝑘)
 

∞

0
𝑘² 𝑑𝑘 = 

1

ħ² 𝑣𝑓²
 √|𝐸|2 − ∆²  

M(𝐸)= 
𝑤

𝜋 ħ 𝑣𝑓
 √|𝐸|2 − ∆²                             ..........(16) 

For zero electric field ( ∆ = 0 ), the number of modes model of Graphene 

would be similar to the number of modes model of the Silicene. However, 

it's value different in the Silicene due to a different Fermi velocity of its 

carrier. Therefore, the number of modes in Silicene in absence of field can 

obtained as: 

𝑀(𝐸) = 
𝑤

𝜋 ħ 𝑣𝑓
 |𝐸|                                     ..........(17) 
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We will use Landauer's formula to calculate the conductivity (G)  with 

considering the number of modes 𝑀(𝐸) as equation (17) to have,  

G = 
−2𝑞²

ℎ
 

𝑤

𝜋 ħ 𝑣𝑓
 ∫ 𝑑𝐸 |𝐸| 

𝜕( 1+𝐸𝑥𝑝(
𝐸−𝐸𝑓

𝐾𝐵𝑇
))ˉ¹

𝜕 𝐸

∞

−∞
                         ..........(18) 

Here,   – 
𝜕𝑓(𝐸)

𝜕𝐸
  = 

𝑒

𝐸−𝐸𝑓
𝐾𝐵𝑇

(1+𝑒

𝐸−𝐸𝑓
𝐾𝐵𝑇 )

2                               ..........(19) 

Substituting the derivation of Fermi Dirac function equation (19 ) into 

equation (18), we get: 

G= 
2𝑞²

ℎ
 

𝑤

𝜋 ħ 𝑣𝑓
 { ∫ 𝑑𝐸 |𝐸| 

𝑒

−𝐸−𝐸𝑓
𝐾𝐵𝑇

(1+𝑒

−𝐸−𝐸𝑓
𝐾𝐵𝑇 )²

 
∞

0
 + ∫ 𝑑𝐸 |𝐸| 

∞

0

𝑒

𝐸−𝐸𝑓
𝐾𝐵𝑇

(1+𝑒

𝐸−𝐸𝑓
𝐾𝐵𝑇 )²

 } .......(20) 

Equation (20) can be rewritten as, 

  

G= 
2𝑞²

ℎ
 

𝑤

𝜋 ħ 𝑣𝑓
 { ∫ 𝑑𝐸 |𝐸| 

𝑒

+𝐸+𝐸𝑓
𝐾𝐵𝑇

(1+𝑒

+𝐸+𝐸𝑓
𝐾𝐵𝑇 )²

 
∞

0
 + ∫ 𝑑𝐸 |𝐸| 

∞

0

𝑒

𝐸−𝐸𝑓
𝐾𝐵𝑇

(1+𝑒

𝐸−𝐸𝑓
𝐾𝐵𝑇 )²

 }   .....(21) 

We noticed that equation (21) can be written as a derivation of Fermi-Dirac 

Distribution function with negative sign of 𝐸𝑓 , 

G =  
−2𝑞²

ℎ
 

𝑤

𝜋 ħ 𝑣𝑓
 { ∫ 𝑑𝐸 |𝐸| 

𝜕

𝜕𝐸
 (

1

1+𝐸𝑥𝑝(
𝐸+𝐸𝑓

𝐾𝐵𝑇
)
) 

∞

0
−                                               

∫ 𝑑𝐸 |𝐸| 
𝜕

𝜕𝐸
 (

1

1+𝐸𝑥𝑝(
𝐸−𝐸𝑓

𝐾𝐵𝑇
)
) 

∞

0
}                                                ..........(22) 

The first and second terms in the previous equation can be integrated by 

parts, as  : 𝑢 =  𝐸 and 𝜕𝑣 = 𝑑𝐸 
𝜕

𝜕𝐸
 (

1

1+𝐸𝑥𝑝(
𝐸−𝐸𝑓

𝐾𝐵𝑇
)
) 
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We arrive to a final expression for the conductance,  

  G = 
−2𝑞²

ℎ
 

𝑤

𝜋 ħ 𝑣𝑓 
 {−∫

𝑑𝐸

1+𝐸𝑥𝑝(
𝐸+𝐸𝑓

𝐾𝐵𝑇
)

∞

0
 + ∫

𝑑𝐸

1+𝐸𝑥𝑝(
𝐸−𝐸𝑓

𝐾𝐵𝑇
)

∞

0
 }                   ..........(23) 

Suppose,   𝜂 = 
𝐸𝑓−∆

𝐾𝐵𝑇
   and  X = 

𝐸−∆

𝐾𝐵𝑇
 

G = 
−2𝑞²

ℎ
 

𝑤

𝜋 ħ 𝑣𝑓
 {−∫

𝐾𝐵𝑇 𝑑𝑋
(1+𝐸𝑥𝑝(𝑋+𝜂))

∞
0  + ∫

𝐾𝐵𝑇 𝑑𝑋

(1+𝐸𝑥𝑝(𝑋−𝜂))

∞

0
  }        ..........(24) 

The terms in equations ( 3.24 ) represent the Complete Fermi-Dirac 

Distribution function 𝒥𝑗(𝑋), similar to equation ( 3.7 ), to obtain the closed 

expression for the conductance as, 

G = 
−2𝑞²

ℎ
 

𝑤

𝜋 ħ 𝑣𝑓
 { 𝐾𝐵𝑇. Γ(1). 𝒥0(−𝜂) - 𝐾𝐵𝑇. Γ(1). 𝒥0(𝜂) } ..........(25) 

G = 
𝑞² 𝑤 𝐾𝐵𝑇 

𝜋 ħ² 𝑣𝑓
  {𝒥0(−𝜂) −  𝒥0(𝜂) }                        ..........(26) 

Equation (26) describes the conductance  of Silicene for zero gate voltage ( 

𝑉𝑔 = 0 ) in absence of external electric field 

 ( ∆ =  𝐸⃗ .𝐿⃗  = 
𝑞

2
 ( vg2 –vg1) ). When we use the Silicene as channel of Field 

Effect Transistor, the conductance of channel does not goes to zero gate 

voltage, unlike other materials, as we show in figure (3.4). 

 
Figure (3.4): The analytical conductivity of Silicene against the bias voltage for zero 

external electric field, ( 𝑽𝒈 = 0 ). 
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Now, we consider the conductance of silicene in a Field Effect Transistor 

(FET) under effect of external perpendicular electric field ( 𝑉𝑔 ≠ 0 ). 

We will follow almost the same procedure to arrive to an analytical 

expression for the conductance (G). The number of modes in equation (16) 

(M(E) = 
𝑤

𝜋 ħ 𝑣𝑓
 √|𝐸|2 − ∆² ) is taken. We can substitute 𝑀(𝐸) in Landauer's 

Formula, and expand √|𝐸|2 − ∆² as : |
𝐸²

2∆
− ∆|by using Taylor expansion. 

This approximation is valid when 𝐸² ≪ 2∆ , and we know that Fermi Dirac 

Function always limit the conductance into few 𝐾𝐵𝑇 and this confined Fermi 

energy which is 25.8 m𝑒𝑉 at room temperature. Therefore, the energy 𝐸 is 

also confined to few 𝐾𝐵𝑇 , if we consider ∆ > 500 𝜇𝑒𝑉 , the difference 

between √|𝐸|2 − ∆² and |
𝐸²

2∆
− ∆| is 1 %  ( it is fails when temperature 

decreasing ). Therefore, the approximation is very good  ∆ > 500 𝜇𝑒𝑉 and 

𝐸² > 1 𝑚𝑒𝑉. 

G = 
−2𝑞²

ℎ
 

𝑤

𝜋 ħ 𝑣𝑓
 { ∫ 𝑑𝐸 |

𝐸²

2∆
− ∆|  

𝜕

𝜕𝐸
 (

1

1+𝐸𝑥𝑝(
𝐸+𝐸𝑓

𝐾𝐵𝑇
)
) 

∞

0
– ∫ 𝑑𝐸 |

𝐸²

2∆
−

∞

0

∆|  
𝜕

𝜕𝐸
 (

1

1+𝐸𝑥𝑝(
𝐸−𝐸𝑓

𝐾𝐵𝑇
)
) }                                                                    .......(26) 

Let us put : u = 
𝐸²

2∆
− ∆   

And   𝜕𝑣 = d𝐸 ∫ 𝑑𝐸 |
𝐸²

2∆
− ∆|  

𝜕

𝜕𝐸
 (

1

1+𝐸𝑥𝑝(
𝐸−𝐸𝑓

𝐾𝐵𝑇
)
) 

∞

0
  

The first term in equation (26) is integrated by parts, the second term could 

be integrated in the same way but replace 𝐸𝑓 with negative sign, equation 

(26) becomes  
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G = 
−2𝑞²

ℎ
 

𝑤

𝜋 ħ 𝑣𝑓
 {−

1

∆
∫

𝐸𝑑𝐸

1+𝐸𝑥𝑝(
𝐸+𝐸𝑓

𝑐
)

∞

0
 + 

1

∆
 ∫

𝐸𝑑𝐸

1+𝐸𝑥𝑝(
𝐸−𝐸𝑓

𝐾𝐵𝑇
)

∞

0
 }          Making change 

of variables  ,   𝜂 = 
𝐸𝑓−∆

𝐾𝐵𝑇
   and  X = 

𝐸−∆

𝐾𝐵𝑇
 

Equation (26) could be obtained as,  

 

G = 
−2𝑞²

ℎ
 

𝑤

𝜋 ħ𝑣𝑓 
 {−

(𝐾𝐵𝑇)²

∆
∫

𝐾𝐵𝑇 𝑑𝑋

(1+𝐸𝑥𝑝(𝑋+𝜂))

∞

0
 + 

(𝐾𝐵𝑇)²

∆
∫

𝐾𝐵𝑇 𝑑𝑋

(1+𝐸𝑥𝑝(𝑋−𝜂))

∞

0
  }                                                                               

                                                                                                     ..........(28) 

Here , the first and second terms in equation ( 28 )  represent the Complete 

Fermi-Dirac function 𝒥𝑗(𝑋) with first order ( j = 1) to give the final analytical 

form expression for ( G ) as : 

G = 
−2𝑞²

ℎ
 

𝑤

𝜋 ħ 𝑣𝑓
 .− (𝐾𝐵𝑇)²

∆
 { Γ(2). 𝒥0(−𝜂) - Γ(2). 𝒥0(𝜂) }      ..........(29) 

G =  
𝑞² 𝑤 (𝐾𝐵𝑇)² 

∆ 𝜋² ħ² 𝑣𝑓
  { 𝒥0(−𝜂) -  𝒥0(𝜂) }                    ..........(30) 

 
Figure (3.5): The conductance of Silicene versus gate voltage,  at various temperatures. 
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Figure (3.5) shows the behavior of the conductance of Silicene on the effect 

of external electric field in the Field Effect Transistor (FET). It is clear that 

conductance (G) increasing with increase the gate voltage in the different 

temperature (T). Increasing as the minimum conductance increases with 

temperature. 

For a single layer of Graphene, with zero band gap structure and linear 

dispersion relation ( 𝐸 = ħ 𝑣𝑓 |𝑘| ), the conductance of Graphene can be 

written as equation ( 26 ) : G = 
𝑞² 𝑤 (𝐾𝐵𝑇) 

𝜋² ħ² 𝑣𝑓
 { 𝒥0(−𝜂) -  𝒥0(𝜂) }, where 𝑣𝑓 =

1 𝑥 106  m/s. 

3.2 The Conductance calculations of Silicene in presence of external 

perpendicular electric field and effect of Spin Orbital Interaction (SOI) 

In this part, we will derive and investigate the effect of spin orbital 

interaction on the conductivity of Silicene channel in Field Effect Transistor 

(FET). We start by taking the Hamiltonian of Silicene under effect of 

external electric field and consider the Spin Orbital Interaction (SOI). 

𝐻ɳ
𝑠𝑧 =  ħ𝑣𝑓 [

0 ɳ 𝑘𝑥

ɳ 𝑘𝑥 0
] + ħ𝑣𝑓 [

0 −𝑖 𝑘𝑦

𝑖 𝑘𝑦 0
] + [

ɳ ∆𝑠𝑜 0

0 −ɳ ∆𝑠𝑜
]      

+  [
∆𝑧 0

0 −∆𝑧
]                                                                                 ..........(31) 

 𝐻ɳ
𝑠𝑧  =   [

ɳ ∆𝑠𝑜 + ∆𝑧 ħ𝑣𝑓(ɳ 𝑘𝑥 − 𝑖 𝑘𝑦)

ħ𝑣𝑓(ɳ 𝑘𝑥 + 𝑖 𝑘𝑦) −ɳ ∆𝑠𝑜 − ∆𝑧
]                 ..........(32) 

3.2.1 Calculation of dispersion energy under effect of external electric 

field and Spin Orbital Interaction (SOI): 
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To calculate the energy value ( 𝐸ɳ
𝑠𝑧  ), we take the determinant of Hamiltonian 

|𝐻ɳ
𝑠𝑧  - 𝐼𝐸ɳ

𝑠𝑧 | = 0  

|
ɳ ∆𝑠𝑜 + ∆𝑧 ħ𝑣𝑓(ɳ 𝑘𝑥 − 𝑖 𝑘𝑦)

ħ𝑣𝑓(ɳ 𝑘𝑥 + 𝑖 𝑘𝑦) −ɳ ∆𝑠𝑜 − ∆𝑧
| - |

𝐸ɳ
𝑠𝑧 0

0 𝐸ɳ
𝑠𝑧
| = 0              ..........(33) 

-|ɳ ∆𝑠𝑜 + ∆𝑧 |² + |𝐸ɳ
𝑠𝑧 | = ħ²𝑣𝑓² ɳ ²|𝑘|²             .........(34) 

𝐸ɳ
𝑠𝑧 = ± √ħ²𝑣𝑓²ɳ²|𝑘|2 + (ɳ ∆𝑠𝑜 + ∆𝑧)²          ..........(35) 

𝐸ɳ
𝑠𝑧 = ± √  ħ²𝑣𝑓²ɳ²|𝑘|2 + ∆𝑠,σ𝑧

²              ..........(36) 

Where ∆𝑠,σ𝑧
 = ɳ ∆𝑠𝑜 + ∆𝑧 

Equation ( 36 ) for silicene can be produced from ( 3 ) by replacing ∆𝑧 by 

ɳ ∆𝑠𝑜 + ∆𝑧 .  

Here, ħ is Planck's constant, 𝑣𝑓 is a Fermi velocity of Dirac Fermions, ɳ is 

+/- for 𝑘+ / 𝑘- Dirac points, ( 𝑘𝑥  , 𝑘𝑦 ) are the components of wave vector 

relative to the Dirac  points. (σ𝑥 , σ𝑦 , σ𝑧 ) are Pauli matrices which are 

equal (
0 1
1 0

), (
0 −𝑖
𝑖 0

) and (
1 0
0 −1

), respectively. The spin index 𝑠𝑧 = + 

/- for spin up (↑) and spin down (↓), respectively. ∆𝑧= L 𝐸𝑧 , with L = 0.23 

𝐴°  is a band gap produced by external perpendicular electric field, here 

∆𝑠𝑜= 3.9 𝑚𝑒𝑉  represents the spin orbital gap with 3.9 m𝑒𝑣 for Silicene, as 

table (1.1). 

 

3.2.2 Calculation of carrier concentration of Silicene under effect of 

external electric field and Spin Orbital Interaction: 
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From equation (2.4), we can derive the density of state 𝐷(𝐸) = 

∑ 𝛿(𝐸 − 𝐸(𝑘))𝑘   

D(𝐸)  = 
𝑤𝐿

4𝜋²
 ∫ 𝛿 (𝐸 − 𝐸ɳ

𝑠𝑧(𝐾)) . 𝜃 (𝐸 − 𝐸ɳ
𝑠𝑧(𝐾))  𝑑𝐸ɳ

𝑠𝑧∞

−∞
   .........(37) 

          = 
𝑤𝐿

4𝜋²
 ∫ 𝛿 (𝐸 − 𝐸ɳ

𝑠𝑧(𝐾)) . 𝜃 (𝐸 − 𝐸ɳ
𝑠𝑧(𝐾)) . 𝐸ɳ

𝑠𝑧(𝐾) 𝑑𝐸ɳ
𝑠𝑧∞

−∞
   ........(38) 

D(𝐸)  = 
𝑤𝐿

2𝜋
 

1

ħ²𝑣𝑓²
 |𝐸| 𝜃(𝐸 − 𝐸(𝐾))                       ..........(39) 

To calculate the number of carriers, and conductance of Silicene, we can 

apply the same procedure described in section (3.1) 

n = ∫𝑑𝐸 𝐷(𝐸)𝑓(𝐸) 𝜃(𝐸)                                          ..........(40) 

n = ∫
2𝑤𝐿

𝜋ħ2𝑣𝑓² 
  |𝐸ɳ

𝑠𝑧|
∞

0
. 𝜃(𝐸ɳ

𝑠𝑧 − ∆𝑠,σ𝑧
 ). (1 + 𝐸𝑥𝑝(

𝐸−𝐸𝑓

𝐾𝐵𝑇
) )ˉ¹  d𝐸ɳ

𝑠𝑧.........(41) 

n = 
2𝑤𝐿

𝜋ħ2𝑣𝑓2  {(𝐾𝐵𝑇)².  𝒥1(𝜂) + ∆𝑠,σ𝑧
. (𝐾

𝐵
𝑇).  𝒥0(𝜂) }        .........(42) 

where   𝜂 = 
𝐸𝑓−∆𝑠,σ𝑧

𝐾𝐵𝑇
 , 𝐸𝑓 = 25.8 m𝑒𝑉 and  ∆𝑠𝑜 = 3.9 m𝑒𝑉  , at Room 

temperature (T= 300 𝐾° ) [28]. 

3.2.3 Conductance calculation of Silicene under effect of external 

electric field and Spin Orbital Interaction: 

Number of modes  M(E) = ∑ 𝛿(𝐸 − 𝐸(𝑘)𝑘  
𝜋ħ

𝐿
 |𝑣𝑥(k)|  and  dispersion 

relation  

𝐸ɳ
𝑠𝑧 = ± √ħ²𝑣𝑓²ɳ²|𝐾|2 +  ∆𝑠,σ𝑧

²                            .........(43) 

so,  M(E) = 
𝑤

𝜋 ħ 𝑣𝑓
 √|𝐸|2 − ∆𝑠,σ𝑧

²                               .........(44) 

the conductance of Silicene  
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G = 
2𝑞²

ℎ
  ∫ 𝑑𝐸 𝑀(𝐸)𝑇(𝐸).−

𝜕𝑓(𝐸)

𝜕𝐸

∞

−∞
                            .........(45) 

G =  
𝑞² 𝑤 (𝐾𝐵𝑇)² 

∆𝑠,σ𝑧𝜋² ħ² 𝑣𝑓
  { 𝒥0(−𝜂) -  𝒥0(𝜂) }                        ..........(46) 

 
Figure (3.6): The conductance of Silicene under effect of SOI and external electric field. 

We note that the conductance of Silicene under effect of Spin Orbital 

Interaction (SOI) has slightly different to the conductivity of Silicene when 

we hide the effect of (SOI), due to the effect in Spin Orbital band gap ∆𝑠,σ𝑧
. 

Recently, many theoretical works had calculated the band structure of 

Silicene using Density Functional Theory( DFT ), which includes the effect 

of Spin Orbital Coupling (SOC) and external perpendicular electric field. 

The Spin Orbital band gap reach to 1.5 m𝑒𝑉 and it can be rise to 2.9 m𝑒𝑉 

under strain [28].  

We back to equation (15) in chapter two, the Hamiltonian contained two 

tunable parameter ∆𝑧 and ∆𝑠𝑜 , so we have three very interesting cases ( i ) 

∆𝑧< ∆𝑠𝑜  , ( ii ) ∆𝑧 = ∆𝑠𝑜  , and ( iii ) ∆𝑧 > ∆𝑠𝑜  . 

𝐻ɳ
𝑠𝑧 = 𝑣𝑓 (ɳ 𝑘𝑥σ𝑥 + 𝑘𝑦σ𝑦 ) −

1

2
 ɳ ∆𝑠𝑜σ𝑧 + 

1

2
 ∆𝑧σ𝑧      ..........(47) 
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The physical quantities in the electron Hamiltonian in equation ( 47 ) are 

defined as follow: The first term in the previous equation for Dirac electrons 

with velocity 𝑣𝑓 ( we take ħ = 1 ), the second term is SOC  with SOC band 

gap ∆𝑠𝑜 , the last term represent the perpendicular electric field 𝐸𝑧 . Rushba 

SOC is included to the intrinsic SOC , as the Rushba SOC in order of ten 

times smaller than the intrinsic SOC, we can neglect it [28]. The Eigen values  

are evaluated from above Hamiltonian to be: 

𝐸ɳ
𝑠𝑧 = ± √ 𝑣𝑓²|𝑘|

2 +  
1

4
(∆𝑧 −  ɳ σ𝑧 ∆𝑠𝑜 )²                   ..........(48) 

Equation ( 48 ) can be parameterized as follows:  

𝐸ɳ
𝑠𝑧 = ± √ħ²𝑣𝑓²ɳ²|𝐾|2 + 

1

4
(∆𝑧 −  ɳσ ∆𝑠𝑜)²                     .........(49) 

𝐸ɳ
𝑠𝑧

∆𝑠𝑜
 = ± √

ħ²𝑣𝑓²ɳ²|𝐾|2

∆𝑠𝑜
+ 

1

4
(

∆𝑧

∆𝑠𝑜
−  ɳσ )²                    .........(50) 

 Let's assume Y → 
𝐸ɳ

𝑠𝑧

∆𝑠𝑜
  ,    X → 

ħ²𝑣𝑓²ɳ²|𝐾|2

∆𝑠𝑜
  and   𝛼 = 

∆𝑧

∆𝑠𝑜
 

Y = ± √x² + 
1

4
( 𝛼 − ɳσ )²                         ..........(51) 

This equation could be represented by the factor of ( 𝛼 ). As we mentioned 

previously, where 𝛼 = 
∆𝑧

∆𝑠𝑜
 , we have three cases 𝛼 < 1 , 𝛼 = 1  and 𝛼 > 1 . 

These cases are plotted in figure (3.2.2). For the value of  ∆𝑧 = 0.5  ∆𝑠𝑜 (𝛼 

< 1 ), the band spin-split reversed at the 𝑘 points and spin up-down, which 

it is vary, in this state the band spin-split described as a topological insulator 

(TI) . when ∆𝑧 = ∆𝑠𝑜 (𝛼 = 1 ) at this critical point, the gap of one spin-split 
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bands is closed to the Dirac point ( 𝐸𝑔 = 0 ) where the others is gaped (𝐸𝑔 ≠

0 ). This is called a valley spin-polarized metal (VSPM)[40, 41, 42]. 
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Figure (3.7): Electronic band structure of Silicene at 𝒌 Dirac point, at three regions: TI, 

VSPM and BI. 
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If 𝐸𝑧 = 0 →  
∆𝑧

∆𝑠𝑜
 = 0 ( ∝ = 0 ) in this case, the spin-split is one gap edge no 

further jump since the density of state. The following formula of density of 

state  

𝑁(𝐸) = ∑ 𝑁σ,ɳ(𝐸)σ,ɳ                              ..........(52) 

Where  𝑁σ,ɳ(𝐸) = 
|𝐸|

2𝜋ħ²𝑣𝑓²
 𝜃(2|𝐸| − ∆σ,ɳ )                 .........(53) 

And    ∆σ,ɳ =  ∆𝑧 − ɳσ ∆𝑠𝑜   with σ = ±  index of spin up and down for k , k' 

Dirac points, respectively.  

Equation (52) can be formulated : 

𝑁σ,ɳ(𝐸)

 ∆𝑠𝑜
 = 

|𝐸|

2𝜋ħ²𝑣𝑓²
 

1

 ∆𝑠𝑜
 𝜃(2

|𝐸|

∆𝑠𝑜
− 

∆𝑧

∆𝑠𝑜
− σ ɳ )                 .........(54) 

If we assume  
|𝐸|

2𝜋ħ²𝑣𝑓²
 

1

 ∆𝑠𝑜
 = ee  and 𝛼 = 

∆𝑧

∆𝑠𝑜
  equation (51) becomes 

𝑁(𝐸) = ∑
1

2𝜋ħ²𝑣𝑓²σ,ɳ  (𝑒𝑒) 𝜃(2|𝑒𝑒| − 𝛼 − σ ɳ )             ..........(55) 

A plot of the energy band shows in the figure (3.7) which the solid curve 

(           ) indicate the gap for spin up and dashed line (------) for the gap of 

spin down at k point. 
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Chapter Four 

Conclusion  

     In this work, we have considered a field effect transistor (FET) with a 

channel made from a Silicene material. We have presented in details the 

derivation of carrier concentration expression relation of Silicene. the 

dependence of sheet concentration on the gate voltage at difference 

temperature had been calculated numerically and displayed. 

In addition, the conductance of the Silicene monolayer as a channel had been 

studied. We have investigated the effects of both the external applied gate 

voltage and spin-orbit interaction (SOI) on the density of state and the 

conductance of the Silicene as a 2D nonmaterial sheet channel in the field 

effect transistor (FET).  

Our computed results show the significance of the effect of temperature, 

external gate voltage and spin-orbit interaction (SOI) on tuning the material 

properties of the Silicene nonmaterial sheet. 
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