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1. Introduction  
 

International Roadmap of Devices and Systems (IRDS) 

is a 15 years roadmap on the development and growth of 

electronic devices and systems in the micron and nanometer 

regime. The ‘more than Moore Chapter’ in IRDS, predicts 

that there is no more headroom for 2D geometry scaling and 

3D very large-scale integration (VLSI) of circuits and 

systems using stacked integration approach after the year 

2027 (IEEE 2018). Thus, this major challenge has urged the 

semiconductor industry to discover potential “more than 

Moore’ materials, in order to achieve higher computing 

power. Due to the success on the exploration of graphene 

(Novoselov et al. 2004), researchers are interested in 

studying and exploring other 2D materials, including 

silicene. Silicene is known as a potential 2D material 

besides graphene. It is a monolayer allotrope of silicon (Si) 

arranged in honeycomb lattice structure like graphene (Ding 

and Ni 2009). Moreover, the atomically thin 2D materials 

are postulated to enable a new generation of nanoelectronic 

devices, such as wearable and flexible electronics (Gupta et 

al. 2015, Chhowalla et al. 2016) 

Silicene has similar Dirac cone properties and lattice 

structure like graphene, and these unique properties result in 

an ultra-high carrier mobility. Moreover, silicene has zero 

bandgap when the spin orbiting effect is neglected (Lew 
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Yan Voon et al. 2016). This unique characteristic can be 

observed in the electronic dispersion relation as shown in 

the published results from other researchers (Guzmán-Verri 

and Lew Yan Voon 2007, Ding and Wang 2013, Huang et 

al. 2013). Meanwhile, the mean free path (MFP) of 

monolayer silicene for acoustic and optical phonon 

scattering are 178 𝑛𝑚  and 29 𝑛𝑚  (Wang et al. 2015), 

respectively. The next generation devices might be able to 

operate under ballistic or near-ballistic transport due to 

these short MFP values (Arora et al. 2007). Furthermore, 

the valence band and conduction band of the pristine 

silicene touch each other at the 𝐾-point within the first 

Brillouin zone (Guzmán-Verri and Lew Yan Voon 2007, 

Ding and Wang 2013, Huang et al. 2013, Gert et al. 2015). 

This semimetallic property of silicene hinders its potential 

as a field-effect transistors (FETs) where the channel 

materials require band gap values between 0.4 𝑒𝑉 (Ni et 

al. 2014) and 3 𝑒𝑉  (Tang and Zhou 2013). Although 

graphene is an established 2D material with mature 

knowledge in the research community, silicene offers 

potential advantages in terms of the fabrication processes 

because Si-based technology is well known and dominant in 

the semiconductor industry (Tao et al. 2015). 

Meanwhile, experimentalists are constantly working to 

explore practical fabrication procedures to produce silicene in 

the laboratory. Unlike graphene which can be mechanically 

exfoliated from its bulk graphite, molecular beam epitaxial 

(MBE) growth is identified as the most viable technique to 

fabricate silicene (Molle et al. 2018). In the past decade, most 

of the experimental work have been focusing on depositing 

silicene on metal substrates such as silver (Vogt et al. 2012) 
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Abstract.  Silicene, a 2D allotrope of silicon, is predicted to be a potential material for future transistor that might be 

compatible with present silicon fabrication technology. Similar to graphene, silicene exhibits the honeycomb lattice 

structure. Consequently, silicene is a semimetallic material, preventing its application as a field-effect transistor. 

Therefore, this work proposes the uniform doping bandgap engineering technique to obtain the n-type silicene nanosheet. 

By applying nearest neighbour tight-binding approach and parabolic band assumption, the analytical modelling equations 

for band structure, density of states, electrons and holes concentrations, intrinsic electrons velocity, and ideal ballistic 

current transport characteristics are computed. All simulations are done by using MATLAB. The results show that a 

bandgap of 0.66 𝑒𝑉 has been induced in uniformly doped silicene with phosphorus (PSi3NW) in the zigzag direction. 

Moreover, the relationships between intrinsic velocity to different temperatures and carrier concentration are further 

studied in this paper. The results show that the ballistic carrier velocity of PSi3NW is independent on temperature within 

the degenerate regime. In addition, an ideal room temperature subthreshold swing of 60 𝑚𝑉/𝑑𝑒𝑐 is extracted from 

ballistic current-voltage transfer characteristics. In conclusion, the PSi3NW is a potential nanomaterial for future 

electronics applications, particularly in the digital switching applications. 
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Fig. 1 Schematic lattice structure of 2D PSi3, a1 and a2 

denotes the displacement vectors, each parallelogram shows 

a primitive unit cell of PSi3. 

 

 
and gold (Stpniak‐Dybala et al. 2019). At any rate, the search 

for suitable non-metallic substrate is more favourable by the 

research community due to wider practical applications (Le 

Lay et al. 2018). 

Recently, various bandgap opening techniques are studied 

in order to tune the semimetallic properties of silicene (Chuan 

et al. 2020b). For example, band gap opening techniques for 

2D materials like substitutional doping (Lopez-Bezanilla 2014, 

Ma et al. 2014), incorporating defects (Gao, Zhang et al. 2013, 

Ali, Pi et al. 2017, Wong et al. 2019), strain engineering 

(Mohan et al. 2014, Voon et al. 2015) and others have been 

studied. Among all these techniques, substitutional doping is a 

typical way used in the semiconductor fabrication industry to 

design a device based on the desired applications (Taur et al. 

1995).  

This work is primarily motivated by the published DFT 

results (Ding and Wang 2013) where sizable band gap values 

are discovered in silicene by applying substitutional doping 

with n-type material, phosphorus (P) at a constant 

concentration, referred as PSi3 nanostructure in the article. 

However, there is still lack of details on other important 

electronics properties and carrier transport properties for PSi3 

nanostructure. In addition, theoretical and computational 

studies are relatively important (Bouadi et al. 2018) because 

there are still major challenges in the fabrications of free-

standing silicene (Balendhran et al. 2015). 

In this paper, an analytical model based on the tight-

binding and parabolic band assumption is employed to 

investigate the essential electronic and carrier transport 

parameters of 1D PSi3 nanoribbon (PSi3NW) as shown in Fig. 

1. In Section 2, the mathematical modelling of band structure, 

density of states (DOS), carrier concentration, intrinsic velocity 

and ballistic current-voltage (I-V) characteristics of PSi3NW 

using nearest neighbour tight-binding (NNTB) approach and 

parabolic band assumption are shown. In Section 3, all the 

simulation results obtained are shown and analysed. Lastly in 

Section 4, the conclusion is drawn based on the findings of this 

work. 

2. Mathematical modelling 
 

2.1 Band structure and density of states of PSi3NW 
 

Fig. 1 shows the sketched lattice diagram of the 2D PSi3 

with the corresponding displacement vectors to its nearest 

neighbours, defined as 𝑎1⃗⃗⃗⃗  and 𝑎2⃗⃗⃗⃗ . The PSi3 nanosheet is 

assumed to be a perfect planar lattice structure. This 

assumption is employed because planar silicene has been 

successfully fabricated recently (Stpniak‐Dybala et al. 

2019), despite the mainstream buckled structure. Every 

primitive unit cell interacts with its four nearest neighbour 

unit cells. The remaining displacement vectors in the 

opposite direction are the complex conjugate of 𝑎1⃗⃗⃗⃗  and 

𝑎2⃗⃗⃗⃗ . For NNTB, the time-independent Schrödinger equation 

was applied in the matrix form (Datta 2005), given as 

𝐸(∅0) = [ℎ(𝑘⃗ )](∅0) (1) 

where 𝐸  is the energy, ∅0  and [ℎ(𝑘⃗ )]  show the wave 

function and the Hamiltonian operator in matrix form, 

respectively. The Hamiltonian operator matrix is obtained 

from the summation all non-zero overlap components for m 

in positive integers among all the nearest neighbour unit 

cells by using: 

[ℎ(𝑘⃗ )] = ∑ 𝐻𝑛𝑚𝑒𝑖𝑘⃗ ∙(𝑟 𝑛−𝑟 𝑚)

4

𝑚=𝑛,1

 (2) 

where 𝑘⃗  as the wave vector, 𝐻𝑛𝑚  is the Hamiltonian 

matrix for every neighbouring unit cell, 𝑟 𝑛 and 𝑟 𝑚 are the 

position vectors used to determine the displacement of 𝑚𝑡ℎ 

unit cell from 𝑛𝑡ℎ unit cell. The origin could be placed at 

any atom of 𝑛𝑡ℎ unit cell. In this work, the 𝑛𝑡ℎ unit cell is 

defined as the unit cell labelled letter ‘N’ in Fig 1. After 

obtaining the Hamiltonian matrices for unit cell: 𝐻𝑛𝑛 and 

the nearest neighbours: 𝐻𝑛1, 𝐻𝑛2, 𝐻𝑛3, and 𝐻𝑛4, apply Eq. 

(2) to obtain the complete Hamiltonian matrix as 

[ℎ(𝑘⃗ )] =

[
 
 
 
 
 
 
 
 
𝐸𝑜𝑆𝑖 0 0 𝒕𝑷−𝑺𝒊 0 ℎ1

∗ ℎ2
∗ 0

0 𝐸𝑜𝑆𝑖 0 𝒕𝑷−𝑺𝒊 0 0 𝑡𝑆𝑖−𝑆𝑖 ℎ1
∗

0 0 𝐸𝑜𝑆𝑖 𝒕𝑷−𝑺𝒊 0 𝑡𝑆𝑖−𝑆𝑖 0 ℎ2
∗

𝒕𝑷−𝑺𝒊 𝒕𝑷−𝑺𝒊 𝒕𝑷−𝑺𝒊 𝑬𝒐𝑷 0 0 0 0
0 0 0 0 𝑬𝒐𝑷 𝒕𝑷−𝑺𝒊 𝒕𝑷−𝑺𝒊 𝒕𝑷−𝑺𝒊

ℎ1 0 𝑡𝑆𝑖−𝑆𝑖 0 𝒕𝑷−𝑺𝒊 𝐸𝑜𝑆𝑖 0 0
ℎ2 𝑡𝑆𝑖−𝑆𝑖 0 0 𝒕𝑷−𝑺𝒊 0 𝐸𝑜𝑆𝑖 0
0 ℎ1 ℎ2 0 𝒕𝑷−𝑺𝒊 0 0 𝐸𝑜𝑆𝑖 ]

 
 
 
 
 
 
 
 

 (3) 

where ℎ1 = 𝑡𝑆𝑖−𝑆𝑖𝑒
𝑖(𝑎𝑘𝑥−𝑏𝑘𝑦)  and ℎ2 = 𝑡𝑆𝑖−𝑆𝑖𝑒

𝑖(𝑎𝑘𝑥+𝑏𝑘𝑦) . 

𝐸𝑜𝑆𝑖  and 𝐸𝑜𝑃 represent the on-site or bounded energy for 

Si and P atom, respectively, 𝑡𝑃−𝑆𝑖 is the hopping energy for 

P-Si atoms, and 𝑡𝑆𝑖−𝑆𝑖  is the hopping energy for Si-Si 

atoms. ℎ1
∗
 and ℎ2

∗
 is the complex conjugate of ℎ1 and 

ℎ2 , respectively. The bold terms in Eq. (3) show the 

influence of doping atoms (P) to the Hamiltonian matrix of 

silicene. 

Table 1 tabulates the NNTB parameters used in this 

work: 𝑡𝑃−𝑆𝑖 by fitting DFT result, 𝑡𝑆𝑖−𝑆𝑖 from (Chuan et 

al. 2020a, Chuan et al. 2020c), and both the 𝐸𝑜𝑆𝑖  and 𝐸𝑜𝑃 

from (Harrison 2004). After that, the band structure is 

assumed be confined in the x-direction as explained by 

(Lim, Hamzah et al. 2017b) to obtain 1D PSi3NW in the 

zigzag direction. Then, Eq. (3) is substituted into Eq. (1) to 

obtain the energy eigenvalue equation. By solving the  
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Table 1 The compute NNTB model parameters for 

uniformly doped silicene 

Parameters 𝑡𝑆𝑖−𝑆𝑖 𝑡𝑃−𝑆𝑖 𝐸𝑜𝑆𝑖 𝐸𝑜𝑃 

Value (𝑒𝑉) -1.02 -1.16 -7.59 -9.54 
 

 

 

energy eigenvalue equation using the equation: 

det |[ℎ(𝑘⃗ )] − 𝐸𝐼| = 0, the energy eigenvalues are obtained. 

Next, to obtain a simple analytical model for carrier 

characteristics of PSi3NW (Lundstrom and Antoniadis 

2014), parabolic band assumption is applied around the 

conduction band minimum (CBM) and valence band 

maximum (VBM) (Ismail et al. 2016) as these bands are the 

responsible for carrier flow in semiconductor. The parabolic 

band assumption originates from the effective mass 

equations such that the wave functions in the Schrödinger 

equation do not appear explicitly (Datta 1997) to simplify 

the modelling procedures, the parabolic band equations are 

𝐸𝑒(𝑘) = 𝐸𝑐 +
ħ2𝑘2

2𝑚𝑒
∗
 (4a) 

𝐸ℎ(𝑘) = 𝐸𝑣 −
ħ2𝑘2

2𝑚ℎ
∗
 (4b) 

where 𝐸𝑐  and 𝐸𝑣  represent the energies at CBM and 

VBM, respectively, 𝑚𝑒
∗ and 𝑚ℎ

∗ are the effective mass 

for electrons and holes, respectively, and ħ = ℎ/(2𝜋) is the 

reduced Planck’s constant.  

Density of states (DOS), describing the number of 

available states with respect to energy 𝐸, can be derived 

applying Eq. (5) to the parabolic band structure Eqs. (4a) 

and (4b) (Lim et al. 2017a), expressed as 

𝐷𝑂𝑆(𝐸) =
∆𝑁𝑥

𝐿𝑥∆𝐸
 (5) 

where Nx is the total number of states, Lx is the length and E is 

the energy. The resulting DOS for carriers are obtained as 

𝐷𝑂𝑆𝑒(𝐸) = √
2𝑚𝑒

∗

𝜋2ħ2
(𝐸 − 𝐸𝑐)

−1 2⁄  (6a) 

𝐷𝑂𝑆ℎ(𝐸) = √
2𝑚ℎ

∗

𝜋2ħ2
(𝐸𝑣 − 𝐸)−1 2⁄  (6b) 

where the DOS for electron (𝐷𝑂𝑆𝑒 ) and DOS for hole 

(𝐷𝑂𝑆ℎ) are derived using Eqs. (4a) and (4b), respectively. 

 
2.2 Carrier concentration of PSi3NW 
 

In this subsection, the concentrations for electrons and 

holes in CBM and VBM are derived. The probability of the 

occupied states at a given temperature, T can be described 

by Fermi-Dirac distribution (Lundstrom and Jeong 2013) 

𝑓(𝐸) = [1 + exp (
𝐸 − 𝐸𝐹

𝑘𝐵𝑇
)]

−1

 (7) 

where 𝑘𝐵  represents the Boltzmann constant. Thermal 

equilibrium or intrinsic electrons concentration (Jooq et al. 

2018) available in the conduction band is calculated using 

𝑛 = ∫ 𝐷𝑂𝑆𝑒(𝐸)𝑓(𝐸) 𝑑𝐸

∞

0

= 𝑁𝑐ℑ−1
2⁄
(𝜂𝑐) (8) 

where ℑ−1
2⁄
(𝜂𝑐) is the Fermi-Dirac integral (FDI) of order 

−1/2 with respect to 𝜂𝑐, 𝑁𝑐 represents the effective DOS 

of electrons in terms of normalised thermal energy, 𝜂𝑐 =

(𝐸𝐹 − 𝐸𝑐)/𝑘𝐵𝑇, and is given by 𝑁𝑐 = √(2𝑚𝑒
∗𝑘𝐵𝑇)/𝜋ħ2. 

The general equation for FDI of order 𝑗  (Kim and 

Lundstrom 2008) is given by 

ℑ𝑗(𝜂) ≡
1

Γ(j + 1)
∫

𝜀𝑗  𝑑𝜀

1 + 𝑒𝜀−𝜂

∞

0

 (9) 

where Γ denotes the gamma function. Eq. (9) is crucial and 

used throughout the rest of this paper. In a similar way, the 

intrinsic (which is also known as thermal equilibrium) holes 

concentration in the valence band can be calculated using 

𝑝 = ∫𝐷𝑂𝑆ℎ(𝐸)[1 − 𝑓(𝐸)] 𝑑𝐸

0

−∞

= 𝑁𝑣ℑ−1
2⁄
(𝜂𝑣) (10) 

where the effective density of states of holes, 𝑁𝑣 , and 

normalised energy in terms of thermal energy 𝜂𝑣 are given 

by 𝑁𝑣 = √(2𝑚ℎ
∗𝑘𝐵𝑇)/𝜋ħ2 and 𝜂𝑣 = (𝐸𝑣 − 𝐸𝐹)/𝑘𝐵𝑇 ,  

respectively. Note that for holes concentration in the valence 

band, 𝑓(𝐸) is substituted by [1 − 𝑓(𝐸)] to compute the 

probability of empty states. 

FDI usually can be separated and divided into two 

regimes which are non-degenerate and degenerate regimes 

that reduces Eq. (9) into ℑ𝑗(𝜂) = 𝑒𝜂  for ( 𝜂 < −2 ) 

regardless of 𝑗  and ℑ𝑗(𝜂) = 𝜂𝑗+1/[(j + 1)Γ(j + 1)]  for 

(𝜂 ≥ 3) respectively (Johari, Ahmadi et al. 2010). The 

numerical solutions for FDI in this work are based on the 

available Matlab function on nanohub.org (Kim and 

Lundstrom 2008). 
 

2.3 Intrinsic carrier velocity of PSi3NW 
 

From this subsection onwards, the focus is on the 

electrons as the carriers in the PSi3NW nanostructure. The 

intrinsic velocity of electrons is obtained by dividing the 

total electrons velocity by the electrons concentration 

(Arora 2015), given as 

∫ |𝑣𝑒(𝐸)|𝐷𝑂𝑆𝑒(𝐸)𝑓(𝐸) 𝑑𝐸
∞

0

∫ 𝐷𝑂𝑆𝑒(𝐸)𝑓(𝐸)  𝑑𝐸
∞

0

 (11) 

where |𝑣𝑒(𝐸)| = √2(𝐸 − 𝐸𝑣)/𝑚𝑒
∗

 is the average 

magnitude of electron velocity. Using Eqs. (8) and (9), (11) 

can be simplified to become 

𝑣𝑖𝑒 = 𝑣𝑡ℎ𝑛

ℑ0(𝜂𝑐)

ℑ−1
2⁄
(𝜂𝑐)

 (12) 

where 𝑣𝑡ℎ𝑛 = √2𝑘𝐵𝑇/𝜋𝑚𝑒
∗  is the thermal velocity of 

electrons for PSi3NW. 
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2.4 Current-voltage characteristics of PSi3NW 

 
With the electronic and carrier transport properties, the 

model is now ready to be simulated using the Landauer-

Büttiker ballistic current equation, by introducing an ideal 

gate potential 𝑈 ≡ −𝑞|𝑉𝑏𝑖𝑎𝑠| within the PSi3NW channel. 

Due to the n-type nature of PSi3NW, the current transport 

equation will be based on the n-channel metal-oxide-

semiconductor field-effect transistor (MOSFET) where 

electrons are the majority charge carrier in the 

semiconducting channel, noting that the working principles 

of the 2D MOSFETs are similar to those of the junctionless 

FETs (Schwierz et al. 2015). By assuming ideal metal 

contacts and high drain bias (Supriyo 2017, Chuan et al. 

2020c), the I-V characteristic for PSi3NW can be expressed 

as 

𝐼𝐷𝑆 =
𝑞

2
∫ |𝑣𝑒(𝐸)|𝐷𝑂𝑆𝑒(𝐸)𝑓𝑠(𝐸 + 𝑈) 𝑑𝐸

∞

0

 

=
𝑞𝑁𝑐𝑣𝑡ℎ𝑛

2
ℑ0 [

𝐸𝐹 + 𝑞|𝑉𝑏𝑖𝑎𝑠| − 𝐸𝑐

𝑘𝐵𝑇
] 

(13) 

by using Eqs. (8) and (12), where 𝑉𝑏𝑖𝑎𝑠 is introduced as the 

ideal biasing voltage to control the channel potential 𝑈, and 

𝑓𝑠 is the Fermi energy level at the source terminal. 

 

 
3. Result and discussion 

 
3.1 Band structure and density of states of PSi3NW 

 
Fig. 2 shows the normalised band structure of PSi3NW. 

From the band structure, a bandgap value is extracted, by 

computing the difference between CBM and VBM 

𝐸𝑔 = |𝐶𝐵𝑀 − 𝑉𝐵𝑀| (14) 

The CBM and VBM extracted from the band structure of 

PSi3NW are 0.33 𝑒𝑉  and −0.33 𝑒𝑉  respectively. As a 

result, the bandgap for PSi3NW is 0.66 𝑒𝑉. 

This bandgap value is slightly higher from the previous 

research (𝐸𝑔 = 0.58 𝑒𝑉) by Ding et al. (2013) because the 

PSi3NW in this work is assumed as a perfect planar lattice 

structure based on one-dimensional basis. Despite this slight 

deviation, the extracted bandgap energy is still suitable for 

the applications in the areas of nanoelectronics based on the 

standard value of bandgap, which between 0.4 𝑒𝑉 (Ni et 

al. 2014) and 3 𝑒𝑉 (Tang and Zhou 2013). The benchmark 

for band gap values are tabulated in Table 2. 

Parabolic band assumption is applied around the CBM 

and VBM to obtain the effective mass for electrons and 

holes by fitting NNTB band structure. The obtained 

effective masses for electrons and holes are 𝑚𝑒
∗ = 0.230𝑚0 

and 𝑚ℎ
∗ = 0.240𝑚0 , respectively where 𝑚0  is the 

electron rest mass constant. Fig. 3(a) illustrates that the 

parabolic band structure around the CBM and VBM of 

PSi3NW is nicely fitted to the NNTB band structure. Fig. 

3(b) shows the DOS plotted using Eqs. (6a) and (6b). From  

Table 2 Benchmark of semiconductor bandgap values for 

nanoelectronics applications. 

Materials Min. PSi3 Bulk Si Max. 

Bandgap 

(𝑒𝑉) 
0.40 0.66 1.12 3.00 

 

 

 

Fig. 2 Band diagram of PSi3NW in the zigzag direction 

using NNTB model. 

 

 

(a) Band structure 

 
(b) DOS 

Fig. 3 Band diagram and DOS of PSi3NW using 

parabolic band assumption. 
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the DOS, it is shown that the peaks of DOS occur at the 

minimum point of conduction band and the maximum point 

of the valence band. The Fermi energy level 𝐸𝐹  is set to 

zero in this work. 

 

3.2 Carrier concentration of PSi3NW 
 

Figs. 4(a) and 4(b) show the intrinsic carrier 

concentrations of electrons and holes respectively for both 

the exact numerical FDI and reduced FDI calculations. From 

the graph, degenerate carrier concentration for electrons at 

𝜂𝑐 = 3 is extracted where 𝑛 = 1.739 × 108 𝑚−1 and for 

holes 𝜂𝑣 = 3 is 𝑝 = 1.786 × 108 𝑚−1. At the degenerate 

regime, the electrons and holes concentrations start to 

saturate and do not have significant variations.  

 
3.3 Intrinsic carrier velocity of PSi3NW 

 

The intrinsic or thermal equilibrium velocities for 

electrons are computed and plotted. Fig. 5 shows the graph 

of intrinsic velocity for electrons versus temperature for 

three different electrons concentrations: 𝑛 = 1 × 104 𝑚−1 

for non-degenerate regime, 𝑛 = 2 × 108 𝑚−1  and 𝑛 =
5 × 108 𝑚−1 for degenerate regime. From the results, the 

relationship of intrinsic electrons velocity versus 

temperature is obtained: the intrinsic electrons velocity, 𝑣𝑖𝑒  

is proportional to the temperature by 𝑇0.5. 

As depicted in Fig. 6, the intrinsic velocity for electrons 

remains almost constant at non-degenerate regime where 

𝑛 < 1 × 108 𝑚−1 . Interestingly, it is observed that the 

intrinsic electron velocity 𝑣𝑖𝑒  is increasing without 

dependence on the temperature at the degenerate regime 

where 𝑛 > 1 × 108 𝑚−1  (which is clearly shown is the 

dashed oval in Fig. 6). The intrinsic electrons velocity 𝑣𝑖𝑒  

has become a simple function which merely depends on the 

electrons concentrations. This unique relationship (the 

independence of temperature at the degenerate regime) is 

consistent with the results in previous study involving 1D 

nanostructures (Ahmadi et al. 2009, Lim et al. 2018). 

Nevertheless, these findings are limited to devices within the 

ballistic transport regimes where the lengths of the devices 

are smaller than the MFP of the material. 

 

 

Fig. 5 Electrons intrinsic velocity versus the temperature 

of PSi3NW for three different electrons concentrations. 
 

 

Fig 6. Electrons intrinsic velocity versus the carrier 

concentration of PSi3NW at various temperature, 

including ambient temperature, T = 300 K. 
 

 

3.4 Current-voltage characteristics of PSi3NW 
 

Fig. 7(b) compares the transfer characteristics of p-

typedoped silicene using aluminium dopant atoms from 

  
(a) Electron concentration (b) Hole concentration 

Fig. 4 Carrier concentrations of PSi3NW with respect to the normalized Fermi energy, 𝜂 within the both regimes. 
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(a) PSi3NW ballistic current model 

 

(b) Transfer characteristics 

Fig. 7 (a) Schematic diagram of I-V characteristic model; 

and (b) Comparison of I–V characteristics between 

PSi3NW of the proposed model and AlSi3NW adapted 

from (Chuan, Wong et al. 2020c). 

 

 

(Chuan et al. 2020c) and n-type doped silicene using 

phosphorus dopant atoms in this work. Under this ideal 

ballistic transport condition, both models have achieved the 

ideal subthreshold swing, 𝑆𝑆 = ∆𝑉𝑏𝑖𝑎𝑠/∆𝑙𝑜𝑔10𝐼  of 

60 𝑚𝑉/𝑑𝑒𝑐  at room temperature, 𝑇 = 300 𝐾 . However, 

the threshold voltage, 𝑉𝑡ℎ1 obtained for PSi3NW is about 

50% of the 𝑉𝑡ℎ2  obtained for AlSi3NW, where 𝑉𝑡ℎ1 =
0.32 𝑉 and 𝑉𝑡ℎ2 = 0.65 𝑉. In a practical MOSFET device, 

these threshold voltages can be adjusted by tuning the work 

function of the gate metal and the source doping density. 

The results in Fig. 7(b) clearly show that the uniformly 

doped silicene could function as the channel materials for 

FET application. In future work, these nanostructures could 

be applied as the channels of FETs using transistor models 

such as the top-of-the-barrier nanotransistor model (Rahman 

et al. 2003, Chuan et al. 2020d, Chuan et al. 2021). 

Subsequently, the doped silicene could also be used for 

complementary metal-oxide-semiconductor (CMOS) 

technology, similar to previous studies on graphene 

(Banerjee et al. 2010, Goossens et al. 2017). The analytical 

equations computed in this work are useful for further 

device- and circuit-level modelling and simulations by 

creating SPICE models (Kazmierski et al. 2007). 

 

 

4. Conclusion 
 

In short, the proposed analytical model has achieved the 

objectives of this work where the electronic and carrier 

transport properties of PSi3NW are computed. These 

properties include the band structure, density of states 

(DOS), intrinsic carrier concentration, intrinsic carrier 

velocity and ballistic I-V characteristics. A bandgap value 

of 0.66 𝑒𝑉 is successfully opened originally semimetallic 

pristine silicene by using uniform substitutional doping with 

phosphorus. The extracted results include the degenerate 

electrons and holes concentrations of PSi3NW of 𝑛 =
1.739 × 108 𝑚−1  and 𝑝 = 1.786 × 108 𝑚−1 , 

respectively. In addition, it is observed the electrons 

intrinsic velocity is proportional to 𝑇0.5 at non-degenerate 

regime and eventually becomes independent of temperature 

at degenerate regime. This work suggests that uniformly n-

type doping is a viable technique to open semiconducting 

bandgap in silicene. As a result, the material can be applied 

for future nanoelectronics applications, especially in the 

digital switching devices. In summary, these findings 

provide insights for future research such as modelling and 

simulations of PSi3NW at the FET device and CMOS 

circuit level. 
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