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Abstract—In this paper, the important characteristics of a 

Zigzag Phosphorene Nanoribbon Tunneling FET (ZPNR-TFET) 

are studied by inserting a single vacancy (SV) defect. After 

adjusting the positions of the defect in the length of the channel, it 

is found that the SV defect decreases on current in all three defect 

positions, and the biggest reduction is when the SV defect is in the 

center position. The off current decreases when the SV defect is 

located in the center of the channel and increases when the defect 

is located near the source and drain. The largest increase in off 

current is related to the location of the defect close to the source. 

The on-off current ratio decreases in all three defect positions. The 

greatest impact is related to the condition where the defect is 

located on the source side. Semi-empirical Slater–Koster 

approach using DFTB-CP2K parameters were used for the 

density functional based tight binding (DFTB) calculations of 

ZPNR. 

 

Keywords—Phosphorene nanoribbon; vacancy defect; CP2K 

method; Density functional tight binding 

I. INTRODUCTION 

WO-DIMENSIONAL ultrathin nanomaterials, such as 

silicene [1], graphene [2], hexagonal boron nitride [3], 

molybdenum disulfide [4], and graphitic carbon nitride [5]

 have received significant attention recently due to their 

excellent features and possibly applications. Graphene a 2D 

semi-metallic nanomaterial, has outstanding electronic 

exclusivities, such as excellent thermal conductivity and high 

carrier mobility, however, the absence of bandgap restricts its 

performances of high on-off ratio and large off current for 

graphene-based nanoelectronic devices. A similar issue also 

exists in a silicon monolayer and silicene, which has most 

similar notable properties to graphene although it has a buckled 

honeycomb structure [1]. Very recently, black phosphorus 

(phosphorene) has attracted much interest because of its 

distinctive electronic properties. 

Black phosphorus is the most stable allotrope of phosphorus 

at room temperature, which was made from white phosphorus 

under high pressure and temperature [6]. Black phosphorus has 

a layered structure and the force between the layers is of the 

van der Waals type, and they can be separated from the bulk 

structure by mechanical methods and a single-layer or 

multilayer structure can be made. The separated layer of black 
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phosphorus is called phosphorene. Phosphorene has a 

hexagonal structure and is folded due to the presence of sp3 

covalent bonds between atoms, which gives phosphorene 

special physical properties. Phosphorene is an intrinsic P-type 

semiconductor and has an acceptable energy gap of about 1eV 

[6]. Phosphorene has many applications in the manufacture of 

solar cells, batteries, transistors, sensors, energy conversion 

and storage. 

   Phosphorene also indicates some outstanding electronic 

properties better than silicene and graphene. FETs based on a 

few layers of phosphorene were found to have an on/off ratio 

of up 105. Furthermore, it is the only stable two-dimensional 

nanomaterials that can be mechanically exfoliated in the 

experiments [7].  

   Despite all the excellent properties of this two dimensional 

ultrathin nanomaterial, the electrical properties of phosphorene 

can be changed by various methods, such as applying an 

electric field, adding other elements to the phosphorene 

structure, and creation of structural defects [7]. Farogh and his 

colleagues [8] found that by introducing a single-vacancy 

defect, defect-induced levels are created in the energy gap 

region and cross the Fermi energy line, but by introducing a 

double-vacancy defect, an energy gap is observed. Sreostava 

and his colleagues [9] showed that by introducing a single-

vacancy defect in phosphorene, defect-induced states are 

created in the energy gap, which causes the sample to exhibit 

magnetic properties. However, by introducing a double-

vacancy defect, the sample no longer has magnetic properties. 

These structural defects are unavoidably present in silicene 

and graphene and strictly affect their electronic and structural 

properties and it has been investigated in various papers [10-

16]. However, until now, the investigation of defects in 

phosphorene has received less attention. There are various 

defects in phosphorene because it has a low symmetry lattice. 

Moreover, Defects are easily formed in phosphorene compared 

to silicone and graphene [17]. Defects with dissimilar structures 

reveal dissimilar stability and electronic properties. 

At temperature T, the areal defect density of NDefect (m-2) in 

2D nanomaterials obtained by the Arrhenius formula [17] 

𝑁𝑑𝑒𝑓𝑒𝑐𝑡 = 𝑁𝑐𝑜𝑛𝑣 ∙ 𝐸𝑋𝑃(−𝐸𝑓 𝐾𝐵𝑇⁄ )                                 (1) 

Where Nconv is the areal density of atoms in conventional 2D 

nanomaterials, Ef is the formation energy of a defect created in 
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nanomaterials and kB is the Boltzmann constant. For 

conventional graphene, phosphorene and silicene, areal 

densities are 3.79 × 1019 m-2 , 2.62 × 1019 m-2 and 1.55 × 1019 

m-2, respectively. By calculating the areal density, we find that 

structural defects have a much higher areal density in 

phosphorene and they are much simply created in phosphorene 

structures. 

 In this paper, for the first time, the effect of vacancy defect 

position on the phosphorene nanoribbon tunneling FETs is 

investigated. The reason for using the tunnel structure in this 

work is that tunneling field-effect transistors (TFETs) are 

suitable for designing circuits with low power dissipation. The 

rest of the paper is organized as follows: The device 

configuration and computational method are discussed in 

section 2. Section 3 deals with simulation results. Finally, 

important results are summarized in section 4. 

II. DEVICE CONFIGURATION AND COMPUTATIONAL METHOD 

The PNR-TFET[18] shown in Fig. 1 characterizes a 

structure that phosphorene nanoribbons with a zigzag edge 

(ZPNR) serving as the channel material, and the ZPNR layer 

sandwiched between two oxide layers (dielectric constant is 

3.9). Equivalent oxide thickness (EOT) is 0.5 nm. The ZPNR 

has particular channel widths and lengths of 2.3 nm and 3.3 nm, 

respectively. This geometric configuration comforts control of 

current flow and effective charge carrier tunneling. The channel 

is assumed to be intrinsic. Two gate terminals modulate the 

tunneling of carriers. The source and drain regions are doped 

with doping concentrations of 3 × 1010 cm-2 and -5 × 1011 cm-2, 

respectively. 

For modeling and analyzing the electronic properties of 

phosphorene, a precise definition of the system’s Hamiltonian 

is required. We use the CP2K software package for this 

purpose. In CP2K, the Hamiltonian has an important role in  
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Fig.1. Schematic diagram of a ZPNR-TFET. 

describing the dynamics of the system being investigated. 

CP2K is an open-source molecular dynamics and electronic 

structure software package to perform atomistic simulations of 

molecular, liquid, solid-state, and biological systems [19]. 

In CP2K software, the computational methods are semi-

empirical (SE) models based on the density functional-based 

tight-binding methods (DFTB) [20]. CP2K utilizes DFTB as 

one of its computational methods for studying the electronic 

structure of systems [21].  DFTB (Density Functional Tight 

Binding) is a method that approximates DFT calculations by 

simplifying the electronic structure calculations. Most of the 

applications with CP2K are based on the Kohn–Sham (KS) 

based DFT-GGA approach [22]. In the context of DFTB, the 

Hamiltonian is modified to include terms that capture the 

electronic structure of the system using a set of empirical 

parameters.  

Electronic kinetic energy T, nuclear potential energy Vnuc 

(involves the interaction of electrons with the phosphorus 

nuclei), and electronic potential energy Velec (includes the 

external potential and electron-electron interaction) are 

constituents of the Hamiltonian. The total Hamiltonian for 

phosphorene is defined as: 

𝐻 = 𝑇 + 𝑉𝑒𝑙𝑒𝑐 + 𝑉𝑛𝑢𝑐 (2) 

The total Hamiltonian can be used to create the Green’s 

function for further analysis [23-24]. The retarded/advanced 

Green’s function in NEGF is defined as: 

𝐺𝑟/𝑎 = (𝐸𝐼 − 𝐻 − ∑𝑆 − ∑𝐷)−1 (3) 

that  ΣS and ΣD are the self-energy matrices for the source and 

drain contacts.  

For determining the electrostatic potential within this 

structure as influenced by the charge distribution, we use the 

Poisson equation self-consistently within the NEGF formalism 

[25-33]. 

In this paper, a density mesh cut-off of 150 Ry is used, and a 

1x1x16 Monkhorst-Pack k-point sampling is applied for 

nanodevice simulation. Computations are carried out at a 

temperature of T = 300 K. Atomistix ToolKit (ATK) package 

is applied for the simulation, including the aforementioned 

parameters. The transmission coefficient T(E, kx) for a given kx 

and energy E can be defined as[34-42]: 

𝑇(𝐸, 𝑘𝑥)

= 𝑇𝑟[ 𝐺𝑟(𝐸, 𝑘𝑥).  𝛤𝑆(𝐸, 𝑘𝑥). 𝐺𝑎(𝐸, 𝑘𝑥).  𝛤𝐷(𝐸, 𝑘𝑥)] 
(4) 

and 

𝛤𝑆/𝐷(𝐸, 𝑘𝑥) = 𝑖 (∑(𝐸, 𝑘𝑥) − ∑(𝐸, 𝑘𝑥

𝑎

𝑆/𝐷

)

𝑟

𝑆/𝐷

) (5) 

is the broadening of contacts, that 

∑(𝐸, 𝑘𝑥

𝑟/𝑎

𝑆/𝐷

) (6) 

are self-energies matrices. The electrical current is calculated 

using the Landauer–Buttiker relation [25]. 

𝐼 = ∫ 𝐽(𝐸)𝑑𝐸 (7) 

that J(E) is known as the energy-resolved current spectrum 

and is defined as follows. 

𝐽(𝐸) =
2𝑞

ℎ
[𝑓(𝐸 − 𝐸𝐹𝑆) − 𝑓(𝐸 − 𝐸𝐹𝐷)𝑇𝑟(𝐸) (8) 

in which Tr(E) is transmission at a definite energy level and 

EFS/D is the Fermi energy in contact. 

III. RESULTS AND DISCUSSIONS 

Fig. 2 compares the transfer characteristics of the ideal 

structure with the defected structures which the single vacancy 

defects are in three positions along the channel length. 

As shown, the off current decreases when the SV defect is 

located in the center of the channel and increases when the 

defect is located near the source and drain, the largest increase 

in off current is related to the location of the defect close to the 

source. However, on current is reduced in all three cases which 
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is the biggest decrease related to the case where the defect is 

located in the center of the channel. On current is almost equal 

when the defect is close to the source and drain contacts. The 

reason for the increase in device current with increasing gate 

voltage is that the difference between the channel Fermi level 

and the Fermi level of the contacts changes with gate voltage 

changes in phosphorene, and it moves the amount of local  

 
Fig.2. ID - VG characteristics for the ZPNR-TFET and defected ZPNR-TFET at 
different defect positions at VD = 0.5 V. 

 

density of states profile (LDOS) up or down in the channel 

region. To better analyze the carrier transport behavior when 

carriers travel throughout the ZPNR channel, the LDOS profile 

is investigated in this paper. Fig. 3 exhibits the LDOS profile at 

the OFF state for the ZPNR-TFET in perfect and three defected 

structures. When the gate voltage is zero, the electron transfer 

range falls in the middle of the bandgap, and the bandgap 

prevents the transfer of carriers to the drain side. As shown, the 

bandgap increases when the SV defect is located in the center 

of the channel, and as a result band-to-band tunneling decreases 

which leads to a reduction in the off current (as shown in Fig.2).  

Figure 4 depicts the LDOS profile in perfect and three defected 

structures for the ON state. When the gate voltage increases, 

the conduction band edge shifts to the lower energies, and the 

carrier transmission is placed in the conduction region of the 

channel. As the number of states increases, more electrons 

transfer from the source side to the drain side, and as a result, 

the current increases. Moreover, defects perturb the local 

density of state sharing in the subbands of the conduction band 

[10] and the regions with SV defect generate localized states 

which trap carriers in the transmission path [24]which leads to 

a reduction in the capacity of carriers transport and finally lead 

to a decrease in electric current.  

The energy-resolved current spectrum for all structures is 

shown in Fig. 5 and Fig. 6 for off and on states, respectively. 

The area under this diagram is proportional to the amount of 

the drain current. As shown in Fig. 5, in the case where the 

defect is in the center position, the area under the diagram is the 

smallest. Off current increases as the area becomes larger, this 

is consistent with the results of Figure 2. The diagram of Figure  

  
(a) (b) 

  
(c) (d) 

 

Fig.3. LDOS at the off state for (a) perfect structure and defected ZPNR-TFET at different defect positions (i.e. (b) center (c) near source (d) near drain. 
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6 also confirms the results of Figure 2 in the state of on current. 

The perfect structure has the highest area under the diagram and 

the lowest value is related to the defect position in the center. 

This defect position also has the lowest value of ON current 

according to Figure 2.  

The diagram of the on-off current ratio is shown in Figure 7, as 

can be seen in all three defect positions, this ratio decreases, 

and the greatest impact is related to the condition where the 

defect is located on the source side. The significant reduction 

of the on-off current ratio in this state is due to the significant 

increase of the off-state current in this state. 

 
Fig. 5. Energy-resolved current spectrum J(A/eV) at OFF state. 

 
 

Fig. 6. energy-resolved current spectrum J(A/eV) at ON states. 

Fig. 7. On-off current ratio.  

  
(a) (b) 

  
(c) (d) 

 

Fig.4. LDOS at the ON state for (a) perfect structure and defected ZPNR-TFET at different defect positions (i.e. (b) center (c) near source (d) near drain. 
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CONCLUSION 

We have investigated the effect of vacancy defect position on 

the Zigzag Phosphorene Nanoribbon Tunneling FETs. Results  

reveal that the SV defect decreases on-current in all three defect 

positions which is the biggest decrease related to the case where 

the defect is located in the center of the channel.  The reduction 

of on-current is because these defects perturb the local density 

of state sharing in the subbands of the conduction band and the 

regions with SV defect along the channel generate localized 

states that trap carriers in the transmission path. The off current 

decreases when the SV defect is located in the center of the  

channel and increases when the defect is located near the source 

and drain. The highest off-current value is when the defect is 

on the source side. The on-off current ratio decreases in all three 

defect positions. The lowest value of the on-off current ratio 

corresponds to when the defect is on the source side. The 

investigation of SV defects demonstrates a notable influence on 

the electrical properties of the ZPNR-TFET. As defects are 

inherent to manufacturing processes, this research highlights 

the potential of SV defects to significantly degrade the 

reliability of such devices. 
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