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Abstract 

The transportation of charge carriers for monolayer phosphorene superlattice has been 

investigated utilizing a transfer matrix method. Also, the efficacy of structural parameters has 

been studied on the transmission of charge carriers for the system. Our findings demonstrated 

that the barrier number at the superlattice structures performs an essential role in the 

transportation probability, that can be utilized in the design of nanoelectronic sets. Further, it 

can be comprehended that the transmission probability of one for the normal incident has 

occurred in twenty obstacles. On the other hand, the transmission probability of close to one 

has occurred in lower landing energies by increasing the obstacle number. As well, it has 

been understood the transmission probability of close to one by enhancing the barrier number 

can happen in barriers with a smaller width. According to the results, phosphorene can be 

used in the novel advances of two dimensional semiconductor devices in electronic 

applications.  
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1.Introduction 

Phosphorene is a  2D substance,  with prominent properties such as  the long relaxation time 

[1], high  mobility of electron [2], anisotropy of carrier mobility[3–5],  quasi-flat edge band 

[6] , transport properties of  magneto and Landau surfaces [7], and high optical capability[8]. 

Phosphorene arranged  the honeycomb  structure [9,10], that can be built at the 

laboratory[2,4–6,10,11]. Phosphorene is characterized through an anisotropic two bands k.p 



[12], that is, congruent  with the model of tight-binding [13]. The anisotropic structure of 

phosphorene’s has created many theoretical calculations of phosphorene nanoribbons, 

prophesying extraordinary properties [15–29]. Black phosphorus has a direct optical gap 

between 1.3 to 1.7 eV that it can be decreased to 0.3 eV by increasing layer number. Thus, an 

energy range is obtained that is mainly utilizable for usages in the technologies of 

optoelectronic [29–32]. Theoretical computations also offer the presence of strongly bound 

exactions with connecting energy as large as 0.9 eV [32–35]. Phosphorus is one of the best 

2D materials that, unlike graphene, is not limited to zero bandgaps & unlike silicene, it can be 

synthesized in substrates of metal [36–38]. In recent years, many studies have focused on the 

single phosphorene barrier, its structure, methods for its synthesis and, etc.  So far, Zhenglu et 

al. have observed asymmetric tunneling of  Klein  for a single layer phosphorene [39]. 

Furthermore, Wu Qingyun et al. showed that unlike MoS2 and graphene nanoribbons, the 

channels of carrier transport under the low bias are commonly placed in the internal of zigzag 

& armchair PNRs, as well as, being safe to the small number of edge defects. In addition, 

they made an apparatus of the PNR-based dual-gate field-efficacy transistor, with a high 

on/off ratio of 103, which presented based on tuning effect of the electric field [16]. As well, 

Rahmani et al. showed that the properties of transport for nanoribbons of zigzag phosphorene 

is dependent on the location and number of the vacancies[40].  Here, we examine the 

transportation of Dirac fermions at the superlattice structures based on the nanostructure of 

phosphorene by transport matrix method. We illustrated that a full transmission probability at 

zero-landing angle occurred for twenty barriers. Also, our results show that by varying the 

width of a barrier, a full transmission probability in zero landing angle can occur at landing 

energies lower than obstacle height. As well, the results obtained for a single barrier are 

consonant with previous works that have been done by other researchers [1,39,41,42]. In the 

following, the transport matrix method and transmission probability calculation of Dirac 

fermions in phosphorene superlattice, have been described in section 2, and the numerical 

and theoretical results have been given in section 3. Eventually, the summary of results has 

been gathered in section 4. 

2. Model and method 

Here, the considered structure is a monolayer phosphorene which comprised N barriers of 

square ferromagnetic adjusted by a homogeneous field of electric, as shown in shape 1. In 

addition, the anisotropic effect of Rashba in phosphorene is not considered because it is in the 



order of a few μeV for an utilized electric field of the order 10 meVÅ-1 [43]. The Hamiltonian 

for the system at a tight-binding model can be written as following [43]: 

 

                  

 

Where u0=-0.42eV, ηy=0.58eV.Å2, ηx=1.01eV.Å2, δ = 0.76eV, χ=5.25eV.Å, γy=3.93eV.Å2 

and γx=3.83eV.Å are gained from the computations of the tight-binding model [44]. The 

potential of x-direction is defined as follow; 

 

That V0 is a potential of the electronic that is regulated by the gate of metallic. As well, the 

efficacy of strip edges is not considered in this paper. Furthermore, the system is surveyed in 

the lack of phonon interactions for zero temperature. To solve equation  , it is 

surmised that incoming electrons with the angle of φ and spin s come from the left barrier (x-

direction). Eigenvalues of energy and eigen functions for Hamiltonian can be obtained as 

follow: 

                                                (3) 

                                                              

Where λ=±1 and  is defined as: 

 

The functions of wave  in the outer and inside regions are as follows [45–48]; 

     (5) 

Where λ′=±1 and  is defined as: 

 

Here, c and a are transmission rates for the inside and outside obstacle regions, respectively, 

and d and b are reflection rates at the inside and outside barrier areas, respectively. Further, 



kx, ky, qx, and qy are wave vectors along the x and y-direction in outer and inside obstacle 

regions, respectively, so they can be contained as follow: 
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here, 

  

  

  

The vector of wave endures constant along the y-direction  so that   because the 

structure in the y-direction is homogeneous [49].  The reflection (rs′s) and transmission (ts′s) 

can be calculated from the transfer matrix method by using the continuity in the functions of 



a wave for the boundaries. The probability  of  transmission and reflection ( Ts′s and Rs′s ) can 

be obtained by   and  , respectively.  Ultimately, the polarization 

of spin for phosphorene superlattice at zero temperature can be calculated as follow: 

                                                                                                                                (6)  

 

 

Fig 1. A schematic view of monolayer phosphorene superlattice with N barriers of width D. L is the width of 

the separation of the barriers. 

 

3. Results and discussion 

In this part, the probability of transmission for the single-layer phosphorene superlattice is 

investigated in terms of different physical factors including the landing energy, obstacle 

width, number of obstacles, incident angle, and distance between two obstacles by the 

method explained in the previous part. Here, the total length of the set is smaller than the 

coherence length that has been got as much as 273 nm by applying relation l=h/2e μ√(ne/π) 

[50,51] and substituting the associated values [29,52,53]. The parameters of e, ne, μ, and h in 

this relation are electron charge, carrier density, charge carrier mobility and Planck’s 

constant, respectively. Furthermore, The width of the barrier has not taken less than 1nm, 

because the lattice periodicity is 4.43A° [10]. Initially, to study the influence of obstacles 

number and incident energy on the angular transmission probability, the angular transmission 

probability in term of incoming energy is depicted in Fig.2 for one, twenty and, fifty barriers. 

It is observed that for a single obstacle, the transmission probability does not reach 1 for all 

incoming energies at the zero-incident angle as has been demonstrated in the other works 

[1,39,41,42]. Increasing the barrier number to twenty barriers, a full transmission probability 

has been observed for incident energies of less than 2 eV and greater than 1.7eV however in 

the presence of Rashba effect, the full transmission probability for incoming energy of 2.5eV 



has been observed in five barriers[54]. There is also the full transmission possibility at non-

zero angles for twenty barriers in energies above the barrier height while there isn't for the 

incoming angles of zero. Incrementing the obstacle number to fifty, the full transmission 

probability did not occur in zero incoming angles for incident energies below the barrier 

height while a full transmission probability was observed for the incoming energy larger than 

3.2eV and less than 3.5eV. It is generally recognized from this figure, that a full transmission 

probability for the incident angles of zero occurs at twenty obstacles for a barrier width of 

1nm and the distance between two barriers of 1 nm.  This feature can be exerted in the layout 

of the electronic devices. 

 

Fig 2. The transmission probability versus incoming angle and incoming energy for (a) single, (b) twenty, and 

(c) fifty obstacles, respectively. In shape, the thickness of the barrier and its height, and the distance between the 

two barriers are D=1 nm, V0=3 eV, L=1 nm, respectively. 

In continuation, to further study the influence of the incoming energy on the transmission 

probability, we plotted it versus incoming energy for the zero-landing angle in Fig. 3 for one, 

five, ten, and twenty barriers for different barrier widths. It is clear cut that full transmission 

probability for a single barrier has not occurred in energies less than the obstacle height for 

any of the obstacle widths as has been demonstrated in the other works [1,39,41,42]. The 

transmission probability of 0.93, which is the maximum transmission probability for a single 

barrier, occurred at D = 2nm for the incident energy of 2.8eV. As well, the full transmission 

probability for a single barrier has not happened for incoming energy greater than the 

obstacle height as has been demonstrated in the other works [1,39,41,42]. Adding the number 

of obstacles to five, the transmission probability of 0.98 in D = 1nm has observed for incident 

energy of 1.8eV, while the maximum transmission probability in D = 2nm has occurred in 

0.97 for incident energy of 2.8eV, as well as, the highest transmission probability of 0.83 in 



D = 5nm has happened for incoming energy of 2.9eV. Also, the full transmission probability 

has observed for energies greater than the barrier height in D = 2nm for incident energy of 

4.7eV. Increasing the number of obstacles to ten, it has found a transmission probability of 

0.95 for D = 1nm in incident energy of 1.8eV, while it has happened by 0.97 in D = 2nm for 

incoming energy of 2.7eV, as well as a full transmission probability for incoming energy of 

4.7eV, has occurred in D = 2nm. Moreover, the transmission probability of 0.57 has observed 

for energies below the barrier height for D = 5nm in incoming energy of 2.9eV.  Increasing 

the barrier number to twenty barriers has caused the highest transmission probability of 0.99 

for incoming energy of 1.9 eV in D = 1nm. By increasing barrier widths to 2 and 5nm, is 

distinguished that a highest transmission probability occurred for incident energies of 2.7 eV 

and 2.5eV, which is 0.9 and 0.38, respectively. In general, it can be understood that as the 

obstacle number raises, the transmission probability close to one, occurs for lower incoming 

energies and happens in less barrier width. For example, the transmission probability close to 

one for twenty barriers at D = 1nm in incoming energy of 1.9eV is observed, in contrast, the 

transmission probability near one for five barriers at D = 2nm in incident energy of 2.8eV is 

observed. 

 



Fig 3.  The transmission probability in terms of landing energy for different thickness of barrier in a zero 

incoming angle with the distance between the two barriers of 1nm, and the obstacle height of 3eV for one, five, 

ten, and twenty barriers. 

In Fig. 4, the angular transmission probability is depicted for one, ten, twenty, and fifty 

barriers. It is clearly observed that for the one barrier at all incident angles, the transmission 

probability is very low. By adding the obstacle number to ten, a transmission probability is 

close to one in the non-zero-incident angle while it is very low for the zero-incident angles. 

Furthermore, it is understood that the transmission probability in the twenty barriers is 0.997 

for the zero incident angles which are consistent with the results of figures 2 and 3. On the 

other hand, the transmission probability is greatly reduced in the zero landing angles by the 

increasing number of obstacles to fifty. Further, it can be discerned that a full transmission 

probability for the zero landing angles occurred for incident energy of 1.9eV in twenty 

obstacles and are consistent with the results of figures 2 and 3. 

 

Fig 4. The probability of transmission in terms of landing angle for (a) one, (b) ten, (c) twenty, and (d) fifty 

obstacles, respectively. Here, incoming energy, the thickness of obstacle and its height, the distance between the 

two barriers are E=1.9 eV, D=1 nm, V0=3 eV, L=1 nm, respectively. 



In intention to simultaneously examine the obstacle width and incoming energy, the 

probability of transmission in the zero incoming angles for one, five, ten, twenty, fifty, and 

one hundred barriers at the barrier height of 3eV are plotted in terms of landing energy and 

obstacle width in Fig. 5. It is demonstrated that the full transmission probability can be 

achieved by changing the obstacle width. In addition, by increasing the incoming energy to 

4eV, it is discerned that a transmission probability for all obstacle widths reaches one while 

by raising the obstacle number for this energy, the full transmission probability for a smaller 

number of barrier widths is observed. By extending the number of obstacles to five, it is 

perceived that a transmission probability for energies less than the obstacle height for a large 

number of barrier widths is 1, while there is little difference in transmission probability by 

raising the obstacle number to more than twenty. 

 

Fig 5. The transmission probability in terms of landing energy and thickness of obstacle for one, five, ten, 

twenty, fifty, and one hundred barriers. In the shape, the landing angle, obstacle height, and distance between 

the two obstacles, are φ=0, V0=3 eV, L=1 nm, respectively. 

To survey the influence of incoming energy on the transmission probability and confirming 

Fig. 5, the transmission probability for different energies in terms of barrier height for various 

barrier widths is plotted in Fig.6 for a single barrier. It is discerned that the transmission 

probability for the barrier height more than incident energy is very low in D = 1nm, while for 

incident energy of 3.5eV in the height barriers of 0.4eV and 0.5eV, full transmission 

probability occurred in the zero-incident angle. The transmission probability close to 1 and 

0.93 for D = 2nm has been observed for the barrier height of 1.7 eV at the energies of 1.5 eV 



and 2.5eV, respectively. As well, the transmission probability of 0.93 has been seen for 

incident energy of 3.5eV in the barrier height of 3.7eV at D=2nm. By increasing the barrier 

width to 5nm, it is seen that the transmission probability of one has not befallen for any of the 

energies less than the obstacle height. In general, it can be discerned from Fig. 6 that a full 

transmission probability for single barrier has occurred in D=2nm, which corresponds to the 

results of Fig. 3 and 5. 

 

Fig 6. The transmission probability in terms of obstacle height for various incoming energies in barrier thickness 

of 1nm, 2nm, and 5nm for the single barrier at the zero-incoming angle.  

4.Conclusions 

In brief, we surveyed the transmission probability by exerting the transfer matrix method in 

monolayer Phosphorene superlattice. The findings demonstrate that transmission probability 

depends on incoming energy and the obstacle width. Increasing the obstacle number, a 

transmission probability close to one occurs for lower incident energies and smaller barriers 

width. Besides, we witnessed that the most transmission probability in the incident angle of 

zero that is 0.997 has occurred in twenty barriers. As well, the results have exhibited that the 

probability of transmission at the zero-landing angle decreased by adding the obstacle 

number to more than twenty barriers. In addition, a complete transmission probability has 

been befallen by changing the obstacle width.  
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