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Abstract 

Two dimensional materials show multiple applications including in semiconductor devices and gaseous 

storage. We have carried out First-Principles calculations to study the geometrical structures, stability and 

electronic/magnetic properties of pristine as well as double vacancy phospherene. Calculations are based on 

Density Functional Theory (DFT) taking an account of van der Waals (vdW) interaction in the DFT-D2 

approach within Generalized Gradient Approximation (GGA). Modeling and simulation have been 

performed with Quantum ESPRESSO (QE) codes. The supercell of 4×4 structure, whose building block is 

an orthogonal unit cell with four phosphorous atoms, is used to model the samples. Based on the stability of 

defected single layer phosphorene, a couple of structures (DV(5|8|5)-1 and DV(5|8|5)-2) have been 

considered to calculate their formation energy, band structure and other properties. Formation energy values 

find the former structure (DV(5|8|5)-1) more favorable to create than the later one. A band gap of 0.86eV for 

pristine phospherene, an excellent agreement with the experiment, validates the results of present 

calculations. The phosphorene with double vacancy, however, shows significant changes in electronic bands 

with reference to the pristine one. The band gap for DV(5|8|5)-1 and DV(5|8|5)-2 systems are found to be 

1.01eV and 0.1 eV respectively. No magnetic moment in both the pure and defected (double vacancy) 

phospherene monolayer approves that only the vacancies are not enough to induce magnetic properties in 

phosphorene. 

 

Keywords: Band structure, Formation energy, Phosphorene, Vacancies. 

 

1. INTRODUCTION 

The atomic planes of the two-dimensional crystals 

are weakly held to each other by van der Waals 

(vdW) forces so that they can be easily peeled off, 

leaving no dangling bonds [1]. Unlike bulk 

structure, they possess some specific features like: 

intrinsic high mobility, thickness proportional band 

gap, high degree of mechanical stability, high 

surface to volume ratio [2] and offer a better 

platform for various opto-electronic applications 

that stems for their unique electrical, mechanical, 

and optical properties [3].  

Graphene, a one atom thick crystalline allotrope of 

carbon, could be one of the obvious choices from 

two dimensional materials due to its high srength, 

and electrical/thermal conductivity. In spite of such 

wonderful properties, zero band gap of graphene 

limits its use in electrical circuits [1]. Two-

dimensional transition metal dichalcogenides 

(TMDCs) were introduced to overcome this 

limitation with tunable band gap (depending upon 

the number of layers) [4, 5]. However, the carrier 

mobility of these materials were merely tens of 

cm
2
V

-1
s

-1
 which is much lower than that of the 

graphene. In this context, phospherene has 

aroused a considerable attention due to its high 

carrier mobility and appreciable band gap which 

makes it different form graphene and other two 

dimensional materials. The monolayer of 

phosphorene consists of mobility (hole dominant) 

of order 1000 cm
2
V

-1
s

-1
 [6] and electronic band 

gap in the order of 0.9 eV [7]. It is an intrinsic p-

type semiconductor whose band gap (direct band 

gap) can be modified on changing the number of 

layers [6]. It can also exhibit the 

superconductivity above 10 K with suitable 

doping [8] and has tunable work function that 

increases with the thickness of layers.  
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Fig. 1: Top view and side view of phosphorene unit cell (containing four phosphorous atoms). 

 

Phospherene is a two-dimensional allotrope of 

phosphorous which was discovered in 2014 by 

liquid exfoliation method [9]. At room temperature 

black phosphorus is the most stable allotrope of 

phosphorus which was synthesized form white 

phosphorous under high pressure and temperature 

[10, 11]. Phospherene consist of honeycomb lattice 

and the single layer of it exhibits a quadrangular 

pyramid structure (Fig. 1). The lattice parameters 

(cell size and atomic positions) of the structure are 

available in already reported studies [12] and also 

discussed in later section. Since phospherene 

consists of non magnetic phosphorous atoms, it has 

no spin polarized states. Among two different 

structural edge terminations (Fig. 2), zigzag 

nanoribbons posses metallic bands where as 

armchair nanoribbons are semiconductors. Because 

of its unique features, various applications like in 

gas sensor, Li-ion battery, energy storage device 

and solar cells have been proposed [13]. 

 

 
 

Fig. 2: Monolayer phosphorene shows armchair and 
zigzag directions. 

 

Crystalline solid possesses a periodic structure 

where the position of molecules or atoms occurs in 

regular fashion. However there is always a 

possibility of missing/lacking or the presence of 

foreign atoms/ions in an ideal crystal structure, 

called defects. Defects are essential for a crystal to 

be in equilibrium. One can find various types of 

defects; like Stone-Wales (SW) defect, Single 

vacancy (SV), and double vacancy (DV) defects in 

low dimensional materials [14-16]. Most of them 

are easy to distinguish each other and correlate with 

their atomic structures with simulated scanning 

tunneling microscopy (STM) images. Defects are 

always crucial to change the material properties in 

two dimensional systems. Vacancy can induce 

magnetism in case of graphene [17, 18] but only the 

vacancy cannot induce it in MoS2 [19, 20]. In case 

of phosphorene, neither monovacancy nor strain 

alone can create magnetism, however, the interplay 

between monovacancy and the strain is able to 

induce effective magnetization in phospherene [21]. 

In spite of a number of studies, many properties of 

double vacancy created (defected) phospherene 

monolayers are yet to be resolved. 

In this paper, we apply spin polarized density 

functional theory (DFT) method to explore the 

effect of double vacancy (two atoms are removed 

from their normal position) in monolayer 

phosphorene with two possible structures. We 

analyze the geometrical, electronic, and magnetic 

properties of defected phosphorene comparing to 

that of pure phosphorene. After this introduction 

part, we describe the computational method, results 

and discussion, and conclusions in order. 

 

2. COMPUTATIONAL DETAILS 

Structural, electronic and magnetic properties of 

double vacancy phospherene with reference to 

pristine one have been studied by using density 

functional theory based approximations [22, 23] 

with vdW interactions in DFT-D2 approach [24]. 

We have used Quantum-Espresso (version 5.0.1) 
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codes to model the systems under consideration. 

The electronic exchange and correlation effects 

have been accounted by using generalized gradient 

approximation (GGA) of Perdew, Burke and 

Ernzerhof (PBE) form [25]. In addition to this, 

Rappe-Rabe-Kaxiras-Joannopoulos (RRKJ) ultra-

soft pseudopotential (USSP) was used to substitute 

the effects of non-valance electrons and the nucleus 

with an effective potential [26, 27].   

In order to get optimized structure of supercells, we 

relaxed the system using Boroyden-Fletcher-

Goldforb-Shanno (BFGS) [28] method unless the 

difference in energy between the two consecutive 

'scf' is 10
-6

 Ry and difference in each component of 

force acting is less than 10
-3

 Ry/Bohr. Monkhorst-

Pack scheme was used to sample the Brillouin zone 

for self consistent total energy calculations [29]. 

We set the ‘Marzari-Vanderbilt’ (m-v) smearing 

[30] with small width of 0.002 Ry to run the scf 

calculations. Further ‘david’ diagonalization 

method with a mixing factor 0.6 was used for self 

consistency. 

There are five valence electrons in a single 

phosphorous atom. Among them three electrons 

form covalent bonds with other three 

phosphorous atoms resulting a lone pair of 

electrons. Phospherene consists of honeycomb 

structure and the single layer of it exhibits a 

quadrangular pyramid structure because of the 

covalent bond between three phosphorous atoms 

with other [31]. The atomic positions, interatomic 

distances and the lattice parameters of the 

structure have been fixed with the help of 

convergence tests (shown in Fig. 3 and Table 1). 

The interlayer separation has been set 20 Å (c = 

20.0 Å) along perpendicular direction to the 

crystal plane to avoid the interaction between the 

successive layers. The kinetic energy cutoff for 

plane waves (38 Ry) and also the number of k-

points along x and y directions have been fixed 

(kx, ky = 24) following the procedure of 

convergence tests. The number of k-points along 

z-direction, however, is set to unity because of its 

monolayer structure. 

Once a stable/relaxed unit cell of phosphorene is 

constructed with appropriate lattice parameters, 

supercells of 2×2, 3×3 and 4×4 can be generated by 

translating the unit cell along X- and Y- directions. 

To minimize the interaction between the periodic 

defected (double vacancy) phosphorene units, we 

have used 4×4 supercell for further calculations. 

Following the process of atomic optimization, we 

then calculated the band structure, formation 

energy, density of states and partial density of states 

of 4×4 pristine supercell and vacancy created 4×4 

supercells. Band structure calculations were 

performed with 100 k-points extracted along the 

specific direction of irreducible Brillouin zone.  

 

3. RESULTS AND DISCUSSION 

We discuss the geometrical structure, formation 

energy, and band structure of the pure and double 

vacancy phosphorene sheet in this section. 

 

3.1. Geometrical structure and formation energy 

3.1.1. Pure phosphorene 

Phospherene consist of honeycomb lattice and the 

single layer of it exhibits a quadrangular pyramid 

structure. The lattice parameters and the atomic 

arrangement of phosphorene unit cell are shown in 

Fig. 3 and Table 1 where two atoms are in plane of 

the layer at an angle of 96.31° from each other 

(θ1=96.31° ) and the third atom is between the layers  

at an angle of 103.57° (θ2=103.57°). The bond length 

between two consecutive phosphorous atoms lying in 

same plane is 2.22 Å (d1 = 2.22 Å) and in different 

planes is 2.25 Å (d2 = 2.25 Å). The lattice parameters 

have been found as a = 4.56 Å (along armchair 

direction), b = 3.31 Å (along zigzag direction), which 

are in good agreement with the theoretical 

calculations [6] and an experiment [12].  

 

 
 

 a b d1 d2 θ1 θ2 

 

Fig. 3: Lattice parameters, bond lengths, and bond angles of unit cell of phosphorene. Light green color denotes 
specified parameters. 
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Table 1: Calculated values of lattice constants, bond angles and bond lengths and those extracted from 

experimental and theoretical papers. The parameters under comparisons are illustrated in Fig.[3]. 

 a(Å) b(Å) d1(Å) d2(Å) θ1 θ2 

Observed (monolayer) 4.56 3.31 2.22 2.25 96.31° 103.57° 

Experimental (bulk) [12] 4.38 3.31 2.22 2.28 96.34° 102.09° 

DFT-PBE [6] 4.57 3.30 2.22 2.26 95.98° 103.59° 

 

Monolayer phosphorene of size 4×4 supercell 

consists of 64 phosphorous atoms with lengths 

and breaths in x and y- directions as a = 18.24 Å 

and b = 13.24 Å. As atoms are arranged in two 

different planes, different colors are used for 

respective planes, for upper plane and lower 

planes (Fig. 2). The strength of binding an 

individual atom in phosphorene sheet can be 

calculated by binding energy per atom. We first 

calculate the total energy required to assemble 

atoms in the phosphorene sheet by using equation 

(1) and then divide by the number of atoms (N) to 

find binding energy per atom. 

 

......(1)..........EE ephosphorenpiNΔE   

 

Here ∆E is the binding energy (B.E), N is the 

total number of phosphorus atoms, Epi is the 

ground state energy of a single isolated 

phosphorus atom, and Ephosphorene is the ground 

state energy of phosphorene supercell under 

consideration. For a stable system (bound 

system) the B.E per atom values (∆E) should 

always be positive. Present calculations find 

binding energy per atom as 3.60 eV which is 

large enough for the stability of monolayer 

phosphorene. 

 

3.1.2. Defected phosphorene with vacancies 

Defects are imperfection in regular crystal structure 

which is inevitable. We consider double vacancy 

(taking out two phosphorous atoms from their 

normal position) in relaxed phosphorene monolayer 

to study change in structural, electronic and 

magnetic properties. Among the various relative 

positions from where the atoms can be picked out, 

we have considered two types of double vacancy in 

a 4×4 supercell. They are: (i) neighboring atoms in 

the same plane (P35 and P38 atoms of Fig. 4) and 

(ii) two neighboring atoms located in two different 

planes (P31 and P35 of Fig. 4). When the structures 

are allowed to get full relaxation after removing 

particular atoms, they form different 

bonding/symmetry-rings comparing to that of the 

pristine one. Both the defected/reconstructed 

phosphorenes form two pentagons and one octagon 

near to the defect sites in addition to the regular 

hexagons (Fig. 5). Based on new symmetry they 

form, the structures are then named as DV(5|8|5)-1 

and DV(5|8|5)-2 respectively.  

 

 
 

Fig. 4: Site numbers of phosphorous atoms for the 
purpose of creating vacancies at particular positions. 

 

To study the effect on geometrical structure of 

defects, we measured bond lengths between the 

phosphorous atoms of more favorable structure 

(DV(5|8|5)-1 , will be discussed later) in the 

vicinity of impurity sites and compared with values 

with the corresponding atoms in pure phosphorene 

(Table 2). In case of pure phosphorene, 

phosphorous atoms arrange covalent bonding with 

planar (d1 = 2.22 Å) and interplanar (d2 = 2.25 Å) 

closest neighbors (tolerance 0.01 Å). The larger 

distance (3.40 Å) in between P34-P42 and P39-P31 

is due to their non-neighboring positions in pure 

system.  
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Fig. 5: Two different divacancy phosphorene structures [DV(5|8|5)-1 and DV(5|8|5)-2] under  
consideration in the present work. 

 

After getting relaxation of the defected 

structures, the bond length in between the nearest 

neighbors may change (Table 2). Some of the 

atoms which were not the nearest neighbors in 

pure system become the nearest neighbors due to 

removal of nearby atoms. There is almost no 

change in bond length between the atoms in same 

plane (variation in the order of error bar ~ 0.01 

Å) comparing to that of the atoms in different 

planes (variation up to 0.03 Å). There is, in 

general, decrease in bond length due to increase 

in number of atoms in newly formed octahedral 

ring. Atoms nearby missing atoms, however, 

show a significant contraction in bond length 

comparing to that of in pure system (before 

relaxation in defected system). The distance 

between P34 to P42 for an example reduced to 

2.40 Å from 3.52 Å. This change in distance can 

be understood in terms of rearrangement of 

atomic bonding nearby missing atoms. 

 

Table 2: Interatomic distance between the neighboring atoms close to vacancy  

sites for DV(5|6|5)-1 and pristine supercell. 

S.N. Bond length 

DV(5|8|5)-1 

Value of bond length (Å) Corresponding value in 

pristine phosphorene (Å) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

P22-P26 

P26-P30 

P30-P34 

P34-P42 

P42-P47 

P47-P43 

P43-P39 

P39-P31 

P31-P26 

P47-P51 

2.23 

2.22 

2.23 

2.40 

2.23 

2.22 

2.25 

2.40 

2.23 

2.24 

2.25 

2.22 

2.26 

3.52 

2.22 

2.22 

2.25 

3.52 

2.22 

2.26 

 

To study the effect of vacancies on the stability of 

monolayer phosphorene, we carried out the 

calculations of formation energy (required energy 

for the formation of defect/s) for both the defected 

phosphorene systems (DV(5|8|5)-1 and DV(5|8|5)-

2). The formula used for the calculation is 

)2......(..........piidealdefectform EnEEE   

 

where, Eideal is the total energy of pristine 

phospherene monolayer, Edefect is the total energy of 

defected phospherene supercell, Epi is the energy 

of an isolated phosphorous atom, and n is the 
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number of missing atoms as vacancy in the 

supercell (n = 2 for divacancy). The positive value 

of formation energy means that the energy is 

absorbed while creating defects.  

 

Table 3: Vacancy formation energy values from the present calculations and previously reported results. 

S.N. Structure (DV) Eform (eV) Our calculated results Eform (eV) Reported results [32] 

1 DV(5|8|5)-1 2.743 1.906 

2 DV(5|8|5)-2 5.301 3.041 

 

Table 3 shows the results of the formation energy 

for two types of divacancy calculated using 

equation (2). From the table we can see that the 

formation energy of DV(5|8|5)-1 is almost half 

(2.743 eV) than that of the  DV(5|8|5)-2  (5.301 eV) 

making it most favorable structure in case of 

divacancy. The results from the present calculations 

fall in the same order of magnitudes with reference 

to the values available in previous studies [32]. The 

discrepancy in between the studies can be 

understood in terms of different pseudopotentials 

and size of the supercells. 

 

3.2. Electronic properties 

We discuss the band structure calculations and 

density of states of pure as well as defected 

phosphorene in this section. 

 

3.2.1. Pure phosphorene 

The discrete energy levels of individual 

atoms/molecules change into a continuum energy 

levels in a solid due to a large number of nearby 

energy orbital, known as a band [27]. Among the 

number of energy bands of a system/solid, outer 

energy bands are important to study their electronic 

structure. Based on the nature of energy difference 

between the valence band (highest occupied level) 

and the conduction band (lowest unoccupied level), 

solids can be classified into insulators, 

semiconductors and conductors. In case of 

insulators and semiconductors, no electron orbital 

exists in between valence band and conduction 

band. These energy bands, however, overlap in 

metals due to two partially filled bands. 

The smallest volume enclosed by the planes that 

are perpendicular bisectors of the reciprocal 

lattice vectors drawn from the origin is known as 

first Brillouin zone. Fig. 6 illustrates the first 

Brillouin zone of orthorhombic lattice with high 

symmetry points. Since interlayer separation 

along z-axis has been made very high to neglect 

the interlayer interaction, the band structure 

calculations were modeled along the high 

symmetry points on the edge of irreducible 

Brillouin zone. With 100 k-point grids, the 

sampling path of Γ-X-S-Γ-Y-S has been used in 

the present work.  

 

 
 

Fig. 6: The first Brillouin zone (Bz) of orthorhombic 
lattice showing high symmetry points. Small volume, 

enclosed by bold (red) margins, which is one-eighth of 
volume of first BZ represents irreducible Brillouin zone. 

 

 

Fig. 7: Band structure of pristine phosphorene shows the 
direct band gap at Γ point. 

 

Fig. 7 shows the band structure of pristine 

phosphorene from the present calculations. The 
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structure from the present calculations has a good 

agreement with the previous study [7] in terms of 

nature (direct band gap) and the value of the band gap. 

Both the results show the bottom of the conduction 

band and top of the valance band lie at Γ point. We 

have found the magnitude of band gap as 0.86 eV 

which is very near to the reference (0.9 eV) [7]. In the 

reference, the authors have used DFT-HSE06 level of 

approximations which describes the small difference 

between these two results. 

A close view of Fig. 7 shows that the conduction 

band minima (CBM) lies 0.28 eV above the Fermi 

level and valence band maxima (VBM) 0.58 eV 

below it resulting the band gap of 0.86 eV. The 

higher number of band lines (orbitals) in our 

calculations is due to the fact that we have 

considered 4×4 supercell containing 64 

phosphorous atoms for simulation where as the unit 

cell in reference contains only 4 phosphorous 

atoms. The band structure calculations of 

phosphorene approves that the material is 

semiconductor in monolayer structure. 

 

3.3. Defected phospherene 

Two atoms (from different positions) have been 

removed to create defects in monolayer 

phosphorene (Fig. 8). They are named as 

DV(5|8|5)-1/DV(5|8|5)-2 and their structure are 

described above. Here we present, discuss and 

compare the band structure of double vacancy 

created phospherene with pristine phospherene. 

 
Fig. 8: Band structure calculations of defected phosphorene for (a) DV(5|8|5)-1 and (b) DV(5|8|5)-2 type of vacancies. 

 

Fig. 8 shows band structure calculations for double 

vacancy phosphorene (DV(5|8|5)-1 and 

DV(5|8|5)2). Since some of the atoms are removed 

from their normal positions in periodic lattice, there 

is the formation of unsaturated bonds and new type 

of interaction exists specially in between atoms 

nearby vacancy sites. This new type of geometrical 

structure changes its electronic 

structure/distribution over the sheet. Hence the 

nature and position of electronic orbitals keep 

changing. Fig. 8(a) represents the band structure of 

DV(5|8|5)-1 structure, where it keeps direct nature 

of band gap intact, however, the magnitude and 

position are changed. The band gap increases from 

0.86 eV (in case of pristine phosphorene) to 1.01 

eV and the position of minimum energy gap shifts 

from Γ point to Y point of the Brillouin zone. On 

the other hand, Fig. 8(b) represents the band 

structure of DV(5|8|5)-2 structure where the direct 

band gap (in pristine case) changes to indirect one. 

The minimum of conduction band and maximum of 

valence band are found at S point and Y point 

respectively. The band gap decreases from 0.86 eV 

(in pristine phosphorene) to 0.1 eV. It is clear that 

some extra orbitals appear near to the Fermi level. 

Hence the tuning of band gap due to double 

vacancy in phosphorene seems to be position 

dependent. 

Density of States (DOS) gives the number of 

quantum states per unit energy range. It indicates 

how densely the quantum states are packed in a 

system or how many orbitals per unit energy 

range at particular energy level are available to 

be occupied. With the help of DOS we have 

analyzed the distribution of energy states 

(Figures are not shown here) as a function of 

energy and verified the energy gap near to Fermi 

level which are already discussed in band 

structure. We know that the asymmetry, if any, in 

density of states between up spin and down spin 

gives the magnetic property of materials. Present 

calculations find DOS for all the tested 
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geometries (pure phosphorene, DV(5|8|5)-1 and 

DV(5|8|5)-2) symmetric. Hence the systems are 

non-magnetic and conclude that only the 

vacancies cannot create magnetic behavior in 

phosphorene. This finding comes in agreement 

with the previous study where neither the 

vacancy (monovacancy) nor the strain could 

create magnetism [33]. The partial density of 

states (PDOS) calculations of the systems finds 

that 3p-orbitals of phosphorous atoms give 

significant contribution near by the Fermi level. 

Also in case of DV(5|8|5)-2), energy gap is 

hardly seen near to Fermi-level. This implies that 

small band gap (0.1 eV) for the structure could 

fall in error bar of the calculations and further 

verification might be required. 

 

4. CONCLUSIONS  

Density functional theory based first-principles 

calculations have been performed to study the 

geometrical stability and electronic properties of 

pure and defected (double vacancy) phospherene. 

The binding energy per atom of   the optimized 

monolayer phosphorene supercell (4×4) has been 

found high enough (3.604 eV/atom) which 

approves the stability of monolayer phospherene. 

Its band structure calculations find direct band gap 

of magnitude 0.86 eV which is in close agreement 

with the previous study. Two differently created 

divacancy structures (named DV(5|8|5)-1 and  

DV(5|8|5)-2) consist of five-fold and eight fold 

rings. Calculation of formation energy predicts 

DV(5|8|5)-1 system more favorable to occur 

(formation energy = 2.743 eV) comparing to 

DV(5|8|5)-2) (formation energy = 5.301 eV). The 

band gap of former one is larger (1.01 eV) and later 

one is smaller (0.1 eV) comparing to pristine 

phosphorene. With direct type of band gap 

DV(5|8|5)-1 deserves further study for practical 

applications like in photocells, photoconductive 

devices, photocatalysis.  
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