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ABSTRACT: We present a detailed first-principle study of few-layer arsenic and antimony’s 

electronic structure. The band structure of 2D arsenic and antimony are calculated by hybrid 

functional with the spin-orbital coupling. The results show that the band gap of arsenene 

(monolayer arsenic) and antimonene (monolayer antimony) is 1.93eV and 1.52eV, respectively. It 

is observed that the band gap closes up in tri-layer arsenic and bilayer antimony. The band 

alignment with HfO2 and other 2D materials is calculated to show that HfO2 is a good candidate 

for gate oxide in field effect transistors. It is found out that point defects such as single vacancy or 

adatom will introduce several defect states in arsenene in the middle of the band gap. Meanwhile, 

the defect formation energy becomes negative when Fermi level is close to band edges. By 

comparison, the defect formation energy in antimonene is always positive so that the Fermi level 

pinning should be suppressed in contact with reactive metal. 
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Introduction 

Two-dimensional (2D) materials such as graphene and graphene-like materials have been widely 

used in electronic and photonic devices due to their unique electronic,1-3 optical,4-6 and chemical 

properties.7 For instance, when materials are thinned to few-layer, the band gap will be increased, 

showing tuneable electronic properties.8 Therefore, there is plenty of room for band engineering 

of these materials.8-10 However, the electronic properties of 2D semiconductor materials strongly 

depend on the defect properties.11 Among various kinds of crystal defects, vacancy and adatom 

are two of the most common defects in 2D materials. Both vacancy and adatom will directly affect 

doping in semiconductor energeering.12, 13 In addition,  the Coulomb and stress potential generated 

by lattice distortion near these point defects will scattercarriers, which will affect the electrical and 

optical properties. 14 

Recently, 2D materials made of group VA elements have emerged as novel 2D materials with 

suitable band gaps for optoelectronic devices.15, 16 Among the group VA elements, arsenic (As) 

and antimony (Sb) have been paid more attention recently.17, 18 Monolayer material derived from 

arsenic and antimony are called arsenene and antimonene.8 In terms of applications, arsenene and 

antimonene are good candidates in the field of photodetectors, light emitting diodes, and field 

effect transistors. 19 

However, point defects are inevitable during growth and fabrication process especially for 2D 

materials, which will greatly affect the electronic properties of the materials.20 For instance, it has 

been found in our previous work that MoS2-based device’s performance is severely affected by 

the sulfur vacancy which induces Fermi level pinning.21 Moreover, the introduction of dopant in 

2D materials is experimentally difficult and might destabilize the 2D material.22 Therefore, 

understanding the formation energy of point defects in arsenene and antimonene is essential for 
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their potential applications. 23, 24 The intrinsic defects as well as their formation energies are 

calculated as well as the electronic band structure and the band alignment with other 2D materials 

and oxides,. 

METHOD 

In this work, all calculations are performed with plane-wave pseudo potential code VASP.25 

Previously, local or semi-local density functional theory severely underestimate the band gap of 

semiconductors, which cannot predict the defect formation energy correctly.21, 26, 27  Besides that, 

the semi-core states in arsenene and antimonene require the removal of electron self-interaction. 

Therefore, we supplement DFT calculation with HSE hybrid functional to describe band structures 

and defect states properly. Spin orbital coupling (SOC) effect was considered for both arsenic and 

antimony. It was found that SOC effect causes less than 0.02eV band splitting on arsenene, while 

brings about 13% error on the band gap of antimonene. Taking into account the significant 

computational cost, SOC will not be included in charged defect calculation. 

A 4×3×1 supercell containing 48 atoms was used for arsenene. The lattice constants are 14.2 

Å×18.4 Å. The Brillouin zone integration was done with a 3×3×1 Monkhorst-Pack grid for 

both geometry optimization and electronic properties calculation. In order to reduce the interaction 

force between layers, a 30 Å vacuum layer was inserted. In the geometry relaxation, total energy 

convergence criteria is set to be 2×10-6 eV per atom. Charge transition states of point defects are 

also calculated by the same size supercell. Corrections for defect charges and band occupations 

are applied as in Lany and Zunger.28 The total energy of the perfect supercell (EH) and the supercell 

with a defect (Eq) has been calculated with different charge states. The defect formation energy 

Hq is then found from21 

𝐻𝑞(𝐸𝐹, 𝜇) = [𝐸𝑞 − 𝐸𝐻] + 𝑞(𝐸𝑉 + ∆𝐸𝐹) + ∑ 𝑛𝛼(𝜇𝛼
0 + ∆𝜇𝛼)𝛼                                                  (1) 
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Here, the formation energy of a vacancy in a compound depends on the atomic chemical potentials, 

corresponding to the vacancy in a charge state. In formula (1), q is the charge which is added into 

the supercell, while qEv means the change in fermi level when q is added. α in formula (1) 

represents a certain type of atoms, so 𝑛𝛼 is the number of the atoms and 𝜇𝛼 is the relative chemical 

potential. 

RESULTS AND DISCUSSION 

Arsenene and antimonene shares the same honeycomb lattice with graphene. The crystal 

structure is illustrated in Figure 1(a) and (b). Figure 1(a) illustrates the lattice constant (a)of 

arsenene and antimonene and Figure 1(b) shows the bond length (d) between two atoms. The 

calculation method and functional used in this work need to be verified before electronic 

calculation. Herein Table 1 summarizes the calculated and experimental results of structural 

parameters of arsenene and antimonene. For arsenene, compared with other calculated results, the 

maximum error of lattice constant calculated in this work is 2%, while the error of bond length is 

3%. For antimonene, the error of lattice constant between experimental and calculated result is 

4%, while the error of bond length is only 0.3%. To summarize, the errors of the mentioned 

structural parameters are all within 5% so that hybrid functional can be adopted to calculate the 

electronic structure and defects formation energy. 

 

Figure 1. (a) Top view of arsenene (antimonene) (b) Side view of arsenene (antimonene) 
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Table 1. The comparison of lattice constant (a), bond length (d) of monolayer arsenic and 

antimony 

 As Sb 

 a(Å) d(Å) a(Å) d(Å)       

GGA 3.647 2.519 4.1315,4.2818 2.8815 

LDA   4.0129 2.8429 

HSE 3.6130 2.5131 3.9419 2.7619 

Experiment -- -- 4.13324.518 2.9318 

This work 3.55 2.42 4.33 2.92 

The band structure of monolayer and few-layer arsenic and antimony were calculated and the 

results as shown in Figure 2 and Figure 3, in which the valence band maximum (VBM) is set to 

be 0 eV. Figure 2(a) ~ (d) show the band structure of monolayer and few-layer arsenic.  For 

arsenene, it shows semiconductor properties with 1.934eV indirect band gap. When the number of 

layer added up to bilayer, the band gap decreases rapidly, showing semi metallic properties. When 

arsenic getting thicker, the band gap closes up. Antimony is similar to arsenic. Monolayer 

antimonene shows semiconductor electronic properties with an indirect band gap (1.52eV). When 

antimony turns to be bilayer or bulk, there is no band gap between VBM and conduction band 

minimum (CBM). 
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Figure 2. Band structure of monolayer, bilayer, tri-layer, and bulk arsenic calculated by HSE 

 

Figure 3. Band structures of monolayer, bilayer, and bulk antimony. 
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In addition, the calculated results of band gaps of arsenene and antimonene by different kinds 

of functional are compiled in Table 2. Compared with the hybrid functional, GGA and LDA will 

underestimate the band gap, while HSE will overestimate the band gap. Although GW and BSE 

can describe the band structure more accurately, the computational cost is so expensive that much 

more cores and time will be consumed.  

Table 2. The calculated band gaps of arsenene and antimonene by different kinds of 

functional. 

 As Sb 

 With SOC Without SOC With SOC Without SOC 

Functional Band Gap (eV) Band Gap (eV) 

HSE06 
 

2.49,21 2.2,33 

2.0,7 1.6434 

1.65,351.04,36 

1.4,37 

2.28,19 1.7719 

LDA   0.7629  

GGA 
 

1.5233 0.9915 1.2615, 33 

GW 1.3,38 2.4735  2.3835  

BSE 1.635  1.535  

This work 1.929（HSE） 

1.31（GGA） 

1.934(HSE), 

1.33(GGA) 

1.52(HSE)  

1.0(GGA) 

1.72(HSE) 

1.26(GGA) 

 Furthermore, the band gaps of arsenic and antimony Like the most 2D transition-metal 

dichalcogenide (TMD) materials, 39-41 the electronic band structure of arsenic and antimony is 

layer-dependent. The band gap decreases with the increasing number of layers as shown in Figure 
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4. Such layer-dependent electronic characteristic could be more suitable for photoelectric 

applications. 

 

Figure 4. Band gaps calculated by GGA and HSE vs number of layers. 

Beside band structure, the effective mass of electron and holes is also calculated in this work. 

The effective mass of electrons and holes of few-layer arsenic and antimony is derived from 

quadratic differentiation of CBM and VBM. Therefore, only the effective mass of monolayer and 

bilayer As as well as monolayer Sb will be calculated. It has been found that smaller effective mass 

of the holes  indicates higher mobility for both p-type and n-type devices42. Table 3 shows the 

effective mass of holes and electrons for different layers of arsenic and antimony.  The unit is static 

electron mass, m0. 

 For arsenene, along Γ − M direction, the effective mass of electron and hole were mh=0.19m0 

and me=0.24m0, which are similar to the results calculated by Zhang et al.19 As for bilayer arsenic, 
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the electron effective mass increased to me=0.29m0, while the effective mass of holes reduced to 

mh=0.048m0, which means that a higher mobility in bilayer arsenic. For antimonene, the effective 

mass of electrons and holes was found to be mh=0.075m0 and me=0.32m0 along the Γ − M 

direction. The effective masses of arsenic and antimonene calculated in this workare smaller than 

those of black phosphorene (me=1.12m0) and monolayer MoS2 (me=0.547m0). 
43, 44 

Table 3. The effective mass of holes and electrons for different layers of arsenic and 

antimony. (Unit: electron mass) 

  
As Sb 

Monolayer hole 0.19 0.075 

electron 0.24  0.32  

Bilayer Hole 0.048 —— 

Electron 0.29  —— 

Electron affinity potential (EA) and ionization potential (IP) can describe the ability of materials 

to gain and lose an electron, which play an essential role in heterojunction optoelectronic devices. 

The calculated electron affinity and ionization potential of few-layered arsenic and antimony are 

listed in Table 4.  

The charge neutrality levels are listed Table 5. According to our previous calculation in MX2, 

vacuum levels are used to align the band edges.45 The band alignment of arsenene and antimonene 

with HfO2 and two other families of 2D materials, MoS2 and InSe, is plotted in Figure 5. Although 

arsenene and antimonene have a relatively small electron affinity, HfO2 is still a good gate insulator 

for both hole and electron. Arsenene has a slightly higher conduction band than antimonene, which 
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is also almost the smallest among the stable 2D materials. Considering the high valence band edge, 

HfS2/As or HfS2/Sb will form type II heterostructure, which could be a good candidate for tunnel 

FET application. 

Table 4. Ionization potential and electron affinity of different layers of arsenic and antimony. 

 As Sb 

Layer number IP EA IP EA 

1L 5.28 3.35 5.07 3.55 

2L 5.40 3.47 4.42 4.42 

3L 5.29 5.29 4.37 4.37 

Bulk 5.41 5.41 -3.88 -3.88 

Table 5. CNL of arsenic and antimony (HSE). 

 
As-1L(Eg = 1.934) As-2L(Eg =0.339) Sb-1L(Eg =1.52) 

CNL (eV) -3.49 1.72 -2.53 
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Figure 5. The band alignment of arsenene and antimonene with HfO2 and other 2D 

materials. 

The previous studies have shown that the point defects can change the electronic properties on 

2D materials.43, 46 Here, we have investigated the electronic properties of vacancy defect and 

adatom defect.  

The density of state of defect supercell of arsenene and antimonene were also calculated as 

shown in Figure 6 and 7. As illustrated in Figure 6(a), the vacancy defect states in arsenene induces 

four defect states in the middle of band gap region, one is near the VBM and the other three defect 

states are very close to the CBM. Meanwhile, vacancy defects lower the VBM as well as the CBM. 

While adatom induces only one defect state near the CBM and reduces the band gap as shown in 
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Figure 6(b).  The isovalue surface of the electron density for vacancy defects is shown in Figure 6 

(c) -(f) , while the isovalue surface of adatom defect is illustrated in  Figure 6(g)-(h). No matter it 

is vacancy or interstitial defect, the higher electronic density of state is mainly distributed around 

the defect. Yellow indicates that the electron is spin up, while the blue indicates that the electron 

is spin down. 

 

Figure 6. The density of state of (a) arsenene vacancy defect calculated by HSE (b) arsenene 

adatom defect calculated by HSE. (c) Orbital of the defect states of arsenene vacancy defect 

(peak 1, front view) (d) Orbitals of the defect states of arsenene vacancy defect (peak 1, side 

view) (e) Orbital of the defect states of arsenene vacancy defect (peak 2, front view, yellow-

spin up, blue-spin down) (f) Orbitals of the defect states of arsenene adatom defect (peak 2, 

side view, front view, yellow means spin up, blue means spin down) (g) Orbital of the defect 

states of arsenene adatom defect ( front view, front view, yellow means spin up, blue means 

spin down) (h) Orbital of the defect states of arsenene adatom defect ( side view, front view, 

yellow-spin up, blue-spin down) 
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Figure 7 shows the defect density of state and insovalue surface of in antimonene. Compared 

with arsenene, there is only one vacancy defect state in antimonene, located near the CBM. While 

adatom defect induces two defect states in band gap, one is below the fermi level as well as higher 

than the VBM and the other one is close to the CBM. In contrast to arsenene, there is spin up 

electron in antimonene which is shown in Figure 7(c)-(h). As shown in Figure 7(c)-(d), single 

vacancy defect does not break the three-fold symmetry of antimonene. As for the adatom defect, 

electrons are mostly located around the extra Sb atom.     

 

Figure 7. The density of state of (a) antimonene vacancy defect (b) arsenene adatom defect 

(c) Orbital of the defect states of antimonene vacancy defect (front view) (d) Orbitals of the 

defect states of arsenene vacancy defect (side view) (e) Orbital of the defect states of 

antimonene adatom defect (peak 1, front view) (f) Orbitals of the defect states of antimonene 

adatom defect (peak 1, side view) (g) Orbital of the defect states of antimonene adatom defect 
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(peak 2, front view) (h) Orbital of the defect states of antimonene adatom defect (peak 2, side 

view) 

Figure 8 shows the vacancy and adatom defect formation energies of arsenene, which is as a 

function of fermi level. For vacancy defect, only -3 charge state exhibit negative Ef when fermi 

level is located near CBM as shown in Figure 8(a). Except for -3 charge state, the formation energy 

of vacancy defect in other charge states is larger than 0 eV. Combined with the ionization potential 

as shown in Table 4, a vacancy will be formed spontaneously when arsenene in contact with metals 

with small work functional such as Ti and Sc. Besides, as shown in Figure 8(a), there are quite a 

few transition levels in the lower and mid gap regions, suggesting p-type doping and deep levels 

in the band gap induced by vacancy. Such p-type doping will severely affect the performance of 

arsenene-based devices. Similar to the single vacancy defect, the formation energy of adatom as 

shown in Figure 8(b) becomes negative when Fermi level is close to CBM and VBM. So when 

arsenene is in contact with metals that have a higher work function such as Pt and Pd, or metals 

with low work function such as Ti and Sc, the adatom defect will be formed spontaneously.  In 

addition, the same as vacancy defects, adatom defects will also cause deep levels in the band gap.  
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Figure 8. Calculated both vacancy and adatom defect formation energies of Arsenic as a 

function of the Fermi level. (a) Vacancy defect by using the HSE method (b) Adatom defect 

by using HSE 

Formation energies of vacancy and adatom defects in antimonene are shown in Figure 9, 

showing that all of the charge states in both vacancy and adatom defect have formation energies 

larger than 1.5 eV, indicating that both vacancy and adatom defect cannot be formed 

spontaneously. Compared with arsenene, antimonene has a higher formation energy in all charge 

states. Figure 9(a) shows that when the vacancy defect in antimonene as an acceptor, the transition 

level (-1/-3) stays at 1.12eV, forming a deep negative-U level. However, in positive charge states, 

vacancy defect in antimonene acts as a shallow donor, with +3 charge as the most stable state. It 

is notable in Figure 9(b) that when adatom defect acts as a donor, the transition levels stay at 0.1eV 

(+2/0) and 0.25eV (+1/0) above the VBM, which also causes a negative-U level and induces a 

deep level at the higher region of the band gap. Furthermore, due to antimonene’s higher formation 

energy, it is harder to form the defect levels in band gap region. Thus, antimonene will have fewer 

defect states in the band gap induced by intrinsic defects and less Fermi-level pinning when in 

contact with metal. 

 



 16 

Figure 9. Calculated both vacancy and adatom defect formation energies of antimony as a 

function of the Fermi level. (a) Vacancy defect (b) Adatom defect. 

CONCLUSION 

In conclusion, the structural and electronic properties of vacancy and adatom defects in few-

layer arsenic and antimony have been investigated by hybrid functional. Antimonene with intrinsic 

points has a higher formation energy than that in arsenene in different charge state. Besides, the 

intrinsic defects in antimonene introduce fewer gap states than those in arsenene. The Fermi level 

pinning in antimonene should be suppressed compared with arsenene due to the positive formation 

energy of intrinsic defects. 
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