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Abstract:  
 
Boron is an interesting element due to its chemical and structural complexity. Recent synthesis of 

borophene led scientists to study boron monolayer based materials for various applications. Using density 

functional theory (DFT) calculations, nineteen different phases of boron monolayer (with hexagonal hole-

densities from 1/32 to 8/32) are studied to understand their origin of buckling, stability and planarity. 

Projected densities of states of various phases of borophene based systems with defect are plotted into in-

plane (s+px+py) and out-of-plane (pz) orbitals to understand the role of σ and π-bands towards their 

geometry and stability. Interestingly, λ5-sheet shows semiconducting properties under uniaxial/biaxial 

tensile/compressive strains and the λ5-sheet shows excellent dynamical, thermal and mechanical 

properties and thus a promising semiconducting phase for electronic devices.  
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1.  Introduction: 

Research on two-dimensional (2D) atomic crystals has become one of the hottest topics in condensed 

matter physics and materials science for many years. The first successful realization of 

thermodynamically stable free-standing two-dimensional graphene with its outstanding electrical, optical 

and thermo-mechanical properties has given the breakthrough for the intense research on wide range of 

2D materials. The distinct and excellent properties of graphene1-5 make it as a promising material for 

diverse technological applications.6-10 These fascinating properties of graphene trigger the scientists to 

explore other group III-V monolayer based systems.  Over the past one decade silicene,11 germanene,12 

stanene,13 borophene,14,15,16 phosphorene,17  have been synthesized in the main group family.  

Other than carbon, boron is the second element that can exhibit multiple forms of low-dimensional 

allotropic structures. This growing interest explores varieties of pure boron in the form of novel solids, 

quasiplanar clusters, nanosheets, nanotubes, nanoropes, nanospheres,  nanowires, nanobelts,  nanoribbons,  

and quasi-crystals.18 These are best alternatives to carbon allotropes having superior or similar 

characteristics. Theoretical anticipation of the stability of boron nanotubes,19 and the successful synthesis 

of multi-walled boron nanotubes (MWBNT)20 instigates the possibility of formation of boron monolayer 

sheet because boron nanotubes can be made of rolling up the 2D boron sheet.   

Unlike graphene and some other two dimensional materials, bulk 2D layered structure of boron is barely 

found in nature owing to atomic arrangements of boron in the lattice, which acts as a driving force to form 

generally more buckled and corrugated structures. This makes it challenging to mechanically exfoliate 

during experimental synthesis. As a result experimental synthesis of 2D boron monolayer can only be 

possible by thermal evaporation deposition; chemical vapor deposition or molecular beam epitaxy 

procedure.21 Contemporary experimental researches demonstrate both the experimental synthesis of boron 

nanotube19-20 and monolayer of boron on Ag (111) surface.14  
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However, defects are almost inevitable during the fabrication process such as mechanical exfoliation, 

chemical vapor deposition, ion or electron irradiation of two-dimensional materials and their existence 

strongly alter thermodynamic, mechanical and electronic properties of their pristine counterparts.22-23 

Inversely deliberate introduction of defects can be a possible approach to alter the properties of the 

pristine materials.24,25,26  Recent theoretical study reported the stability and electronic structures of various 

crystalline buckled and unbuckled monolayer structures of boron, which include the α-sheet,27  β-sheet,27  

γ-sheet,18  g1/8- and g2/15-sheets and many more new boron sheets28 with the presence of multi-vacancies 

in their structures. They have showed that all these boron sheets can be constructed by carving different 

patterns of hexagonal holes within the triangular sheet, and their area densities can be described by a 

global density parameter, η,27 which is defined as the ratio of number of hexagon holes to the number of 

atomic sites in the pristine triangular sheet within a unit cell of the decorated boron sheet.28 However, it 

has been found that most of the phases of borophene with uniform hole density are metallic in nature.29,30  

Very recently, Yakobson and co-workers showed a new dominion that 2D polymorph of boron can be 

superconductor.31  These fascinating properties stimulate us to dig deep into the structure and properties of 

new phases of borophene based sheets specially with non-uniform distribution of holes.  

However, major bottleneck preventing borophene from mainstream semiconductor industry is the lack of 

band gap. The lack of a finite band gap is a challenging obstacle for any material to use it in logic and 

high speed switching devices since current can never be turned off completely.32 Various methods have 

been proposed through decades to open up the band gap in graphene or graphene like 2D materials.33-37  

Recently theoretical and experimental reports show that borophene and various phases of boron sheet can 

outperform some property of graphene which can be used as potential replacement of silicon in 

electronics industry. A recent theoretical study shows that alpha sheet is an indirect band gap 

semiconductor.28 However, to the best of our knowledge; there are no other reports of semiconducting 

properties in borophene based systems.   
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Therefore in the present work, we have performed a systematic study to open up the band gap in 

borophene by creating defects. A series of various phases of borophene based sheets are studied for this. 

The stability, planarity, and electronic properties of these systems are studied to understand the role of 

defects. We have attempted to explain the stability and planarity of these different phases of borophene 

structure with defect from the total number of valance electrons and vacant σ and π bands. We have 

studied the effect of strain in the electronic properties of these systems as such systems are synthesized on 

a metallic substrate, which generates strain. At the end, the stability of the semiconducting borophene 

sheet has been evaluated from the energetic (cohesive energy), mechanical (stress vs strain relationship), 

dynamic (phonon dispersion) and thermal (molecular dynamics simulation) studies.  

2.  Computational Details: 

The Vienna Ab initio Simulation Package (VASP)38 is used to perform all the calculations. We have used 

the Perdew−Burke−Ernzerhof (PBE) exchange–correlation functional within the generalized gradient 

approximation (GGA)39-40  for the accurate description of delocalized s and p electrons. Projected 

augmented wave (PAW) method41 is employed using a 470 eV energy cut–off to describe the electronic 

wave function.  The first Brillouin zone of borophene supercell (4×4×1) structure is sampled with a 

9×15×1 Monkhorst−Pack K–point grid for geometry optimization and 13×23×1 for the electronic 

structure calculation. We have achieved self-consistency with the convergence tolerance set to 10−6 eV 

and 10−3 eV.Å-1 for total energy and force calculations respectively.  

A vacuum of 15 Å is employed along the z-direction to avoid any kind of interaction between the two 

periodic layers. Since its well-known that the DFT in GGA functional (such as PBE functional) tends to 

underestimate the band gap due to their inherent lack of derivative discontinuity42  and the delocalization 

error.43  So, the hybrid functional such as Heyd–Scuseria–Ernzerhof (HSE06)44 is used to provide 

reasonable accurate electronic structure. A 3×5×1 Monkhorst−Pack K-point grid is used to perform 

HSE06 calculations. We have calculated the phonon properties using density functional perturbation 

theory (DFPT)45  as implemented in the VASP and phonon dispersion calculations are carried out using 
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the Phonopy code.46 The thermal stability of patterned borophene is verified by carrying out Ab Initio 

Molecular Dynamics simulations (AIMD) using a canonical ensemble at 300, 500 and 1000 K with a time 

step of 1 fs for 5 pico second (ps). The Nosé thermostat model 47 is used to control the temperature during 

the MD simulation.  

Kresse and co-workers48 reported that the phonon frequencies of bulk cubic diamond obtained with PBE 

are in reasonable agreement with experiment. In fact, they have reported that HSE increases the optical 

modes of phonon frequencies. Since boron is next to carbon (in the periodic table), we have used PBE 

functional for lattice dynamics.  Furthermore, it is widely accepted in previous literatures35,49 that PBE 

functional gives satisfactory result for AIMD simulation. Moreover, it will be computationally costly for 

doing AIMD simulation using hybrid calculations. 

Energetic stability of the different phases of borophene structure with defect is investigated from the 

binding energy (eV) and the binding energy calculations are carried out using the following equation:28 

 𝐸𝐵 = 𝐸𝐵𝑜𝑟𝑜𝑛 − 𝐸𝐷𝑒𝑓𝑒𝑐𝑡                                                    (1) 

Where 𝐸𝐵𝑜𝑟𝑜𝑛 represents the total energy of a single boron atom and 𝐸𝐷𝑒𝑓𝑒𝑐𝑡 is the total energy per boron 

atom of the different phases of borophene structure with defect . Binding energy refers to the energy 

required to isolate an atom from the system of several atoms. Therefore, we have considered the energy of 

single isolated boron atom while calculating the binding energy. Very recently, Karmodak et al.50 defined 

the relative binding energy of free-standing borophene based systems as   𝐸1 = 1 𝑛⁄ (𝐸𝑆ℎ𝑒𝑒𝑡 − 𝑛𝐸𝐵) 

where Esheet  and EB denote the energy of borophene sheet and energy of a single boron atom. Here, n is 

the number of boron atoms. Tang et al.27,51 also calculated binding energy per atom of defected boron 

sheets using the same approach. The similar approach has been used in many cases previously.18, 28, 49,52 

Relative binding energy per boron atom (𝐸𝑅𝐵 in meV)50   is calculated as the difference between the 

energy with respect to most energetically stable boron sheet which is α-boron sheet. 𝐸𝑅𝐵 = [𝐸𝐷𝑒𝑓𝑒𝑐𝑡 − 𝐸𝛼−𝑏𝑜𝑟𝑜𝑛]                                               (2)   

Here, Eα-boron denotes the total energy (per boron atom) of α-boron sheet.             
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3.  Results & Discussion: 

3.1 Pure Borophene:  

Obeying to Aufbau principle,53 monolayer sheet of boron is a quasi-planar arrangement of hexagonal 

pyramidal B7 units. A planar projection of this system forms a triangular lattice as shown in Figure 1a 

Boron monolayer sheet is constructed by adopting a buckled two atom orthorhombic unit cell with lattice 

parameters of a = 2.87 Å and b = 1.62 Å. Our calculated lattice parameters and the buckling height (h) of 

this sheet (0.91 Å) are found to be in good agreement with the previous theoretical report.54  Figure 1b  

shows the total density of states and band structure of borophene unit cell calculated using HSE06 level of 

theory. We have calculated total/partial density of states and band structure of borophene unit cell using 

GGA PBE level of theory too (Figure S1, Supporting Information). We find our calculated results (GGA 

and HSE06) match with the earlier reports.14,46   We have used HSE06 level of theory as it predicts 

electronic properties more accurately than the GGA PBE level of theory.55 Thus, we have presented all 

our HSE06 results in our manuscript and GGA results in supporting information. The PDOS projections 

of in-plane (s+px+py) and out-of-plane (pz) orbitals using HSE06 is presented in Figure 1c and GGA result 

is shown in Figure S1b (Supporting Information). The density of states of pure borophene unit cell shows 

that there are states at the Fermi energy level, which affirms that borophene is metallic.  So, the lack of 

band gap and absence of planarity limits its devices based applications.32  
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Figure 1: (a) Top and side views of borophene. The two-atom unit cell of borophene is indicated by the 

red dashed lines. (b) Band structure and density of states of borophene using HSE06 level of theory.  (c) 

PDOS projections are onto in-plane (s+px+py) and out-of-plane (pz) orbitals calculated by HSE06. The 

Fermi level is set to zero and indicated by the blue dashed line. 

 

3.2. 2D phases/polymorph of borophene: 

We have studied the various 2D phases of boron with a different extent of vacancy to understand their 

importance in electronic and optoelectronic properties. These sheets are constructed from a (4×4×1) 

borophene supercell structure consisting of 32 boron atoms. Although there are other possibilities of 

making a supercell of 32 atoms with hexagonal cell, we have chosen orthorhombic unit cell since most of 

the previous reports14,29 other than α-boron sheet contains orthorhombic cell and it is logical to make 

orthorhombic supercell of 32 atoms since borophene unit cell is orthorhombic.14 Different phases of  

borophenes have been modeled by maintaining different patterns of hexagonal holes within the triangular 

sheet. Besides, the area densities of the phases of borophenes based sheets have been described by a 

global density parameter as hexagonal hole-density (η).27  

In the present work, we have created new phases of boron sheets with different hexagonal hole-density (η 

= 1/32 to 8/32) ranging from single vacancy to eight vacancies as depicted in Figure 2-4. Since most of 

the borophene phases with uniform hexagonal hole density are found to be metallic, we tried to 

investigate the situation whether non-uniform distribution of holes can create a gap or very low density 

near the Fermi level. We have classified various phases of boron monolayer sheets in terms of the total 

coordination number (CN) present in the system:28 (1) α-type (CN = 5, 6), (2) β-type (CN = 4, 5, 6), (3) λ-

type (CN = 3, 4, 5, 6), (4) Ψ-type (CN = 3,4,5), (5) ζ-type (CN = 2,4,5,6) and (6) δ-type. The δ-type has a 

single CN value. The subscript of δ denotes the CN value of that particular δ structure (Table 1). We have 

compared the energetic stabilities of these sheets form their binding energy values (Table 1).28  The 

electronic structures of these phases of borophene sheets have been compared with the pure borophene, 
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alpha and beta sheet (Figure 1, Figure S1, S5 and S6, Supporting Information). Besides, the bonding 

between in-plane and out-of-plane boron atoms has been discussed through the overlap between in-plane 

(sum of s, px and py) and out-of-plane (sum of pz) orbitals. In case of borophene, the overlap is maximum 

between in-plane and out-of-plane states, which in turn stabilizes the buckling pattern in borophene.27 The 

in-plane and out of-plane orbitals of buckled structures undergo orbital overlap. This orbital overlap 

basically helps the structure to be stable in buckled form. Tang et al.27,51 also mentioned that the buckling 

pattern in triangular sheet can helps to mix the in plane and out of plane states and can be thought as a 

symmetry reducing distortion that eventually enhances binding. 

Table 1: Binding energies (𝐸𝐵), relative binding energies (𝐸𝑅𝐵), buckling height (h), coordination number 

(CN), and hexagonal hole-density (η) of pure and various phases of borophene based sheets.  

 
 
S. No. Sheet-type  h (Å)  CN  η EB (eV)  ERB (meV)  

1 δ6  
[14] 0.91 6 0 5.79 90 

2 α1 1.04 5,6 1/32 (0.03) 5.79 90 

3 β1 1.07 4,5,6 2/32 (0.06) 5.80 80 

4 α2 0.88 5,6 2/32 (0.06) 5.80 80 

5 β2 0.71 4,5,6 3/32 (0.09) 5.81 70 

6 λ1 1.01 3,4,5,6 3/32 (0.09) 5.79 90 

7 α3 0.85 5,6 3/32 (0.09) 5.84 40 

8 α  [27,28] 0.34 5,6 1/9 (0.11) 5.88 0 

9 λ2 0.74 3,4,5,6 4/32 (0.13) 5.80 80 

10 β3 0.83 4,5,6 4/32 (0.13) 5.66 220 

11 β4 1.02 4,5,6 4/32 (0.13) 5.75 130 

12 β  [27,28] 0.39 4,5,6 1/7 (0.14) 5.87 10 

13 β5 0.18 4,5,6 5/32 (0.16) 5.73 150 

14 λ3 1.58 3,4,5,6 6/32 (0.19) 5.65 230 

15 λ4 0.88 3,4,5,6 6/32 (0.19) 5.63 250 

16 Ψ1 0.06 3,4,5 7/32 (0.22) 5.70 180 

17 ζ  0.28 2,4,5,6 7/32 (0.22) 5.71 170 
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18 δ4  
[28] 0.02 4 8/32 (0.25) 5.68 200 

19 λ5 0.71 3,4,5,6 8/32 (0.25) 5.52 360 

20 β6 0.16 4,5,6 8/32 (0.25) 5.73 150 

 
Based on CN values28, we have listed a total of twenty borophene based structures.  We have studied a 

total of  19  borophene based structures with defects in the manuscript. However, three structures (alpha, 

beta and λ4 structures) have been reported in the literature. Therefore, in this manuscript, we have 

proposed 16 new structures. For comparisons, we have studied these three previously reported structures 

Our binding energy values show that α-sheet with η=1/9 is the most stable one (Table 1). This is very 

much in agreement with the earlier reports.27,28 However, it is interesting to know that one of the phase of 

borophene sheet with defect (α-sheet) is the most stable compared to pure borophene (Table 1). On the 

other hand, λ5 is the least stable with η=8/32. This indicates that structure with higher or lower hole 

density than 1/9 is a high energy phase structure. Also, structures with same hole density can have low to 

high energy phase structures (Table 1). Thus, the distribution of hexagonal holes is important for their 

stability. Likewise, the buckling/planarity of the structure depend on the distribution of hexagonal holes. 

Tang and Ismail-Beigi formulated based on their observation that planner boron sheet can be found with 

the hexagonal hole density in the range between 1/9 < η < 1/5, where holes are evenly distributed all over 

the sheet.51 It is also reported that planner boron sheet can be generated on the basis of evenly distribution 

of hexagonal hole in the triangular lattice.51 Surprisingly, some of our predicted non-planar structures fall 

in the hexagonal hole density range of 1/9 < η < 1/5.51 The main reason behind such anomalous buckling 

is the non-uniform hole density distribution. Furthermore, we have found that some structures are very 

much planar with η > 1/5. Therefore, it will be interesting to find out the underlying reason behind such 

structures. To understand the buckling/planarity of different phases of borophene based structures, we 

have carefully investigated the contribution of filled/unfilled σ and π-bands to understand their geometry.  

Tang and coworkers reported that there is an excess of electrons occupying the anti-bonding states and 

vacant bonding states in borophene which induces instability in the system.27 As a result, the structure 
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buckles to improve the interaction between bonding and anti-bonding states. Therefore different phases of 

borophene structure with defect can be stable if we can remove the excess electrons from anti-bonding 

states. This is what happens with η=1/9, where total number electrons justify the electronic requirements 

in borophene.50 Recently, Jemmis and coworkers explained the electronic requirement in borophene and 

made a vis-à-vis relation with MgB2 in terms of total number of electrons.50 Interestingly, they found that 

the different phases of borophene structure with defect are most stable while on the Ag substrate. More 

importantly, they demonstrated that structure with maximum hole density (η=1/5) is most stable over Ag-

substrate. As we all know, such borophene monolayer based systems have been synthesized over a 

substrate and thus it is important to study structures with different hexagonal hole-densities for their 

synthesis and applications. Hence, we have discussed the electronic structures of the various different 

phases of borophene based sheets (η=1/32 to 8/32) and discussed their stability with respect to pure 

borophene.  

3.2.1 Mono (η=1/32) and Bi (η=2/32) Vacancy in Borophene: 

We have created a hexagonal hole in the 32-atomic borophene supercell, which corresponds to α1 

structure (Figure 2a). Similarly, we have created two vacancies to generate β1 and α2 phases as shown in 

figure 2b-c.  The optimized structures show buckling height of 1.04 Å, 1.07 Å and 0.88 Å for α1, β1, and 

α2 phases respectively. Tang and Ismail-Beigi predicted that the global density parameter (η) of buckled 

structures generally does not fall in the range between 1/9 < η < 1/5.51
 Our modeled mono and bi vacancy 

structures follow the same trend as predicted by Tang and Ismail-Beigi.51 However, the α2 structure is 

more planar than β1 sheet because the vacancy is uniformly distributed in α2 structure. Our calculated 

density of states using HSE06 (Figure 2) and GGA-PBE (Figure S2, Supporting Information) level of 

theory shows that the structures are metallic. In case of α1, there is an excess of electrons in the out-of-

plane (pz) anti-bonding orbitals.  For β1, there is an excess of electrons in both in-plane and out-of-plane 

anti-bonding orbitals. Such filled anti-bonding orbitals lead to buckling. In comparison to MgB2, 

borophene can be seen as B-B2, where each carbon atom is replaced by boron atom in the graphene 
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structure and one extra boron atom is placed in the middle of the hexagon. Karmodak et al.50 discussed 

that when there is an excess of electron in the anti-bonding orbitals, the system became destabilized. This 

destabilization is reduced by non-planner distortion.  However in the case of α2, both in-plane and out-of-

plane bonding orbitals are filled close to the Fermi level and thus the structure is more planar over the 

other two structures.  

Figure 2: Structure and partial density (using HSE06) of states of (a) α1, (b) β1 and (c) α2 phase. The red 

rectangle denotes the supercell of different phases of borophene based sheet and the Fermi level is set to 

zero and indicated by the blue dashed line.  

3.2.2 Tri (3/32), Tetra (4/32) and Penta (5/32) Vacancy in Borophene:   

Figure 3 shows tri, tetra, and penta vacancy borophene structures. Three stable phases (β2, λ1 and α3) are 

identified with η=3/32. Similarly, three more stable phases (λ2, β3 and β4) are predicted for η=4/32 and 

one stable structure with η=5/32. The calculated binding energy values (Table 1) are 5.81, 5.79, 5.84, 
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5.80, 5.66, 5.75, 5.73 eV/atom for β2, λ1, α3, λ2, β3, β4 and β5 respectively. However, all the structures are 

buckled except β5, which is almost planar. Interestingly, we find that the global density parameter of β5 

structure (η=5/32) falls in the range between 1/9 < η < 1/5.51 Therefore, in case of β5, evenly distributed 

hole density parameter can successfully predict the planarity. In other cases, it is extremely difficult to 

explain the planarity/buckling of the structure based on the filled/vacant σ and π bands. Furthermore, it is 

extremely difficult to explain based on filled/vacant σ and π bands when holes are not evenly distributed. 

In such cases, a part of the structure is planar, whereas other part is buckled (Figure S3, Supporting 

Information). For this, we find a mixed pattern in terms of σ and π band stabilization and destabilization. 

Therefore, the stabilization of σ and π bands depends a lot on the pattern of hole distribution. 
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Figure 3: Structure and partial density (using HSE06) of states of (a) β2, (b) λ1, (c) α3, (d) λ2, (e) β3, (f) β4, 

and (g) β5 phase. The red solid rectangle denotes the supercell of different phases of borophene based 

sheet and the Fermi level is set to zero and indicated by blue dashed line.   

 

3.2.3 Hexa (6/32), Hepta (7/32) and Octa (8/32) Vacancy in Borophene: 
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Furthermore, various phases of 2D boron sheets with hole density from 6/32 to 8/32 are depicted in 

Figure 4a-g. The λ3 and λ4 structures with η=6/32, ψ1 and ζ structures with η=7/32 and δ4, λ5 and β6 with 

η=8/32 have been studied for this. The calculated cohesive energies are 5.65, 5.63, 5.70, 5.71, 5.68, 5.52 

and 5.73 eV/atom for λ3, λ4, ψ1, ζ, δ4, λ5 and β6 structures, respectively. We find that ψ1, δ4, and β6 

structures (Figure 4c, 4e, and 4g, Figure S4, Supporting Information) are completely planar. Surprisingly, 

the hole density of these structure does not fall in the range of 1/9 < η < 1/5. However, only δ4 has 

uniform hole distribution, whereas other structures have non-uniform distribution of holes. In case of non-

uniform distribution of holes, buckling analysis cannot be done comparing α sheet (which has uniform 

hole distribution) because buckling is not uniform all over the sheet. Some portion where holes are not 

present buckling is present and the sheet became planner where there are holes. It is extremely difficult to 

explain the planarity/buckling of the structure based on the filled/vacant σ and π bands since structures are 

neither perfectly planar nor buckled. Hence, we find a mixed pattern in terms of σ and π band stabilization 

and destabilization in their PDOS (Figure 4) plot. We have found that the δ4 sheet is almost planner 

(buckling height ~ 0.02 Å) due to uniform distribution of holes. Other sheets such as ψ1, ζ and β6 which 

are closely planner (buckling height ~ 0.06 Å, 0.28 Å and 0.16 Å respectively) have non-uniform 

distribution of holes. It is also evident from the three phases with non-uniform distribution of holes that in 

plane states are zero thus no mixing between in plane and out-of-plane states near the Fermi level. Hence, 

we propose that hole density parameter is no longer universal for explaining the planarity for non-uniform 

vacancy structures. More importantly, a planar system with semiconducting nature may not be achieved 

due to the presence of density at the Fermi level. 
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Figure 4: Structure and partial density (using HSE06) of states of (a) λ3, (b) λ4, (c) ψ1, (d) ζ, (e) δ4, (f) λ5 

and (g) β6 phase. The red solid line rectangle denotes supercell of different phases of borophene based 

sheet and the Fermi level is set to zero and indicated by blue dashed line. 

3.3. Energy Balance Position vs. Stability: 

Ideally, while comparing with carbon, boron lacks one electron and cannot form a stable honeycomb like 

graphene structure; rather forms a triangular lattice in its two-dimensional structure. This two-

dimensional triangular lattice based boron sheet is without any hexagonal hole (η = 0) and thus excess 
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electron makes the sheet buckled. On the contrary, the boron hexagonal honeycomb lattice27 has the 

largest hexagonal hole density (η = 1/3), which is the most electron-deficient amongst the all the phases 

of borophene structures. This kind of electron deficiency contributes towards the stability of boron 

monolayer and can be nicely explained from the energy position of in-plane and out-of-plane bonding and 

anti-bonding states with respect to electron balance position. The electron energy balance position is 

considered as the position where the in-plane and out-of-plane electron occupation becomes zero or very 

less.56 Therefore, the ideal boron monolayer should contain the hexagonal and triangular proportion in 

such a way that their Fermi position remains at the energy balance position of in-plane bonding and anti-

bonding states so that all the in-plane bonding states becomes fully occupied and all of the anti-bonding 

states remains unoccupied. In fact, we have presented the DOS of α and β-boron sheet in the Figure S5 

and S6, (Supporting Information) and it is found that electron balance position remain at the Fermi level. 

Hence, the bonding states of the systems are filled and the anti-bonding states of the systems are empty 

which indicates the maximum stability of the system. Therefore, comparing with α- sheet and β-sheet, we 

can predict that the λ5 sheet (Figure 4f) is very promising compared to other proposed structures because 

the boundary position or the electron balance position between the bonding and anti-bonding states 

coincides with the Fermi level position which indicates that the in-plane bonding states are filled and anti-

bonding states are empty resulting a perfect electron balance system. In fact, previous reports suggested 

that hybridization of triangular and hexagonal motifs in two dimensions can yield more stable and planner 

boron monolayer in some cases due to transfer of excess electrons from triangular lattice to the electron-

deficient hexagonal lattice.27 Therefore, we find that electron balance position can exist even in high 

energy structures also, which is very much different from the behavior of alpha and beta sheet. Hence, we 

believe that the presence of lower coordination number (CN = 3) makes the λ5 sheet as a high energy 

structure.  

We have investigated a total of 19 phases of borophene based systems with defect. Out of these 19 

structures, three structures (alpha, beta and λ4 structures) have been modeled as per the previously 

reported structures. Therefore in this manuscript, we have reported a total of 16 new phases of borophene 
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based structures and for comparisons, we have studied those three previously reported structures (alpha, 

beta and λ4 structures). In all the previous reports, they have created patterned defects to get various 

phases of borophene  based  structures. However, we believe that in this process, we may miss some low 

energy structures having same hexagonal hole density. Further to this, we may miss structures with 

interesting electronic properties. Therefore, our main objective is to find out a new phase of borophene, 

which is stable and semiconducting.  However, unless we put a boundary, the possible combinations of 

structures are endless.  For this, we have fixed the size of the supercell and created all possible defects. In 

this way, we have created some patterned defected structures, which match with previously reported 

systems. Then we have studied their energetics and compared with the previously reported systems. We 

find that such structures are energetically stable (based on total energy calculations) and they are not far 

(energetically) from the most stable structure. Therefore, uniform hole distribution is not an important 

criteria for their stability though they are more planar and metallic in nature. Therefore such structures 

may not be promising for semiconductor industries. Then we have tried to understand whether they (hole 

density, vacancy pattern, stability and electronic properties) have any relation between themselves. We 

find that the planarity and stability parameters have nothing to do with the low density at the Fermi level 

(i.e. energy balance position). Rather, an interplay between the hole density and hole distribution is 

crucial to get low density at the Fermi level. The low-coordinated sites around the holes may generate the 

energy balance position at the Fermi level as has been found in λ5 sheet. More importantly, such defect 

engineering may be helpful to get the energy balance position in the high-energy phase structures.  Below, 

we have presented the possibility of band gap opening at such energy balance position using strain. 

 

3.4. Strain and Mechanical Stability: 

3.4.1 Strain Induced Band Gap Opening: 

The very interesting electronic property (very less electron density at the Fermi energy) of λ5 (Figure 4f) 

sheet invokes our interest to study the electronic properties under strain. So, this particular pattern defect 
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creates a situation which is further helpful in opening of band gap by strain engineering. We have studied 

both compressive and tensile strain from 1% to 5% (Figure 5 and Figure S7-S16, Supporting Information) 

in both uniaxial and biaxial directions. For uniaxial direction, we have calculated through zigzag (along a) 

and straight (along b) direction (Figure 5a). Interestingly, we have found that band gap opening occurs in 

some cases under strain. We find that tensile strain opens the band gap only in biaxial and the uniaxial 

(along straight) directions (Figure 5b & 5c). Interestingly, compressive strain opens the band gap only in 

uniaxial (along zigzag) direction (Figure 5d). The band gap opening of the structures are in the range of 

0.14 eV to 0.28 eV under the range of 1% to 5% biaxial strain (Table 2) with the maximum band gap 

opening under 3% applied strain (Figure 5b). The band gap opening for uniaxial tensile strain (along 

straight) is in the range of 0.16 eV to 0.28 eV under 1% to 5% strain (Table 2) with the maximum band 

gap opening at 3% applied strain (Figure 5c). The band gap opening for uniaxial compressive strain 

(zigzag direction) is in the range of 0.14 eV to 0.63 eV under 1% to 5% strain (Table 2) with the 

maximum band gap opening at 5% applied strain (Figure 5d).  Therefore such λ5 sheet is promising for 

electronic and optoelectronic applications. 

 

Table 2:  Band gap opening of λ5 sheet under different % of applied strain calculated by HSE06 level of 
theory.  

 

Types of Strain 

Band gap (eV) 

1% 2% 3% 4% 5% 

 

Tensile 

Biaxial   0.14  0.23  0.28  0.26  0.19 

Uniaxial (along-a) No Gap No Gap No Gap No Gap No Gap 

Uniaxial (along-b) 0.16  0.28  0.28  0.26  0.26 

 

Compressive 

Biaxial  No Gap No Gap No Gap No Gap No Gap 

Uniaxial (along-a) 0.14 0.37  0.54 0.61  0.63 

Uniaxial (along-b) No Gap No Gap No Gap No Gap No Gap 
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Figure 5: (a) structure of λ5 sheet. The TDOS of λ5 sheet under (b) 3% biaxial tensile, (c) 3% uniaxial 

tensile strain (along straight direction) and (d) 5% uniaxial compressive strain (along zigzag direction). 

(e) Strain vs. stress relationship for λ5 sheet and the dotted lines indicate the elastic limit. (f) Graphical 

representation of variation of the band gap of λ5 sheet under uniaxial and biaxial strains.  

 

To check the reliability of our results, we have further performed the DOS analysis of λ5 structure using 

PW91 and PBE0 functionals as has been shown in the Supporting Information (S17-S22). Here we 

presented the total density of states of biaxial tensile and uniaxial compressive strain along “a” and 

uniaxial tensile strain along “b” strain under 1, 2 and 3% strain.  

We have found that the PW91 result matches with PBE calculation, without opening any band gap and 

possessing very low density at Fermi while strain is applied in biaxial way. In similar way, the band gap 

using PW91 is very much similar with PBE in case of uniaxial strain (along-a and along-b). Only uniaxial 

compressive strain at 5% strain along a opens a band gap of 0.08 eV in PW91 functional, whereas the 

system is band gap less in PBE functional.  However in PBE0 calculation shows a band gap of 0.74 eV, 

0.85 eV and 0.64 eV for 1%, 3% and 5% biaxial tensile strain, respectively. The band gaps are 0.71, 0.84 
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and 0.93 eV upon applying uniaxial tensile (along b direction) 1%, 3% and 5% strain, respectively. The 

band gaps are 0.93, 1.27 and 1.34 eV upon applying uniaxial compressive (along a direction) 1%, 3% and 

5% strain, respectively. We have shown the comparative results in the table below (Table 3). Therefore, 

electronic properties do not change upon altering the GGA theory, whereas the PBE0 overestimates the 

band gap compared with HSE06.  It is widely accepted that PBE0 overestimates the band gap compared 

to HSE06 calculation57. However, it is very interesting to find that semiconducting behavior of the strain 

induced λ5 is irrespective with level of calculation.  

 

Table 3: Band gap opening of λ5 sheet under strain using different level of theories.  

Strain Band Gap (eV) 
PW91 PBE HSE06 PBE0 

Biaxial 
Tensile 

1% 0 0 0.14  0.74  
3% 0 0 0.28  0.85  
5% 0 0 0.19  0.64  

Uniaxial 
Tensile 

(along b) 
 

1% 0 0 0.16  0.71  
3% 0.09  0.05  0.28  0.84  
5% 0.11  0.12  0.26  0.93  

Uniaxial 
Compressive 

(along a) 
 

1% 0 0 0.14  0.93  
3% 0.13  0.12  0.54  1.27  
5% 0 0.08  0.63  1.34  

 

We have also studied the possibility of band gap opening by applying 5% biaxial strain to other structures 

(α2, λ1 and λ4), where the density of states near Fermi is less. We have found that none of cases opens a 

band gap. Below, we have shown the total density of states plot (using HSE06) of these systems (α2, λ1 

and λ4). We find that there is no band gap opening in these structures. Therefore, strain induced band gap 

opening is very much defect specific and thus, making λ5 as a very unique pattern for band gap opening. 
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Figure 6: Structure of  (a) α2 sheet, (b) λ1 sheet and (c) λ4 sheet without application strain. Structure of  (d) 

α2 sheet, (e) λ1 sheet and (f) λ4 sheet with 5% biaxial tensile strain. The TDOS of (g) α2 sheet, (h) λ1 sheet 

and (i) λ4 sheet under 5% biaxial tensile strain using HSE06 level of theory. 

 

3.4.2 Mechanical Stability of λ5:  

Strain technology is crucial to evaluate and understand the fundamental nature of the chemical bonding, 

effect of lattice distortion on the structural stability and elastic limit of the single-layered system. 

Therefore, the λ5 sheet should have enough structural stability to be isolated. Thus, it is crucial to assess 

the effect of structural distortion and mechanical stability under the strain for their synthesis and 

applications. Here, we have presented systematic analysis on the mechanical stability of λ5 sheet, 
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including the ideal equi-biaxial tensile stress or equi-biaxial compressive stress and uniaxial tensile or 

compressive stress along direction “a” uniaxial tensile or compressive stress along direction “b”. The % 

of applied strain is calculated using the formula as written below:58  

% 𝑜𝑓 𝑠𝑡𝑟𝑎𝑖𝑛 =  𝑎−𝑎1𝑎 × 100                                 (3) 

Where ‘𝑎’ and ‘𝑎1’ are the lattice constants of the boron monolayer sheet before and after the strain. 

Tensile stress is applied along the in-plane uniaxial (both in zigzag and straight direction) and biaxial 

directions to evaluate the mechanical stability of λ5 sheet. Atomic positions are relaxed at each strain until 

the forces on each atom are less than 10-3 eV Å-1. Elastic limit is calculated from the stress-strain curve 

under the tensile strain (Figure 7b).59  It shows that λ5 sheet can sustain maximum equi-biaxial strain of 

5%, maximum uniaxial strain of 9% along “a” (Zigzag direction) and maximum uniaxial strain of 17% 

along “b” (Straight direction). The critical strain along “a” direction is similar (8 %) with pure borophene 

sheet.60 The elastic limit of λ5 sheet is at 5% biaxial strain with a maximum stress of 2.5 GPa. Likewise, 

elastic limit of λ5 sheet is at 9% uniaxial strain (along-a direction) with a maximum stress of 2.75 GPa and 

elastic limit is at 17% uniaxial strain (along-b direction) with a maximum stress of 2.75 GPa.  

 

3.5 Dynamic Stability 

The dynamic stability of various phases of borophene sheets have been analyzed from phonon frequency 

calculations. Phonon frequencies were calculated from phonon spectra, using the density functional 

perturbation theory (DFPT)45 as implemented in VASP.38 The lattice dynamics of λ5 sheet is examined 

and compared with α-sheet from their respective phonon dispersion plots (Figure 7a-b). It has been found 

that alpha sheet has maximum negative frequency of 0.0013 THz.  The λ5 sheet has the negative 

frequency of 0.002 THz at ᴦ point and 2.55 THz at S point in the Brillouin zone. Furthermore, it has been 

reported14 that phonon dispersion of freestanding borophene sheet contains small imaginary frequency 

near Γ point, which is consistent with instability against long-wavelength transverse wave. The authors 

have further suggested that this instability can be overcome by creating ripples or grain boundaries in the 
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crystals, which basically hinders the transverse waves by limiting the size of boron sheets.  We have 

found that both pure borophene and α-sheet has been grown / synthesized14,61  successfully on a substrate 

in spite of the small imaginary frequency in their phonon dispersion plot.  It is reported that borophene 

and 2D polymorph of boron sheet are not stable in freestanding form. Mannix et al.14 demonstrated that an 

atomically clean Ag (111) substrate provides the well-defined inert surface for borophene growth. Apart 

from pure borophene, the various phases of boron sheets with vacancy have also been grown on metal 

support. The experimental work by Feng et al.16 showed that two dimensional boron sheets (β12 with 

η=1/6) and χ3 with η=1/5) can be grown epitaxially on Ag (111) substrate. They have further mentioned 

that these sheets interact very weekly with their substrate.  

Several theoretical studies also revealed that various phases of boron sheets with high hexagonal hole 

density can be synthesized on the support of metal surface. It is theoretically reported that a continuous 

growth of two-dimensional boron sheets (g-2/15, g-1/8, α, α1, β1) sheets with hole density 2/15,1/8,1/9, 

1/8,1/7 on Cu(111) surface due to the low diffusion barrier for a single B atom on Cu (111) surface61. 

Using first-principles simulations, Yakobson’s group 62 suggested that stable boron sheets with a certain 

density of hole can be derived by the deposition of B atoms on Au and Ag surface or saturation of B 

terminated MgB2 surface in a B-rich environment. Furthermore, Karmodak et al.50 calculated relative 

binding energy of various phases of boron sheets with different hole density on Ag (111) substrate. They 

have demonstrated that higher the hole density, lower the relative binding energy on Ag (111) substrate. 

Hence we can say that our λ5 structure might possess lower binding energy on Ag(111) substrate. 

Therefore, based on these theoretical prediction and experimental validation of boron monolayer with 

hole density upto 0.2, we can predict that our structures also can be experimentally realizable on the 

support like Ag(111) and Cu(111). 

We have also analyzed the negative frequency at ᴦ point and it has been found that these arise due to 

translation motion. Any non-trivial motion of atoms against each other is actual indication of unstable 

mode. But we have not found any such motion in our structure. Most of the boron based monolayers are 
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always grown on substrate since freestanding structures are not stable. Even, it has been found from the 

earlier published report50 that any high energy phase (in freestanding calculation) became most stable 

while binding with substrate. This gives us an indication that our predicted structure may also be stable on 

substrate.  Moreover, we have calculated phonon dispersion for all the phases of boron sheet (Figure S23 

(a-q), Supporting Information) and we find that the structures hold negative phonon frequency in the 

range of -0.001 to -4.82 THz. Furthermore, we have studied the phonon dispersion for the semiconducting 

sheets (Figure S24 (a-c), Supporting Information) having imaginary frequency ranges 0.03 to 2.47 THz at 

Γ-point under 3% biaxial tensile strain, 3% uniaxial tensile strain (along “b”) and  5% uniaxial 

compressive strain (along “a”). This suggests that these phases of borophene sheet may not be stable as a 

freestanding monolayer but can be synthesized on a substrate. 

 

Figure 7: Phonon dispersion of (a) α-sheet and (b) λ5 sheet. Total energy fluctuation during AIMD 

simulation of λ5 sheet at (c) 300K and (d) 500K.  

 

3.6 Thermal Stability 
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The thermal stability of the λ5 sheet is studied by performing Ab initio molecular dynamics simulations 

(AIMD) using the Nosé thermostat model47 as implemented in VASP.38 Simulations are carried out using 

an NVT ensemble at 300 K, 500 K, and 1000 K with a time step of 1 fs for 5 ps. Room temperature 

AIMD simulation shows no possibility of inter-conversion from the optimized structure. No structural 

deformation has been observed for 300 and 500 K simulation (Figure 7c-d). However at 1000 K, the 

structure completely breaks (Figure S25, Supporting Information). Thus we predict that this structure is 

thermally stable though it might buckle and distorts at higher temperatures (1000 K).  

We have done MD simulations up to 1000 K to check whether they have a very low energy barrier for 

converting into another structure or not. However, we find that the λ5 structure does not convert into any 

other structure in the temperature range of 300-500 K. Furthermore, we have optimized the structures 

(Figure 7 and Figure S26 (a-c), Supporting Information)) after MD simulations. The MD-simulated 

structures show a buckling height of 0.90 and 0.93 Å for 300 and 500K, respectively compared to the 

DFT optimized structure (0.71 Å). It has been found that the optimized structures from DFT calculation 

are energetically comparable with the structure found from MD-simulated optimization at 300K and 

500K.However at 1000K, MD-simulated optimized structure is more stable (by 4.21 eV) compared to 

DFT-optimized structure which might be due to the different pattern obtained after MD simulation. 

 

4.  Conclusion:  

Using the density functional theoretical (DFT) calculations, we have demonstrated that hexagonal hole 

density and distribution of holes play important role in the stability and planarity of the various phases of 

boron sheets. We find that a system will show planarity only if the hole is evenly distributed over the 

sheet and the hole density fall in the range of 1/9 < η < 1/5. In other cases, where the hole is not evenly 

distributed, it is extremely difficult to get a planar structure. Besides it is extremely difficult to explain the 

planarity/buckling of such structures based on the filled/vacant σ and π bands as the structure is neither 

perfectly buckled nor perfectly planar. Electronic properties of all the 17 different phases of boron sheets 
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are found to be metallic with hexagonal hole density ranging from 1/32 to 8/32. However, λ5 sheet shows 

an interesting electronic property as it opens up band gap at the Fermi level under compressive/tensile 

strains. Moreover, dynamic stability of λ5 sheet shows the existence of small imaginary frequency. Since 

such structures need to be grown on a metallic substrate for practical device applications, we expect that 

such small imaginary frequency will vanish when it will be growing on the substrate. Furthermore, we 

have accessed thermal and mechanical stabilities of λ5 sheet to confirm the stability of the proposed 

structure. AIMD simulations confirmed that λ5 sheet is a very stable sheet and can withstand temperature 

as high as 500 K. Moreover, the structure is stable under a considerable amount of strain. So, we predict 

that λ5 sheet is a promising boron based material which can be very useful for device based applications.  

5. Supporting Information: 

The supporting information material is available free of charge on the website. Total and partial density of 

states (GGA-PBE and HSE06 level of theory) and phonon dispersion of different phases of borophene 

sheet with and without strain are given. Besides AIMD simulation (1000 K) of λ5 sheet is given in 

supporting information.   
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