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4.1 Introduction 

 The discovery of graphene lead successful synthesis and prediction of several 2D 

materials such as hexagonal boron nitride (h-BN), silicene, transition metal disulfides, 

phosphorene, alkali-earth metal hydroxides  etc.6 15 Among these 2D materials, the rediscovery 

of black phosphorus (BP) i.e. phosphorene obtained  through exfoliation from its layered bulk 

counterparts of group VA, monolayer and multilayer arsenic (As) and antimony (Sb) have 

received great attention due to their peculiar thermal, optical and electronic properties.11,16 21 

The phosphorene exhibits buckled hexagonal structure as most stable structure and has 

allotropes such as symmetric-washboard (sw) and antisymmetric-washboard (aw) structured 

phospherene.22 The Group VA monolayers are energetically stable in buckled hexagonal phase. 

The phosphorene and arsenene monolayers are also found stable in sw structure.22 The sw-

phosphorene is obtained by exfoliation from bulk orthorhombic phase whereas antimonene and 

bismuthene are found to be stable in antisymmetric-washboard (aw) structure.23 The Group V 

monolayers received  lot of attention in the recent time due to their strain tuned properties such 

as direct-indirect band gap transition,17,24 27 28,29 and topological 

transitions.30 33 Therefore, the identification of 2D semiconductors with distinct bandgap 

energies is of utmost importance for their specific applications. It is found that the strain or 

substrate modified  group-V monolayers are very useful  for the practical applications.34 Active 

research has been carried out on semimetal to semi-conductor and semi-conductor to topological 

transitions under strain.14,35  
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Bismuth (Bi) is the last and heaviest element of group V elements. Bi-based 2D materials 

are one of the best candidates for 2D topological  insulator due to  strong spin-orbit coupling.36

39 Subsequently, many studies have been carried out on 2D bismuth or bismuthene including 

discovery of Rashba-type spin splitting arising from the strong spin orbit coupling (SOC) and 

film thickness dependent surface states.14,34,35,40,41 In addition, the interfacial characteristics of 

bismuthene metal contacts have been explored in depth in which the bismuthene on the metal 

layer is metallized and show ohmic contact in the vertical direction.42 However, the effect of 

strain induced by the metal substrate on Bi monolayer was not considered to be of utmost 

importance. The shift in band edge of bismuthene due to strain alters the choice of metal 

electrodes in monolayer bismuthene devices. The strain dependent electronic properties of  Bi, 

BiAs and BiSb have been previously studied, however, the stability of free-standing BiAs and 

BiSb monolayers is questionable under strain.35,40 This suggests that the lattice dynamical 

properties of these materials under strain need further attention. The systematic study of strain 

dependent lattice dynamics and elastic constants provides a deeper understanding of its 

dynamical and mechanical stabilities.  

In the present chapter, we report results on the systematically investigated electronic, 

optical, mechanical and lattice dynamical properties of two-dimensional bismuth (Bi), bismuth 

arsenide (BiAs) and bismuth antimonide (BiSb). The objective is to understand the modification 

of electronic band structure of 2D Bi, BiAs and BiSb with compressive and tensile strains and 

to find their stability limit under applied strain.  
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4.2 Computational methods 

All calculations in the present study were performed using density functional theory 

based  first principles calculations with a plane wave pseudopotential method as implemented 

in Quantum Espresso code.43 The Generalized gradient approximation (GGA) was used for 

exchange correlation functional in which the energy was parameterized by Perdew Burke

Ernzerhof (PBE).44,45 The energy cut-off values for charge density and plane wave basis set for 

single particle wave functions were 80 Ry and 800 Ry respectively, which were sufficient to 

fully converge the lattice parameters and total energy. We used 16 x 16 x 1 k-point grids for the 

unit cell in the Monkhorst-Pack scheme.46 The calculation of phonon frequencies using the 

perturbation method47 along the full Brillouin Zone (BZ) is an esurience of dynamical stability. 

of Bi, BiAs and BiSb using 4 x 4 x 1 q-mesh. The elastic constants Cij were calculated using 

the stress-strain relationship as implemented in the Elastic Code. Elastic constants were 

converged better than 1GPa by increasing the k-mesh size. The bulk modulus (B), shear modulus 

(G E )  were first determined using the Voigt and 

Reuss bounds schemes and then an arithmetic average was computed following the Voigt-

Reuss-Hill averaging scheme.48 50 This way of evaluating elastic moduli is important since the 

Voigt and Reuss bounds respectively give an upper and lower estimate of the actual elastic 

moduli of polycrystalline crystals. The Voigt bound scheme relies on the assumption of uniform 

strain throughout the crystal, whereas the Reuss bound scheme relies on the assumption of 

uniform stress throughout the crystal. After successful prediction of the bandgap and electronic 
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properties, we calculated optical properties with random phase approximation (RPA) using the 

long wavelength expression for imaginary part of the dielectric tensor. The real part of the 

dielectric tensor is determined using the Krammers-Kroning relation.51 After acquiring the 

dielectric function, we have calculated the absorption coefficient = (E)  where  h and 

c are  Here = 

 ; and  are real and imaginary part of dielectric constant 

respectively. 

4.3 Results and discussion 

4.3.1 Structural and electronic properties 

The elementary group-V monolayers have several stable isomeric phases but the 

energetically most favorable phase is buckled hexagonal (bh) like silicene and germanene as 

shown in Fig. 4.1(a-c). In this study, we focused on the buckled hexagonal phase of bismuthene 

and its binary BiAs and BiSb monolayers. The bismuthene has 2D hexagonal lattice, where each 

atom is covalently bonded with three Bi neighboring atoms. The lattice constant and buckling 

height ( h) are listed in Table 4.1 is 1.72 Å while bond length is 3.04 

Å. The planar sp2 -

form sp3 hybridization.4   The BiAs and BiSb monolayers exhibit similar structure, where three 

Bi atoms are covalently bonded with corresponding neighboring As and Sb atoms respectively 
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or vice-versa. Since atoms are switched with As and Sb, the buckling height and bond angles 

also change to overcome the steric effect.  The lattice constants and buckling heights are in good 

Table 4.1: Calculated Lattice constant  (Å), Bond length (Å), Buckling height(Å), Energy band      
gap Eg (eV) and Fermi level energies EF (eV) of 2D Bi, BiAs and BiSb monolayers. 

Figure 4.1: (a) Top and side view of optimized structure of monolayer buckled hexagonal 
(hb) (a) bismuthine (b) bismuth arsenide and bismuth antimonide. Purple, red and green 

balls represent bismuth, arsenic and antimony atoms respectively.
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agreement with previously reported data.22,35,41 The calculated electronic band structure of Bi, 

BiAs and BiSb monolayers is presented in Fig. 4.2(a-c) which depicts that the 2D Bi, BiAS and 

BiSb exhibit direct bandgap semi-conducting nature with band gap value of 0.66 eV, 1.11 eV 

and 0.97 eV respectively. We observe that the band-gap of BiAs and BiSb is lager compared to 

Bi suggesting its versality and potential applications in opto-electronic, photocatalyst and solar 

cell. The direct bandgap occurs at point of the BZ as the conduction band minima (CBM) and 

valence band maxima (VBM) is located at this point. In addition, there is no significant change 

in the band dispersion for valence band except the opening and closing of upper band set at K 

and M points of the BZ respectively. 

4.3.1.1 Optical properties 
Analysis of optical properties of materials is an important factor for opto-electronic 

device fabrication. As Bi, BiAs and BiSb exhibit smaller band gap around 1 eV they can be 

suitable materials for optoelectronic applications. We know that the wavelength is inversely 

Figure 4.2: Electronic band structure of 2Dmonolayer (a) Bi, (b) BiAs and (c) BiSb.

(a (b (c) 
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proportional to bandgap energy and photons with lower energy or longer wavelength compared 

to corresponding bandgap is not absorbed. Therefore, if the photon energy of an incident light 

is lower than the bandgap energy of a material, the material appears to be transparent for 

corresponding wavelength of light. The absorption coefficient of materials plays a vital role to 

Figure 4.3: (a) Real part of dielectric constant, (b) imaginary part of dielectric constant and 
(c) absorption coefficient of monolayer Bi, BiAs and BiSb.

(b) 

(c) 

(a) 
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know the potential of materials to be used in photo catalyst, solar cell devices and opto-

electronics. The optical absorption properties of Bi, BiAs and BiSb monolayers are studied by 

computing the components of dielectric r i  i  is the imaginary 

part related to absorption at r  is the real part of dielectric constant.  

Fig. 4.3(a) clearly depicts that the dielectric function is maximum around 1.7 2.15 eV for all 

three monolayers. In case of BiAs and BiSb monolayers, the peak with minimum intensity for 

of dielectric function is around 4.8 5.0 eV suggesting transparency for high-energy incident 

photon and metallic nature in this region. In the case of Bi, it attains minima near 2.8 eV which 

indicates that the Bi monolayer exhibits metallic nature in this region. Comparing, three 

monolayers, Bi is less suitable for opto-electronic device applications compared to BiAs and 

BiSb. The imaginary part of the dielectric constants plays a significant role in the interpretation 

of interband-transition. Fig. 4.3(b) clearly depicts two peaks at 0.6 for CBM-  and at 1 eV at 

CBM (M- ). These show that the Bi exhibits direct band gap nature of 0.6 eV and indirect band 

gap of 1 eV between M-  points of the BZ. Similarly, two peaks are observed for BiAs and 

BiSb at 1.1 eV and 0.98 eV respectively which exhibit their direct band gap nature.  The 

absorption coefficient shown in Fig. 4.3(c) shows a blue shift going from Bi to BiSb indicating 

that the band gap increases as we move from Bi to BiSb. We can clearly see from the Fig. 4.3(c) 

that all three monolayers show considerable absorption in IR region due to small band gap. 

These materials show properties which are appropriate for water splitting as photocatalyst. The 

electronic properties including bandgap of these materials can be tuned under strain which 

occurs due to adhesion effect of substrate.   
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 4.3.1.2 Electronic properties under strain  
Now we will analyze strain effect on electronic properties of these monolayers. We have 

analyzed the evolution of the band structure with compressive and tensile strains for 2D Bi, BiAs 

and BiSb and presented them in Fig. 4.4(a-c). These figures represent the energy of VBM at  

point (VBM- ( )), CBM at  (CBM- ( )), CBM at valley lying between  and M points (CBM 

(M- )) and CBM at K point (CBM-(K)) with applied strain percentage. We found that all 

monolayers preserved its direct band gap nature up to 5% of tensile strain as all curves decrease 

smoothly and no intersection of curve is observed. In addition, no band closing is observed up 

to 5% of tensile strain which shows versatility of these monolayers. It is interesting to note that 

the rate of decrease of CBM- is faster compared to CBM at K and M points. These indicate 

that closing of band gap at point will occur at much higher strain. 

Figure 4.4: The calculated VBM, CBM at , CBM at valley and CBM at K as a function of 
strain for (a) Bi, (b) BiAs and (c) BiSb. 
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However, interesting changes are observed under compressive strain where crossover of CBM 

curves occurs at -5%, -3% and -2% respectively in Bi, BiAs and BiSb monolayers. This can be 

attributed to the transition from direct to indirect band transition. Under compression the CBM 

shifts towards conduction valley in -M direction. We observe indirect band gap nature in Fig. 

4.5 (a-c) for Bi, BiAs and BiSb at -5%, -3% and -2% respectively. It is very crucial in 

determining interfacial properties of bismuthene-metal contact due to its direct to indirect 

transition under small amount of compressive strain for device applications.15,52 However, on 

increasing compressive strain further, the CBM shifts towards K point of the Brillouin zone. 

The band gap closes at higher compressive strain about -11%, -13 % and -11 % for Bi, BiAs and 

BiSb respectively. In a nutshell, all three monolayers undergo direct-indirect-metal transition 

under compressive strain whereas they preserve direct band gap nature under tensile strain. 

Figure 4.5: The electronic band structure of (a) Bi, (b) BiAs and (c) BiSb under 
compressive strain where they turn into indirect band gap semi-conductor.
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4.3.2 Vibrational properties  

To understand the lattice instability and vibrational characteristics such as infrared (IR) 

and Raman spectra, it is essential to calculate the phonon dispersion curves (PDC) of given 

material. In fact, phonon calculations can assist to calculate the phonon density of states which 

inturn help in determining the thermodynamic parameters such as Debye temperature, free 

energy, specific heat etc. using quasi-harmonic approximation. Furthermore, the phonons 

provide an insight into the mechanical, acoustical, spectroscopic and dynamical properties of 

Figure 4.6: Phonon dispersion curves as a function of strain for Bi, BiAs and BiSb. 
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materials at finite temperature.53 56 The PDC which is calculated using dynamical matrix 

diagonalization is a true test of  dynamical stability of any material.57 59 The calculated PDC for 

Bi, BiAs and BiSb monolayers along high symmetry directions of the BZ are shown in Fig. 4.6. 

The two atoms per unit-cell of 2D Bi, BiAs and BiSb result into total six phonon branches. The 

quadratic nature of the out of plane mode (ZA) arises due to the out of plane vibrations. These 

can be endorsed to the lowest-order amplitude and strain energy induced by this vibration 

together with the arching of this out-of-plane bending mode. Absence of imaginary frequencies 

in PDC confirms the dynamical stability of Bi, BiAs and BiSb monolayers. Similar features are 

observed in other 2D materials such as graphene, MoS2 and BN layers.12,60,61 After observing, 

the strain effect over electronic properties of these 2D materials, we analyzed strain dependence 

of PDC of Bi, BiAs and BiSb monolayers. These analyses provide the information regarding 

elastic limit of monolayers beyond which they tend to lose their stability. We observe that the 

ZA mode is more sensitive towards biaxial strain as it turns to linear from its characteristic 

quadratic nature. This transformation  of quadratic to linear nature is due to the removal of 

rippling in these monolayers as observed in case of BN sheet.61 The existing gap between optical 

and acoustical phonon modes at zero strain of these monolayers reduces with strain. The rate of 

decrease in the frequency of the modes of any materials depends on the strain created by the 

adhesion of these materials with substrate. Further, we observed that the Bi, BiAs and BiSb 

monolayers become dynamically unstable at 10%, 20% and 15 % strain respectively. Thus, the 

BiAs and BiSb monolayers can withstand more strain than the Bi monolayer and indicates their 

suitability for semi-conductor device applications.  
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4.3.3 Mechanical properties 

A thorough knowledge of mechanical properties of any substance is crucial for their 

technological implementations along with its dynamical stability. The investigation of elastic 

constants play a vital role in understanding the characteristic of the materials such as hardness, 

mechanical strength, anisotropy and propagation of the sound and elastic waves and 

macroscopic response.62 65 The Poisson  ratio describes the proportion of the transverse 

contraction to the longitudinal expansion of a material during the stretching phase. Materials 

with a negative Poisson  ratio are known as auxetic materials and have drawn particular 

attention of scientists owing to their outstanding benefits in sensing technology. The auxetic 

materials expands in transverse direction, when it is stretched in longitudinal direction and vice 

versa. The second order elastic constants exhibit the linear elastic response whereas the higher 

(>2) order elastic constants characterize the nonlinear elastic response. We have calculated the 

second order elastic constants to know the linear elastic response of Bi, BiAs and BiSb 

monolayers. To know the mechanical stability of any  material, the material  has to satisfy Born 

stability criteria.66 The Bi, BiAs and BiSb monolayers exhibit hexagonal structure. The Born 

criteria for 2D hexagonal structure are C11 > 0.0, C11-C12 > 0.0 and C66 > 0.0.   We found that all 

three monolayers are mechanically stable as they satisfy Born criteria. The obtained elastic 

constant values; C11 = 18.9 N/m, C12 =4.8 N/m and C66 =8.4 N/m of Bi monolayer are consistent 

with previous report.41 The elastic constants for BiAs and BiSb monolayers respectively are C11 

= 27.1 and  21.8 N/m, C12 =9.3 and 4.8 N/m and C66 =15.2 and 8.4 N/m and found to be 

mechanically stable . We observe that among three monolayers, BiAs exhibits higher value of 
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planar elastic stiffness constants (C11 and C12) suggesting better sustainability for BiAs against 

higher strain. is related to the uniaxial deformation with the volume change and 

higher  tends to better plasticity of the materials. The  of 2D Bi, 

BiAs and BiSb is 0.22, 0.21 and 0.21 respectively which is very close to graphene  

indicating covalent nature and increased brittleness.64  Fig. 4.7 presents the elastic constants as 

a function of strain where it can be seen that all materials close to 15 % of tensile and 

Figure 4.7: The calculated elastic constants as a function of 
strain for (a) Bi, (b) BiAs and (c) BiSb.
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compressive strains become mechanically unstable. It is interesting to note that Bi monolayer 

above 10 % strain becomes dynamically unstable whereas it is mechanically unstable above 15 

%. We conclude that these monolayers are brittle at high strain and can be used in device 

fabrication. The bulk and shear moduli of 2D Bi, BiAs and BiSb decrease with applied 

compressive strain while they increase with tensile strain. The Young  modulus of 2D BiAs 

and BiSb increases upto -10 % compressive strains and decreases and become negative beyond 

this (see Fig. 4.8). Thus, in our study, we observe that all these materials become mechanically 

unstable beyond 15 % strain. We observe that the  % of 

tensile strain beyond which BiAs and BiSb monolayers show auxetic behavior as Poisson  ratio 

becomes negative.  

Figure 4.8: The calculated (a)  ratio (b)  modulus (c) Bulk modulus and (d) 
Shear modulus as a function of strain for Bi, BiAs and BiSb monolayers.

(a) (b) 

(c) (d) 
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4.4 Conclusions 

In the present work, we have carried out a systematic study of the electronic, optical, 

mechanical and dynamical properties of the two-dimensional Bi, BiAs and BiSb using first 

principles calculations based on density functional theory. We found that the monolayers of Bi, 

BiAs and BiSb monolayers exhibit semi-conducting nature with direct band gap of 0.66 eV, 1.11 

eV and 0.99 eV respectively. The optical band gap of Bi, BiAs and BiSb monolayers is found 

as 0.6 eV, 1.1 eV and 0.98 eV respectively which are same as their electronic band gap. The 

absorption spectra show that these materials absorb radiation in IR region and hence show their 

use as a photocatalyst. The phonon dispersion calculations show that all three monolayers are 

dynamically stable as all phonon modes have real frequencies throughout the Brillouin zone. 

We predict that the compressive strain induces direct-indirect-metallic transition whereas tensile 

strain retains its direct bandgap nature. The phonon dispersion curves of these monolayers 

contain characteristic out-of-plane optical and acoustical phonon mode modes apart from usual 

longitudinal and transverse optical and acoustical mode like other 2D materials like graphene, 

hexagonal BN, MoS2 etc. The out-of-plane acoustical mode which is quadratic with wave vector 

near zone center, turns linear under strain effect. Besides dynamical stability, these monolayers 

show high mechanical stability up to 15 %, 20 % and 15 % strain respectively for Bi, BiAs and 

BiSb. Owing to greater stability at high strain, BiAs and BiSb can be potential candidates in 

electronic, optoelectronic and solar cell devices. 
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