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Abstract

:

In this short communication, we conducted first-principles calculations to explore the stability of boron monochalcogenides (BX, X = S, Se or Te), as a new class of two-dimensional (2D) materials. We predicted BX monolayers with two different atomic stacking sequences of ABBA and ABBC, referred in this work to 2H and 1T, respectively. Analysis of phonon dispersions confirm the dynamical stability of BX nanosheets with both 2H and 1T atomic lattices. Ab initio molecular dynamics simulations reveal the outstanding thermal stability of all predicted monolayers at high temperatures over 1500 K. BX structures were found to exhibit high elastic modulus and tensile strengths. It was found that BS and BTe nanosheets can show high stretchability, comparable to that of graphene. It was found that all predicted monolayers exhibit semiconducting electronic character, in which 2H structures present lower band gaps as compared with 1T lattices. The band-gap values were found to decrease from BS to BTe. According to the HSE06 results, 1T-BS and 2H-BTe show, respectively, the maximum (4.0 eV) and minimum (2.06 eV) electronic band gaps. This investigation introduces boron monochalcogenides as a class of 2D semiconductors with remarkable thermal, dynamical, and mechanical stability.
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1. Introduction


After the great success of graphene [1,2,3], during the last decade the interest in two-dimensional (2D) materials has been continuously increased. One of the critical factors that has contributed largely in astonishing advances in the field of 2D materials is the available advanced theoretical techniques that enabled researchers to examine the stability of new compositions and estimate properties and suggest possible synthesis routes [4,5,6,7] using pure computational experiments. As an example, in 2015, successful experimental realization of borophene nanosheets were reported through epitaxial growth of boron atoms on a Ag surface [8,9]. Nevertheless, prior to these experimental successes, stability, fabrication conditions, and electronic properties of various borophene structures were theoretically predicted [10,11]. Currently, the family of 2D materials includes prominent members, such as: hexagonal boron-nitride [12,13], carbon-nitride 2D networks [14,15,16,17], silicene [18,19], germanene [20], transition metal dichalcogenides [21,22,23], phosphorene [24,25], and indium monochalcogenides [26].



In the most recent theoretical and experimental work by Cherednichenko et al. [27], the phase transition in a rhombohedral boron monosulfide (r-BS) bulk layered structure was studied. Interestingly, the atomic structure of r-BS in the single-layer form is similar to that of indium selenide, which was recently synthesized in 2D forms by Bandurin et al. [26]. Worthy noting is that the stability of single-layer indium chalcogenides were first confirmed theoretically by Zólyomi and co-workers [28], a few years earlier than the experimental realization [26]. Also noteworthy is that BS monolayers with four different atomic lattices were most recently theoretically predicted by Fan and co-workers [29]. Motivated by the previous investigations [26,28], in this work we decided to examine the stability of single-layer boron monochalcogenides, with a chemical formula of BX, where X stands for S, Se, or Te chalcogen elements. To this aim, we conducted density functional theory calculations to explore the structural and thermal stability, and the basic mechanical and electronic properties of single-layer boron monochalcogenides as a class of 2D materials.




2. Computational Method


First-principles density functional theory (DFT) simulations in this work were conducted using the Vienna ab initio simulation package (VASP) [30,31,32]. The generalized gradient approximation (GGA) exchange-correlation functional of Perdew-Burke-Ernzerhof (PBE) [33] and plane wave basis set with an energy cut-off of 500 eV were also employed. The conjugate gradient method within the tetrahedron method with Blöchl corrections [34] was used for the geometry optimizations, with termination criteria of 10−5 eV and 0.005 eV/Å for the energy and forces, respectively, using a 19 × 19 × 1 Monkhorst-Pack [35] k-point mesh size. Since the PBE functional underestimates the band gap values, we used Heyd-Scuseria-Ernzerhof (HSE06) [36] method to report the electronic band gaps of predicted monolayers. To assess the dynamical stability of BX monolayers, we conducted density functional perturbation theory (DFPT) simulations for 4 × 4 super-cells within the finite displacement method using the Phonopy package [37]. The thermal stability of single-layer BX was explored via ab initio molecular dynamics (AIMD) simulations for 3 × 3 super-cells with a time increment of 1 fs and 2 × 2 × 1 k-point mesh size. To evaluate the mechanical properties, we conducted uniaxial tensile modelling for the unit-cells. To this aim, we increased the size of the periodic simulation box along the loading direction with a constant engineering strain step. In order to observe the uniaxial stress condition, the simulation box size along the transverse direction of the loading was changed to reach negligible stress along this direction.




3. Results and Discussions


Like indium chalcogenides [28], predicted BX nanomembranes in this work also show hexagonal lattices, in which two layers of columned B atoms are sandwiched between two chalcogen atom layers. Depending on the arrangement of chalcogen atoms, BX nanosheets can exhibit two different atomic structures. In accordance with transition metal dichalcogenides’ atomic lattices [38,39,40], we call the graphene-like BX with an atomic stacking sequence of ABBA as the 2H structure. On the other hand, BX nanosheets with a 1T phase present an atomic stacking sequence of ABBC, in which the chalcogen atoms, either on the bottom or top, are placed in the hollow center of the hexagonal lattice. Figure 1, illustrates the atomic lattices of 2H- and 1T-BX monolayers. The atomic lattice of BX monolayers can be well defined by the hexagonal lattice constant and B-B and B-X bond lengths. The lattice parameters of energy minimized BX monolayers with hexagonal unit-cells are summarized in Table 1. To compare the stability of 2H and 1T phases, we calculated the energy per atom for BX monolayers and the results are also included in Table 1. Interestingly, boron monochalcogenides with 1T lattice show lower energies and, thus, are more stable in comparison with 2H counterparts.



In order to better understand the bonding nature in boron monochalcogenide nanomembranes, we also plotted the electron localization function (ELF) [42] for BS monolayers in Figure 1. It is worth reminding the reader that ELF is a normalized and position-dependent function in which the values close to one corresponds to a high probability of finding electron localizations, and ELF equal to one half corresponds to the region of electron gas-like behaviour. We found that for the all boron monochalcogenides lattices, the ELF values around the centre of all bonds are greater than 0.75, confirming the covalent bonding nature in this class of 2D materials. As is clear in Figure 1, electron localizations also occur around the chalcogen atoms, which is due to their higher valance electrons. To investigate the charge transfer between B and chalcogen atoms, we conducted the Bader charge analysis [43] and the results for different atomic lattices are also included in Table 1. Interestingly, for BS and BSe monolayers, considerably higher electronegativity of S and Se atoms in comparison with B atoms lead to charge gain from B atoms. These charge transfers accordingly induce ionic interactions between heteronuclear bonds in BS and BSe nanomembranes. In these cases, the charge transfer is higher for the 2H phase as compared with 1T lattices, resulting in stiffer bonding and smaller hexagonal lattice constants for 2H lattices. For BTe nanosheets the Bader results, however, suggest that the charge transfer is convincingly negligible.



In order to analyse the dynamical stability of the single-layer BX lattices, the phonon dispersions along the high symmetry Γ-M-K-Γ directions were computed and the obtained results are shown in Figure 2. As is clear for all the predicted monolayers, phonon dispersions are convincingly free of imaginary vibrational frequencies and thus they are all stable from dynamical point of view. For all the structures, in the phonon dispersions two gaps in frequencies are observable. For all the monolayers before the first gap in the phonons frequency, the chalcogen atoms contribute mostly to the vibrations. In contrast, boron atoms with lighter atomic weights were found to dominate the vibrations after the first gap in the phonon dispersions. By increasing the weight of the chalcogen atoms, the gaps in the phonon dispersions widen. For the predicted BX monolayers, 1T lattices were found to exhibit slightly higher frequencies in comparison with 2H phases.



Thermal stability at high temperatures is another critical property that is highly desirable for every material in engineering applications. We, therefore, next examined the thermal stability of single-layer boron monochalcogenides using the AIMD simulations at high temperatures. To this goal, AIMD calculations were conducted at different temperatures of 500 K, 1000 K, 1500 K, and 2000 K, for 15 ps long simulations. Snapshots of the BX monolayers with 2H and 1T phases after the 15 ps of AIMD simulations at high temperatures of 1500 K and 2000 K are illustrated in Figure 3. As a remarkable finding, all predicted BS and BSe monolayers were found to stay intact at the high temperature of 2000 K. As is clear, nevertheless, BTe monolayers with the both 2H and 1T lattices were disintegrated at 2000 K. The obtained results confirm the outstanding thermal stability of BX monolayers, which are all able to keep their structures intact at high temperatures, like 1500 K. As it was discussed earlier, 1T phases were found to be more energetically favourable since their lattice energies were slightly lower than those of 2H lattices. Higher energetic stability of 1T phases suggest that they are more probable to be experimentally realized, which is in agreement with the r-BS bulk layered structure with the well-known 1T atomic lattice [27]. Our results shown in Figure 3, confirm no sign of 2H to 1T phase transition at high temperatures, as 2H phases could keep their original hexagonal and graphene-like lattices intact. This finding not only reveals the remarkable thermal stability of BX nanomembranes with 1T and 2T phases, but also shows that the energy barriers for 2H to 1T phase transition in BX monolayers are considerably high, which cannot be passed by high temperature annealing.



In Figure 4 band structures of BX monolayers along high symmetry directions predicted by PBE method are illustrated. Our results indicate that all boron monochalcogenides monolayers are wide and indirect band gap semiconductors. This observation suggests the limited application prospect of predicted monolayers as nanotransistors in post-silicon electronic. For the all BS monolayers valence band maximum (VBM) occurs around the Γ point. For the single-layer boron monochalcogenides with 1T atomic lattice, conduction band minimum (CBM) happens around the M point. In the case of BX monolayers with 2H atomic configuration, the CBM, however, occurs at M and K points. The band gaps of BS, BSe, and BTe monolayers with a 2H lattice within the PBE functional were measured to be 2.8 eV, 2.07 eV, and 1.49 eV, respectively. The corresponding values for 1T-BS, -BSe, and -BTe monolayers were found to be higher, 2.87 eV, 2.5 eV, and 1.7 eV, respectively.



Since the PBE method underestimates the band gap, we employed the HSE06 functional to more accurately report the band gap values in these 2D systems. For 2H-BS, -BSe, and -BTe, the band gaps were measured to be 3.85 eV, 2.96 eV, and 2.07 eV, respectively. In accordance with PBE results, the band gap of 1T lattices were found to be slightly higher, 4.0 eV, 3.43 eV, and 2.45 eV for single-layer BS, BSe, and BTe, respectively. As is clear, BS and BTe monolayers exhibit the largest and narrowest band-gaps, respectively.



Mechanical properties are among the most critical properties of any material for the design of nanodevices [44,45,46,47,48,49,50,51,52,53,54]. We finally study the mechanical properties of boron monochalcogenides predicted in this work. In Figure 5, the DFT predictions for the uniaxial stress-strain responses of single-layer BS, BSe, and BTe with 2H and 1T atomic lattices elongated along the armchair and zigzag directions are compared. For all of the predicted monolayers, the stress-strain response starts with an initial linear relation which is followed by a nonlinear trend up to the ultimate tensile strength point. The slope of the initial linear section of stress-strain curve is equal to the elastic modulus. In this work in order to report the elastic modulus, we fitted linear lines to the stress-strain values for the strain levels below 0.01. Within the elastic region, the strain along the traverse direction (εt) with respect to the loading strain (εl) is constant and can be used to evaluate the Poisson’s ratio, using: −εt/εl. In Table 2, the mechanical properties of these 2D structures are summarized. Our results for the uniaxial loading along the armchair and zigzag directions show that linear sections coincide closely. As is also shown in Table 2, the elastic modulus along both considered loading directions are close, which suggest convincingly isotropic elasticity in the predicted BX monolayers. In contrast, the nonlinear sections of stress-strain responses are different depending on the loading direction. Interestingly, along the zigzag direction these systems show considerably higher tensile strength and stretchability as well. As is clear, the mechanical properties decline from BS to BTe. For the all BS monolayers, 2H lattices are stronger than 1T phases. Interestingly, the strain at ultimate tensile strength which is the representative of the stretchability, is very high for BS and BTe monolayers with 2H lattice for the loading along the zigzag direction. Notably, along the zigzag direction the strain at ultimate tensile strength of 2H-Bs and -BTe monolayers were found to be 0.26 and 0.3, respectively, comparable to that of the pristine graphene (~0.27 [55]) and hexagonal boron-nitride (~0.3 [56]).




4. Conclusions


In this work we introduced boron monochalcogenides as a class of 2D materials. Two different atomic lattices for BS, BSe, and BTe monolayers with stacking sequences of ABBA and ABBC were considered. According to first-principles density functional theory simulation results, all predicted monolayers were found to be dynamically stable. Ab initio molecular dynamics simulations reveal the remarkable thermal stability of all predicted monolayers at high temperatures over 1500 K. Electronic band structures confirm that all predicted single-layer boron monochalcogenides are indirect band gap semiconductors. According to the HSE06 method results, the band gaps of BS, BSe, and BTe monolayers with 2H atomic lattices were found to be 3.85 eV, 2.96 eV, and 2.07 eV, respectively. In this regard, the electronic band-gap of 1T lattices were found to be slightly higher, 4.0 eV, 3.43 eV, and 2.45 eV for single-layer BS, BSe, and BTe, respectively. Our first-principles results confirm convincingly isotropic elasticity and highly anisotropic tensile strengths in 2H and 1T boron monochalcogenide nanomembranes. It was found that along the zigzag direction these nanosheets show considerably higher tensile strength and stretchability as well. As an interesting finding, the stretchability of BS and BTe nanomembranes along the zigzag were found to be comparable to that of the graphene and hexagonal boron-nitride. This study introduces a class of stable and strong 2D materials with inherent semiconducting electronic characters and, thus, we are hopeful that the obtained result can motivate future experimental and theoretical studies to explore the possible synthesis routes and new physics and chemistry of these nanomembranes.
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Figure 1. Top and side views of atomic configuration of single-layer BS with 2H and 1T lattices, with ABBA and ABBC stacking sequences, respectively. For the right side views the electron localization function 3D profiles are also plotted. The red box shows the unit-cell which includes four atoms. The VESTA [41] package was employed to illustrate the atomic structures. 
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Figure 2. Phonon dispersions of free-standing and single-layer BX nanosheets. 
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Figure 3. Snapshots of single-layer boron monochalcogenides at different temperatures of 1500 K and 2000 K after the AIMD simulations for 15 ps. 
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Figure 4. Band structure of single-layer BS, BSe, and BTe with 2H and 1T atomic lattices predicted by the PBE functional. The Fermi energy is aligned to zero. 
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Figure 5. Uniaxial stress-strain responses of single-layer and free-standing boron monochalcogenides with 2H and 1T phases stretched along the armchair and zigzag directions. 
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Table 1. Lattice parameters of energy minimized BX monolayers. Here, LB-B and LB-X, Eunit-cell, and ΔQ stand for B-B and B-X bond lengths, energy per atom of a unit-cell, and Bader results for charge transfer from a single B atom to a chalcogen atom, respectively.
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Structure

	
Lattice Constant (Å)

	
LB-B (Å)

	
LB-X (Å)

	
Eunit-cell (eV)

	
ΔQ






	
BS

	
2H

	
3.041

	
1.728

	
1.950

	
−5.813

	
1.88




	
1T

	
3.056

	
1.704

	
1.954

	
−5.818

	
1.86




	
BSe

	
2H

	
3.259

	
1.712

	
2.087

	
−5.241

	
0.68




	
1T

	
3.274

	
1.686

	
2.087

	
−5.256

	
0.58




	
BTe

	
2H

	
3.565

	
1.713

	
2.314

	
−4.720

	
−0.1




	
1T

	
3.589

	
1.681

	
2.316

	
−4.746

	
−0.11
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Table 2. Mechanical properties of single-layer BS, BSe and BTe with 2H and 1T atomic lattices along the armchair and zigzag directions. Y, P, UTS and SUTS stand for elastic modulus, Poisson’s ratio, ultimate tensile strength, and strain at ultimate tensile strength point, respectively. Stress units are in N/m.






Table 2. Mechanical properties of single-layer BS, BSe and BTe with 2H and 1T atomic lattices along the armchair and zigzag directions. Y, P, UTS and SUTS stand for elastic modulus, Poisson’s ratio, ultimate tensile strength, and strain at ultimate tensile strength point, respectively. Stress units are in N/m.





	
Structure

	
Yarmchair

	
Yzigzag

	
Parmchair

	
Pzigzag

	
UTSarmchair

	
UTSzigzag

	
SUTSarmchair

	
SUTSzigzag






	
BS

	
2H

	
203

	
201

	
0.13

	
0.12

	
15.17

	
20.31

	
0.12

	
0.26




	
1T

	
195

	
193

	
0.13

	
0.12

	
12.69

	
17.60

	
0.11

	
0.23




	
BSe

	
2H

	
162

	
159

	
0.17

	
0.14

	
12.72

	
14.92

	
0.13

	
0.18




	
1T

	
155

	
155

	
0.17

	
0.14

	
10.15

	
11.89

	
0.11

	
0.15




	
BTe

	
2H

	
131

	
130

	
0.17

	
0.14

	
11.36

	
14.01

	
0.15

	
0.3




	
1T

	
122

	
121

	
0.17

	
0.14

	
11.00

	
8.66

	
0.12

	
0.27
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