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Abstract

:

The structures and electronic properties of monolayer arsenene doped with Al, B, S and Si have been investigated based on first-principles calculation. The dopants have great influences on the properties of the monolayer arsenene. The electronic properties of the substrate are effectively tuned by substitutional doping. After doping, NO adsorbed on four kinds of substrates were investigated. The results demonstrate that NO exhibits a chemisorption character on Al-, B- and Si-doped arsenene while a physisorption character on S-doped arsenene with moderate adsorption energy. Due to the adsorption of NO, the band structures of the four systems have great changes. It reduces the energy gap of Al- and B-doped arsenene and opens the energy gap of S- and Si-doped arsenene. The large charge depletion between the NO molecule and the dopant demonstrates that there is a strong hybridization of orbitals at the surface of the doped substrate because of the formation of a covalent bond, except for S-doped arsenene. It indicates that Al-, B- and Si-doped arsenene might be good candidates as gas sensors to detect NO gas molecules owning to their high sensitivity.
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1. Introduction


Owing to the adequate preparation of single-layer graphene, the research on two-dimensional (2D) materials has been increasing. Graphene, silicene, germanene, hexagonal boron nitride (h-BN), phosphorene, transition metal dichalcogenide and stanine [1,2,3] have attracted more and more attention in recent years. Especially, because of their ultrathin thickness and high surface-to-volume ratio, atomically thin 2D nanomaterials have been proven to be prospected nanoscale in catalyst, gas sensors and energy storage [4,5,6].



Good gas sensors for the detection of toxic gas plays a crucial role in industries, chemical detection and environment protection [7,8,9]. Due to the excellent structural properties of 2D materials, it has attracted wide attention in the field of gas sensors. Ma et al. [10] studied the small molecules (CO, H2O, NH3, N2, NO2, NO and O2) adsorbed on the InSe monolayer and found that 2D InSe nanomaterials is a potential candidate for fabricating gas sensors. The study of Liang et al. [11] showed that the affinity between Ga-doped graphene and gas molecules is stronger than that of pristine graphene. For the adsorption of NOx gases, there have been some experimental studies. MoS2 nanosheets, prepared by the micromechanical exfoliation method, show a high selectivity for NOx and NH3 gas molecules at the ppb level [12,13]. Schedin et al. [14] have researched the adsorption of NO2, NH3, H2O and CO gas molecules on graphene-based gas sensors and found that graphene was electronically quiet enough to be used as a single electronic detector at room temperature.



Recently, monolayer arsenene was predicted to be indirect semiconductors based on its excellent properties of high stability and wide band gaps [15,16]. Similar to silicene, arsenene possesses buckled honeycomb structures [17]. Liu et al. [18] have researched the adsorption of six kinds of small gas molecules on the pristine arsenene monolayer and found that in gas sensing, arsenene can be a potential candidate applied for NO and NO2 molecules with electrical and magnetic methods. Khan and his coworkers [19] have reported NH3 and NO2 molecules show a significant affinity for arsenene leading to strong physisorption.



Generally, doping can improve the adsorption ability of 2D materials to gas molecules [20]. For arsenene doping, the adsorption energy of NH3 can be enhanced by Ge- and Se-doping [21]. Bai et al. [22] have investigated the structures and properties of monolayer arsenene doped with Ge, Ga, Sb and P, and the results demonstrated that monolayer arsenene doped with Ga changes into the direct band gap. Chen et al. [23] have calculated the adsorption properties of NO2 and SO2 on different types of pristine, boron- and nitrogen-doped arsenene, and found that N-doped arsenene is more suitable for SO2 gas sensors as well as that P-doped arsenene has more potential application in NO2 gas sensors.



In this paper, we investigated the structures and electronic properties of monolayer arsenene doped with Al, B, S and Si theoretically based on the first-principles calculation. After doping, NO adsorbed on four kinds of substrates were investigated. The adsorption energy, adsorption distance and Mulliken charge transfer were calculated. These results can support a theoretical foundation to design gas sensors using 2D arsenic materials.




2. Computational Methods


The first-principles study, based on density functional theory (DFT), was calculated through the DMol3 code. The generalized gradient approximation (GGA) with the Perdew–Burke–Ernzerhof (PBE) functional [18,19,22] was adopted in the simulation. However, GGA ignores the long-range electron effects, which led to the overestimation of van der Waals forces [24,25,26,27]. Therefore, the Grimme custom method was used to describe tiny van der Waals interaction [23,28]. Double numerical atomic orbital plus polarization (DNP) was selected as the basis set to expand electronic wave function. A 4 × 4 × 1 supercell containing 32 atoms was adopted with a vacuum space of 20 Å to guarantee there was no interaction between adjacent layers. An 8 × 8 × 1 and 16 × 16 × 1 k-points in the Brillouin zone were adopted to optimize the configurations and calculate the electronic properties, respectively [19,21]. The convergence tolerance for energy minimizations was 1.0 × 10−6 Ha, for maximum force it was 0.002 Ha/Å and for geometry optimizations it was 0.005 Å, respectively. The flow chart of the computational process is shown in Figure 1.




3. Result and Discussion


The structure and electronic properties of pristine monolayer arsenene is firstly tested to check the accuracy of the calculation procedure. The full relaxed lattice constant of monolayer arsenene is 3.624 Å, which is very close to the experimental data [29]. It can be seen from Figure 2a that the bond length of As–As and the bond angle are 2.524 Å and 91.751°, respectively. The thickness of monolayer arsenene is 1.412 Å. The monolayer arsenene with an indirect band gap of 1.718 eV shows a semiconductor property, in which the valence band maximum (VBM) displays at Γ point and the conduction band minimum (CBM) displays between M and Γ point. The results agree well with the previous results [18,22,30,31]. These results verify the accuracy of the calculation procedure and the characterization of the material. Simultaneously, it can be seen from Figure 2b that the partial density of states (PDOS) of the supercell of arsenene, which is mainly dominated by s and p orbitals of As atoms, but the influence on the total density of states (DOS) of the p orbital is greater than that of the s orbital. Similar to the feature of blue phosphorene and silicene [22,32], the energy region near the Fermi level is mainly due to the p orbital of As atoms.



Substitutional doping can effectively improve the adsorption ability of 2D materials to gas molecules. So, the structures and electronic properties of X-doped monolayer arsenene (X = Al, B, S, Si) have been firstly optimized and calculated. The binding energy (Eb) is calculated and defined as Eb = [EX-As − (n − 1)EAs − EX]/n, where EX-As is the total energy of substitutional systems, EAs and EX are the energies of the isolated atom As and the dopant atom X, respectively, and n is the number of As atoms in arsenene supercell. It can be seen from the above equation that the greater the binding force between doping elements and the substrate, the more negative the value of Eb. As shown in Table 1, the bond length lX-As between the dopant X and the nearest As element is in the range of 2.064 to 2.459 Å, and lB-As is the shortest with 2.064 Å. The binding strength increases in the order of S < Al < Si < B with high binding energy of −4.065 eV, −4.085 eV, −4.108 eV and −4.137 eV, respectively. It indicates that S, Al, Si and B can interact strongly with its neighboring As atoms. The above results show that the dopants can effectively affect the binding energy for the doped monolayer arsenene.



Meanwhile, Mulliken analysis is used to calculate the atomic charge near the dopant X and the calculated results are listed in Table 1. The Mulliken population of Al, B, S and Si atoms are 0.807, 0.175, −0.120 and 0.665 e, respectively. The results show that a large amount of electrons transfer occurs between the dopant and the substrate, which implies that there are strong interactions between the dopant and the substrate. The electrons transfer from the dopant to the substrate except for the S atom, because the S atom has a higher electronegativity than that of the As atom. Among these structures, the values of the Mulliken population of Al, B and Si atoms are positive. This leads to the formation of a huge electron depletion layer on the substrate, which is conducive to improving the adsorption properties for NO gas molecules.



The optimized adsorption configurations of NO adsorbed on four doped systems are demonstrated in Figure 3. The corresponding parameters are listed in Table 2, including the adsorption energy (Ead), adsorption distance (d) and Mulliken charge (Q). It can be seen from Figure 3 that the N atom is toward the substrate and the O atom is away from the substrate in four doped systems. Ead is defined as Ead = ENO/X-As − (EX-As + ENO), where ENO/X-As, EX-As and ENO denote the total energies of the NO molecule adsorbed on the doped system, the isolated doped substrate and the NO molecule with the same lattice parameters, respectively. The more negative Ead is, the more stable the structure is. B-doped arsenene has the largest adsorption energy of −1.884 eV and the shortest adsorption distance of 1.428 Å with the NO molecule. For Al-, S- and Si-doped arsenene, the adsorption energy values are −1.157 eV, −0.469 eV and −1.586 eV, and the adsorption distance values are 1.942 Å, 2.548 Å and 1.864 Å, respectively. It is clear that the adsorption of NO on S-doped arsenene is physical adsorption and NO on Al-, B- and Si-doped arsenene is chemical adsorption. Mulliken population analysis is performed and the negative Q value indicates electron transfer from the substrates to the NO molecule. It shows that the NO molecule is an electron acceptor with four substrates.



Furthermore, the band structures of Al-, B-, S- and Si- doped monolayer arsenene are also calculated to investigate the effects introduced by the dopant. As shown in Figure 4a,b, the dopants of Al and B change the 2D material to the direct band gap from the indirect band gap. Both CBM and VBM are displayed on the Γ point in Brillouin Zone with the values of the band gap 1.538 and 1.370 eV, respectively. The Fermi level of S- and Si-doped arsenene systems enter into the conduction band (see Figure 4c,d) and a semiconductor-metal transition is realized. Through the band structures comparison of four doped systems, it can be concluded that the electronic properties of 2D materials are effectively tuned by substitutional doping.



As can be seen from Figure 4e–h, the band structures of four systems have great changes after the adsorption of the NO molecule. Interestingly, the energy gap values of NO/Al-doped arsenene and NO/B-doped arsenene both change to 0.372 and 0.407 eV, and the energy gap values of NO/S-doped arsenene and NO/Si-doped arsenene change to 0.294 and 0.521 eV. The adsorption of the NO molecule reduces the energy gap of Al- and B-doped arsenene and opens the energy gap of S- and Si-doped arsenene.



To explore the electronic properties of the four systems, the total density of states (DOS) of four systems before and after absorbing the NO molecule were analyzed and shown in Figure 5. Because of the adsorption of NO, the DOS of Al- and B-doped arsenene are shifted to the lower energy level, but the DOS of S- and Si-doped arsenene are shifted slightly to the higher energy level, which are in accordance with the changes of band structures.



To further investigate the NO adsorption on X-doped monolayer arsenene, the charge density differences of NO adsorbed on four kinds of substrates were calculated and shown in Figure 6. The charge density difference can be expressed as Δρ = ρNO/X-As − (ρX-As + ρNO), where ρNO/X-As, ρX-As and ρNO denote the total charge densities of the optimized NO adsorption system, isolated substrate and NO molecule, respectively. The purple and green parts correspond to the charge accumulation and the charge depletion, respectively. It can be clearly seen that charge redistribution is generated between the NO molecule and the dopant atoms due to the adsorption. The large charge depletion between the NO molecule and the dopant demonstrates that there is a strong hybridization of orbitals at the surface of the doped substrate because of the formation of a covalent bond except for S-doped arsenene. The results are consistent with the Mulliken population analysis.




4. Conclusions


On the basis of first-principles calculation, the structures and electronic properties of monolayer arsenene doped with Al, B, S and Si were investigated. The dopants have great influences on the properties of the monolayer arsenene. The electronic properties of the substrate are effectively tuned by substitutional doping.



After doping, NO adsorbed on four kinds of substrates have been investigated. The NO molecule is an electron acceptor with four substrates. The adsorption energy, adsorption distance and Mulliken charge transfer have been calculated. The results demonstrate that NO exhibits a chemisorption character on Al-, B- and Si-doped arsenene, while a physisorption character on S-doped arsenene with moderate adsorption energy.



Due to the adsorption of NO, the band structures of the four systems have great changes. It reduces the energy gap of Al- and B-doped arsenene and opens the energy gap of S- and Si-doped arsenene. The large charge depletion between the NO molecule and the dopant demonstrates that there is a strong hybridization of orbitals at the surface of the doped substrate because of the formation of a covalent bond except for S-doped arsenene. It indicates that Al-, B- and Si-doped arsenene might be good candidates as gas sensors to detect NO gas molecules owing to their high sensitivity.
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Figure 1. The flow chart of the computational process. 






Figure 1. The flow chart of the computational process.



[image: Processes 07 00538 g001]







[image: Processes 07 00538 g002 550]





Figure 2. (a) Optimized structure of monolayer arsenene. The blue and green boxes in the top view (top panel) show the primitive cell and the 4 × 4 supercell, respectively. The buckling height (h) is indicated in the side view (bottom panel). (b) Electronic band structure (left panel) and partial density of states (PDOS) (right panel) of the 4 × 4 supercell of monolayer arsenene. The Fermi energy was set to zero. 
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Figure 3. Top view and side view of the most energetically favorable adsorption configurations for NO adsorbed on (a) Al-, (b) B-, (c) S- and (d) Si-doped monolayer arsenene. The O and N atoms are labeled red and blue, respectively. 
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Figure 4. Band structures of (a) Al-, (b) B-, (c) S- and (d) Si-doped arsenene As31X systems, as well as NO adsorbed on (e) As31Al, (f) As31B, (g) As31S and (h) As31Si monolayers, respectively. The Fermi level is set to zero with the black dashed line. 
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Figure 5. The density of states (DOS) of four systems. Blue and green lines present the DOS of substrates before and after NO adsorption, respectively. 
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Figure 6. Charge density difference plots for NO adsorbed on (a) Al-, (b) B-, (c) S- and (d) Si-doped monolayer arsenene, respectively. The purple (green) distribution denotes the charge accumulation (depletion) with the isosurface of 0.03 e/Å3 for (a) and (d); 0.044 e/Å3 for (b) and 0.05 e/Å3 for (c). 
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Table 1. The binding energy (Eb), energy gap (Eg), Mulliken population (Q) and the bond length of X-As (lX-As). A positive Q value means the electrons move from the dopant to the substrate. X denotes the dopant atom.






Table 1. The binding energy (Eb), energy gap (Eg), Mulliken population (Q) and the bond length of X-As (lX-As). A positive Q value means the electrons move from the dopant to the substrate. X denotes the dopant atom.





	System
	Eb (eV)
	Eg (eV)
	Q (e)
	lX-As (Å)





	Al-doped
	−4.085
	1.538
	0.807
	2.429



	B-doped
	−4.137
	1.370
	0.175
	2.068



	S-doped
	−4.065
	0
	−0.120
	2.447



	Si-doped
	−4.108
	0
	0.665
	2.408
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Table 2. Adsorption energy (Ead), the shortest distance of the As-dopant atom (d) and Mulliken charge (Q) for the optimized stable configurations of gas molecules on Al-, B-, S- and Si-doped arsenene. A negative Q value indicates electron move from the doped substrates to NO molecule.






Table 2. Adsorption energy (Ead), the shortest distance of the As-dopant atom (d) and Mulliken charge (Q) for the optimized stable configurations of gas molecules on Al-, B-, S- and Si-doped arsenene. A negative Q value indicates electron move from the doped substrates to NO molecule.





	System
	Ead (eV)
	d (Å)
	Q (e)





	Al-doped
	−1.157
	1.942
	−0.184



	B-doped
	−1.884
	1.428
	−0.063



	S-doped
	−0.469
	2.548
	−0.002



	Si-doped
	−1.586
	1.864
	−0.327











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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