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Abstract

In this paper, the effects of different boron (nitrogen)-doping on the elec-
tronic properties of blue phosphorene have been investigated by the first-
principles calculations. We have taken eight doping configurations into ac-
count, the calculated results show that the bond length of P-B is decreasing
with the doping concentration increasing. For the four boron atoms doping
configuration, the geometric structure appears the distinct distortion. The
band gap is decreasing with the doping concentration increasing, and it ap-
pears the transition from indirect band gap to direct band gap for boron
doping configurations. It is hoped that the calculated results may be useful for
designing electronic devices based on blue phosphorene.
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1. Introduction

A lot of researchers have investigated two-dimensional materials (2D) owing to
the appearance of graphene [1] [2]. However, the zero band gap of graphene will
hinder the development of graphene-based electronic device [3] [4]. A new
two-dimensional material, blue phosphorene has high carrier mobility [5], mod-
ulational bandgaps [6], which can be fabricated experimentally by molecu-
lar-beam epitaxial growth [7] [8] [9] [10]. Meanwhile, it can be found that blue
phosphorene also exists some faults such as large band gap, non-magnetic, and
indirect band gap, which hinder potential applications on optical electronics,
spintronics and so on [11] [12] [13]. Bahar Meshginqalam et al have investi-
gated vacancy defected blue and black phosphorene nanoribbons as gas sensor
of NOx and SOx molecules, it can be found that the zigzag phosphorene nano-

ribbon appears the great current modifications before and after sensing process
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[14]. Daughty John et al have studied the effects of point defects on the elec-
tronic structure and hydrogen storage capability, the calculated results show that
defective blue phosphorene can store more hydrogen than black phosphorene
[15]. R.M. Arif Khalil ef a/. have investigated the effects of dopants and vacancy
on the optoelectronic, magnetic and dynamical properties of blue phosphorene,
it can be found that the different dopants can tune the band gap of blue phos-
phorene [16]. Xiang Xiao et al have studied the potential application of black
and blue phosphorene as cathode materials in rechargeable aluminum batteries
by using the first-principles, it appears a semiconducting-to-metallic transition
in the (AICl,)¢P,, compound, and the band gap can be tuned [17]. Xiang-Qian
Lu et al. have investigated the energetic, electronic, magnetic, and spin-resolved
transport properties of hydrogenated armchair and zigzag blue phosphorene
nanoribbons with surface modification by 3D transition metal atoms, it can be
found that the magnetic properties can be tuned with different atoms adsorption
[18].

Up to now, the effects of different Boron-doping concentration on blue phospho-
rene have not been investigated systematically. So in this paper, we will investi-
gate the effects of different boron-doping on the electronic properties of blue
phosphorene by using first-principles calculations. It is suggesting that the cal-

culated results should be good for designing blue phosphorene-based devices.

2. Calculation Method

The geometric structures and electronic properties of blue phosphorene with or
without Boron-doping are studied by using the Spanish Initiative for Electronic
Simulations with Thousands of Atoms (SIESTA-3.2) [19] [20] [21]. We have
considered the exchange correction potential by means of the generalized gra-
dient approximation (GGA) in the form of Perdew and Burke and Ernzerhof
(PBE) [22]. A double-¢ plus polarization function (DZP) atomic orbital basis set
is used in this paper. 200 Ry for plane cutoff energy and 10~ eV for the energy
convergence criteria are chosen during the structural relaxation and calculation
of properties, and a vacuum region of the Z direction is larger than 10 A in order
to eliminate the interaction. The 5 x 5 x 1 supercell of blue phosphorene con-
tains 50 phosphorus atoms (as shown in Figure 1).

3. Results and Discussions

In this paper, the geometric and electronic properties of blue phosphorene with
or without boron-doping are studied, P configuration refers to the perfect blue
phosphorene (as shown in Figure 1), B1 refers to one boron atom doping con-
figuration, B3 refers to three boron atoms doping configuration, B4 refers to
four boron atoms doping configuration, B6 refers to six boron atoms doping
configuration. For the P configuration, all the bond length are 2.292 A. For the
Bl configuration, the formed P-B bond are shorter than the counterpart of P
configuration, and the shortest P-B bond length is 1.939 A. For B3 configura-
tion, the shortest P-B bond length is 1.898 A. For B4 configuration, the shortest
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P-B bond length is 1.756 A. For B6 configuration, the shortest P-B bond length
is 1.735 A. It can be found that it appears the distortion owing to boron-doping,

which may be attributed to the stronger electronegativity of boron atom (Figure
2).

(c) (d)

Figure 2. The different boron-doping blue phosphorene. (a), (b), (c), (d) refer to
BI1, B3, B4, B6 configuration, respectively.
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The change of geometric structure can affect the electronic property of blue
phosphorene. And we will take the electronic properties of blue phosphorene
with or without boron-doping into account (as shown in Figure 3), the band gap
of P configuration is 2.02 eV, and the band gap of B1, B3, B4 and B6 is 1.64 eV,
1.64 eV, 0.59 eV and 0.58 eV, respectively. It can be found that the band gap of
blue phosphorene can be tuned by modulating the boron-doping concentration.
Interestingly, it appears the transition from indirect band gap to direct band gap,
and it can be found that the impurity subbands appear in the valance band near
the fermi level, which can be attributed to the distortion of blue phosphorene
owing to the different boron-doping, it may be useful for designing the optoe-
lectronics devices based on blue phosphorene.

P B1 B3 B4 B6
2.0

0.5 1
2.02eV

Energy(eV)

-0.5

Figure 3. The band structures of blue phosphorene, P refers to perfect blue
phosphorene, B1, B3, B4, B6 refer to different boron-doping configurations,
respectively. The wave vector K is from I to X. The energy at Fermi level is
set to zero and shown as the dashed line.
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Figure 4. The charge density of blue phosphorene with different boron-doping.
(a), (b), (c), (d) refer to B1, B3, B4 and B6 configuration, respectively.
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Next, we will continue to investigate the charge densities of blue phosphorene
with different boron-doping (as shown in Figure 4). It can be found that the
charge density near the boron atom is distinctly increasing. In B1 configuration,
the boron atom attracts 0.141 electrons from the orbitals of the nearest phos-
phorous atoms. In B3 configuration, the boron atoms attracts 0.834 electrons
from the orbitals of the nearest phosphorous atoms. In B4 configuration, the
boron atoms attract 0.423 electrons from the orbitals of the nearest phosphorous
atoms. In B6 configuration, the boron atoms attract 0.704 electrons from the or-

bitals of the nearest phosphorous atoms.

4. Conclusion

In this paper, the geometric and electronic properties of blue phosphorene with
or without boron-doping are investigated by using the first-principles. The bond
length of P-B bond is shorter than that of P-P bond of perfect blue phosphorene
owing to the stronger electronegativity of boron atom. The different boron-doping
configurations can tune the band gap of blue phosphorene, and it appears the
corresponding charge transfer. It is hoped that our calculated results may be

useful for designing the electronic device based on blue phosphorene.
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