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Fig. 1. Six fully relaxed atomic defect structures in monolayer blue P: (a) SV; (b) DV-1; (c) DV-2; (d) SW; (e) Op; (f) Cp. The

arrows indicate O atoms (red) and C atoms (blue) in panels (e), (f), respectively.
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Fig. 2. Calculated IE (left panels) and b (right panels) fitted for six defects in monolayer blue P at different lateral dimensions (S
for 6x6, 7x7 and 8x8) as functions of L, and S /2, respectively: (a) SV; (b) DV-1; (c) DV-2; (d) SW; (e) Op; (f) Cp. The con-

verged IE( has been labeled by the green dash circle.
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Fig. 3. IE; of five defects with charged state in blue P. The
horizontal black lines indicate the e (¢/0), and the light
gray and dark gray areas represent valence and conduction

band, respectively.

JEEE AH(q, d) YL T BBE IR 2R e
B AIH. & 4 MHEWEY 6 Rk pa e ey B
T Y R bfiep MAEFLIRL. o 18] 4(a) X0
AN AR SV, DV-1, DV-2, SW £l Cp
5 Rk B I R AE ; (8] 4(b) IE P FIE O &4 F
Op BRIGRITERLRE. 765 O ML T, Op BRFE7E T
P DL R BOIR S TR B E B RE S S A, X ROR
O JTLEWZ BB R, (R T R <P
e FE U . I Op BREAME N2 3, TESEIE CBM
b B F AR IR B BE-9.33 eV ifE it 3=, 76458
I VBM ALHIIE REAE N -8.79 eV. THTER P BYE N

KISV, SV2 | Cp2t, Cp2, Op2tHll Op2 1 IE,
fE 435 & 2.18, 2.20, 2.20, 2.27, 2.22 Fl 2.40 eV,
PRI 5 2 e e o P B e A 5 LTS AN AT BE AR AE 1Y)
SR, ANl 4 i, DV-12 B L BE R 1.60 eV (/)
T E,), RW T HAFER B ATRE.

3.3 AR RMRMEIBETEN

R T R B 1 H - 5 R A A R A R i AR
k., fREGREE I I REGURT T R R h R A BB A
AN T), AT 8 O 76 W S 9 P S Y 4 ol ik B
(DV-1, Op, Cp F1 8V), F# T ik Fias s i & 1
Aert (1 5). & 5(a) /R T 5835 52 W w67
BREEHF S5 A, WP BRIE N 1.94 eV, X 5 EHiiF 5t 4%
23 Qe w4, WK 5(b)—(e) iR, DV-1, Op,
Cp A1 SV £ P PE GO T 1978 B 4351 1.69, 1.95,
1.95 1 1.86 eV. T Z A2, P RN B S0

Fig. 4. AHi(q, d) of six defects in blue P under neutral and charged states: (a) SV, DV-1, DV-2, SW and Cp defects; (b) Op defect.

3.0 3.0
(a) (b) WP
_ 125 >
pva  (O727) (14/0)  Op  (0/1-) g
. . <
) DV-2 (1_ /33 - {20 &
(14/0) SV (0/1—) p:
> \ 1.5
S
= —8.0
o 20f 1 =0
4
(1+/0) O (0/1-) 1-85 7%
v 5
SW S
L 1-9.0 T
1.5 N 5
‘ ‘ 1-95
0 0.97 1.94 0 0.97 1.94
er/eV er/eV
B4 W6 A S E P A B AE O T B RLRE  (a) SV, DV-1, DV-2, SW #l Cp 8LIf; (b) Op Bk[H

137301-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 13 (2024) 137301

E/eV

E/eV
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Fig. 5. Band structures diagrams of blue P perfection and defective: (a) Perfect blue P; (b) DV-1; (¢) SV; (d) Op; (e) Cp. Red, black
and blue solid lines represent 14, 0 and 1- states, respectively. The dashed lines in the horizontal direction represent the Fermi

level. The Fermi level of the 0 valence defect is set to zero and the VBM of the other valence states is aligned with that of the

0 valence.
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Abstract

As a new two-dimensional material, blue phosphorus has attracted considerable research interest due to its
high carrier mobility and large bandgap. Although the structural defects of blue phosphorus have been discussed
recently, the charged properties of these defects have not been explored. In this paper, using first-principles
calculations based on density functional theory, the six most stable point defects and their corresponding
charged states in blue phosphorus are studied, including Stone Wales (SW), single vacancy (SV), two double-
vacancy (DV-1 and DV-2) and two substitution defects (Op and Cp). The converged ionization energy values of
charged defects in blue phosphorus are obtained by extrapolating the asymptotic expression of the energy
dependent on the cell size. Subsequently, the formation energy values for different charge states are modified to
determine their structural stabilities. Finally, their electronic properties are analyzed through band structures.
The results suggest that SV! is easy to ionize, owing to its lowest ionization energy (1.08 eV). Furthermore,
among the defects we are considering, Op' is the most stable charged defect in blue phosphorus, with the
lowest formation energy (-9.33 eV) under O-rich chemical potential condition. The negative formation energy
indicates that O atoms can exist stably in blue phosphorus, implying that blue phosphorus is easily oxidized.
The introduction of defect states will affect the bandgap of blue phosphorus, and the ionization of defects will
cause the defect energy levels to shift, leading defects to transition between shallow and deep levels. This study

provides theoretical guidance for the application of defect engineering in two-dimensional materials.
Keywords: first-principles calculations, blue phosphorus, charged defects, ionization energy
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