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Stability of boron oxynitride B5N3O2

Fig. S1. Phonon dispersion of the B5N3O2 monolayer calculated using the finite displacement 
method with (a) 3×3×1 supercell and (b) imposing both translational and rotational invariance.

Crystal symmetry, translational and rotational1 invariances play an important role in 

describing the vibrational properties of any 2D system.2 Because of the lack of consideration of 

these invariances in computations (e.g., when using a relatively small supercell in the frozen 

phonon method), the flexural acoustic phonon mode (i.e., the out-of-plane ZA mode) often shows 

linear dependence in the vicinity of the Г-point.3,4 This can sometimes significantly influence the 

phonon transport.2,5 Many recent ab initio theories predict linear dependence of all three acoustic 

branches in different 2D materials like silicene,6–8 phosphorene,9 MoS2,10 WS2,11 MgB6,12 and 

WSe2.13 Other studies involving both ab initio and empirical calculations have proved that one of 

the acoustic modes must be quadratic in the long wavelength limit.14–17 Accurate calculations have 

shown that the flexural acoustic mode must be quadratic near the center of the Brillouin zone.2 

The phonon band structures without and with the imposed rotational invariance are shown 

in Fig. S1. Without the rotational invariance, the ZA phonon mode shows imaginary frequencies 

(Fig. S1a). However, after employing the rotational invariance, it becomes all real and exhibits a 

clear quadratic nature near the Г-point of the Brillouin zone. We plotted the phonon band structures 

using PHONOPY18 software which can only impose the translational invariance. To impose the 

rotational invariance,1 we used hiPhive19 software package which can employ both translational 

and rotational invariances on the force constants that we obtained using PHONOPY package. 
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Fig. S2. AIMD simulations of the B–N–O structures with various oxygen concentrations at 600 K 
(blue line) and 1200 K (red line). The side and top views of the atomic structures at 3 ps and 
1200 K are presented in the right panels for each composition. The boron, nitrogen, and oxygen 
atoms are shown in green, gray, and red, respectively.
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Electronic, mechanical, and optical properties 

Fig. S3. Density of electronic states of B5N3O2, calculated using: a) the PBE functional 28 and b) 
the hybrid functional of Heyd, Scuseria, and Ernzerhof (HSE06) 20. 

Fig. S4. Density of electronic states, calculated using the hybrid functional of Heyd, Scuseria, and 
Ernzerhof (HSE06) 20, of the B–N–O compositions with unique atomic structures.
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Fig. S5 Kubelka–Munk plots of B5N3O2 structure calculated using PBE functional 28 for 
longitudinal (a) and transverse (b) direction. By dotted line the linear extrapolation presented.

Fig. S6 Wavelength dependence of the extinction coefficient of B5N3O2 monolayer calculated 
using the hybrid functional of Heyd, Scuseria, and Ernzerhof (HSE06) 20. Bule and red curves 
correspond to the longitudinal and transverse directions, respectively.

Fig. S7 Kubelka–Munk plots of B5N3O2 structure calculated using the hybrid functional of Heyd, 
Scuseria, and Ernzerhof (HSE06) 20 for longitudinal (a) and transverse (b) direction. By dotted line 
the linear extrapolation presented. 
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Fig. S8. Bader charge analysis and the local dipole moments of the individual components of 
B5N3O2 structure.
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Table S1. Piezoelectric tensor eij (C/m2) of the B–N–O structures
B5N3O2

1.15 0.07 0.08 2.14 -0.07 0.24
2.28 -1.05 -0.02 0.03 -0.20 -0.21
-0.04 -0.18 -0.03 -0.03 -0.02 0.03

B8N8O
0.14 1.75 0.33 0.79 -0.04 -0.48
-0.60 0.78 0.11 0.81 -0.09 -0.01
0.16 1.06 0.16 0.63 -0.18 -0.25

B6N6O
-1.45 0.25 0.00 -0.04 -0.01 -0.59
-0.06 0.04 0.00 1.79 0.76 -0.02
-0.12 0.20 0.09 0.00 0.00 0.03

B4N4O
0.04 0.28 0.04 1.47 -0.06 -1.02
-0.70 -1.66 0.02 0.05 0.71 -0.01
-0.16 0.22 -0.07 0.04 0.05 0.01

B4N3O
0.01 -0.01 0.02 0.04 0.01 1.70
-1.75 5.31 0.62 -0.01 0.11 0.00
0.27 0.27 0.10 0.00 0.02 0.00

B3N3O
2.46 -1.91 -0.01 0.40 0.01 -0.01
-0.46 1.34 0.07 -1.88 -0.01 0.01
-0.01 -0.01 0.00 0.00 0.00 0.00

Fig. S9. Calculated values of the elastic constants of the predicted B–N–O structures with different 
oxygen concentration.
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