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Strain Engineered Modulation on Graphene Doped with Boron, Nitrogen,
Aluminum, Silicon and Phosphorus

Wu, Qisheng Wang, Zilu Wang, Jinlan*
(Department of Physics, Southeast University, Nanjing 211189)

Abstract Doped graphene has been widely focused because of its modifications on properties of graphene. Syntheses of
doped graphene have been hotspots for years and experimentalists are still struggling for obtaining controllable high-quality
doped graphene. Usually, rigorous experimental conditions are required. In order to make it easier to dope impurities into
graphene, we proposed that uniaxial strain can reduce the formation energy of the process of doping graphene. By using
first-principles calculations, we first calculated the formation energy of doping graphene with boron, nitrogen, aluminum,
silicon and phosphorus under different uniaxial strains (from —6% to 6%). After that, we studied the effect of uniaxial strain
on the electronic structure and magnetism of doped graphene. The DFT calculations were carried out within the framework of
plane-wave density functional theory, implemented in the Vienna ab initio simulation package (VASP). The projec-
tor-augmented-wave potentials were employed to describe the electron-ion interaction and the Perdew-Burke-Ernzerhof gen-
eralized gradient approximation (PBE-GGA) was used for exchange-correlation functional. The kinetic energy cutoff of 400
eV was adopted for the plane-wave expansion and the Brillouin zone was sampled by the Monkhorst-Pack scheme. Periodic
boundary conditions were used in the simulations, and the graphene sheet was modeled by a rectangular supercell with 60
carbon atoms, indicating that the dosage concentration is 1.67%. We found that uniaxial strain can apparently change the
formation energy of doping processes: tensile and compressive strain can reduce the formation energy of graphene doped
with boron and nitrogen, respectively, while the formation energy of graphene doped with aluminum, silicon and phosphorus
can be reduced by both tensile and compressive strain. The band gaps of doped graphene range from ca. 0.1 to 0.9 eV and can
be changed by the uniaxial strain, which will reach a maximum under 3% tensile strain for all the dopant species. Boron-,
nitrogen-, aluminum- and silicon-doped graphene are nonmagnetic. On the contrary, phosphorus-doped graphene is magnetic
and its magnetic moment decreases under both tensile and compressive strain.
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Figure 1 Optimized structures of graphene and doped graphene without
strain: (a) Graphene rectangle supercell (60 carbon atoms), the red arrow
represents the direction of strain; (b) Boron- and nitrogen-doped graphene
(BG and NG, top and side view); (¢) Aluminum-, silicon- and phospho-
rus-doped graphene (AlG, SiG and PG, top and side view); (d) The height
difference between impurity atom and graphene plane for aluminum-,
silicon- and phosphorus-doped graphene
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Table 1 The atom radius of boron, carbon, nitrogen, aluminum, silicon and phosphorus (The radii of carbon atom is 0.70 A). Corresponding formation

energy (FE), band gap (Gap) and magnetic moment () of doped graphene

B N Al Si P
Atom radii/A 0.85 0.65 125 1.10 1.00
Strain/% FE Gap FE Gap FE Gap FE Gap FE Gap u
—6 338 021 338 0.06 5.06 0.05 231 0.09 232 0.63 0.76
-5 328 342 6.90 412 4.14
—4 3.17 3.46 830 549 551
-3 3.06 0.05 35 0.11 927 0.17 6.43 0.18 6.45 0.73 0.82
-2 2.95 3.54 9.90 7.02 7.03
-1 2.85 3.58 10.19 727 7.28
0 273 0.26 3.61 0.28 10.27 0.26 7.30 0.29 731 0.83 0.83
1 2.64 3.68 10.24 7.23 7.26
2 255 375 10.13 7.07 7.17
3 244 0.41 3.80 0.39 9.94 0.40 6.86 0.40 7.04 0.92 0.61
4 234 3.85 9.71 6.60 6.89
5 2.23 3.89 9.45 6.33 6.73
6 2.13 0.15 3.94 0.17 9.16 0.25 6.04 0.09 6.56 0.81 0.50
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Figure 2 Formation energy as the function of uniaxial strain for boron-,
nitrogen-, aluminum-, silicon- and phosphorus-doped graphene
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Figure 3 Band gap as the function of uniaxial strain for Boron-, nitro-
gen-, aluminum, silicon- and phosphorus-doped graphene
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Figure 4 Density of states of phosphorus-doped graphene for different
strains (—6%, —3%, 0%, 3% and 6%). “total” represents total density of
states. C-p represents dos projected on 2p orbital of carbon atoms. P-p
represents dos projected on 3p orbital of phosphorus atom (data has been
multiplied by 3 for clear observation). The dashed line represents the
Fermi level
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Figure 5 Spin density distribution of phosphorus-doped graphene for
different strains: —6% (a), —3% (b), 0% (c), 3% (d) and 6% (e). The
yellow areas stand for spin up and the cyan areas stand for spin down
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Figure 6 Magnetic moment of phosphorus-doped graphene as the func-
tion of uniaxial strain
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