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J1); (c) ARAEGKAE BIRER 454 ; (d) BARWRE IR T4, X RRBIRIET, di, dy, dy 700 R 1B 2 51 4 B = AR S0 4
Fig. 1. (a) Top and side views of GaN nanoribbon (the black dashed-line box indicates the unit cell of GaN nanoribbon); (b) top

and side views of GaN nanotube (the black dashed-line box represents the unit cell of GaN nanotube); (c) band structure of intrinsic

nanotube; (d) the atomic structure of doped nanotube, X represents a doped atom, and d;, d, and dy are three covalent bonds

around a doped atom, respectively.
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K1 BARYOKE NT-X EGRE By AL FIERGE By, #EK d; (i = 1, 2, 3) BoFHHK 4, WATHR AQ(le]) (fi'53%

NRFHT), B E, M TAH EP(4JE-M, B 544-S)
Table 1.

Binding energy Ep, formation energy Ej, bond length d; (i = 1, 2, 3) and averaged bond length d , charge trans-

fer AQ (le]) (negative sign indicates a loss of electrons), band gap E,, electronic phase EP (metal-M, semiconductor-S) for

the doped nanotubes NT-X.

Doped atom Eg/(eV- atom ')  Ep/(eV-atom')  di/A do/ A ds/A d /A AQ E,/eV EP
IITA B -5.24 0.11 2.05 2.05 2.04 2.05 +0.08 0.5 S
IVA C -5.31 0.05 1.91 1.93 1.93 1.92 +0.469 0 M

Si 5.25 0.11 2.41 2.41 2.40 2.41 0.285 0 M

VA N -5.36 0 1.88 1.87 1.87 1.87 +0.621 2.18 S

P 5.29 0.07 2.34 2.34 2.30 2.33 +0.148 2.17 S
As -5.27 0.08 2.44 2.44 2.39 2.42 —0.186 2.14 S
VIA O -5.31 0.04 1.95 1.96 1.94 1.95 +0.636 0 M
S -5.25 0.11 2.36 2.37 2.34 2.36 +0.179 0 M
Se 5.21 0.12 2.61 2.61 2.39 2.54 +0.091 0 M
Te -5.21 0.14 2.86 2.84 2.61 2.77 —0.082 0 M
VIIA F -5.25 0.10 2.54 2.76 1.86 2.39 +0.367 2.29 S
Cl -5.20 0.14 3.63 2.22 3.33 3.06 +0.265 2.25 S
Br 5.20 0.15 3.34 3.38 2.39 3.04 +0.154 2.27 S
1 -5.19 0.16 3.85 2.57 3.47 3.30 +0.076 2.24 S
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(a) 9K NT-X 455 68 By ML AL Bp B £ VIA R B EBRITE X (= O, S, Se, Te) MAML; (b) 49K NT-X 455

e By RV HAE Ep RS AR ERBITH X (=B, C, N, O, F) 9281k; (c) NT-X (9P # 8 d B F 1% VIA E L BB 240
# X (= 0,8, Se, Te) A2 k; (d) NT-X iP5 d BESE —MWIAE S BB CE X (= B, C, N, O, F) iy fL

Fig. 2. (a) Formation energy and binding energy versus doped non-metal elements in group VIA for NT-X (X = O, S, Se, Te);

(b) formation energy and binding energy versus doped non-metal elements in second period for NT-X (= B, C, N, O, F); (¢) aver-
aged bond length d versus doped non-metal elements in group VIA for NT-X (X = O, S, Se, Te); (d) average bond length d
versus doped non-metal elements in second period for NT-X (= B, C, N, O, F).
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Fig. 3. (a)—(e) Optlmlzed geometry of B, C, P, O and F doped nanotubes, (f)f( ) geometry of B, C, P, O and F doped nanotubes

after annealing simulations.
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Fig. 4. (a) Charge transfer of group VIA non-metal elements doped NT-X (X = B, C, N, O, F); (b) charge transfer of second peri-
od non-metal elements doped NT-X (X = O, S, Se, Te). Charge difference density of doped nanotubes: (¢) NT-B; (d) NT-C;
(e) NT-P; (f) NT-O; (g) NT-F. Cyan indicates loss of electrons and magenta indicates gain of electrons, and the isosurface is set to
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Fig. 5. The band structure and projected density of states for part of NT-X, the left panel is the partial charge density for desig-
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(f) the band gap for these NT-X.
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Fig. 6. (a) Effective mass m* of semiconducting nanotubes NT-X (X = B, N, P, As, F, Cl, Br, I); (b) deformation potential con-
stant | E; | and tensile modulus C of NT-X; (c) carrier mobility of NT-X.
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Fig. 7. (a) The schematic of applied gate voltage on NT-P; (b) electron transfer of hero-atom P in NT-P versus different gate
voltages; (c) changes of CBM and VBM under different gate voltages on NT-P; (d) the effective mass m* of NT-P varies with the
gate voltage; (e) variation of deformation potential constant |E;| and tensile modulus C of NT-P with gate voltage; (f) the carrier

mobility of NT-P varies with the gate voltage.
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Abstract

GaN is known as the third generation of semiconductor and holds promising applications. In this present
work, one-dimensional zigzag nanotubes derived from GaN are studied in depth, mainly focusing on their
chemical bondings, electronic structures, transport properties, and the regulating effects under gate voltage for
nanotubes doped with low-concentration non-metallic atoms in main-groups IITA-VIIA. Some important
findings are obtained, such as the chemical bonds around a heteroatom atom, and their average bond length,
binding energy, and chemical formation energy are closely related to the atomic number (the atomic radius),
and the charge transfer between heteroatom and nanotubes is directly related to their relative electronegativity.
More importantly, we find that although the intrinsic nanotube is a semiconductor, when it is doped with non-
metallic atoms, the electronic phase of nanotube possesses an obvious odd-even effect. Namely, after being
doped by hetero-atoms in main-groups IIIA, VA, VIIA, nanotubes are semiconductors, but they becomes metals
after having been doped with hetero-atoms in main-groups IVA and VIA. This phenomenon has a close relation
with the lone-paired electronic state. And also, It is found that with atom doping, the difference between
carriers’ mobilities (the hole mobility and electron mobility) of semiconducting tubes can be regulated to reach
one order of magnitude, especially the hole mobility and electron mobility can be obviously enhanced by a
higher gate voltage. For example, when the gate voltage is increased to 18 V, the hole mobility rises nearly 20

times compared with the case without gate voltage.

Keywords: GaN nanotube, non-metallic atom doping, odd-even effect, carrier mobility, gate voltage effect
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