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ABSTRACT

The geometric structure and electronic structure of (n, m) chiral singled walled ZnO nanotubes (NTs) have been
calculated adopting first-principles calculation methods based on density function theory. The energy calculated
results show that the binding energies of (n, m) chiral ZnO NTs are negative values, indicating (n, m) chiral ZnO NT
is able to exist steadily. With the increase of pipe diameter for ZnO NTs, the total energy decreased and band gap
increased gradually, and the system tends to more stable. The calculated results of electronic structure show that (n,
m) chiral ZnO NTs are a direct wide band gap semiconductor, with valence band top mainly composed of O 2p
states and conduction band bottom mainly composed of Zn 4s states. Moreover, intense interaction between Zn 3d
and O 2p appears in energy zone from -6.3 eV to 0.0 eV, characterized by apparent hybridization of sp3 and sp2,
which plays a key role in ZnO NTs with stable configuration.

Keywords. ZnO, nanotubes, first-principles, electronic stuve.

INTRODUCTION

Since the carbon NT was discovered by lijima [11891, theoretic and experimental researches pgrateC NT is
peculiar and abundant in performance. One-dimeasi¢h-D) nanomaterials including NTs, nanowiresd an
nanorods have been attracting great interest dtreetounique electronic, mechanical properties greét potentials
for nanotechnology applications compared to cowrdmg bulk materials. These research findingstyregouse
enthusiasm of research on NTs [2-4]. In recentgjghe researchers have carried out other typB§ ®finsensitive
to chirality in structure, such as Ti{b], SiC [6], BN [7], ZnS [8] and ZnO [9-11]. In p&cular, ZnO is
characterized by wider band gap (3.37 eV) and taegeiton binding energy (60 meV), being an importaaterial
with photovoltaic conversion function, and the diedmission characteristic of its nano structurewshpotential
application value in vacuum microelectronic devazeh as field emission flat panel display, X rayrse and
microwave device. Compared with other optoelectranaterial such as GaN, it is characterized by dislectric
constant, large photoelectric coupling coefficiehtgh chemical stability and excellent piezoeledtyi and
photo-electricity, what is more important is thatZ as wide band gap semiconductor shows band lzprdid
negative electronic affinity in high field densityjus, it is considered one of the most promisiiedfemissive
cathode material [12]. At present, the researchZp® nanostructure has made substantial progressntiic
research groups in the world have successfullyhggited ZnO nanomaterials with different structusesh as low
dimension ZnO nanorod, hanowire, nanobelt, and snam@materials with special structure, for examgieQ
nano-comb, and nano-disc. The above mentionedrdsed ZnO material show potential application atatysis,
gas sensor, optoelectronic memory, optical-elegtriconverter, nanometer optoelectronic systemd fieffect
transistor, laser and transparent conductive fillee paper will make systematic theoretical studyhanstructures
and properties of (n, m) chiral ZnO NT based onsigrfunctional theory (DFT) so as to reveal theusture
characters and electronic property change of th® Rii's. These results may be provided theoreticalsbfor
preparing single-walled ZnO NTs and developingdhtoelectronic devices based on ZnO NTs.
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EXPERIMENTAL SECTION

Theoretical model and calculation method

As for the theoretical model of ZnO NTs, we addp tonstruction method the same to CNT. Lamellarcgire
through ZnO NT curls into columnar (n, m) chiral@NT along axial direction, an (n, m) chiral ZnO MTformed.
The (4, 2) and (6, 3) ZnO NT are as shown in F{g)land (b).

In this study, all the structural optimizations agléctronic properties are calculated by adoptirgf-principles
calculation method based on DFT [13], The 1.2 nmuuan space is used to minimize the interactioncesfef
neighboring supercells that result from the firgtgercell. First, the ZnO NTs are subjected to ggomstructure
optimization and obtain the stable ZnO NTs mod8kcond, the optimized ZnO NTs are subjected tautztlons

of electronic structures and basic properties. €kehange-correlation functions are handled withegaized
gradient approximation (GGA), and the ultra-softybo potentials are used for Zn and O to reprastgraction
potential between ion core and valence electromsa@d O valence-electron configurations aré®gd, 3s2p*
respectively. In reciprocal space, plane wave uemergyE, =360 eV, convergence precision in iteration process
is 1x10°eV, with residual forces on every atom no more &5 eV/ A, and the internal stress is no more tha
GPa, and a 1x1x16 Monkhorst- Pack K-point sampBngsed for Brillouin zone integration for NTs.

Fig.1 The (n, m) chiral ZnO NT (thered and grey ballsrepresent oxygen and zinc atoms, respectively) (theblack and grey ballsare Zn
atom and O atoms, respectively)

RESULTSAND DISCUSSION

First, the ZnO NT is subject to analysis the geoimetructure and stability, we adopt total reléxatto optimize
the structure of (n, m) chiral ZnO NT with NTs el up from a graphitic ZnO single layer, the optied results
show that ZnO NT with curled structure becomesndirical tube-like structures similar to the C N€dg-ig.1), and
the calculated results are negative values andasirfiur all investigated NTs, indicating that ZnOr' Mnay exist
steadily. In addition, Zn and O atoms show relaatilong tube wall inward and outward to a certaitent, and
every Zn (O) atom in optimized ZnO NT is subjecbtinding with three nearest O (Zn) atoms, the alesults are
consistent with experimental and theoretical figdifil4-17]. Table 1 gives geometry parameter ofatidnO NT
after relaxation, it is observed from table 1 thimiding energy gradually decreases with the ineedsliameters of
the ZnO NTs, which indicates that the larger thentéters of the ZnO NTs are more stable. But thel lgaps are
increases with the increase of diameters due taoobvguantum size effect, In addition, with theraase of
diameter, the,,, bond length along axis C is on gradual decreabe. variation range of Zn-O we calculated is
from 1.908A to 1.926 A.

Table 1 Calculated Bind Energy (eV), band gap E4(eV), bond lengths( rzn..) and Diameter s(nm)

(n, Diameters Ey 00 Bind Energy
m) A (eV) ) (eV)
4,2) 5.510 1.728 1.926 -13.45728
(4.3) 6.218 1.739 1.920 -13.47882
Structure (5.3) 7.213 1.754 1.908 -13.49217
(6,3) 8.125 1.763 1.914 -13.49783
(7,3) 9.183 1.759 1.917 -13.50034
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The band structures and density of state (DOS)hoklkc(n, m) ZnO NT are as shown in Fig.2 and Fidt3s
observed from Fig.2 that the ZnO NT is a directchgap semiconductor along high symmetry pai¢@,0,0)—
Z(0.5,0.5,0.5) in brillouin zone, The bottom of thenduction band and the top of the valence baedoaated ar
Point, in which the lowest unoccupied states shargd dispersion due to the large surface/bulk @tag pointl’
(0,0,0)~»Z (0,0,0.5), and the dispersion of the highest pul states start to weaken, the locality stategssto
strengthen with increasing of ZnO NTs diameter. Takulated band gap (1.728 eV-1.763 eV) is muchentioan
ZnO bulk material (0.92eV) obviously. The band dapadening effect is as a result of radial restniceffect. It is
observed from the PDOS of O and Zn atoms in Figa® the valence bands show three energy zonedpihe
energy zone (19.0 eV¥-17.0 eV) is mainly formed by O 2s orbital elecspthe bottom valence band zone (-6.3
eV~-4.0 eV) is mainly formed by Zn 3d and O 2p orbékdctrons, which means that there is a largeritigation
between Zn 3d and O 2p orbital in valence bandtahpevalence band zone (-4.0 €0.0 eV) is mainly formed by
O 2p orbital electrons. For conduction band, bhserved from Fig.3 that the conduction band boftas a result
of Zn 4s orbital electrons, is similar to ZnO buflateial, and takes on certain dispersion chardctgarticular, the
conduction band bottom and valence band top amegpity composed of O 2p and Zn 4s states, nametglgim,m)
ZnO NT band gap is mainly dependent on O 2p and<Zstates.
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Fig.3 Calculated DOS of ZnO NTs(a) TDOS; (b) PDOS of ZnO, (c) PDOS of Zn and (d) PDOS of O

Fig.4 shows the calculated chiral (6, 3) ZnO NT lowest unoccupied molecular orbital (LUMO) and hegh
occupied molecular orbital (HOMO) Atpoint. It is observed from Fig.3 (a) that the LUNEDmainly located on O
atoms characterized by O 2p like dangling bonds imeraction, and form bond and weak anti-bondestat
interactions around adjacent Zn atoms. For the HOM® Fig.3 (b) shows that it is mainly situated @rorbital,
and the HOMO is mainly form the orbital attribute, being consistent with molecutabital of C NT. In addition,
the partial HOMO orbital are on the surrounding a&toms, which means that it is t form thé spd sp hybrid
orbital on the Zn and O ion duebonds of a grapheme-like planar sheet, diminishiregenergy and overall gap
broadening effects. These above results are vagritant for forming ZnO NTs with steady structures.
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Fig. 4 The LUMO and HOM O states for the (6,3) ZnO NT (a) the charge density of the LUMO statesat I, (b) the char ge density of the
HOMO dtatesat I

CONCLUSION

In conclusion, we have studied the electronic $tmes and basic properties of the chiral (n, m) AiDusing the
first-principles based on DFT. The paper mainiydis the band structure, density of states andpdedunolecular
orbital. The results show that (n, m) chiral ZnOsNiave columnar tubular structure identical witht thf C NT and
exists steadily. The results of electronic struetghow that the chiral (n, m) ZnO NT is direct widend gap
semiconductor by theoretical prediction, with coctihn band bottom and valence band top on pbinb the
brillouin zoneT point and the band gap much higher than that & Bolk material. With the increase of diameter
of the chiral (n, m) ZnO NTSs, the valence bandhbsiously broaden and shifts to low-energy directibtoreover,
the band gap increases with the increase of dianvelttéch shows the significant quantum size effect.
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