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The stability and electronic structures of AIN nanowires with and without N-vacancy are investigated using first-

principles calculations. We find that there is an inverse correlation between formation energy and diameter in ideal

AIN nanowires. After calculating the formation energies of N-vacancy at different sites in AIN nanowires with different

diameters, we find that the N-vacancy prefers to stay at the surface of the nanowires and it is easier to fabricate them

under Al-rich conditions. Through studying the electronic properties of AIN nanowires with N-vacancies, we further

find that there are two isolated bands in the deep part of the band gap, one of them is fully occupied and the other is

half occupied. The charge density indicates that the half-fully occupied band arises from the Al at the surface, and this

atom becomes an active centre.
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1. Introduction

Nanotechnology is impacting almost all aspects
of science and technology, owing to the unique prop-
erties of nanostructure materials, which result in po-
tential applications in a wide area ranging from semi-
conductor devices to drug delivery systems. Recently,
AIN nanowires have attracted attention due to their
fascinating properties,'~®! such as a large band gap
and low electron affinity, and worthy applications
in wireless communication and optoelectronics tech-
nology in the ultraviolet and visible regions.l®7 So
far, significant efforts have been devoted to fabri-
cating high-quality nanowires by employing different

[8=11] A great deal of work has been done

techniques.
to investigate the basic properties of AIN nanotubes
and nanowires.[1312131 Wu et al.l514 calculated the
electronic structure of an AIN nanowire and proposed
a possible phase transition during the growth of the

(2] reported on ab ini-

AIN nanowire, Rezoualin et al.
tio studies of the confinement and surface effects in

AIN nanowires. However, all these studies focused
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mainly on ideal AIN nanowires and few papers gave an
account of AIN nanowires with defects. Moreover, it
has been found that defects in ZnO!%16l and GaN[I7]
nanowires affect their properties, and influence con-
ductivity performance and photo catalytic activity, so
we may expect that defects in an AIN nanowire would
also have a large effect on its properties. However,
defects in AIN nanowires are still poorly understood.
In this paper, we focus on the N-vacancy (Vx) which
is the most stable native defect in AIN bulk!'®9 and
is almost inevitable due to the thermal vibration or
chemical composition deviating from the normal pro-
portion in the process of fabricating.

In this work, we study the atomic structures, for-
mation energies, and electronic structures of Vy in
nonpassivated AIN nanowires with different diame-
ters. We find an inverse relationship between forma-
tion energy and diameter in an ideal AIN nanowire.
The Vx is more likely to stay at the surface and gen-
erates two defect levels in the band gap, one of which

is fully occupied and the other is half occupied.

*Project supported by the National Natural Science Foundation of China (Grant Nos. 11074200 and 61176079) and the Natural
Science Fund of Shaanxi Province, China (Grant No. 2009JM1005)

fCorresponding author. E-mail: qzj007@stu.xjtu.edu.cn

(© 2012 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb  http://cpb.iphy.ac.cn

087101-1



Chin. Phys. B Vol. 21, No. 8 (2012) 087101

2. Calculation method

In this study, all the structural relaxations and
energy calculations are performed using the density
functional theory that incorporates exchange and cor-
relation effects within the generalized gradient approx-
imation (GGA).?% We use the PW91 functional for
GGA and a plane-wave basis set with the projector

augmented wave method(2!]

as implemented in the Vi-
enna ab initio simulation package (VASP).[?? The cut-
off energy for the basis function is set at 500 eV and
the atomic structure is relaxed until the force acting
on each atom is less than 0.03 eV/A (1 A = 0.1 nm).
The Monkhorst—Pack sampling scheme with a 1x1x3
k-point mesh is chosen in our calculations.

Figure 1 shows the atomic configurations, all
the nanowires are generally along the polar [0001]
orientation, are accompanied by six {100} lat-
eral facets, and have diameters from 3.65 A to
15.63 A. We use our optimized lattice parame-
ters for bulk AIN: ¢ = b = 3.125 A, and ¢ =
5.007 A, which are very close to the experimental
values: a = b = 3.112 A, and ¢ = 4.982 A.[1Y
A 10-A vacuum region is equipped to eliminate

the interaction between neighbouring nanowires.

Fig. 1. Side and top views of AIN nanowires (W1, W2
and W3). The black and grey atoms represent N and Al
atoms respectively, and the N vacancy sites are denoted
by A, B, and C, corresponding to the surface, subsurface,
and interior respectively.

The formation energy of the AIN nanowire and the
defect are defined as follows:
Ef™ = E{{ — nNpN — NAIfAL (1)
E{t = By — Bigt + o, (2)

where EfYV is the formation energy of the AIN
nanowire without a defect, and Eflef is the formation

energy of Vx in an AIN nanowire; Ej}

woand Fd<f are
the total energies of ideal and defect structures, re-
spectively; ny and na; are the numbers of N and Al
atoms respectively; un and pa) represents the chemi-

cal potentials of N and Al, respectively.

3. Results and discussion

3.1.Ideal AIN nanowires

Before investigating the defects of AIN nanowires,
we studied the structural properties of the ideal ones
and found that their electronic properties are greatly
determined by the dangling bonds at the lateral facets.
Because of non-passivation, the charge transfers from
the dangling bond of surface Al to N always occur,
which induces bending and contraction of the surface
Al-N bonds after relaxation. The bending angles ob-
tained for the three models in Fig. 1 are about 7° and
the bonds are contracted by ~ 6%. These data are
consistent with Ye et al.’s report of (100) surface.”!
The atomic motions in this relaxation further lead to
the separation between positive and negative charge
centres in the radial direction. A dipole perpendic-
ular to the lateral surface is present, which influ-
ences the stability and transport properties of AIN
nanowires. Similar problems for ZnO have been dis-
cussed in detail.[15:23]

The formation energies of these nanowires with-
out defects are revealed in Fig. 2. It is obvious that
the formation energy decreases from 2.0 eV/AIN to
0.7 eV/AIN with an increase in diameter, which fits
well with the data reported by Wu et al.lf] This de-
crease originates mainly from the decrease of the rela-
tive atom number at the surface rather than any other
physical mechanism, and it approaches zero when the
diameter is large enough. To probe the possible phys-
ical effects from the change of diameter, the contri-
bution from relative atom number at surface is sepa-
rated in the insert of Fig. 2, in which the formation
energy is normalized by setting the largest value to
be 1.
smaller the nanowire, the stronger the binding among

From the figure, we can clearly see that the

atoms is, which can also be obtained by the band gap
change trend, i.e. the smaller nanowire has a larger
band gap.l?*! Moreover, it can be seen that the curve
of the relative atom number at the surface has the
same trend as the curve of the formation energy, which
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means that the formation energy is highly dependent
on the surface, suggesting that the surface effect plays
a dominant role in these nanowires.
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Fig. 2. Formation energies of AIN nanowires with vari-
ous diameters. The insert shows the relative atom number
at the surface and the relative formation energy per atom
pair with respect to diameter.

3.2.N vacacy (Wx) in AIN nanowire

Special attention is paid to the Vyx in AIN
nanowire because it is a common native defect in AIN
bulk.[?20] Tts stability in nanowires and its effect on
The period
of the defect models is doubled along ¢ orientation to

electronic structure are discussed here.

avoid the interaction between neighbour defects. The
removed N atom may be at the surface, subsurface or
interior of the nanowire. The specific sites under con-
sideration are denoted by A, B, C as shown in Fig. 1.

The values of formation energy Vx under differ-
ent conditions are calculated by Eq. (2) and revealed
in Fig. 3. The formation energies of Vx under Al-rich
conditions are much lower because N is lacking under
these conditions. It is also obvious that the values of
VN at the surface layer are more stable than those at
the subsurface and interior of the nanowires. The val-
ues of formation energy Vy at interior and subsurface
are about 6 eV-7 eV, close to the values reported for
bulk AIN, [ while the values at the surface layer are
smaller than 1 eV under Al-rich conditions, indicating
that they easily occur at the surface. The origin of this
is that the formation of Vy at the surface layer involves
breaking three AI-N bonds and four at the subsurface
and interior. Another considerable factor is the sur-
rounding atoms of Vy at the surface layer, which can
relax more freely. As shown in the insert of Fig. 3,
the three nearest neighbour Al atoms obviously shift
toward the vacancy centre, with an expansion of the
Al-N bond being 0.5%-3.4%, and the total energy is

decreased by this relaxation. The origin of this atomic
relaxation can be found from electronic structure anal-
ysis. It is known that by removing an N atom from an
ideal AIN nanowire produces Al dangling bonds and
the unpaired electrons must redistribute to reach a
more stable configuration, which is the intrinsic drive
of atomic relaxation.
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Fig. 3.

nanowires as a function of the diameter at N-rich and

Defect formation energies for the Vi in AIN

Al-rich conditions respectively. The insert performs the
atom distribution around the nitrogen vacancy. The big-
ger atoms exhibit the surface atoms and the smaller are
at the sublayer.

Energy/eV

(a) (b) (c)

Fig. 4. Energy band structures of AIN nanowires with Vx
at (a) Wo (site-A), (b) W3 (site-A), and (c) W3 (site-B).
The grey shaded region corresponds to the bulk projected
band structure. The lines without symbols in the band
gap present the surface states of the defect surface, and
the lines marked with squares and triangles denote the
half occupied and occupied bands respectively.

The final energy band structures of an AIN
nanowire with isolated Vx at diferent sites are shown
in Figs. 4(a)—4(c), corresponding to Vy locating at
site-A in nanowires Wo and W3, and site-B in
nanowire W3, respectively. The shaded grey regions
in the lower and upper parts correspond to the valance
and conduction bands of bulk AIN. The lines (without

symbols) above the valence band maximum are from
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the dangling bonds of surface N and the others be-
low the conducion band mimimum are from the dan-
gling bonds of surface Al. In addition, the two bands
marked by symbols are related to V. The Fermi level
lies across the band marked by trigonal stars, so it
is half occupied and the other one, marked by square
stars, is fully occupied.

As for the Vy at the surface (see Figs. 4(a) and
4(b)), defect states are isolated from the surface states,
while as for the Vy situated at the subsurface (see
Fig. 4(c)), the defect states are not so isolated from
the surface states. Moreover, the level marked by trig-
onals together with the states from surface Al dangling
bonds in Fig. 4(c) shift upward and overlap with the
bottom of the conduction band.

To find out the origin of the two bands related
to Vn, the corresponding charge density is plotted in
Fig. 5. The partial charge density of the fully occu-
pied band lies mainly between the surrounding three
Al atoms, implying that a chemical bond is formed be-
tween them. The distance between the two Al atoms
at the sublayer shrunk by 6.02%. The partial charge
density of the half occupied band is located above the
Al atom at surface, indicating that it is still a dangling
bond and the Al atom becomes an active centre, as it
is easy to release an electron. Therefore, the polar-
ization and conductivity properties of AIN nanowires
may be greatly influenced by it.

occupied half-occupied occupied half-occupied

(a) (b)

Fig. 5. Electron density distributions in the AIN

nanowires with Vi for the lower vacancy state (fully-
occupied) and higher vacancy state (half-occupied). The
big and small atoms represent the sites at the surface and
sublayer respectively.

4. Conclusions

In this paper, electronic and structural properties
of defects in AIN nanowires with different diameters
are explored by using the first-principles calculation
method. Our theoretical study confirms that the for-
mation energy of an ideal AIN nanowire is propor-
tional to the inverse of the wire diameter, whereas
the Vx in a nanowire is energetically preferred under

the Al-rich conditions. In addition, it is found that
the most stable location for Vi is on the edge of the
nanowire. Vy induces two states in the band gap,
i.e., the fully occupied single state located above the
states from the dangling bonds of surface N, and the
half-occupied state located below the states from the
dangling bonds of surface Al. Furthermore, the corre-
sponding charge density indicates that the half-fully
occupied band is located above the Al atom at the

surface, and this Al atom becomes an active centre.
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