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Through first-principles computations, we investigated the ‘structural, electronic and magnetic prop-
erties of two-dimensional AIN single layer and one-dimensional AIN nanaoribbons. AIN single layer
and nanoribbons quit the Wurtzite configuration and adopt a graphitic-like structure after geom-
etry optimization. Both hydrogen-terminated zigzag and armchair AIN nanoribbons have a direct
band gap, which increases monotonically with increasing ribbon width. Bare-zigzag AIN nanorib-
bons have a spin-polarized ground state and are magnetic semiconductors. The results may pro-
mote the experimental preparation of AIN nanosheets and nanoribbons and their applications to

nanotechnology.
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1. INTRODUCTION

In recent years, the successful experimental realization
of graphene (actually a single layer of graphite)! and its
excellent properties have attracted great research interest
in two-dimensional (2-D) layer materials. When graphene
is further reduced into one-dimensional (1-D) graphene

- ——nanoribbons (GNRs), some more intriguing properties

emerge. Through first-principles computations, Son et al.”
demonstrated that GNRs with zigzag or armchair edges
both have a nonzero energy gap, which was confirmed
experimentally later.® Fujita et al.* demonstrated previ-
ously that zigzag GNRs have special localized edge states,
which are ferromagnetically ordered but have opposite spin

directions between two edges. Recent studies have dis--

-closed that external transverse electronic field® or proper
edge modifications,®” can rtesult in half-metallicity in
zigzag graphene nanoribbons, which would find potential
applications in spintronic devices.

Following the intensive studies on GNRs, recently, the
sheet and ribbon structures. of inorganic materials, such
as BN SiC,'' Zn0O,” and MoS,,”* have also been
explored theoretically, and many interesting properties
are found in these sysiems. Closely related to BN and
ZnO, AIN alsc attracts our interest. AIN is an impor-
tant I1I-V wide-band-gap (~6.2 eV) semiconductor with
potential use in electronic and light emitting devices.
Unlike BN, whose stable phase is layered hexagonal
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. lowing first-principles computations

~ structure, AIN usually crystallizes in Wurtzite phase as

Zn0, where Al and N atom all adopt sp*-hybridization.
The experimentally realized AIN nanotubes'* have the
faceted geometry with hexagonal cross sections. The fol-
15-19 confirmed that the
sp>-hybridized faceted model of AIN nanotubes is ener-
getically more favorable than the sp’-hybridized cylin-
drical one. However, the sp?-hybridized AIN structures
are not hence excluded in nanoscale. Freeman et al.”
have demonstrated that thinner Wurtzite AIN films could
remove the dipole and adopt a graphitic-like structure.
The recent experimental observation of depolarized ZnO
(0001) monolayer’ makes us confident in obtaining planar
structures of AIN. Very recently, Du et a1.% have reported
the geometric and electronic structures of AIN nanoribbons
based on density functional theory (DFT) computations;
in their work, only a zigzag AIN nanoribbon with width
parameter N, = 10 was studied, and some important issues
are still pending. What about the geometric and electronic
properties of 2-D AlN single layer? What are the electronic
properties of armchair AIN nanoribbons? How do the elec-
tronic properties of AIN nanoribbons vary as a function
of ribbon width? In this work, detailed DFT computations
were carried out to address the above questions.

2. COMPUTATIONAL DETAILS

Spin-polarized first-principles . computations were per-
formed with the plane-wave pseudopotential technique
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implemented in the Vienna ab initio simulation pack-
age (VASP).?** The generalized gradient approximation
(GGA) with the PW91 functional,”” and a 360 eV cut-
off for the plane-wave basis set were adopted in all the
computatibns. The electron-ion interactions were modeled
using the projector augmented wave (PAW) approach,”?
and the following electronic states were treated as valence:
Al 3s23p!, N 25°2p°, and H 1s'. The supercell is large
enough (the vacuum space at Jeast 12 A) to ensure that
the interaction between nanosheets/ribbons and their peri-

-odic images can be safely avoided. Five Monkhorst-Pack

special £ points were used for sampling the 1-D Brillouin
zone, and the convergence threshold was set as 107 eV
in energy and 10~% eV/A in force. The positions of all the
atoms in the supercell were fully relaxed during the geom-
etry optimizations. On basis of the equilibrium structures,
21 & points were then used to obtain band structures.

3. RESULTS AND DISCUSSION
3.1. AIN Single Layer

Firstly, we studied the structural and electronic properties
of AIN single layer. The infinite 2-D structure cut from the
polar (0001) sheet of bulk AIN is displayed in Figure l(a).
The slab includes 32 Al and 32 N atoms. After the full
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Fig. 1. Optimized structure {a) and computed band structure and deﬁsit_v
of states (b) of 2-D AIN sheet. Al and N atoms are denoted with purple
and blue balls, respectively.
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structural relaxation, the polar (0001) sheet changed into
a smooth oné, and Al and N atoms are entirely located
in the same plane and adopt the sp? hybridization. Similar
phenomena have also been found in other planar struc-
tures of Wurlzile materials.”®® The AI-N bond length

_is 1.80 A, and AI-N—Al (N-Al-N) bond angle is 120°,

The Mulliken charge population analysis shows that the
amount of charge transfer from Al to N is 0.98 |e|, indi-
cating the strong ionicity of Al-N bonds. According to
our computation level, AIN- single layer is semiconduct-
ing with a 3.60 eV bdnd gap (the computed band gap for
bulk AIN is 4.92 eV at the same theoretical level). Here

.note that DFT usually underestimates the band gap. To

get more insight, we computed the total density of states
(TDGS) and partial density of states (PDOS) of AIN single
layer. As shownin Figure 1(b), the valence band maximum
(VBM) mainly comes from the electron pairs localized at
the N atoms, while the conduction band minimum (CBM)
consists mainly of Al 3s orbital.

3.2. H-Terminated AIN Nanoribhons

From 2-D AIN single layer, we can obtain zigzag
and armchair nancribbons by cutting along. two differ-
ent directions. Similar to GNRs**® and other inorganic
nanoribbons,® '* the width parameter N, (N,) of AIN
nanoribbons is defined as the number of zigzag lines
{(dimmer lines) across the ribbon width. The edge two-
coordinated Al and N atoms are all saturated with H
atoms to hold the sp’-hybridization, Figure 2 shows the
optimized configurations of H-terminated 8-zAINNR and
12-aAINNR, with ribbon widths of 19.83 and 17.05 A,
respectively. For both ribbons, the average Al-N bond
length is 1.80 A, which equals to that of AIN single layer.
The Al-H and N-H bond lengths are 1.58 and 1.02 A,
respectively. There is no obvious structure reconstruction
it the ribbon edges. To determinate the ground state of
AIN nanoribbons, we performed spin-polarized computa-
tions for both zigzag and armchair AIN nanoribbons, and
found that the energies are the same as those from spin-
nonpolarized computations. Therefore, the ground state of
H-terminated AIN nanoribbons can be regarded as spin-
nonplarized one.

On basis of the optimized structures, we computed
the band structures for H-terminated 8-zAINNR and 12-
aAINNR. As displayed in Figure 2, both 8-zAINNR and
12-aAINNR are semiconducting with a direct band gap
of 3.33 and 3.71 eV, respectively. The valence and con-
duction band edge are both jocated at the T point. The
direct band gap suggests that AIN nanoribbons could be
used for optoelectronics. We computed the partial charge
densities associated with the VBM and the CBM of these
two nanoribbons. As shown in Figure 2(a), for 8-zAINNR,
the VBM is an edge state with wave function localized at
the edge N atoms. In contrast, the CBM .consists mainly
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Fig. 2. Band structures (left) and charge densities of YBM (right lower)
and CBM (right upper) for H-terminated 8-zigzag (a) and 12-armchair
AIN nanoribbons (b). (c) Variation of the band gap of zigzag 3 < N, <
12) and armchair (6 < N, < 20} AIN nanoribbons as a function of ribbon
width.

of the states of inner N and Al atoms. For 12-aAINNR
{Fig, 2(b)), the VBM mainly consists of the state of N
atoms throughout the ribbon, while the CBM comes from
the state of inner N and Al atoms, The above results imply
that edge atoms should play an important role of the elec-
tronic properties of AIN nanoribbons,

Figure 2(c) presents how band gap varies as a func-
tion of ribbon width for a series of H-terminated AIN
nanoribbons. The ribbons studied here all have wide band
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gaps. For both zigzag and armchair nanoribbons, the band
gap decreases monotonically with increasing ribbon width
due to the quantum confinement effect. The band gap
of aAINNRs converges to the value of AIN single layer
{(3.60 eV) gradually with the increase of ribbon width.
However, for zZAINNRs, when the ribbon width is greater
than 9.11 A (N, > 4), the band gap is smaller than that
of AIN single layer, which should be contributed to edge
state effect, as shown in Figure 2(a).

3.3. Bare Zigzag AIN 'Nanoribbons

Also, we investigated the electronic properties of bare
zigzag AIN nanoribbons. Here three kinds of zigzag
8-zAINNR were compared: the fully bare 8-zAINNR,
8-zAINNR with one bare N edge and one passivated Al
edge (8-zAINNR-AIH), and- 8-zAINNR with one bare Al
edge and one passivated N edge (8-zAINNR-NH).

Firstly, as shown in Figure 3(a) the magnetic ground
state of fully bare 8-zAINNR is antiferromagnetic at the Al
edge and ferromagnetic at the N edge, which is quite sim-
ilar to fully bare zigzag BN nanoribbons.®** Compared
with H-terminated §-zAINNR, fully bare 8-zAINNR shows
asymmetrical spin-up and spin-down bands (Fig. 4(a)),
which means that the spin degeneracy has been. broken.

' Each spin channel shows semiconducting characteristic;

the band gaps are 1.50 and 0.26 eV for spin-up
and spin-down channel, respectively, For 8-zAINNR-
AlH, the magnetic ground state is ferromagnetic at the
N edge and nonmagnetic at the Al edge (Fig. 3(b)).

. Figure 4(b) presents the spin-resolved band structure of

8-zAINNR-AIH. which shows a spin-splitting behavior
with an indirect band gap of 2.93 and 0.61 eV for

Fig. 3. Spatial spin distribution {up-down) of the fully bare 8-zAINNR
(a), 8-zAINNR with ane bare N edge and one passivated Al edge (b). and
8-zAINNR with one bare Al edge and one passivated N edge (c). The
isovalues for the green and yellow isosurfaces are 0.02 and —0.02 e/A%,
respectively. C :
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Fig 4. Computed spin-polarized band structure for the fully bare
8-zAINNR (a), B-zAINNR with one bare N edge and one passivated Al
edge (b}, and 8-zAINNR with one bare Al edge and one passivated N
edge (c). {left: spin-up; right; spin-down).

spin-up and spin-down channel, respectively. The magnetic
ground state for 8-zAINNR-NH-is antiferromagnetic at
the Al edge and nonmagnetic at the N edge (Fig. 3(c)).
As shown in Figure 4{c), the spin-up and spin down chan-
nels for 8-zAINNR-NH are fully degenerate and both have
a 1.49 eV direct band gap, which is much lower than
H-terminited 8-zAINNR (3.33 eV, Fig. 2(a)).

4. CONCLUSION

In summary, we have imvestigated the structural and elec-
tronic properties of two- and one-dimensional planar hon-
eycomb AIN structures with density functional theory

computations. 2-D AIN single layer adopts planar structure

similar to graphene, and the strong ionicity of between Al
and N results in a wide band gap. When 2-D AIN single

~layer is cut into 1-D AIN nanoribbons, both zigzag and

armchair AIN ribbons with hydrogen-terminated edges are
nonmagnetic and have a direct band gap, which decreases
with the increase of ribbon width. Especially, the band gap
of wider zigzag AIN nanoribbons is even narrower than
that of AIN single layer, which is attributed to edge states.
The bare zigzag AIN nanoribbons are spin-polarized, and
the magnetic. ground state and electronic properties are
strongly dependent on whether Al or N edge is passivated.
The feasible tuning of the electronic and magnetic proper-
ties of AIN nanosheets and nanoribbons may be useful for
their application in nanotechnology.
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