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Abstract

We analyse the influence of uncharged N vacancies (neutral F centres), created
either under conditions of AIN nanotube growth or by its soft irradiation, on
the atomic and electronic structure. Periodic one-dimensional (1D) density
functional theory (DFT) calculations on models of defective single-walled
nanotubes (SW NTs) allow us to analyse how NT chirality and concentration
of F centres change their properties compared to the corresponding defect-free
nanotubes. We have simulated reconstruction around periodically repeated F
centres on 1 nm AIN SW NTs with armchair- and zigzag-type chiralities. To
achieve the limit of an isolated vacancy for both chiralities, we have considered
different inter-defect distances repeated along the axes of these nanotubes. For
dg—r > 20 A, the interaction between defects is found to be negligible, since
energy dispersion does not exceed 0.02 eV. We also analyse the influence of F
centres on the energy cost required to wrap up AIN graphitic nanosheets (NSs)
of both chiralities into the corresponding 1 nm thick SW NTs. The electronic
properties of defective NS and NTs of both chiralities have been compared with
those for defective AIN bulk three-dimensional (3D) structures of wurtzite and
zinc-blend. The presence of N vacancies in various aluminium nitride structures
(including SW NTs) results in the appearance of defect energy levels in the
band gap with the prevailing contribution from 3s and 3p atomic orbitals of the
nearest Al atoms. We have found that the larger the concentration of F centres
is, the smaller the maximal energy gap between defect levels is, i.e. an increase
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in defect content in AIN NTs results in their higher conductivity. Our DFT
calculations of point defects on SW NTs have been correlated with theoretical
prediction for electrical breakdown voltage induced on a defective nanotube
upon removing a single bond.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In recent years III-V semiconductor nanostructures (nanotubes, nanowires, nanoclusters and
nanotips) have attracted enhanced scientific interest due to their numerous technological
applications in nanoengineering [1—4], such as optoelectronic devices in the ultraviolet (UV)
and visible regions [5]. AIN nanotubes (NTs) of a wide range of diameters (up to 80 nm) were
recently synthesized either by simply nitriding impregnated Al powder in a tubular furnace [6]
or using the method of highly non-equilibrium direct-current arc-plasma-induced melting of
aluminium in N-Ar ambient [7]. So far, systematic theoretical studies on defect-free nanotubes
of group-III nitrides, which began several years ago, have been limited mainly to single-walled
(SW) models, as analysed in our last paper [8]. The first theoretical paper that considers a
multi-walled (MW) AIN NT has been just published [5]. Meanwhile, experimental conditions
of the nanotube growth [6, 7] unavoidably lead to both chemical and mechanical reasons for
the appearance of point defects, such as vacancies, antisites or substitutional impurities [9].
The controlled creation of atomic vacancies on carbon (C) and BN nanotubular structures
can be caused by soft irradiation, for example in situ under the influence of the energetic
electron beam in a transmission electron microscope (TEM) [10-12]. However, still no
reference was found in the literature on the application of the analogous method for vacancy
formation in AIN NTs; only transformations in the wurtzite-like AIN bulk structure under
sub-angstrom-resolution scanning tunnelling electron microscopy (STEM) have been reported
recently [13]. So far, defects in AIN samples were mainly studied under neutron irradiation,
as discussed below. As to electron beam influence, this can result in both the excitation and
ionization of AIN NT atoms [7]. In any case, a particle beam can be focused onto areas of
several Az, which allows the selective modification of nanostructures on an atomic scale by
removing atoms from pre-defined regions [11, 12]. The presence of intrinsic defects affects
both the electronic and mechanical properties of NTs; they are also chemically active sites
for nanotube wall functionalization. Despite noticeable interest to defective nanotubes, the
number of publications about them is rather scarce, except for a series of studies on defective
CNTs [11, 12, 14-17] and BN NTs [10, 18, 19]. The first paper, focused directly on the
theoretical simulation of defective AIN SW NTs, was published only in 2006 [9], based mainly
on DFT (density functional theory) plane-wave calculations of 1D SW NTs with different types
of point defects or their pairs.

Beginning in the 1990s, electronic F centres (N vacancies) have been actively studied in
AIN bulk [20-26], both experimentally and theoretically. According to a series of experimental
studies [20], under thermal neutron irradiation of the wurtzite-structured AIN specimens, the
appearance of F-type defects was indicated, with a strong correlation between the production of
F centres and the intensity of neutron irradiation. The presence of the newly formed electronic F
centres was identified using methods of electron paramagnetic or spin resonance (EPR or ESR),
which show the appearance of spectral signals indicating an interaction between the electrons
trapped at N vacancies and the surrounding Al nuclei. Optical transitions in defective AIN bulk
are, in general, dominated by a broad luminescence band, which was attributed to a variety
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Figure 1. Axonometric images of supercells for the two AIN bulk phases containing single F
centres: (a) wurtzite (P63mc space group) and (b) zinc-blende (F 43m space group). Light balls
correspond to Al atoms and N atoms are shown as dark balls whereas large balls image F centres.
Arrows show directions of section planes used for construction of 2D difference electron density
re-distributions induced by N vacancies, as presented in figure 4.

of point defects (e.g. N vacancies). It has been reported [22, 23] that each nitrogen vacancy
induces two defect states in the band gap: one doubly occupied state lying above the top valence
band (VB) and a higher-lying level structure that could be occupied with one or three electrons.
For a stable AIN wurtzite-like structure (w-AIN), the upper defect state was found to be about
1-3 eV below the conduction-band (CB) minimum, i.e. the vacancy acts as a deep donor. For
a metastable zinc-blende structure (zb-AIN), the same defect level, being much closer to the
CB, can be considered as a shallow donor. In both cases, defects can affect both top VB and
bottom CB, especially if their concentration is substantial. Defective AIN bulk 3D structures
were calculated in the framework of several DFT plane-wave methods [21-25] or the embedded
cluster HF (Hartree—Fock) method combined with a shell-model simulation [26]. Obviously,
the results of these studies provide a foundation for the present theoretical simulations on the
electronic structure of F centres in AIN NTs.

For this purpose, we perform DFT calculations in the framework of the CO LCAO
formalism (crystalline orbitals constructed as linear combinations of atomic orbitals) on the
structural and electronic properties of single F centres in: (i) defective AIN bulk (3D structures
of both wurtzite an zinc-blende) (figure 1); (ii) defective AIN nanosheets which can be wrapped
up into the corresponding 1 nm-thick AIN 1D SW NTs of armchair- and zigzag-type chiralities
(figure 2); and (iii) defective 1 nm-thick AIN SW NTs of both chiralities (figure 3). In this
study, we also analyse the influence of N vacancies on the properties of defective AIN SW NTs
compared to those that we have obtained for defectless AIN nanotubes [8], depending on their
chirality, and to those calculated for defective AIN bulk (both structural types). To achieve a
dilute-limit single vacancy for both nanotube chiralities (figures 3(a) and (b)), we consequently
increased the inter-defect distances along the NTs axes. For AIN bulk (figure 1), we consider
large enough inter-defect distances, in order to exclude the appearance of noticeable dispersion
of defect levels in the band gap. We also analyse the influence of F centres in AIN nanosheets
(figure 2) on the energy required for wrapping up into AIN NTs. The results of our calculations
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Figure 2. Projections of AIN nanosheets containing a single F centre for wrapping up to 1 nm-thick
nanotubes (shown in figure 3) along the axes of NSs and across them for: (a) armchair-type and
(b) zigzag-type chiralities. Arrows show section planes for 2D difference electron density plots
presented in figure 6. For graphical details, see explanations given in figure 1.
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Figure 3. Projections of 1 nm-thick defective AIN NTs along the axes of nanotubes and across them
for: (a) armchair-type and (b) zigzag-type chiralities. Arrows show section planes for 2D difference
electron density plots shown in figure 8. For graphical details, see explanations given in figure 1.

are compared for the first time with a theoretical prediction of the electrical breakdown voltage
reduction induced on defective AIN NTs upon the removal of a single AI-N bond.

2. Theoretical background

2.1. Computational details

We have performed periodic DFT calculations on the two models of defective AIN bulk
(figure 1), two models of defective AIN (0001) nanosheets (figure 2) and two models of
defective single-walled AIN nanotubes (figure 3) using the LCAO formalism of localized
Gaussian-type functions (GTFs) as implemented in the CRYSTAL-03 code [27]. For
DFT calculations, we use the non-local PWGGA (Perdew—Wang generalized gradient
approximation) exchange—correlation functional [28]. The all-valence basis sets for Al and
N GTFs (8s—511sp—1d and 81s-31p—1d, respectively) were optimized elsewhere (for several
Al-containing crystalline compounds [29] and gallium nitride [30]), we have only slightly re-
optimized their valence and virtual shells. The F centres have been simulated by removing N
atoms from all models considered (figures 1-3), retaining in the vacancy the wavefunction of

the missing ion (the so-called ghost basis set [27]).
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2.2. Supercell model of a periodic defective system

Use of a supercell model for point defect simulation means, in fact, consideration of a ‘new
periodic system’ with an artificially introduced periodicity. The periodicity of the point defect
is defined by the choice of supercell lattice, with the space group of the defective crystal defined
by the defect local point symmetry [31]. The new Brillouin zone (BZ) is smaller than the
primitive one and may also differ in symmetry, when the lattice type is changed. The calculation
is otherwise made analogously to a perfect periodic system [8] using the k sampling of the BZ.
For a fixed supercell size and shape, the k-meshes are used in practical calculations, which
allow minimization of the defect—defect interaction. Use of variable k-meshes in a supercell
model allows an estimate of defect—defect interaction through the width of the defect energy
bands for each superlattice chosen (energy dispersion): the narrower these bands are (the
smaller the dispersion), the closer the result to the single defect limit [31]. To achieve an
approach of single defect, it is reasonable to begin from a smaller supercell containing an F
centre, i.e. corresponding to the converged results of the band calculations. When estimating
the defect—defect interaction from the calculated defect bandwidth, we make a decision about
the necessity of a further increase in the supercell size. The comparison of results for different
k-meshes allows one to decide if it is necessary to increase the superlattice further, to supresss
artificial defect—defect interaction.

In this study, we simulate F centres in two AIN bulk phases using supercells with different
defect periodicity: 3 x 3 x 3 for wurtzite (figure 1(a)) and 4 x 4 x 4 for zinc-blende (figure 1(b)).
These extensions are chosen due to the close number of atoms in the corresponding w- and zb-
AIN supercells (108 and 128, respectively, whereas a 3 x 3 x 3 zb-AIN supercell contains
54 atoms only). Lattice parameters of both wurtzite and zinc-blende bulk structures have
been optimized by us elsewhere [8]. A 3 x 3 x 3 supercell corresponds to a inter-defect
distance of dp_r = 9.34 A, whereas for the 4 x 4 x 4 supercell this distance is 12.45 A.
To simulate structural reconstruction around the point defect, we optimize geometry using the
corresponding procedure of the CRYSTAL-03 code [27].

When simulating defectless AIN graphitic nanosheets (NSs) shown in figure 2, but without
F centres, we fix their lattice structures according to those for the unwrapped 1 nm-thick AIN
NTs, geometries of which have been optimized in our previous paper (Al-N bond length
dy~ = 1.79 A for both chiralities) [8]. Symmetry of both NSs is broken compared to
the symmetry of armchair and zigzag-type NTs. However, each supercell of the corresponding
AIN NS and NT contains the same number of atoms, and the strain energy required to wrap up
an AIN graphitic nanosheet into the corresponding 1 nm single-walled nanotube can be defined
simply as the difference between their total energies per atom. To avoid boundary artifacts, we
periodically repeat NSs perpendicularly to their axes. When optimizing the NS geometry we
allow the N sublattice to relax perpendicularly to the nanosheet plane, as in the 2D AIN(0001)
surface. Al and N subplanes of perfect nanosheets of both chiralities were found to be separated
by 0.016 A, with almost negligible induced charges and dipole moments. For defective AIN
nanosheets, we use the geometry of perfect NSs; however, atoms nearest to the single F centre
are relaxed. We calculate the supercells of both defective AIN nanosheets (figures 2(a) and (b))
according to the inter-defect distances considered below for AIN NTs.

The symmetry of defective 1 nm-thick armchair- and zigzag-type AIN SW NTs is also
broken compared to the corresponding defectless nanotubes studied by us previously [8]
(Pn/m and Pnmm, respectively). For the defective armchair-type nanotube, only Cj
symmetry of the cross-section plane remains (figure 3(a)), whereas for zigzag-type NT, no
symmetry operations exist at all. Thus, calculations on defective AIN structures with relaxation
of geometry around F centres performed in this study are much more space- and time-
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consuming compared to our study of perfect AIN systems [8]. To approach a single vacancy
limit for both nanotube chiralities, we have considered three sets of inter-defect distances
repeated along the axes of these nanotubes: 13.5, 20.25 and 27.0 A for armchair-type NT
as well as 10.8, 21.6 and 32.4 A for zigzag-type chirality.

The formation energies of a single F centre in all defective AIN systems presented in
figures 1-3 are estimated as follows:

E™™F) = E(F) + E(N) — E(perfect system), (1)
where E(N) is the total energy for a spin-polarized isolated nitrogen atom (°P state) per
supercell, and E(F) and E(perfect system) are the corresponding energies for the defective
and perfect periodic systems, respectively.

For the band structure calculations on all systems under study presented in figures 1-3,
we use reciprocal space integration with suitable shrinking factors for the Monkhorst—Pack and
Gilat nets: 4 x 4 x 8 [32, 33]. The electron populations of atoms and inter-atomic bonds
are estimated using a Mulliken approach, as implemented in CRYSTAL-03 [27]. In section 3,
we compare the structural and electronic properties calculated for all three types of defective
systems: AIN bulk, NS and NT.

2.3. Charge concentration and electrical breakdown of defective nanotubes

Let us change the point of view and now consider an AIN SW NT or NS subjected to a
given difference in voltage, generating a given current per bond i. If an elliptical hole of
axes a and b (perpendicular and parallel to the electrical field, respectively) is introduced,
the current will concentrate near the tip of the defect (which we assume to be much smaller
than the structural size, i.e. we neglect the self-interaction of the tips or the defect-boundary
interaction). Obviously, both models of defective NTs described here and in section 2.2 are
different; however, we can compare charge concentrations induced on them.

Solving the Laplace equation for the corresponding perforated plate (two-dimensional
continuum containing an elliptical hole) gives the spatial dependence of the current
density [34]. By integration along the ‘atomic spacing’ ¢ we find an approximate solution
(asymptotic matching) for the tip charge concentration in a discrete lattice in the following
form:

iip(a, b) %\/ l+a/q @

i l+a/g(1+a/b)™
The approximation of the continuum (valid for a large defect with respect to the atomic size)
would simply lead to jip/j ~ 1+ a/b [34] with current density j, as can be deduced from
equation (2) in the limit of ¢ — 0 (and formally j = i /q). The predictions of equation (2) are
reported in table 1 as a function of the defect size and shape.
Accordingly, the electrical breakdown voltage of the defective system will be:
Voreak (@, b) i

Vs = i, b)

Thus, just a single vacancy can dramatically reduce the nanotube breakdown voltage, as has
been similarly found for its fracture strength [35, 36] and (more moderately) for its Young’s
modulus [37].

3

3. Results and discussion

In our previous paper, we described the results of ab initio simulations on the structural
and electronic properties for different morphologies of defectless AIN bulk, surfaces and
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Table 1. Charge concentration (iyjp/ i) as a function of the defect size and shape (a, b, ¢).

iip/ i according to equation (2)

b/q
alg 0 1 2 3 4 5 6 7 8 9 10
100 100 100 100 100 1.00 1.00 1.00 1.00 1.00 1.00
141 126 118 1.3 1.10 1.09 107 106 1.06 105 1.05
173 157 141 132 126 122 1.19 1.17 115 113 LI12
200 1.84 164 151 142 136 131 127 124 122 120

224 208 18 170 158 150 143 138 134 131 1.28
245 230 206 188 1.74 163 155 149 144 140 136
265 250 226 205 189 177 1.67 1.60 154 149 145
283 269 244 222 204 19 179 171 1.64 158 153
300 286 261 238 218 203 191 181 173 167 1.6l
3.16 303 278 253 232 216 202 192 183 175 1.69
0 332 319 293 268 246 228 214 202 192 184 1.77

— O 00 1Ok WND =0

nanotubes [8], comparing them with the available experimental and theoretical data. For
the present DFT calculations on the defective AIN structures, we fix structural parameters
optimized in that study (see table 1 and comments about it in [8]) and allow relaxation of only
three coordination atomic spheres (circles) around the N vacancy. We perform calculations of
w- and zb-AlN crystals containing single F centres not only for comparison of their properties
with those for defective low-dimensional AIN systems (although it is also interesting, due
to the difference in atomic coordination around point defects) but also for verification of the
present computational scheme for an adequate description of defective AIN bulk structures.
This exhaustive approach permits verification by comparison with materials studied quite
comprehensively during the last 15 years.

3.1. F centres in AIN bulk

Relaxation of atoms nearest to a single F centre shows that the four nearest Al neighbours of
the vacancy in both the w- and zb-AIN crystals are shifted by 0.10-0.11 A from their lattice
sites towards the defect, whereas the 12 next-nearest N atoms are also relaxed inwards but
noticeably more weakly (0.03-0.04 A) (table 2). The electronic charge induced on the F centre
is —1.7 to 1.65¢ for non-relaxed w- and zb-AIN bulk. After relaxation of the nearest atoms
the corresponding values are found to be slightly increased from —1.82 to 1.78e, which can be
explained by a closer approach between the vacancy and the Al neighbours. Since, in defect-
free w- and zb-AIN bulk Mulliken analysis, the electronic charge on each N atom was found
to be —2.27¢ and —2.22¢, respectively, the nearest neighbours of the vacancy additionally lose
about 0.15¢ per Al compared to the same atoms in defect-free bulk. In all cases, the charge
separation in w-AlN is a little bit larger compared to zb-AIN, including the electronic charge
induced on the F centre. This is well illustrated by the difference in electron density plots in
figure 4. The high intensity of the charge re-distribution in the area around the F centre is
dominated by the electron density of broken AI-N bonds.

When comparing figures 4(a) and (b), which describe point defects distributed with various
periodicities (9.34 and 12.45 A, respectively), we can clearly observe a larger disturbance of
the difference electron density in the first case. Obviously, even a 4 x 4 x 4 supercell is not
enough to exclude the defect—defect interaction and both band structures presented in figure 5
clearly demonstrate this, since defect levels are still not straight lines, i.e. their dispersions are
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Figure 4. 2D difference electron density maps Ap(r) (the total density in the perfect AIN bulk
minus the sum of electron densities of both isolated nitrogen atom and defective AIN crystal)
projected onto the (100) section plane of either (a) w-AlN (figure 1(a)) with one F centre per 3 x3 x3
supercell or (b) zb-AIN (figure 1(b)) containing a single defect per 4 x 4 x 4 supercell. Dash—dot
(black online) isolines correspond to the zero level. Solid (red) and dashed (blue) isolines describe
positive and negative values of the difference in electron density, respectively. Isodensity curves are
drawn from —0.1 to 40.1 ¢ A~ with increments of 0.003 ¢ A ™.

Table 2. Main structural and electronic properties calculated for defective AIN bulk, SW NS and
NT after partial geometry relaxation around F centre.

Bulk (figure 1) Nanosheets (figure 2) Nanotubes (figure 3)
Properties w-AIN zb-AIN Armchair Zigzag Armchair Zigzag
First sphere relaxation®
dp—a1, (A) —0.10 —0.11 —0.17 —0.18 —-0.22 —0.23
Second sphere relaxation®
dp—x. (A) —0.03 —0.03 —0.05 —0.05 —0.07 —0.07
Charge induced on F centre
Agr, (e) —1.82 —1.78 —1.86" —1.88° —1.97° —1.98°
Defect formation energy
E*™(F), (eV) 8.8 8.6 7.7° 7.6° 7.2° 7.1
Largest defect gap
(versus band gap),
Aémax, (€V) 3.1(7.4) 32(7.2) 1.2 (2.5% 1.3 (2.5% 2.8(7.1) 2.0 (7.0)

2 Negative sign corresponds to inwards relaxation (towards F centre).
b These values are estimated for the largest inter-defect distances in NSs and NTs.
¢ We consider here a band gap for defectless w-AIN(0001) slab [8].

0.18 and 0.08 eV for w- and zb-AIN, respectively. As a further example, for a defective SrTiO;
perovskite crystal [31], we identified a limit of single-defect approximation for inter-defect
distances of 15-16 A with dispersion of the defect level of ~0.02 eV.

To estimate the formation energy of F centres in both w- and zb-AIN crystals (table 1) we
use equation (1). Since it does not contain the chemical potentials of constituents [9, 22-25]
we do not operate with Al-rich and N-rich defective structures and can verify our results only
qualitatively. For non-relaxed w- and zh-defect-containing AIN bulk, E™ is found to be 9.9
and 9.5 eV, respectively (obviously, the formation energy for a lower concentration of point
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a)

Figure 5. Two band structures of defective AIN bulk containing a single F centre per cell in both a
3 x 3 x 3 supercell of a wurtzite crystal (a) and a 4 x 4 x 4 supercell of a zinc-blende lattice (b).

defects should be lower), meanwhile the binding energy of Al-N bonds in defect-free w-AIN
was also found to be larger by 0.12 eV than that in zb-AIN [8], i.e. the latter cubic structure is
energetically less stable than wurtzite, which is well known. For defective AIN bulk structures
relaxed around F centres, the values of the formation energies predictably decrease: 8.6 and
8.8 eV, for zb-AIN and w-AlIN, respectively. For comparison, DFT plane-wave calculations of
energies of N vacancy formation gave lower values: 6.6 eV [22] and 6.75 eV [25]. The reason
for this 2 eV difference is due not only to certain differences in binding energy definitions.
According to our experience, application of the DFT plane-wave method results in smaller
values of E™™ than given by the compatible DFT-LCAO method with the same exchange-
correlation functional [31] (in both cases we use equation (1) to estimate the formation energy).

Our previous band structure calculations for defect-free AIN bulk resulted in values of
7.4 and 7.2 eV for the band gaps of w- and zb-AlIN, respectively (cf 6.28 eV obtained
experimentally for the stable wurtzite phase) [8]. The corresponding values obtained using
plane-wave DFT calculations were found to be in an interval of 4.8-5.7 eV [21-25]. We
again face some systematic gap between the estimated energies calculated using different
methods. According to earlier DFT plane-wave calculations [22, 23] of the defective AIN
band structure, there are two defect levels induced by the N vacancy to be moved into the
band gap: (i) the a; (Al s-like) state lies 0.5-1.5 eV above the top valence band (VB); (ii)
the #, (Al p-like) state is positioned below the bottom of the conduction band (CB) for w-Al
and much closer to it or even higher for zb-Al. Our results presented in figure 5 and table 2
give 1.5-1.8 eV over the top VB for the a; state and 1.7-2.2 eV below the CB bottom for
the #, state, which is twice degenerate for both phases. In any case, the calculated defect
levels can be verified experimentally by luminescence measurements [4]. We have identified a
problem for plane-wave DFT calculations that, due to an underestimated band gap, the shallow
defect states, which should be positioned below the CB, are found sometimes at the level of its
bottom and even higher [38]. This problem may likely be solved after the implementation of
hybrid HF-DFT functionals in the computational procedure of plane-wave calculations [39],
which allows one to achieve values of band gaps that are quantitatively compatible with
experimental data. Note that we do not consider the charged N vacancies, the presence of
which substantially complicates the composition of defect levels. Such analysis was performed

9



J. Phys.: Condens. Matter 19 (2007) 395021 Yu F Zhukovskii et al

a) b)
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Figure 6. 2D difference electron density maps Ap(r) (see explanations given in figure 4) projected
onto the section planes across AIN NS containing a single F centre per doubly extended unit cell
with a structure of (a) armchair-type (figure 2(a)) or (b) zigzag-type (figure 2(b)) NS chiralities. For
graphical details, see explanations given in figure 4.

in several studies [23, 24, 26] where the charge of the nitrogen vacancy was changed from +1
up to +3. For the composition of charged vacancies, resonance defect states can be positioned
at the CB bottom.

3.2. F centres on SW AIN nanosheets

Two types of graphitic nanosheets (figure 2) with slightly separated Al and N sublattices
can be considered as orthogonal nanofragments of a 2D double-layer AIN(0001) surface
(planar sheet). It should be noticed that a graphitic sheet is a stable phase of carbon and
boron nitride materials [40, 41], whereas AIN materials with the same configuration have
not been synthesized experimently so far. This is probably due to the highest strain energy
of AIN graphitic sheet relative to w-AIN and zb-AIN structures compared to other group-III
nitrides [5, 40]. Moreover, the experimental growth of NT structures is thought to have little
to do with rolling up graphitic nanosheets. Nevertheless, AIN NSs are interesting from several
points of view: (i) the strain energies in NTs relative to their graphitic NS materials are always
regarded as important references in analysing the probability of nanotubular synthesis [42];
(ii) the electronic structure of nanosheets reflects some specific AIN surface properties which
markedly differ from those for bulk and nanotubes [8]; (iii) difference between single F
centres in both NSs and NTs allows one to understand better the structural transformations
in nanomaterials.

In AIN nanosheets, nanotubes as well as the surface layer coordination of Al and N atoms
as well as F centres are reduced compared to that in the bulk: each of them possesses three
nearest neighbours instead of four. Compared to atomic relaxation around a single F centre in
AIN bulk, these three nearest Al neighbours of the F centre in the AIN NS relax more strongly,
i.e. by 0.17-0.18 A towards the point defect, the six next-nearest N atoms (instead of 12 in
the bulk) are also shifted inwards more noticeably than in the bulk (table 2). Qualitatively,
this is quite understandable, since low-dimensional systems are usually more flexible for atom
relaxation. For the non-relaxed armchair- and zigzag-type AIN NS, the electronic charge
induced on the F centre is smaller than in the bulk (—1.57-1.59¢); however, after relaxation
the corresponding values increase more substantially than in the bulk (—1.86—1.88e versus
—1.78-1.82¢). The 2D charge re-distributions induced by the F centre in both NSs (figure 2)
are shown in figure 6.

The formation energies of a single F centre onto non-relaxed armchair- and zigzag AIN
nanosheets are found to be 8.6 and 8.4 eV, respectively (table 2), i.e. quite predictably smaller
than those in AIN bulk. For defective AIN nanosheet structures relaxed around F centres,
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a) b)
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Figure 7. Two band structures of defective AIN nanosheets containing a single F centre per doubly
extended unit cell of armchair-type (a) and zigzag-type (b) NS chiralities.

the corresponding values of formation energies decrease to 7.7 and 7.6 eV for armchair- and
zigzag-type chiralities, respectively. For comparison, the energy of N vacancy formation on a
planar hexagonal BN sheet was earlier found to be 8.9 eV [10]. (Note that, when comparing
the energies of F centre formation in BN and AIN bulk [22], E™ was found to be larger by
1.5-2 eV for the former.)

Our previous band structure calculations on defect-free densely packed w-AIN(0001) and
zb-AIN(111) surfaces published elsewhere [8] showed the appearance of spectra of the surface
states inside the band gap, consisting of hybridized Al(3s), Al(3p) and N(2p) energy levels
(note that the top VB of AIN surfaces is shifted up by ~3 eV compared to the AIN bulk).
Analogous conclusions were earlier drawn for the densely packed w-GaN(0001) surface [43]
as well as less dense w-AlN(lOiO) and zb-AIN(110) surfaces [44]. This provides a reason for
the marked difference between the band structures presented in figures 5 and 7. In the latter,
we can identify two groups of degenerate defect levels induced by an N vacancy in the band
structure of defective AIN NSs: Al(3s) states lying ~0.7-0.8 eV above the top VB and Al(3p)
states which are positioned below the CB bottom by ~1.0-1.1 eV.

Let us estimate the strain energies required to wrap up AIN graphitic SW nanosheets
(figure 2) into the corresponding 1 nm SW nanotubes (figure 3). The corresponding results for
energy cost per atom are found to be 0.078 eV /atom (armchair chirality) and 0.091 eV /atom
(zigzag chirality), which is in good quantitative agreement with previously calculated values for
SW NTs with the same 1 nm diameter (0.05 and 0.06 eV /atom, respectively [38]). Analogous
transformation from nanosheets to nanotubes containing F centres requires slightly smaller
energy cost (by 0.008 eV /atom for both chiralities), i.e. the presence of point defects makes
wrapping up an NS into an NT easy. Comparative analysis performed earlier [38] shows that
the energy cost of forming AIN SW NT from graphitic nanosheets is the lowest compared to
other group-III nitrides and carbon. At the same time, the AIN graphitic sheet is the most
unstable energetically among these nanosheets. It should also be noticed that the larger the
single-walled nanotube diameter is, the smaller this energy barrier NS — NT [5, 40] is, i.e. a
nanotube of infinite diameter becomes a graphitic plane or (0001) bilayer surface. This confirms
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a conclusion made in our previous paper [8]: the larger the AIN SW NT diameter is, the closer
the nanotube’s electronic properties are to double-layer surface properties; analogous results
were earlier obtained for GaN NTs [42]. On the other hand, the excessively high strain energy
of an AIN graphitic sheet relative to the stable w-AIN bulk structure, as a main reason of
instability for both AIN SW NSs and NTs, can be reduced by the consequent growth of the
nanotube wall thickness through a nanorod to a nanowire, the internal structure of which is
close to wurtzite and the cross section of which is similar to a quasi-hexagon [5]. For this type
of nanomaterial, the larger the diameter is, the closer its properties are to the bulk. However,
the reproducible synthesis of quasi-cylindrical AIN SW NTs and coaxially-cylindrical AIN
MW NTs remain important practical goals, since similar configurations of CNTs and BN NTs
possess numerous technological applications [10-12, 14-19].

3.3. F centres on SW AIN nanotubes

Atom relaxations around a single F centre for both chiralities of AIN SW NTs (figure 3) are
found to be larger than in AIN bulk and graphitic nanosheet (table 2): the three nearest Al
neighbours of an N vacancy are shifted by 0.22-0.23 A from their lattice sites towards the
defect and inside the nanotube, whereas the next-nearest N atoms are relaxed in the same
directions more weakly (0.07-0.08 A). Note that the structural optimization around a single
F centre for both armchair- and zigzag-type AIN nanotubes has been performed only for the
smallest inter-defect distances considered in this study (13.5 and 10.8 A, respectively), Then,
due to the limited possibility of the CRYSTAL-2003 code [27] for geometry optimization of
large systems (up to 240 atoms per supercell) with a minimal number of symmetry operators (as
described in section 2.2), we have used these relaxed configurations around the corresponding
F centres for defective AIN NTs with larger inter-defect distances. The electronic charges
induced on point defects in the case of non-relaxed armchair- and zigzag-type AIN NTs
are —1.75 and —1.76e, respectively, being markedly increased after relaxation, up to —2.06
and —2.08e¢ for the smallest inter-defect distances versus —1.97 and —1.98e for the largest
distances. Obviously, the latter may be considered as more reliable charges, where inter-
defect interaction is practically absent. Charge re-distributions induced by the F centre in both
nanotubes (figure 3) are shown in figure 8. Note that we increase the isoline density compared
to figures 4 and 6, in order to illustrate better details of the electronic charge re-distributions
around F centres. For the cross-section of an armchair-type AIN NT, one can observe a larger
charge delocalization across the nanotube (figure 8(a)); however, for zigzag-type NTs, charge
re-distribution is more delocalized along the nanotube.

The formation energies of a single F centre onto non-relaxed armchair- and zigzag-type
AIN nanotubes are found to be 8.1 and 7.9 eV, respectively (table 2), i.e. considerably smaller
than those in AIN nanosheets. For defective AIN nanotube structures relaxed around F centres,
the corresponding values of formation energies decrease to 7.2 and 7.1 eV for armchair- and
zigzag-type chiralities, respectively. For comparison, the energy of N vacancy formation on
zigzag-type BN nanotubes of 1.25 nm-thick diameter was earlier found to be 8.2 eV [10].
(Note that, when comparing the energies of F centre formation in BN and AIN bulk [20], Ef™
was found to be larger by 1.5-2 eV for the former.)

Our previous band structure calculations on defect-free AIN nanotubes [8] gave band gaps
of 7.1 and 7.0 eV for the armchair- and zigzag-type 1 nm-thick AIN NTs, respectively, which
are confirmed by current calculations on defective NTs (figure 9). However, the corresponding
nanotube values obtained using plane-wave DFT calculations were found to be in the interval
3.0-4.0eV [5, 9, 40], i.e. again underestimated, analogously to those discussed for AIN bulk.
We have calculated AIN NTs for three sets of inter-defect distances repeated along the axes
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Figure 8. 2D difference electron density maps Ap(r) (see explanations given in figure 4) projected
onto the section planes across AIN NT containing a single F centre per doubly extended unit cell
with a structure of (a) armchair-type (figure 3(a)) or (b) zigzag-type (figure 3(b)) NT chiralities. For
graphical details, see explanations given in figure 4. To increase the resolution of both charge density
plots, we have drawn isodensity curves from —0.3 to +0.3 e A™? with increments of 0.001 ¢ A~

of both nanotubes. However, we present the band structures for the two sets for each type of
NT (figures 9(a)—(d)) since, for the largest inter-defect distances (27.0 A for an armchair-type
NT as well as 32.4 A for zigzag-type chirality), the band structure almost coincides with that
for the middle inter-defect distance (20.25 A or 21.5 A, respectively); the only difference here
is a higher band density in both VB and CB areas, whereas positions of defect levels in band
gaps are practically identical. The interaction between the defects in this case is found to be
negligible, since the energy dispersion of defect levels in both band structures (figures 9(c)
and (d)) does not exceed 0.02 eV, thus these defect levels look like straight lines. This allows
us to conclude that, for dp—g > 20 A, the periodic F centre can be described as a single defect.
Moreover, for these distances, we observe a similarity in band structures for both NT chiralities
(figures 9(c) and (d)). The largest difference between the band structures of armchair- and
zigzag-type NTs is observed for the smallest inter-defect distances (figures 9(a) and (b)). As
for AIN bulk (figure 5), there are two defect levels induced by the N vacancy inside the NT
band gap: (i) the a; energy level, consisting of mainly an Al(3s) state partially hybridized
with Al(3p), which lies ~3.1 and ~2.8 eV above the top VB for armchair- and zigzag-type
structure, respectively; (ii) the doubly degenerate t, energy level, consisting of mainly Al(3p)
with a partial contribution from Al(3s), which is positioned either 2.3-2.4 eV below the bottom
of the CB for armchair-type AIN NTs, with a small state splitting (~0.1 eV), or 1.5 eV below
the same bottom for zigzag-type AIN NTs (this is true for the highest defect level, since splitting
here is substantial, ~1.0 eV). In both band structures we observe a pair of levels split off the
top VB (figures 9(a) and (b)), which are both doubly degenerate in defective zigzag-type NT.
Obviously, these are pure nanotube levels observed by us also in the corresponding DOSs
of defect-free AIN nanotubes (figure 6 in [8]) which consist of Al(3s) and partially Al(3p)
states. When comparing our results with the band structure of 1 nm-thick zigzag-type SW NT
calculated by Simeoni etc [9], we can conclude that, due to underestimation of the band gap in
that study, both a; and t, levels are too close to the CB bottom, although their position relative
to the top VB is qualitatively close to our results (2.25 versus 2.8 eV). For zigzag-type AIN
NT with small inter-defect distances (figure 9(b)) the largest inter-defect (or defect-VB&CB)
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Figure 9. Four band structures of defective AIN nanotubes containing a single F centre on either
armchair-type NT (for inter-defect distances (a) 13.5 A and (c) 20.25 A) or zigzag-type NT (with
the corresponding distances (b) 10.8 A and (d) 21.6 A).

gap is found to be ~2.2 eV (cf 7.0 eV for the whole band gap); for larger inter-defect distances
this gap increases to 2.8 eV. This means that the higher the F centre concentration is in at least
zigzag-type AIN NT, the closer its electronic properties is to an AIN graphitic sheet.

3.4. Comparative analysis of F centre properties in AIN bulk, graphitic sheets and nanotubes

Let us summarize in table 2 the main parameters calculated in the current study. We compare
(i) relaxation of atoms around the F centre, dr—a; and dp—n; (ii) the electronic charge induced
on the F centre, Agg; (iii) the formation energy E™™; (iv) the largest energy gap between
the defect (surface) levels and/or the top VB (bottom of the CB) Aepax (compared with the
band gap for the perfect structure in brackets). The results obtained by us previously have been
systematized elsewhere (table 1 in [8]).
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Analysis of different values in table 2 as well as charge re-distributions in figures 4, 6 and 8
clearly demonstrates that the relaxation of atoms nearest to the N vacancy in AIN nanotubes
is much stronger than that in AIN bulk (both phases) and even graphitic sheet. These results
confirm conclusions drawn in recent studies of defective CNT [11, 12]: the main reason for the
larger atomic relaxation in nanotubes is found to be the strained NT structure compared to the
bulk and surface. Nevertheless, unlike CNT, the dangling bonds around the N vacancy in AIN
nanotubes of both chiralities ended by Al atoms cannot create new covalent (or metallic) bonds
in the vicinity of the F centre, since the periodic Madelung potential results in electrostatic
stabilization of the electronic charges trapped in the vacancies [45].

At the same time, it is well known that Fy centres at ionic surfaces are chemically reactive
towards both deposited metals (including Ag and Cu [46]) and gases (including chlorine [47]).
Thus, theoretical simulation of F centre reactivity in AIN nanotubes is of great interest.
Meanwhile, in a recent theoretical study of defective zigzag-type AIN NT, the dangling bond
saturation around the N vacancy was already achieved by the Aly antisite as well as Cx and
Oy substitutes [9]. The Al atom as a substitute for N in the AIN NTs was found to hang out
of the tube by 1.5 A, thus indicating its relative instability compared to the substituted N atom.
Moreover, an increase of Al local content in the vacancy area does not result in the occurrence
of local metallic behaviour: two well-separated defect states with a Fermi level in the middle
between them appear in the gap. Both Cy and Oy substitutes do not introduce strong lattice
deformations, since they are structurally similar to the missing N atom. In the presence of Oy
impurities in AIN NT, the Fermi level crosses a new band which arises in the gap, thus leading
to partly metallic behaviour, but this defect also introduces two electronic states in the gap,
which is more typical for defects in semiconductors [9]. On the other hand, a Cy defect simply
introduces these electronic states into the band gap, similarly to an F centre; however, unlike
the latter, the Fermi level for Cy substitute was found to be much closer to the top VB.

3.5. Prediction of quasi-continuum model for defect charge concentration

Using equation (2) for a single vacancy in AIN NT (a = b = g), we find i;p/i ~ V8/5 ~
1.26. This prediction can be verified according to the following procedure. If an AIN bond is
removed from the nanotube, the current will concentrate in the bonds nearest to the missing
one. Assuming linearity, the current around the missing bond (iy;;,) is equal to the superposition
of the currents in the defectless nanotube with the same external source (i) and generated in the
system by a dipole voltage source placed along the missing bond (without the external source).
This problem can be solved analytically for a two-dimensional square lattice [32], giving
iip/1 ~ 4/m ~ 1.27, which is close to our previous prediction. Our ab initio calculations show
qualitatively similar charge redistributions due to single F centres (e.g. 2.27/1.75 = 1.29 and
2.26/1.76 = 1.28 for the non-relaxed armchair- and zigzag-type NTs, or 2.21/1.97 = 1.13 and
2.20/1.98 = 1.11 for the relaxed nanotubes, respectively), suggesting that quasi-continuum
approaches can be applied qualitatively in the study of nanosystems. Despite the difference
between both defective nanotube models, we can similarly describe the charges around defects
in non-relaxed NTs.

4. Summary

In the present paper we have discussed the results of systematic non-local DFT (PWGGA)
calculations on defective (N vacancy containing) single-walled 1 nm-thick AIN nanotubes
possessing two different chiralities (armchair- and zigzag-type), single-walled nanosheets,
which can be wrapped up into the corresponding AIN NTs, and two phases of AIN bulk. In
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performing the calculations we analyse their structural and electronic properties, comparing
them with available data in the literature. It should be underscored that the point defect and
yet more complicated defects are certainly present in experimentally synthesized NTs, so
their careful theoretical study is necessary for a reliable comparison with the corresponding
experimental data. Our current calculations are performed for neutral defects, and therefore
further studies are necessary to understand what happens for different charge states. We
also ignored the magnetic properties of AIN materials, which can be important for a better
understanding of defective nanostructures. In this study, we have focused on N vacancies (F
centres) only, although the presence of Al vacancies, Aly and Ny antisite substitutes as well
as C and O impurities, is well established in AIN nanomaterials [9] and their study is of great
importance. Finally, we limit ourselves to the SW model of an AIN NT, although the majority
of experimentally synthesized AIN nanotubes should be considered as MW NTs with either
wurtzite or zinc-blende structure [5, 7].

Nevertheless, we believe that our results qualitatively describe certain aspects of real AIN
nanomaterials, which can be verified experimentally, for instance by using various methods of
luminescence and photoelectron spectroscopy. For this purpose, we predict several points; for
instance, we established a separation limit for an isolated defect in AIN nanotubes (20 A), and
we show that the larger the content of N vacancies in NT is, the closer its electronic structure
is to an AIN surface with substantially smaller band gap compared to the defectless bulk or
nanotubes of small diameters. Our results summarized in table 2 also show that the zigzag-
type chirality of AIN nanotubes is energetically more favourable and is probably prevalent in
experimentally synthesized samples. Some results are quite interesting from the fundamental
point of view, for example when we compare the properties of defective AIN bulk, graphitic
sheets and nanotubes. We confirm a conclusion from our previous study [8] that the larger
the diameter of an AIN SW NT is, the closer its properties are to an AIN thin film, which can
be considered as a fragment of AIN NTs of infinite diameter. An additional advantage of the
current study is that we compare results obtained using two different theoretical approaches;
for example, the charge re-distributions around single defects in AIN NTs calculated using
the DFT-LCAO method are qualitatively comparable to those predicted when applying the
simplified quasi-continuum approach [32-34]. On the whole, we believe that the current study
can be considered as one of initial steps to gain a deeper insight into the new, technologically
important nanomaterials.
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