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a b s t r a c t

The electronic structure of g-Al2O3 in the presence of the Al and O defects is investigated within the
density functional theory using the PBE-GGA and TB-mBJ schemes. The formation of the Al vacancy
produces acceptor-like sublevels above the valence band maximum, consistent with the previous G0W0

calculations. Furthermore, the formation of the oxygen vacancy generates donor-like sublevels below the
conduction band minimum, which is consistent with experiment. The donor sublevels are predicted
more accurately by TB-mBJ than PBE-GGA, as electron charge density is calculated to be larger at the O
vacancy site by TB-mBJ within its optimized c-factor.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Recently, alumina as one of the most important ceramic mate-
rials with exceptional properties has attracted considerable atten-
tion [1e8]. The effects of the intrinsic point defects on the
electronic structures are of significant importance [9e12], because
they can substantially influence the electronic structures of g-Al2O3
[13e15]. However, the theoretical studies to date are mainly
devoted to the hypothetical ideal g-Al2O3 which cannot be unam-
biguously generalized to the real case containing intrinsic point
defects, and theoretical studies on the electronic structure of the
real case are rare [16e21]. Although the physical properties of the
hypothetical structure has been already explored by the ab initio
calculations, the electronic structure of the real case have not been
systematically studied. g-Al2O3 is an attractive solid material in
nanotechnology due to its extensive use as a catalyst, an adsorbent,
a support for industrial catalysts, and a pH-sensitive membrane
[22e26]. It is also considered as a blocking dielectric for advanced
nonvolatile memories [27e29] such as TANOS
ðTaNðTiNÞ=Al2O3=Si3N4=SiO2=SiÞ charge storage devices [30,31],
adi).
which are designed for the next generation high density terabit
flash memories [32,33]. The electronic structure, bandgap, con-
duction band offset, dielectric constant, and optical properties of
this material have been studied theoretically [34e43] by consid-
ering an ideal hypothetical structure for the compound. It is diffi-
cult to synthesize the ideal g-Al2O3 in a laboratory and in practice
an experimentally synthesized g-Al2O3 usually contains different
point defects including oxygen and/or aluminum vacancies
[31,44e46]. The electronic structures of these defects play an
important role in the stability and technological applications of g-
Al2O3 [36,47,48]. The point defects can create additional sharp
bands, called subbands, somewhere between the valence band
maximum (VBM) and conduction band minimum (CBM)
[21,31,49,50]. Hence, the positions of these subbands in g-Al2O3
have been studied experimentally [31,50] and theoretically [49] by
G0W0 method. TB-mBJ method [51] is a semilocal method and
thereby nearly as fast as the standard LDA and consequently suit-
able for heavy supercell calculations. Our last study [41], using TB-
mBJ method [51] revealed that the bandgap of the ideal g-Al2O3
compound could be effectively predicted by the non-regular TB-
mBJ method. Here following our recent study on the optical prop-
erties of this compound [21], we would extend our last study [41]
by considering a real crystal structure of g-Al2O3, while starting
from the ideal crystal structure as a reference to realize the effects
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Fig. 1. “(color online)” (a) Perfect spinel structure Al24O32, (b) Primitive unit cell Al6O8

of the perfect spinel structure, (c) Ideal triclinic spinel structure g-Al18O24, (d) Ideal
defective triclinic spinel structure g- ,2Al16O24, (e) Ideal defective hexagonal spinel
structure g- ,2Al16O24. The },} symbol stands for the stoichiometric Al vacancy.

Fig. 2. “(color online)” Defective hexagonal spinel structure in the presence of the
intrinsic point defects (a) VAl4, (b) VAl6, (c) VO3, and (d) VO4. V stands for vacancy and
numbers are used to show the coordination numbers.
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of the defects. Then, the defects are simulated by removing
(forming) some Al and O atoms (vacancies) with different coordi-
nation numbers in the ideal g-Al2O3 structure using DFT þ TB-mBJ.
It is observed that the relative positions of the extra subbands are in
complete accordance with the experimental results [50]. The for-
mation of Al vacancy generates acceptor-like subbands which are
also in agreement with the previous G0W0 results [49]. Our results
in agreement with experiment [50] show that the formation of
oxygen vacancy generates donor-like subbands below the CBM. The
higher accuracy of the TB-mBJ method originates from the fact that
electron charge density at the O vacancy site is predicted to be
higher by the non-regular TB-mBJ than by the regular TB-mBJ and
PBE-GGA. The physics behind of the latter result is discussed by
analyzing the electron charge density.

2. Crystal structure of g¡Al2O3

2.1. Ideal defective spinel structure

The disagreement over the crystal structure of g-Al2O3 has not
been solved yet because of low crystallinity of this compound and
different procedures as well as the precursor materials which have
been used for the synthesis [36,52]. In this study, we consider the
defective spinel model and utilize the optimized structure obtained
previously [36,41] for the ideal g-Al2O3. The ideal g-Al2O3 crystal-
lizes in the defective spinel structure ,2 2

3
Al21 1

3
O32, where },}

symbol stands for the Al vacancy to satisfy the stoichiometry of the
formula [34]. The empty box symbol is called the stoichiometric Al
vacancy. This defective spinel structure can be obtained from the
perfect spinel structure Mg8Al16O32 by replacing Mg with Al, which
results in Al24O32 (see Fig. 1(a)). We divide the Al24O32 by 4, which
yields Al6O8 (see Fig. 1(b)). Then, we multiply Al6O8 by 3. This gives
Al18O24 which is identical to put three Al6O8 unit cells on top of each
other, as shown in Fig. 1(c). We now subtract 2 Al atoms from
Al18O24 to reach a triclinic structure of,2Al16O24 (see Fig.1(d)). We
have subtracted those aluminum atoms which have been located in
the octahedral sites due to the lowest energy configuration of the
constructed g-Al2O3 system as compared to those of the other 13
possible configurations (for details see Refs. [34,41]). The
,2Al16O24 structure can be considered as a triclinic unit cell for the
defective spinel structure. This structure is called alumina. For
practical simplicity, we transform the oblique triclinic unit cell to a
hexagonal unit cell, see Ref. [36]. The hexagonal structure, as shown
in Fig. 1 (e), is the primitive unit cell that we have used for the ideal
g-Al2O3 compound (see Ref. [35]).

2.2. Intrinsic point defects in the defective spinel structure

In principle, the ideal structure of g-Al2O3 can be constructed, as
discussed in Sec. 2.1. The physical properties of the ideal structure
are calculated [41], but in reality the ideal crystal cannot be syn-
thesized in a laboratory. In practice, g-Al2O3 contains Al or O
intrinsic point defects [31,44,47]. These point defects can change
the electronic structure of the system. Thus, it may be crucial to
create the crystal structure in the presence of these point defects. In
order to simulate the intrinsic point defects, we introduce Al or O
vacancy by removing Al or O atom from the ideal structure. There
are two different types of aluminum (oxygen) atoms in the ideal
structure. The type of Al (O) depends on its point group symmetry,
which can be distinguished by its coordination numbers. The co-
ordination numbers can be 4 (3) or 6 (4) for Al (O), see the ideal
structure as shown in Fig. 1 (e) to count the coordination numbers.
After removing Al (O) atom from the ideal structure, an Al (O) va-
cancy is formed in the position of the removed Al (O) atom. The Al
(O) vacancy is denoted as VAln (VOn), where n can be 4 (3) or 6 (4) to
indicate the coordination numbers of the removed Al (O) atom. The
VAl4 and VAl6 vacancies are shown in Fig. 2(a) and (b), respectively. It
is important to note that the VAl4 and VAl6 vacancies are different
from the stoichiometric Al vacancy, as discussed in Sec. 2.1 and
denoted by an empty box },}. Similarly, the two types of O va-
cancies VO3 and VO4 are shown in Fig. 2(c) and (d), respectively. VAl4,
VAl6, VO3 and VO4 are our used intrinsic point defects, while their
structures are given in Fig. 2(a) and (b), (c) and (d), respectively.
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The total number of atoms in the supercell constructed for this
study is 40. The number of intrinsic O or Al vacancies regardless of
the coordination numbers in the supercell is one, viz. the number of
VAl or VO is 1. As aforementioned in the last Sec. 2.1, the supercell
also contains two stoichiometric Al vacancies at octahedral (Oh) site,
viz. the number of VAl@Oh is 2. Hence, our supercell either contains
one intrinsic (non-stoichiometric) O vacancy and two stoichio-
metric Al vacancies or contains one intrinsic (non-stoichiometric)
Al vacancy and two stoichiometric Al vacancies. The concentration
of lattice defects is defined to be c¼ n/N, where n is the number of
defects andN is the total number of atoms [53]. Thus, the intrinsic O
defect concentration, cðVOÞ ¼ 1=40 ¼ 0:025 ¼ 2:5%, is equal to the
intrinsic Al concentration, cðVAlÞ ¼ 2:5%, while it is equal to half of
the stoichiometric Al concentration at the Oh site, cðVAl@Oh

Þ ¼
2=40 ¼ 0:05 ¼ 5%. Therefore, the ratio of the non-stoichiometric O
and the stoichiometric Al defect concentrations,
cðVOÞ=cðVAl@Oh

Þ ¼ 0:5 , is equal to the ratio of the non-
stoichiometric Al and stoichiometric Al, cðVAlÞ=cðVAl@Oh

Þ ¼ 0:5.
Consequently, the ratio of the non-stoichiometric O defect con-
centration and the total Al defect concentrations ðcðVAl@Oh

ÞþcðVAlÞÞ
can be either cðVOÞ

cðVAl@Oh
ÞþcðVAlÞ ¼ 1

2þ0 ¼ 1
2 ¼ 0:5 or cðVOÞ

cðVAl@Oh
ÞþcðVAlÞ ¼ 0

2þ1 ¼
0
3 ¼ 0 depending on the kind of the non-stoichiometric defect.

Solid-states nuclear magnetic resonance (NMR) measurements
can predict atomic and electronic structures of materials using their
responses to external magnetic fields [54]. NMR measurements
have shown that the vacancies can be siuated in both sites, with
almost 63% for the tetrahedral site and 37% for the octahedral site
[55]. Guti�errez and coworkers [34] using the pseudopotential
method have analyzed 153 configurations for the possible positions
of the two stoichiometric Al vacancies in the ideal g-Al2O3 and
proved that there are only 14 inequivalent configurations. They
using their accurate DFT calculations have shown that the cation
vacancies are located on the octahedral sites [34]. However, one
should note that they have used a limited supercell in their calcu-
lations, and further investigations using larger supercells may
provide more accurate results. It is also possible that at finite
temperature the Al vacancies are located on tetrahedral sites. In our
work, we have also introduced the non-stoichiometric Al and O
defects in addition to the two stoichiometric Al defects in the ideal
g-Al2O3 crystal structure. This makes more complicated the deter-
mination of the positions of the defects in different sites. In this
case, much more configurations in a bigger supercell should be
considered to find the optimal structure with minimum total en-
ergy. However, investigation of different configurations with a large
number of inequivalent atoms is extremely time-consuming and
requires much more expensive calculations. Z. Li et al. using
Fig. 3. “(color online)” Calculated band structures within the TB-mBJ for the (a) ideal struct
VAl4, (c) VAl6, (d) VO3, and (e) VO4. Inset figures represent the magnified bands in the vicinity
originated from VO3 and VO4. The hatched regions indicate the experimental trap centers,
numbers. Fermi level in eV is set to zero. (For interpretation of the references to color in th
comprehensive ab initio calculations and studing the chemical
potential dependence of defect formation energy of intrinsic point
defects in Y4Al2O9 (YAM) [56] and in yttrium aluminum garnet
(YAG) [57] have shown that by changing the chemical potential
environment it is possible to control the species of predominant
intrinsic point defects. Thus, it is worth to mention that all these
evidences show that further studies are demanded to check the
dependence of the results on our assumptions used for the loca-
tions of the vacancies following the work reported in Ref. [34].

3. Computational details

All our calculations are carried out by the reliable WIEN2k code
[58] to solve self-consistently the scalar-relativistic Kohn-Sham
equations based on the density functional theory using the
augmented plane waves plus local orbitals (APW þ lo) method. For
the exchange-correlation term, the generalized gradient approxi-
mation (GGA) is used. The bandgap calculations are improved by
the TB-mBJ method. The bandgap is further improved by per-
forming non-regular TB-mBJ calculations using the optimized c-
factor (copt). In the non-regular, the c-factor of the (regular) TB-mBJ
method is optimized to copt. The coptwas found to be 1.8 for the ideal
g-Al2O3 [41]. We have recently observed the success of this method
for fcc-C60 compound [59]. Our used computational parameters
and details of regular and non-regular TB-mBJ calculations for the
ideal structure are given in Fig.1 (e) andwere discussed in details in
our previous work [41]. In this work, we use those parameters
introduced in [41] and perform GGA and non-regular TB-mBJ with
copt¼ 1.8 calculations for the defective spinel structures in the
presence of the intrinsic point defects VAl4, VAl6, VO3, and VO4, see
Fig. 2(a)e(d) as given and discussed in Sec. 2.2, respectively. After
introducing each vacancy, the ions are allowed to relax until the
forces are less than 1 mRy/Bohr. The calculations were performed
by applying both GGA and mBJ-GGA methods, as implemented in
the WIEN2k code [58].

4. Electronic structure

4.1. Band structures and subbands generated by intrinsic defects

The calculated band structure for the ideal defective spinel
structure using the TB-mBJ method with copt ¼ 1:8 is compared
with those of the non-ideal structures in Fig. 3. The Fermi energies
are calculated for the compounds under study and the results in Ry
are presented in Table 1. The table shows that the calculated Fermi
energies depend on the compounds and the applied approxima-
tions. However, only changes in energy are significant, hence, the
ure, and the defective spinel structure in the presence of the intrinsic point defects (b)
of EF for the cases of VAl4 and VAl6. The colored ribbons show the calculated subbands
see Ref. [50]. V stands for vacancy and numbers are used to show the coordination
is figure legend, the reader is referred to the Web version of this article.)



Table 1
Calculated Fermi energy in Ry for the ideal and defective cases.

Case Approx. EF ðRyÞ
g-Al2O3 (Ideal) PBE-GGA 0.47

TB-mBJ 0.65
g-Al2O3 þ VO3 PBE-GGA 0.58

TB-mBJ 0.74
g-Al2O3 þ VO4 PBE-GGA 0.52

TB-mBJ 0.64

Fig. 4. “(color online)” Calculated total DOSs within the TB-mBJ for the (a) ideal
structure, and the defective spinel structure in the presence of the intrinsic point
defects (b) VAl4, (c) VAl6, (d) VO3, and (e) VO4. V stands for vacancy and numbers are used
to show the coordination numbers. Fermi level in eV is set to zero.
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point where one chooses the Fermi energy to be zero is arbitrary.
The choice of the Fermi energy is arbitrary, but once one makes it,
one must obviously maintain that choice consistently throughout
the problem. When dealing with the band structures in the unit of
eV by WIEN2k code, the code adjusts automatically EF to zero for
convenience. This is not the case in WIEN2k code, if one plots the
band structures in the unit of Ry. In the latter case, the EF is adjusted
to the calculated Fermi level in Ry. It is obvious that the bandgap,
the location of VBM, the location of CBM, the bands separations,
and the overall shape of the bands are found to be exactly the same
as each others by these two band offset methods and do not depend
on the fact that EF is set to zero eV or to the calculated nonzero EF in
Ry. Here, for convenience we have used the first band offset se-
lection by plotting band structures in eV and adjusting EF to zero.
The result for the ideal structure, as plotted in Fig. 3 (a), shows a
direct bandgap of 8.02 eV at G-point [41] which is in agreement
with the experimentally reported bandgap [60] of 8.7 eV. It is
worthwhile to mention here that the computational cost of the TB-
mBJ calculations is of the same order as that of the standard LDA
[61]. Besides, in some electronic structure calculations, the exper-
imental total bandgap of the ideal g-Al2O3 is assumed to be 7:2 eV
[62], which is reported by French [63,64]. However, French has
measured this bandgap in a polycrystalline g-Al2O3 structure (g-
Al2O3 ceramic). It has been shown experimentally that, for an ideal
and dense g-Al2O3 structure, the total bandgap is� 8:7 eV [65]. The
bands of the ideal case, discussed in Ref. [41], is reproduced as a
criterion to realize the effects of intrinsic point defects. In Fig. 3, the
VBM and CBM of the ideal structure are indicated as two reference
lines. By VBM and CBM wemean VBM and CBM of the ideal case in
this paper. The band structures of the system in the presence of the
VAl4, VAl6, VO3, and VO4 intrinsic point defects are calculated within
the TB-mBJ with copt ¼ 1:8. The latter results are shown in Fig. 3(b)
and (c), (d), and (e), respectively. The band structures in the pres-
ence of the Al vacancies, i.e., VAl4 (see Fig. 3 (b)) and VAl6 (see Fig. 3
(c)), show that extra bands, i.e., subbands, are produced by the
defects VAl4 and VAl6. For simplicity, the positions of the produced
subbands in the presence of the vacancies are measured with
respect to the VBM and CBM. The subbands are located around the
Fermi level (EF) below VBM in the valence region and above VBM in
the bandgap region. The bands are magnified in the vicinity of EF, as
shown in the insets of Fig. 3(b) and (c) including the subbands. The
insets show that the subbands are acceptor-like and distributed up
to about 0.2 eV above the VBM or EF in this case. The positions of the
subbands with respect to the VBM are in excellent agreement with
those of the G0W0 method [49]. It has been already observed that
the vacancies are dominated more in the case of oxygen than
aluminum in materials with high dielectric constants [44,66]. The
band structure in the presence of VO3 is shown in Fig. 3 (d), while in
the presence of VO4 is shown in Fig. 3 (e). The comparison of
Fig. 3(b) and (c) with Fig. 3(d) and (e) shows that the effects of
oxygen defects on the ideal band structure, as shown in Fig. 3 (a),
are substantially different from those of the aluminum defects. The
generated subbands by VO3 and VO4 are highlighted by two colored
ribbons in Fig. 3(d) and (e), respectively. Experimental trap centers
[50] are shown by hatched regions in Fig. 3(d) and (e), see also
Ref. [49]. The colored ribbons, as our calculated subbands, lie in the
bandgap region but this time close to the CBM. From Fig. 3(d) and
(e), it is interesting to note that the calculated subbands are very
close to the experimental hatched region. Therefore, our result
shows that the subbands are distributed between ~0.4 and ~1.9 eV
below the CBM. It has been experimentally observed that the defect
bands are generated between ~1.9 and ~2.1 eV below the Al2O3
conduction band edge [50]. The O vacancies are experimentally
predominant in g-Al2O3 [44,49,66]. Thus, the natural defect sub-
bands are mainly originated from the O vacancies compared to Al
vacancies. This indicates that it is more reasonable to compare the
induced subbands in the presence of O vacancies than that of Al
vacancies with the experimental data. This verifies that our calcu-
lated positions of the subbands due to the VO3 and VO4 defects with
respect to the CBM are in agreement with the experimental results,
see Fig. 3(d) and (e) and Fig. 6 (a) of Ref. [50]. The VO3 and VO4 affect
the ideal band structure. Our results show that the effect of VO3 is
considerably different from that of VO4 at least in the valence re-
gion, see Fig. 3(d) and (e). The results show that some bands are
removed from valence region close to EF after introducing VO3 va-
cancy. The blank space of the removed bands can be clearly seen in
Fig. 3 (d). This is not the case for VO4 vacancy, Fig. 3 (e). We shall
subsequently in Sec. 4.2 discuss why VO3 and VO4 behave differently
and have different effects on the valence bands of the ideal system.
4.2. Total DOS's and subbands generated by intrinsic defects

In order to elucidate the difference between VO3 and VO4, as
sketched at the end of Sec. 4, it is enough to shed light into the DOSs
of the ideal and non-ideal systems. Fortunately, we recently
calculated [41] total and partial DOSs for the ideal defective spinel
structure within the TB-mBJ with copt¼ 1.8. Thereby, let us first
briefly pick up from Ref. [41] only those results that are mandatory
to complete the discussion of the different effects of VO3 and VO4 on
the valence states right before the EF. The total DOS and total p-
DOSs for all of the non-equivalent O and Al atoms in the ideal



Fig. 5. “(color online)” Calculated electron charge density for the (a) ideal structure
within the PBE-GGA, and for the defective spinel structure in the presence of the
intrinsic point defects VO3 within the (b) PBE-GGA and (c) TB-mBJ.

Fig. 6. “(color online)” Difference between the calculated electron charge densities
(ECD's) by TB-mBJ and PBE-GGA, i.e., ECDðTB� mBJÞ� ECDðPBE� GGAÞ, for the
defective spinel structure in the presence of the intrinsic point defects VO3 by sub-
tracting Fig. 5 (c) from Fig. 5 (b).
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structure (not shown here) revealed that valence states right before
the EF were predominated by O p-states so that contributions of Al
atoms in the total valence DOS close to the EF were almost negli-
gible (see Fig. 2 (a), (c), and (d) of Ref. [41]). It was also shown [41]
that, among the non-equivalent O atoms, those of O atoms that
were close to the vacancy of the ideal structure contributed more
substantially in the valence states close to the EF than those of O
atoms that were far from the vacancy of the ideal structure, see
Fig. 2(e) and (f) of Ref. [41]. The coordination number is 4 (3) for the
first kind (second kind) of O atoms which are far from (close to) the
vacancy of the ideal structure. Hence, the vacancy of the first kind
(second kind) of O atoms is nothing more than what is denoted by
VO4 (VO3) in Sec. 2.2. As mentioned above, contributions of the
second kind of O atoms to the valence states in the vicinity of EF are
much higher than the negligible contributions of the first kind of O
atoms, see Fig. 2(e) and (f) of Ref. [41]. Thus, it is natural to observe
blank space in the valence region close to EF after removing the
second kind of O atoms or forming the VO3, see Fig. 3 (d). Inversely,
one does not expect to see such a blank space (in the valence region
close to the VBM) by forming the VO4, VAl4, and VAl6, since their
corresponding atoms do not strongly contribute right below the
VBM region. The latter point is clearly verified by Fig. 3 (e), (b), and
(c). Consequently in essence, we predict that the effects of VO3 and
VO4 may not be similar on the valence states. Of course, we should
note that the result obtained by VO3 can be considered similar to
that of VO4, if we only notice that the positions of the induced
subbands by these two oxygen defects are close to each other; the
generated subbands are placed right below the CBM. The total DOSs
for the non-ideal structure in the presence of the Al and O defects
are calculated within the TB-mBJ with copt¼ 1.8. The results
together with the total DOS for the ideal structure (for comparison)
are shown in Fig. 4. The induced acceptor-like (donor-like) sub-
bands by forming the VAl4 and VAl6 (VO3 and VO4) are indicated by
down-arrows in Fig. 4(b) and (c) (Fig. 4(d) and (e)), respectively. The
positions of the latter acceptor-like (donor-like) subbands are
consistent with Fig. 3(b) and (c) (Fig. 3(d) and (e)). The blank space
in the valence region due to the formation of VO3 defects in the
vicinity of EF can be clearly seen in Fig. 4 (d). This is consistent with
Fig. 3 (d). The generated subbands by VAl4 and VAl6 defects are close
to each other and placed right above the VBM, see Fig. 4(b) and (c)
or the insets shown in Fig. 3(b) and (c). Similarly, the generated
subbands by VO3 and VO4 defects are placed right below the CBM,
see Fig. 4(d) and (e) or the colored ribbons shown in Fig. 3(d) and
(e). The total DOS of the system in the presence of the VO4 are more
similar to the total DOS of the ideal system in valence region, see
Fig. 4 (a) and (e). This is not the case for the conduction region. This
shows that the VO4 affects the conduction states of the ideal system
more strongly than the valence states. Inversely, total DOS of the
system in the presence of the VAl4 are more similar to the total DOS
of the ideal system in the conduction region, which is not the case
in the valence region. This shows that the VAl4 affects the valence
states of the ideal system more strongly than the conduction states
of the ideal system. Neither in valence region nor in the conduction
region, total VAl6 DOS is similar to the total DOS of the ideal system,
see Fig. 4 (a) and (c). Similarly, total VO3 DOS is not similar to the
total DOS of the ideal system in valence and conduction regions, see
Fig. 4 (a) and (d).

4.3. Electron charge density within PBE-GGA and TB-mBJ

The electron charge density is calculated for the ideal g-Al2O3
compoundwithin the PBE-GGA. The PBE-GGA results are presented
in Fig. 5 (a) for the ideal case. In order to introduce the oxygen
vacancy in the system, i.e., VO3, one of the oxygen atoms is removed
from the ideal case. Then, we calculate the electron charge density
for the defective spinel structure in the presence of the intrinsic
point defect VO3 within the PBE-GGA. The PBE-GGA results are
shown in Fig. 5 (b) for the g-Al2O3 in the presence of the VO3. The
empty space of the removed oxygen atom can be clearly seen in
Fig. 5 (b). However, the electron charge density is not completely
vanished at the position of the oxygen vacancy, see Fig. 5 (b). The
electron charge densities are quantitatively provided in e=�A

3
in the

right hand side of the figures. It should be noted that the values are
attributed to single colors, whereas in the figures there are mixed
colors. For instance, around the VO3 vacancy, we have a mixed
yellow and red colors. Thus, the electron charge densities around
VO3 vacancy should be smaller thanwhat is indicated for the yellow
color, i.e., 0:2 e=�A

3
. At this stage, we recalculate the electron charge

density for the defective spinel structure in the presence of the
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intrinsic point defect VO3 within the TB-mBJ with copt ¼ 1:8, and
the results are given Fig. 5 (c). It is clear from the plot that the
electron charge density around VO3 vacancy is almost equal to the
indicated value for the green color, i.e., 0:4 e=�A

3
. This value, as

predicted by the TB-mBJ, appears to be larger than that of the PBE-
GGA, 0:2 e=�A

3
. In order to ensure the correctness of the results, the

TB-mBJ electron charge density, ECD(TB-mBJ), is subtracted from
the PBE-GGA electron charge density, ECD(PBE-GGA). The differ-
ence between these two electron charge densities, i.e., ECD(TB-
mBJ) - ECD(PBE-GGA), is obtained and plotted in Fig. 6. It is
evident form the figure that the electron charge density in the
position of the oxygen vacancy is made denser by the TB-mBJ than
the PBE-GGA. It is interesting to note that themagnitude of ECD(TB-
mBJ) - ECD(PBE-GGA) at the position of the oxygen vacancy has still
considerable value of z0:4 e=�A

3
, see green color at O vacancy in

Fig. 6. The magnitude of ECD(TB-mBJ) - ECD(PBE-GGA) in the vi-
cinity of the O vacancy decreases to around z0:2 e=�A

3
corre-

sponding to the yellow color and gradually vanishes far from the O
vacancy, see red color in Fig. 6. This shows that the predicted ECD
by PBE-GGA at the position and in the vicinity of the oxygen va-
cancy is considerably smaller than the predicted ECD by TB-mBJ.
The ECD(TB-mBJ) - ECD(PBE-GGA) becomes zero at the positions
of the O and Al atoms and most of the other remaining regions
except for the vicinity of the O and Al atoms, as can be clearly seen
in Fig. 6. The calculated higher and denser electron charge density
around the oxygen vacancy by the TB-mBJ confirms that the TB-mBJ
is a superior theoretical technique than PBE-GGA for the calculation
of the positions of the subbands. Therefore, the TB-mBJ can predict
the donor subbands more accurately than PBE-GGA. But, we should
recall that this satisfactory result of the TB-mBJ is indebted to the
optimized c-factor, i.e., copt ¼ 1:8.

5. Conclusions

The effects of the intrinsic Al and O point defects on the band
structures of g-Al2O3 compound are investigated by the density
functional theory utilizing the PBE-GGA and TB-mBJ. Our results
show that the oxygen defects have considerable effects on the band
structure of the ideal g-Al2O3 and should be taken into account. The
band structures of the system in the presence of the defects reveal
additional acceptor- and donor-like sublevels. The positions of the
sublevels which are produced by the defects are found to be in
agreement with the experimental observations. Both PBE-GGA and
TB-mBJ predict correctly that oxygen vacancies introduce donor-
like subbands below the CBM. It is found that the non-regular TB-
mBJmethod predicts the positions of the subbandsmore accurately
than the PBE-GGA. The non-regular TB-mBJ predicts that the effects
of VO3 and VO4 on the valence states are not similar to each other.
The positions of the subbands which are predicted accurately by
the TB-mBJ are crucial, as they may be used in prediction of the
physical properties such as optical transitions.
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