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Abstract

We present a comparative theoretical study on the structural and electronic properties of Al;—xIn.Nalloy in both
zincblende and wurtzite phases based on the semiempirical sp’s” tight binding model with nearest neighbor interactions
and density functional theory with modified Becke—Johnson potential (mBJLDA). Optimizing the lattice parameters, the
physical parameters such as band gap, effective mass, density of states and charge density were calculated for the entire

composition range of Al;—x[nyNalloy. Results of the calculations made by both theories are found to be in good
agreement for both zincblende and wurtzite phases.

Keywords: AlInN alloy, nearest neighbor sp3s*tight binding model, DFT with modified Becke—Johnson potential (mBJLDA).

Résumé

Nous présentons une étude théorique comparative sur les propriétés structurales et électroniques de All-xInxNalloy dans les phases
de zincblende et de wurtzite basées sur le modéle de liaison étroite semi-empirique sp’s * avec interactions de plus proches voisins et
théorie fonctionnelle de la densité avec potentiel de Becke-Johnson modifi¢é (mBJLDA). En optimisant les paramétres de réseau, les
paramétres physiques tels que la bande interdite, 1a masse effective, la densité d'états et la densité de charge ont été calculés pour toute
la plage de composition de 4/;-x[nxNalloy. Les résultats des calculs effectués par les deux théories sont en bon accord pour les phases

de zincblende et de wurtzite.

Mots clés : Alliage AlInN, modéle le plus proche du sp3s * le plus proche, DFT avec le potentiel de Becke — Johnson modifié
(mBJLDA).
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INTRODUCTION

The semiconductor ternary alloy A/;-«In.N has a band gap
that covers a very wide energy range (0.69 eV to 6.25 eV)
[1], which makes it an ideal candidate for a range of
electronic and optoelectronic devices such as high electron
mobility transistors (HEMTs) for high-frequency and high-
power microwave applications [2] and also for the
application in highly-reflecting distributed Bragg reflectors
(DBRs), light-emitting diodes (LEDs), laser diodes (LDs),
detectors and sensors [3]. Both AIN and InN crystallize in
wurtzite structure. However, the stabilization in zincblende
structure of these compounds by molecular beam epitaxy
has also been achieved [4]. Subsequently, it is well known
that the ternary A/;-«InNalloy can occur in both forms.

In this work we present a theoretical study of the
structural and electronic properties of A/;—Jn.N in these
two phases. This study is carried by first principles using
DFT and by semi-empirical tight binding method (TB).In
order to improve the DFT band gap calculations we used
the potential introduced by Tran Blaha [5],which gives a
good correction to the gap, and the optimized values
calculated from DFT will be associated with the tight
binding calculation for ternary compounds. We will
investigate the variation with alloy composition x of
various physical entities such as the energy band gap, the
electron effective mass, the density of states and charge
density and will compare with available experimental/first
principle data. We will also derive and compare related
bowing parameters of these two zincblende and wurtzite
phases.

2. COMPUTATIONAL DETAILS

2.1 Density Functional Theory Calculation

We have performed DFT-based ab-initio calculations
within the full potential linearized augmented plane wave
(FP-LAPW) method as implemented in Wien2k code [6].
In the FP-LAPW method, the unit cell volume is
partitioned in two regions, muffin tin spheres (around each
nucleus) and interstitial region. Inside each atomic sphere
the wave function is approximated by a linear combination
of radial functions times spherical harmonics, while in the
interstitial region a plane wave expansion is used, with an
energy separation between valence and core states of 6 Ry.
For the total energy calculations, we utilize the Perdew,
Burke and Ernezerhof (PBE) [7] functional for exchange
and correlation in LDA. Since PBE underestimates band
gaps the mBJLDA [5] a modified version of the Becke-
Johnson potential was employed for the electronic
calculations to improve band gaps. We used a sampling
grid of about 1500 k-points in the irreducible Brillouin
zone (IBZ) for both binary compounds structures. The
convergence of the basis set is controlled by a cutoff
parameter RiniKmax= 7 and Inax=10 to ensure a convergence
of total energy to an accuracy of 0.1 mRy. Starting from
bulk AIN structure we obtained the ternary
Al InN(x=0.25, 0.5, 0.75, 1) by replacing the Al atoms
with In in the supercell. For the wurtzite structure of the
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ternary we carried out calculation with a supercell of 16
atoms (2x2x1) using an ordered form, whereas for the
zincblende form a supercell having luzonite structure for
x=0.25, 0.75 and a chalcopyrite for x=0.50 was used.

2.2 Semi-empirical tight binding model

We have adopted the nearest neighbor (NN)sp3s* tight
binding model which should prove sufficiently precise
regarding electronic properties. In this model every atom is
described by valence s orbital and the outer p orbital and
an s* state to reproduce high orbital states [8]. The spin
orbit effect is neglected regarding the type of atoms used.
The tight binding parameters on-site energies Es, Es, Epa,
E,., Eg+, Es+ and the off diagonal elements Vi, Vi, Viape,
Viepar Vi Virp, Vprsare obtained from experimental data for
band gap energies [9] and modified so as to reproduce
energies at high symmetry points. The Schrodinger
equation in matrix form is:

> [H (k)= S,, (k) Elu, =0,
(1)

where E is the energy eigenvalue of the 10x10 Hamiltonian
matrix:

H (k) =< g, () | H | (k) >,

(2)

with the overlap integral between the atomic-like orbitals,
with a and [ that correspond to cation (c) and anion (a) s,
p atomic orbitals, respectively.

Sop () =< 2, ()| 2,5 (k) >,

()

x(k) is the basis function formed by the linear combination
of cation and anion s, p atomic orbitals. Using the derived
parameters, the energy bands are obtained by diagonalizing
the Hamiltonian matrix at each point of the Brillouin zone.

The calculation of atomic energies for the A/;—.In N ternary
is carried out by using the virtual crystal approximation

Evi (X) = XEvi,AlN + (1 - x)Evi,InN 4 (4)

5
V.(x)= XV aw t (1 _x)Vvi,lnN» ©

where i=s, p, py, p-, 5" and v=a, B with Vi= Vs, Vi, Vsape,
chpa, ny; Vs*p; Vp*s~
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2.3 Charge Density Calculation

The electron localization function (ELF), first introduced
by Becke and Edgecombe[10], provides a measure of the
localization of electron pairs in atomic and molecular
systems which are able to recover the chemical
representation of a molecule consistent with Lewis valence
picture. The ELF has been defined as to have values
between 0 and 1 (1 corresponding to perfect localization)
in order to ease the visualization of its surfaces. The
topological analysis of ELF surfaces provides a partition of
the three-dimensional space into non-overlapping basins

The values obtained for AIN (ao=4.383 A ) and for InN
(aop=4.991 A) are comparable to the experimental ones
(aan = 4.38 A and ajn = 4.98 A) [13].Similarly, the lattice
parameters for wurtzite phase have been obtained by first
optimizing u parameter then applying a 2D optimization.
The results of optimized lattice parameters a and c are
summarized in Table 2.

Table 2.Optimized lattice parameter for AIN and InN
binaries with wurtzite structure, compared with experiment
and other theoretical works.

which can be thought of as electronic basins corresponding Wz Optimiz  Other works Experimen
to bonds (B), lone pairs (LP),and atomic core shells (C). ed value t
Hence, the integration of the density over their volumes AIN
assigns a population to the basins. a(h) 3.113 3.124%, (3.096, 3.112 i
These populations are well known [11] to follow the 3.139)°, 3.1411¢, 3.111¢
expected values and tendencies from the Aufbau principle (3.092,3.127, 311!
and the valence shell electronic pair repulsion (VSEPR) 3.102), 3.06¢,
theory. All electron wave functions are preferable for a 3.125%, 3.1437¢,
quantitative analysis of the ELF topology in a crystalline 3.1411", 3.12225'
phase.
c(A) 4992 5.006%, (4.959, 4.982 itk
3. Results and Discussion 5.028)b, 5.0268¢, 4.978¢,
(4.950,5.021,4.971)¢  4.98!
3.1 Structural properties . 4905, 5.008"
5.0311¢, 5.0268",
The equilibrium structural parameters were determined by u 0.381 5.0518!
fitting the total energy versus volume to Murnaghan's
equation of states [12]: 0.3805h
BY (/)" BV A
E(V)=E,+ (( ) +1) ==L (6) a(A) 3.538 3.58™ 3.5440¢, 3@@2’1,
A B -1 B, -1 (3.504,3.573, 3.545),
3.548)¢, 3.572¢, 3.540¢,
3.59208",  3.5440" 3.533¢
where Ey is the equilibrium energy, By is the bulk modulus 3.584!
and B’y is its first derivative. Optimized values of the lattice
parameter a of AIN and InN zincblende binaries are c(d) 572 5.78°, 5.7228°, 5.760,
summarized in Table 1. (5.670, 5.762, 5.7069,
5.751), 57759, 5.693¢
Table 1.Optimized lattice parameter for AIN and InN 5.7879", 5.7228¢,
binaries with zincblende structure, compared with u 0.3785 5.81194, 5.794¢
experiment and other theoretical works.
0.380¥
azs  Optimized .
(A) value Other works  Experiment a: Ref. [20], b: Ref. [22], c: Ref. [24], d: Ref. [31], e: Ref.
43967, 4.35", [32], f: Ref. [33], g: Ref. [34], h: Ref. [35], i: Ref. [36], ]
(4353, 4.417)° . . Ref. [15], k: Ref. [31], I: Ref. [37], m: Ref. [23], n: Ref.
AIN 4383 5050 4995  +37,4.3% [14], o: Ref. [16], p: Ref. [17], q: Ref. [25], r: Ref. [27], s
4"42{ 4:308g’ Ref. [28], t: Ref. [29], u: Ref.[30], v: Ref.[13].
4.947°, 4.98¢, 4,98, aop.= 3.113 A and cop. = 4.992 A for.AlN binary
InN 4.991 4.96" 4.986! and a,p=3.538 A and cop. = 5.720 A for InN binary. These

a: Ref. [20], b: Ref. [21],c: Ref. [22],d: Ref. [23],e: Ref.
[24],f: Ref. [25],g: Ref. [17],h: Ref. [26],i: Ref. [13,27],j:
Ref. [15,28],k: Ref. [13,15,27,29],1: Ref. [30].
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values are similar to those obtained experimentally (aan =
3.11 A can =4.98 A ) and (amn = 3.540 A and ciny = 5.706
A) [13] ).The variation of optimized lattice parameters
versus indium composition for both phases of A/;-Jn.N
ternary alloy is illustrated in Fig. 1.
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56 T T T T 0 Figure 1 shows a small deviation from linearity with a
54 o : 1 bowing parameter of b, = 0.0313 A in the zincblende
52 : ] case, whereas for the wurtzite a slight deviation from
50 J linearity for parameter a(baw,=-0.1326 A) and a larger one
< 48l A 1 <for parameter ¢ (bew, = -0.3726A) are observed. The lattice
g 46 N A ] ;mismatch between the two binaries is 13.87% in
‘aES 24 la ] ‘gzincblende phase and 13.65% in wurtzite phase for
g a2 ] %arameter a and14.58% for parameter c.
2 40 — ] e
é 38l X 8&:%23 Z;\L ] 53;3.2 Band structures
S 36 [ 0 Optimized cW ._ <
34l . . 1 In zincblende phase AIN is shown to be indirect gap with
32l - ] DFT (TBM) calculated gap values at X and I' points
308 L L L ! J respectively 5.027 eV (4.92eV) and 5.60 eV (5.4 eV)
0,0 02 0,4 06 0,8 1,0

compared to recommended values of 4.90 and 5.4 eV

[14,15]. On the other hand, InN binary has a direct gap with

Fig. 1. Optimized lattice parameters of A/;«n:N in  a DFT (TBM) value of 0.86 eV(0.6374 ¢V) compared to

zincblende (az) and wurtzite (aw, cw) phases. experimental value of 0.61 eV [16]. In wurtzite phase,

however both AIN and InN materials have a direct gap with

The composition variation of lattice parameters for  DFT (TBM) calculated values 5.95 eV (6.231 ¢V) and 0.99

zincblende and wurtzite phases of A/;-.In:N ternary alloy  eV(0.79 eV) respectively compared to experimental values

can be expressed in terms of the lattice parameters of AIN  of 6.23 eV and 0.78¢V [15].Table 3 summarizes the

and InN binaries by wusing the virtual crystal calculations of A/;,—.Jn.N bandgap at I' and X points at

approximation: various compositions in zinc blende phase with

comparison with other theoretical and experimental works.

The gap remains direct except for In compgsition less than

a(x) = xa gy +(1=x)a,y +bx(1-x), (7) O.25.gI§ TBM (DFT) the clr)ossover applzéﬁ at x = 0.17

(0.10) with a gap 0f 4.47 eV (4.95). B-T. This is compared

with other theoretical studies: Liou [17] found a crossover

c(x) = xc p +(1=x)c,,, +bx(1-x), (8) at x = 0.183 with a gap Eg = 4.972 ¢V al®F Wang [18]
found at x =0.18 for a gap Eg =4.36 eV.

Composition x

here b is the lattice bowi ter.
where b 15 the Tattice bowlng paratieler Table 3. Calculated and experimental band gap for AIN,

InN and their alloys Ali.«In«N in zincblende phase.

AIN Alg7sIng2sN  AlpsolngsoN  Alo2sIng7sN InN
Egr'r (eV) 54 4.043 2.774 1.624 0.6374
NN sp3s* TBM
Egr'x (eV) 4.92 4.262 3.636 3.069 2.593
Egr'r (eV) 5.65216 3.68571 2.68908 1.57284 0.83204
DFT-mBJLDA
Egr'x (eV) 5.08754 5.89543 4.53047 4.32746 4.18398
6.532, 5.4, 0.532,0.78°,
Others Egr'r (eV) 4.36°,4.259, 4.70f 2.20f 0.04,0.013¢,
6.00°¢ 0.73h
5.632, 4.9, b d
Eg™X (eV)  2.50),3.23], 23 12 ’8113_56 ,
3.164, 4.90¢ ’
Experiment 5.342 0.7, 0.6",
P ' (0.7-1.1)"

a: Ref. [13], b: Ref. [15], c: Ref. [21], d: Ref. [40], e: Ref. [41], f: Ref. [39], g: Ref. [28], h: Ref. [23], i: Ref. [18], j: Ref.
[21], k: Ref. [16], 1: Ref. [37].
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Figure 2 illustrates the band gap variation with the
composition obtained by tight binding method (TBM) and
density functional theory with modified Becke—Johnson
potential (DFT-mBJLDA), in the two phases.

9 T T T T

Al;-In:N band gaps in wurtzite phase are presented
with both TBM and DFT-mBJLDA in Table 4 along with
other theoretical and experimental works. The results of the
direct gap are approaching the experimental values better
than other data with a higher accuracy in TBM. With the

experimental values of the lattice parameter we obtained a
sl = DFT ZbEg"™ gap in the direction gamma for binaries AIN (InN) 5.600
o DFTZbEg™ eV (0.861 eV) and in the X gap 5.027 eV (4.201 eV). For
7} A DFTWz Eg” ternary with experimental values and using VCA to
I —1BZb Egr:X calculate lattice parameters (0.25, 0.50, 0.75) and we
b i g\fviEg obtained for AIN (InN) thel” (X) gap values [3.853 eV
sk il (6.004 eV), 2.5858 eV (4.627 €V) 1.616 eV (4.287 eV).
- These results are comparable with those obtained by
4r optimization.
3k
Table 4.Calculated and experimental band gap for
2 AIN, InN and their alloysAl;«InN in wurtzite phase
1k
O 1
0,0 02 04 06 038 1,0
Composition x
Fig. 2. Al;..In.N zincblende and wurtzite band gap
resulting from NN sp’s” TBM and DFT-mBJLDA
calculations.
AIN Alg7sIngasN  AlgsolngsoN  AlgasIng7sN InN
NN sp3s* TBM Eg'T (eV) 6.231 4.303 2.656 1.448 0.7902
DFT-mBJLDA Eg'T (eV) 5.95008 3.76948 2.80204 1.78627 0.99784
4.85% 6.47°, 0.0%, 0.69°,
((4.1671,5.0 0.90",
021),(3.937 ((0.000,
9, 4.7544))¢, 0.357),
d
Others Eg'T (eV) j '01217% 297* 1.47% 0.75* 0(10 7?%())3C,
(5.08, 0.299¢,
4.24)", (0.38,
(4.50, 0.26)"(-
6.06), 0.03, 0.95)},
0.9°, (0.7-
Experiment 6.28), 6.23%, 1.1)8, 0.78%,
6.25! (0.7-0.9)},
0.7m+n

a: Ref. [32], b: Re

f. [13], c: Ref. [34], d: Ref. [33], e: Ref. [35], f: Ref. [36], g: Ref. [37], h: Ref. [23], i: Ref.

[42],j: Ref. [1], k: Ref. [15], I: Ref. [42], m: Ref. [18], n: Ref. [43].

Generally speaking, the band gap energy of
Al;—InyN can be approximately expressed as

E,(x)=xE, v +(1-x)E,, +bx(1-x), )

where Eg (x) is the band gap energy of Al;—.In.N ternary
alloy, Egmnand Egain are respectively, the band gap of InN
and AIN binaries. b is the band gap bowing parameter for
Al;-In:N ternary. The obtained values of b are presented
in Table 5 showing a larger factor for wurtzite compared
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to zinc blende results probably attributed to a larger band
gap in the wurtzite phase. They seem to be in good
agreement with other calculations.

©)
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Table 5. Band gap bowing parameter of zincblende and
wurtzite AlInN from tight binding and DFT (mBJLDA)
calculations.

S;JVSIZ* DFT- Others
gy MBJLDA
2.5,
BT 09826 2.6648 (K31 E
7. 0.794)°,
I 3.851
(0.462 +
bX 04834 04262 0.285),
0.104¢
s 3.47434,
; b T 3.4050  3.1269 2.7,
AllnN 3.4x+1.2)°

a: Ref. [15], b: Ref. [17], c: Ref. [21], d: Ref. [32], e: Ref.
[42].

In addition to band gap, another significant
physical parameter in electronic transport for engineering
electronic devices is the effective mass of free electrons
and holes. The electronic mass calculation has been
performed near the conduction band edge around I'-point
using a quadratic fit, the results of which are presented in
Tables 6 and 7 along with experimental and some other
first principle calculations. The obtained data are in
accordance with other calculations confirming a slight
overestimation of DFT results, over experimental ones,
inherent to the use of mBJLDA method [19]. These results
also show similarities between the effective masses of the
two phases and corroborate the lightness of the InN
electron effective mass.

Table 6.Electron effective masses from NN sp3s* TBM
and DFT-mBJLDA calculations for AIN, InN and their
alloys in wurtzite phase with other works.

Al A104751I1 AloAsoll’l AlogsIl’l In
N 025N 0.50N 0.75N N
NN 0.30 0.09
sp3s* ;nnel e 02404 00712 01227 O
TBM 0
DFT- 033 0.10
mBJL ;nni 27 0dsst 01535 01233 )
DA 0
me 029 0.11
Others /my 56" Age
0.29
Experi m, - 0.07
ment  /mg 045 b

b

a: Ref. [35], b: Ref. [13]
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Table 7 .Electron effective masses from tight binding
and DFT calculations for AIN, InN and their alloys in zinc
blende phase with other works.

A19_751n A19_5()Il'1 Al(]AzsIn
AN 025N 0.50N 0.7sN InN
MW 0.05
sp3s* € 0.318 0.2502 | 0.1846 0.1189 i9
M | /™o
DFL- | 0.08
mBJLD € 0.2903 | 0.1718 | 0.1430 0.1131 )
A /mg 5
m 0.32:, 0.05*
e
Others /mg %_32355 0. (’)7C
Experim | m, 0.04
ent /mg - d

a: Ref. [1], b: Ref. [13], c: Ref. [15], d: Ref. [44]

Plots of electron effective mass versus composition for
zincblende and wurtzite phases calculated by TBM and
DFT-mBJLDA are illustrated in Fig. 3 showing an almost
linear variation with composition for both phases and a
lighter mass for increasing x hence a higher carrier
mobility more favorable in rich Indium A/;-.InN ternary.

0140 1 n 1 n 1 L 1 L 1 L
—— TB for Wurtzite phase
ossL | TB for Zincblende phase
' A DFT for Wurtzite phase
®  DFT for Zincblende phase
o 030 L
(2]
=
> 025}
= N
3
& 020}
w
c
g o015}
|8
@
Woo10 |
0,05 |-
1 1 1 1 1
0,0 0,2 0,4 0,6 0,8

Composition x

Fig. 3.41;..InN zincblende and wurtzite electron effective
mass versus indium composition from NN sp’s " TBM and
DFT-mBJLDA calculations.

3.3 Density of states and charge density:

The density of states, defined as the number of states
allowed per energy unit, allows understanding the
electronic properties. The calculated total and partial
density of states are shown in Figs. 4 and 5, respectively,
where the vertical dashed line represents the Fermi level
which is set to zero. Clearly, the density of states is higher
in wurtzite phase than in zincblende phase. The upper
energy valence bands range from -5 eV to 0 eV. The major
contribution comes from the nitrogen atom for all
compositions in two phases. The p orbital seems to bring
all the contribution of nitrogen to the binaries. The lower
conduction band of wurtzite phase extends continuously
from the value of the gap up to about 15 eV with a similar
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contribution of all atoms either in wurtzite or zincblende
phase. In the case of AIN the p orbital is prevalent while
for InN the N contributes through the p and In through s
orbitals. The ternary compounds present in the case of
wurtzite a continuous lower conduction band whereas for
zincblende there is a discontinuity that seems to shift
towards higher energies with augmenting indium content.
In the case of the valence band we notice that the DOS peak
increases with indium.

10 r
total DOS
Al tat
In1 1ot
B ' N tat
=
e
.'.l'! E I ]
E
w
@ 4
O
'l
E !
) L a— ; |— r ot b oy ]
-5 a 5 10 15
Enargy (aV)
(a)
[ I total DOS
| Al tot
| | In1 tot )
M 1ol
-5 o i 10 158
Enargy (aV)
(b)
total DOS
Al gt
h In1 tat
i M tat |
| |
)
I3 J ] | f
-5 0 Bi 0 15
Energy {8V}

(©)

Fig. 4 Total and partial density of states of zincblende A/;.
«In:N: x=0.25 (a), 0.50 (b) and 0.75 (c).
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15 _ [
< ¥
o | |
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L]
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oA
g |
5 5
|:'| + 1]
-5 o 5 10 15
Enargy (aV)
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l:lc:ulgal DOS
! |
|
-5 l.'!l 5 10 15
Energy (eV)
(b)
| rn_r.'ll nos
R
|I. I
-5 0 5 10 15
Energy (V)

(©)

Fig. 5 Total and partial density of states of wurtzite 4/;.
«InN:x=0.25 (a), 0.50 (b) and 0.75 (c).

The emphasis here is to seek why the inclusion of
Indium ion tend to a crossover of the band gap. It is useful
to point out that, in wurtzite, the lattice periodicity along
certain direction is expanded to several times than in the
case of zinc blende structure. Besides, the structures have
lattice distortions, e.g., non-ideal c¢/a ratio, and internal
interatomic distance relaxations. These geometrical
changes cause thus, the splitting of the top of the valence
band and introduce couplings between the Brillouin zone
folded states, which are the origin of the large reduction of
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the band gaps value. The key idea to give an accuracy
analysis of this trend is to explore the chemical bonding
behavior. Thanks to the opportunity that offered by the
quantum chemical topology formalism [45-47], the use of
the electron localization index (ELF) may help to pinpoint
the nature of chemical bonds of the studied alloys. The
substitution of a cation like the aluminum shown negligible
inwards movements towards the nitrogen atom. This result
indicates a no significant coupling between the off-center
Al and its host.

The inclusion of the aluminum atom affects weakly
the nature of the super cell. It is shown from Figs.6 and 7,
a formation of the AI—N polarizable bonds with electron
localization index equal to 0.88. And, a monosynaptic
basin with an order of a valence ELF=0.86/0.85 (lone pair)
located along the In—N bond. The differences observed in
the ELF basins are directly related with the atomic
environment of each atom. The tendency is common: the
presence of Al or In cations does not affect the hardly the
properties of the alloy, bonding behavior in all bond is
ionic. However, it is interesting to said that, while
incorporating the Al cation, we show that the bond being
as a perturbed lone pair one, this is due essentially to the
change of the electronegativity of the substituted atom, in
fact now we have a single bond plus a lone pair one. Also,
it worth noting that, the Al—N seems to be slightly
strongest than In—N one, since its polarizable character.

The listed properties in Table 8 confirm this trend.
The total magnitude of first dipole arises while the Al
concentration is increased in the wurtzite alloy. However,
the population of valence-electron emerges with adding the
In ions. In fact, ELF analysis of the bonds show that the
most valence charge is mainly formed by the Indium one,
while the most Al one become rather polarizable (Al1>—N-
3). The polarization contribution between atoms is mainly
affected by the charge transfer between Al—N ions.
Where, the valence basin center is located at this attractor
position forming the bonds. In the case of bonds, attractors
do not systematically localized on the bond midpoint and
their localization depends on electronegativity differences
between the atoms forming the bond and on the nature of
the chemical environment. Furthermore, the included
cation causes a polarizable bond and more the electron
wave function of the electron become extended, due of the
increase of the flatness index with Al substitution. In a
polar semiconductor with ionic bond (Laplacian VZp > 0)
like the Ali«IngN, there is no unique way of assigning
charge to each atom, but there are some logical ways to
proceed. In fact, the electron charge distribution along the
bond becomes asymmetric, with a tendency for electrons
to transfer from the d/p-Al orbitals to the lower-energy
anion (s-N orbitals).
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Table 8.Integrated properties from ELF analysis of the
alloysAl;xInN in wurtzite phase.

Electroni

B Magnitud

. V2p of e of first

Alloy  Flatnes bo(":ﬁ;‘:i In—N/AL-N  dipole

y s(%) p pn Bonds(electro moment

n/bohr) (electrons

(electron/ bohr)

bohr) ’

Alo7sln - g 51 360.962 0.44/027  122.07
0.25N

Alsoln g 6 400.482 0.34/022  114.85
0.50N

Alozstn— ¢ o, 446.669 0.29/0.17  137.79
0.75sN

Fig. 6 ELF isosurface of AIN and InN in wurtzite phase
along the x concentration x=0 (a), 1(b).

* 99

(a)
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Fig. 7 ELF isosurface of 4/,../n.N in wurtzite phase along
the x concentration x=0.25 (a), 0.50 (b), 0.75 (c).

4. CONCLUSION

We presented a comparative theoretical study on structural
and electronic properties of AIN and InN binaries and their
ternary alloy A/;—.In.N by using NN sp’s* TBM and DFT-
mBJLDA. The structural part of the study showed a good
agreement between calculated values and experimental
works. Concerning the electronic properties using the
DFT-mBJLDA vyielded better gap results than other DFT
works while using the NNsp’s® TBM gives satisfactory
results for the gap and effective mass and more accurate
gaps than DFT-mBJLDA.

While for effective masses there seems no
noticeable differences between the zincblende and wurtzite
phases, the results of the gap on the other hand are quite
different: From being direct throughout the entire range
and with values ranging from 6.2 to 0.79 eV for the
wurtzite to being indirect at first then direct and with a
smaller span ranging from 5.4 to 0.63 eV for the
zincblende. Concerning the DOS a higher total density for
the wurtzite phase is being observed in the work. Partial
contributions from different orbitals have also been
reported.
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