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The structural and electronic properties of the B,Gai—.N, BzAli_;N, Al,Gai;—,N and B;Al,Gai_,—yN
compounds were studied using the full-potential linearized augmented plane wave method, within the generalized
gradient approximation. We have compared the Al and B compositions dependence on the ground state properties:
lattice parameters, bulk moduli and their pressure derivative, and band gap energies. The lattice parameters are
found to change linearly for Al,Ga;—,N, exhibit a downward bowing for both B;Al; ;N and B;Gai1—;N, and has
a very small deviation when Al is added and a large deviation when B is incorporated for B;Al,Gai—z—yN. The
calculated band gap variation for the ternaries shows that the B;Ga;—,N has a phase transition from direct-gap
to indirect-gap for high boron contents (z > 0.75). As for B, Al;_;N, a direct-gap is found in the boron content
range 0.07 < z < 0.83. For Al,Gai—.N and B;Al,Gai_,_yN compounds, they have been found to be direct-gap
materials. The results show that the B,Gai—zN, ByAli_;N, Al,Ga;—,N and B;Al,Gai_,—yN materials may well

be useful for optoelectronic applications.

PACS: 71.15.Mb, 71.20.—b, 71.20.Nr, 71.55.Eq

1. Introduction

Over the last few years, group III nitrides and their
compounds have attracted a great deal of attention as
being among the most important materials systems for
optoelectronic and electronic applications [1]. Gallium
nitride (GaN), aluminum nitride (AIN) and related mate-
rials are of considerable current interest because of their
applications in light emitting devices operating in the
visible and deep ultraviolet (UV) spectral regions [2-7].
Boron nitride (BN) is a very good choice for protective
coatings due to its hardness, high melting point and large
bulk modulus for the cubic variety [8]. BN, on the other
hand, has features of high thermal conductivity suitable
for applications in electronic devices [9].

Actually, high sensitivity avalanche photodiode detec-
tors and compact lasers operating in UV range are needed
for different applications such as biomedical, purification,
convert communication and real-time detection of air-
borne pathogens [10]. Among the most promising candi-
date for lasers operating in the deep-UV spectral region
is the BAIGaN system [11], derived from GaN, AIN and
BN. It can be lattice matched to 6H-SiC and AIN sub-
strates [12], and exhibit band-gap energies ranging from
3.6 eV to 6.2 eV and from 3.8 eV to 6.2 eV when lat-
tice matched to AIN and 6H-SiC substrates, respectively,
and corresponding wavelengths in the range 344 nm to
200 nm [13].

Takano et al. [11] studied the crystal growth of the
BAIGaN system using the low-pressure metalorganic va-
por phase epitaxy (LP-MOVPE) to grow (BAlGaN) and
(BA1GaN/AIN), using triethylboron (TEB), trimethyla-
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luminum (TMALI), trimethylgallium (TMGa) and ammo-
nia (NH3) as source materials respectively for B, Al, Ga
and N atoms, and the Auger electron spectroscopy (AES)
and X-ray diffraction (XRD) to control the B, Al, Ga and
N compositions in B;Al,Gai_,—yN layers.

In this present work, we have studied the structural
and electronic properties of the B,Ga;_,N, B,Al;_,N,
Al,Ga;_;N ternaries and B;Al,Ga;_,—,N quaternary
systems over the entire compositions x and y by per-
forming ab initio calculations, based on the full-potential
linearized augmented plane wave (FP-LAPW) method
within the density functional theory (DFT) as imple-
mented in the WIEN2K code [14].

The plan of the present paper is as follows: after a
description of the method as well as some details of the
calculations in Sect. 2, the lattice parameters and band-
-gap energies of BN, AIN, GaN, B,Ga;_.N, B,Al;_,N,
Al,Ga;—,N and B;Al,Ga;_,—yN compounds are pre-
sented and discussed in Sect. 3. Finally, a brief conclusion
of the present study is given in Sect. 4.

2. Calculation method

In this study, the structural properties and band
gap energies of B,Ga;_,N, B;Al;_ N, Al,Ga;_,N and
B,Al,Gai_;—yN solid solutions are investigated using
the FP-LAPW simulation program approach based on
the density functional theory, where we have used as ap-
proximation for the calculation of exchange-correlation
energy functional: the well-known generalized gradient
approximation (GGA) due to Wu and Cohen [15].

To model A.B;_,N compound, we have applied a
16-atom A, Bs_,Ng supercell, which corresponds to a
2 x 2 x 2 supercell that is twice the size of a primitive unit
cell in base plane direction. As for B,Al,Ga;_,—yN, we
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also have applied a 16-atom B,Al,Gag_,_,Ng supercell,
with a +b < 8.

In the FP-LAPW calculations, each unit cell is par-
titioned into non-overlapping muffin-tin spheres around
the atomic sites. Basis functions are expanded in com-
binations of spherical harmonic functions inside the non-
-overlapping spheres. In the interstitial region, a plane
wave basis is used and expansion is limited with a cut-off
parameter, Ryt Kyvax = 7 for all the compounds. Ryt
is the minimum radius (MF) of the sphere in the unit cell;
Kyax is the magnitude of the largest K vector used in
the plane wave expansion. The MT radii are adopted to
be 1.67, 1.74, and 1.67 bohr for B, Ga, and N atoms; 1.62,
1.68, and 1.62 bohr for B, Al, and N atoms; 1.76, 1.84,
1.62 bohr for Al, Ga, and N atoms; and 1.63, 1.67, 1.71,
and 1.65 bohr for B, Al, Ga, and N atoms for B,Ga;_,N,
B, Al _;N, Al;Ga;_;N and B,Al,Ga;_,_yN solid solu-
tions, respectively.

The semi-relativistic approximation without spin—
orbit effects was employed in our calculations, where the
core levels are treated fully relativistically [16]. We have
distinguished the Ga (1s?2s?2p®3s%3p%), N (1s?), B (1s?)
and Al (1522522p°) inner-shell electrons from the valence
electrons of Ga (3d'%4s?4p'), N (2s%2p?), B (2s%2p!)
and Al (3s%3p!) shells, by choosing a cut-off energy of
—6.0 Ry for binaries and —8.0 Ry for ternaries and qua-
ternaries. The expansion of spherical harmonic functions
inside the MT spheres is truncated at lnax = 10. The
cut-off for the Fourier expansion of the charge density
is fixed to be Gyax = 12 for all compounds and com-
pounds. For the irreducible wedge of the Brillouin zone,
meshes of 56 and 14 special k-points were used for bina-
ries and all compounds, respectively.

3. Results and discussions
3.1. Structural parameters

The B,Al,Ga;_5_yN quaternary system is bounded
by three ternary systems: B,Gaj_,N, B,Al;_,N, and
Al,Ga;_,N. These ternaries, in their turn, are made up
of three binaries BN, AIN, and GaN. The ground-state
structural parameters have been obtained by minimizing
the total energy with respect to the volume, by fitting
this total energy versus the volume data on the non-
-linear Murnaghan equation of state [17]. Hence, first
we computed the lattice parameter of the three bina-
ries in their cubic structure with the space group F-43m
(no. 216). Then, we studied the ternaries with the se-
lected x-compositions: 0.25, 0.5, and 0.75. For x = 0.25
and 0.75, the related space group is P-43m (no. 215);
however, for x = 0.50 the crystal structure belongs to
the P-4m2 (no. 115) space group, which is a tetragonal
structure.

In Table I, we summarize the calculated lattice con-
stants and the bulk module and its pressure derivative of
binaries and ternaries together with the available experi-
mental and theoretical data. As can be seen, the obtained
lattice constants for binaries are in reasonable agreement
with the experimental data [18, 19]. It is found out that
the calculated bulk modulus and its pressure derivative

for BN is 3.5% and 0.49% smaller, respectively, than the
experimental value [20].

As for AIN, the calculated bulk modulus is 5.26%
greater than the experimental value [21]. The lattice
parameter of ternaries has been found to be deviated
from Vegard’s law [22] with the bowing parameters:
—0.42+£0.041 A, —0.306 + 0.021 A, and 0.017 +0.001 A
for B,Ga;_.N, B,Al;_;N, and Al,Ga;_,N, respectively.
It is found out that the calculated bulk moduli for
the B,Gaj_,N and B, Al;_,N compounds increase non-
-linearly with the boron composition increasing as well
as for Al,Ga;_,N with the aluminum composition in-
creasing. A non-linear variation of the derivative of the
bulk moduli for the ternaries has been also observed. To
estimate the B;Al,Ga;_,—,N lattice parameters depen-
dence on B and Al concentrations, we have performed
a list of calculations for B, Al,Gai_,—yN for different B
and Al compositions.

In Table II, we summarize the calculated lattice con-
stants, the bulk moduli and their pressure derivatives
and the structure’s nature of ByAl,Gaj_,—yN. Ob-
viously, the change of phase corresponding to differ-
ent values of the compositional parameter x and y
for the ByAl,Gai—,—yN compound (216/F-43m /cubic,
119/1-4m2/tetragonal and 22/F222/orthorhombic) has
a predictive character, which one would expect from the
DFT calculations, and is subject to the experimental ver-
ification.
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Fig. 1. Formation lattice constant contour at different
concentrations (x,y) of ByAlyGai—»—yN compound.

According to the results plotted in Fig. 1, the lattice
constant of B;Al,Ga;_,_yN depending on B and Al-
-concentrations can be fitted as follows:

a(z,y) = 4.494 — 0.5362 — 0.3872% — 0.124y

—0.00024>. (1)
These results indicate that the B,Al,Ga;_.—yN lattice
constant has a very small deviation and decreases when
Alis added, and has a large deviation and decreases when
B is incorporated. These results might be due to the size
and electronegativity mismatch between B and Al atoms
atoms (xg = 2.04 and xa, = 1.61). This equation allows
us to calculate the lattice parameter for B, Al,Gaj_;—yN
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with any boron and aluminum concentrations. It is very linearly with increasing either boron or aluminum com-
clear from Table IT that the calculated bulk modulus (and  positions.
its pressure derivative) for B;Al,Gai_,_,N varies non-

TABLE I

Calculated lattice parameter (a) and bulk module (By) and its pressure derivative (Bj) for the GaN, AIN, BN,
B:Gai—:N, B;Ali_:N and Al,Ga;—.N compounds. Available experimental and theoretical data are also given for
comparison. a [A], By [GPa| and B} |[GPal.

Present work Experimental works Other theoretical works
a Bo Bé a Bo Bé a Bo B(/)
BN 3.605 | 386 | 4.08 3.615%, 3.59° 400° | 4.1° | 3.63¢, 3.587 | 371¢, 401.7/ 3.7¢, 3.667
AIN 4.377 | 201 | 3.66 4.37° - - 4.3469 206, 2129 3.97%, 3.779
GaN 4.494 | 200 | 4.75 | 4.49%, 4.50°, 4.53° | 190% | — | 4.46°, 4.51" | 202°, 191" 4.43°, 4.14"
Bo.25Gao.7sN | 4.341 | 220 | 4.23 - - — | 4.38¢%,4.317 | 198°, 2267 4.19%, 4.17
Bo.s0Gag.50N | 4.158 | 229 | 4.58 - - — | 4.19¢,4.137 | 235°, 2617 4.77¢, 3.887
Bo.75Gao.2sN | 3.918 | 299 | 4.06 - - - | 3.9° 3.867 | 302¢, 287 3.15¢, 3.8/
Bo.2sAlo.7sN | 4.236 | 219 | 4.52 - - - 4.18% 214'225™ -
Bo.s0Alo.s0N | 4.069 | 238 | 4.34 - - - 3.97% 245'257™ -
Bo.7sAlg.2sN | 3.861 | 298 | 4.12 - - - 3.75% 296'312™ -
Alp.25Gao 75N | 4.468 | 194 | 4.88 - - - 4.39" 203" 4.39"
Alp.50Gag.50N | 4.440 | 196 | 4.81 - - - 4.41™ 205™ 4.46™
Alp.75Gao.2sN | 4.409 | 196 | 4.50 - - - 4.37" 207" 4.53"

@ Ref. [18], * Ref. [20], © Ref. [19], ¢ Ref. [21], ¢ Ref. [24], / Ref. [25], 9 Ref. [26], * Ref. [27], * Ref. [28], 7 Ref. [29], * Ref. [30],
U Ref. [31], ™ Ref. [32], ™ Ref. [33]
TABLE IIT

The direct-gap FEgr_r) and indirect-gap FEgr_x) for the BN, AIN, GaN,
B.Gai1_N, B;Al;_;N, and Al,Ga;_.N compounds. Available experimental and
theoretical data are also given for comparison.

Gap [eV] | Present work | Other theoretical | Experimental
GGA(WCQC) works works
BN Ey(r—r) 8.59 7.78°%, 8.79°, 8.89 -
Eqr_x) 4.22 4.35°, 4.47° -
AIN Eq(r_r) 4.10 4.137 -
Eor_x) 3.20 - -
GaN Eq(r—r) 1.64 1.52¢, 26.117 3.24
Eg(r_x) 3.19 3.22 -
E.r_ 2.78 2.73°, 2.957 -
BA G A N g(I'—T) 5 )
i I I 4.36 3.48°, 4.457 -
E.r_ 3.22 3.26¢, 3.47 -
Bo.soGao.soN | B0 o
0000 B % 5.28 4.03°, 5.367 -
Egr_ 3.65 3.67¢, 3.9 -
B el sN g(Ir—n) ’
002N B rox) 5.15 4.27°, 6.3" -
E,r_ 3.47 3.7, 3.45" -
Bo.25Alo.75N e(r=1) ’
Eg(r_x) 5.50 - -
E.r_ 3.62 4.4' 3.64" -
Bo.50Alo.50N s(I"=1) ’
Eqr_x) 6.28 - -
1 r o
BoreAlosN | Esr-n) 4.03 4.9', 4.05
Eor_x) 6.07 - -
Eor_ 2.22 2.221° -
Alg.25GagrsN | 8=
02580 B %) 4.82 4.80" -
Eor_ 2.77 2.781° -
Alp.50Gag.s0N | 8=
e I I 5.14 475" -
Eor_ 3.24 3.503° -
Alp.75Gag.osN | 8=
i I I 5.53 4.65" -

° Ref. [34], P Ref. [35], ¢ Ref. [36], " Ref. [37], * Ref. [38]
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TABLE II

Calculated lattice parameter (a), bulk module (Bjy)
and its pressure derivative (Bj) and structure for the
BzAlyGai—z—yN compounds for different B and Al
compositions.

a BO B/

(z,y) Structure [A] | [GPa] [GF(‘Ja]
(0.125, 0.125) 216/ F-43m/cubic 4.40 | 212 | 4.87
(0.125, 0.25) 119/I-4m2/tetragonal | 4.39 220 4.12
(0.125, 0.375) | 119/I-4m2/tetragonal | 4.37 | 214 4.07
(0.125, 0.5) 119/I-4m2/tetragonal | 4.36 203 4.71
(0.125, 0.625) | 119/I-4m?2/tetragonal | 4.34 209 4.01
(0.125, 0.75) 216/F-43m/cubic | 4.33 | 205 | 4.55
(0.25, 0.125) | 119/1-4m2/tetragonal | 4.32 | 223 | 3.88
(0.25, 0.25) | 111/P-42m/tetragonal | 4.31 | 222 | 4.15
(0.25, 0.375) | 22/F222/orthorhombic | 4.29 202 4.54
(0.25, 0.5) 111/P-42m/tetragonal | 4.27 214 4.60
(0.25, 0.625) 119/I-4m2/tetragonal | 4.25 219 4.65
(0.375, 0.125) | 119/1-4m?2/tetragonal | 4.24 221 4.16
(0.375, 0.25) 119/I-4m2/tetragonal | 4.22 227 4.11
(0.375, 0.375) | 22/F222/orthorhombic | 4.20 241 3.57
(0.375, 0.5) 119/I-4m2/tetragonal | 4.18 224 4.44
(0.5, 0.125) | 119/I-4m2/tetragonal | 4.13 | 267 | 3.25
(0.5, 0.25) 111/P-42m/tetragonal | 4.11 243 4.43
(0.5, 0.375) 119/1-4m2/tetragonal | 4.09 | 251 3.86
(0.625, 0.125) | 119/I-4m2/tetragonal | 4.02 | 277 | 3.78
(0.625, 0.25) | 119/I-4m2/tetragonal | 4.00 | 256 | 4.49
(0.75, 0.125) 216/ F-43m/cubic 3.89 | 302 3.86

3.2. Band gap energies

Knowing the energy band structures in semiconduc-
tors provides a valuable information as regards their po-
tential utility in the fabrication of electronic and opto-
electronic devices. As group III nitrides and their com-
pounds are promising materials for their application in
electronic and optoelectronic devices, the accurate knowl-
edge of the band structures of the B, Ga; N, B, Al;_ N,
Al,Ga;—;N and B,Al,Ga;_,_yN compounds becomes
essential.

We have used the FP-LAPW method to calcu-
late mainly the band-gap energies of BN, GaN,
AIN, B,Ga;_.N, B;AlL_,N, Al,Ga;_,N and
B.Al,Gai——yN at the equilibrium calculated lat-
tice constants.

The obtained I' and X-band-gaps of semiconductor
(SC) are listed in Table IIT and compared with the avail-
able experimental and theoretical data. The results show
that GaN has a direct-gap with the minimum of conduc-
tion band at the I' point; BN and AIN have an indirect-
-gap with the minimum energy gap at the X point. It is
clearly seen that the band-gaps of SC are, on the whole,
underestimated in comparison with the experimental re-
sults, and are in good agreement with the theoretical data
listed in Table III. The large difference in the calculated
values of the band gaps as compared to the experimental
values can be explained by the fact that, in the electronic
band structure calculations within DFT, the GGA under-
estimates the energy band gap in semiconductors, and it
can be demonstrated that within these approximations,

the self-interaction error and the absence of derivative
discontinuity in the exchange-correlation potential cause
a significant underestimation (up to 50%) of the band
gap [23].

The band-gap energy of an A,B;_,C compound can
be depicted as a function of the A composition z, and
can be approximated using the following Eq. (2):

Eq(z) = xEgac + (1 — 2)Egpc — z(1 — )b, (2)
where Eg(z) is the band-gap energy of the A;B;_,C
solution; E;ac and E,pc are the band-gap energies of
the binary compounds AC and BC, respectively, and the
quadratic term b is the bowing parameter of A,B;_,C.

After the good fitting, the band-gap energies of the
B.Ga;_.N, B;Al;_,N and Al,Ga;_,N obtained with
the equilibrium lattice are plotted in Fig. 2, Fig. 3 and
Fig. 4, respectively.
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74  —=—direct gap
—m=— indirect gap /

———
-—" Ty

Energy (eV)

Boron composition

Fig. 3. The energy band-gaps of B;Al;_;N as a func-
tion of boron composition.

i /./.——-\.\.
5] /./' e,
. W
4 yd = — direct gap
ol —e— indirect gap

w
N
L}

Energy (eV)
IS
L
"
"
"
"

~N
N

[}
L}

0.0 0.2 04 0.6 0.8 1.0
Aluminum composition

Fig. 4. The energy band-gaps of Al,Gai1—N as a func-
tion of aluminum composition.

The B,Ga;_,N has a phase transition from direct to
indirect-gap for high boron contents (z > 0.75). For
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B.Al;_;N, a direct-gap is found for 0.07 < = < 0.83. As
for Al,Ga;_.N, its gap has been found entirely direct.

The calculated band structures of B;Al,Ga;_,_yN
compound for different « and y values, using the GGA
(WC) scheme, have been displayed in Fig. 5, where we
have taken as an example four pairs of (x,y) concentra-
tions, (0.125, 0.5), (0.25, 0.375), (0.375, 0.125), and (0.75,
0.125). One can clearly see the direct nature of the band
gap of this compound.
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Fig. 7. The energy band-gaps of BoAl,Gai_.—,N with
the compositional parameter x having the 0.25, 0.5 and
0.75 and (0 <y < 1), where (z+y < 1).

We have plotted the energy band-gaps for
B,Al,Gaj_;—yN with the compositional parameter
y taken to be 0.25, 0.5 and 0.75 as shown in Fig. 6 and
with the compositional parameter x having the 0.25, 0.5
and 0.75 as shown in Fig. 7. Both figures show that
the quaternary have a direct gap and the boron induced
leads to an increase of the gap over a large range of
81.53%, and the aluminum induced leads to an increase
of the gap over a range of 24.82%, the curves of two
figures obey the following variations:
direct gap

Er_r(z,y) = 3.285 4+ 0.621z — 1.822 + 0.969y
+1.885¢7, (3)
indirect gap
Er_x(z,y) = 4.097 + 0.533z — 0.64722 + 2.735y
+0.372y%. (4)
The two equations allow us to calculate the direct and
indirect gap for any concentration x (boron) and y
(aluminum) of the quaternary B,Al,Gaj_,_,N, with
x+y < 1. It is clearly seen that the direct and indirect
band-gaps increase non-linearly with the increase of
the concentrations z and y, and this quaternary is a
direct-gap material over the whole range of x and y.

4. Conclusion

The FP-LAPW method, within the GGA is uti-
lized to investigate the structural properties and band
gap energies of BN, GaN, AIN, B,Ga;_,N, B;Al;_,N|
Al,Ga;—;N and B, Al,Gaj—;—yN compounds. From the
calculated results, it is found that the lattice constant
of each binary is in reasonable agreement with the ex-
perimental values. The bowing parameters of the lattice
constant for B, Ga;_,N, B,Al;_,N and Al,Ga;_,N are
—0.42+0.041 A, —0.306 + 0.021 A and 0.017 £0.001 A,
respectively. For z > 0.75, a phase transition from direct
to indirect gap for B,Ga;_,N compound occurs at the
band gap energy of 5.1 eV. For the B, Al;_,N compound,
the direct-gap is found in the range 0.07 < z < 0.83 of
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boron contents, while Al,Ga;_,N is a direct-gap mate-
rial over the entire range of the aluminum content (z).

The calculated structural and electronic properties of
the B, Al,Gai—,—yN compound for different boron and
aluminum compositions (z,y) show a linear behavior of
the lattice constant and a non-linear behavior of the di-
rect and indirect band-gaps. The incorporation of boron
decreases the lattice parameter of the quaternary by
15.72% and increases the energy gap by 81.53%, while the
incorporation of aluminum reduces the lattice parameter
by 2.45% and increases the energy gap by 24.82%, which
gives a great importance for the boron incorporation.

Finally, it has been found that this compound is a
direct gap material. This essential characteristic in-
dicates that those materials (B,Gaj_,N, ByAl;_,N,
Al,Ga;—zN, and B;Al,Ga;——,N) can be useful for op-
toelectronic applications. The calculated band-gap en-
ergy of BAlIGaN is in the range of 3.121 eV to 5.122 €V,
corresponding to the wavelength range of 397 nm to
242 nm. Therefore, the BAIGaN system is a promising
material for use in semiconductor lasers that operate in
the ultraviolet (UV) spectral region.
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