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Abstract

We present first-principles calculations of the structural and electronic properties
of cubic for different concentrations x of ternary alloy BxGa;x N. The computational method
is based on the full-potential linearized augmented plane wave method (FP-LAPW). The
exchange and correlation energy is described in the local density approximation (LDA) and
generalized gradient approximation (GGA). We have investigated the effect of composition
on the ground state properties, lattice parameters, bulk modulus, pressure derivative and band
gap of the zinc blend BN, GaN. The results obtained are in a good agreement with
experimental and theoretical values concerning the variation of the gaps and crossover direct,
indirect band gap and the bowing parameter. A reasonable agreement is found from the
comparison of our results with other theoretical calculations.
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1. Introduction

Semiconductor materials constitute today basic building blocks of emitters and
receivers in cellular, satellite, and fibreglass communication. Among these, the Ill-nitrides
are nowadays widely used by the industry. With respect to “classical” III-V semiconductors,
the group-III nitrides semiconductors have attracted much attention in recent years to their
great potential for technological applications [1]. BN and GaN are regarded as promising
wide band gaps semiconductors, ranging from the ultraviolet (UV) to the visible regions of
the spectrum. They have a high melting point, a high thermal conductivity, and a large bulk
modulus [2]. These properties, as well as the wide band gaps are closely related to strong
(ionic and covalent) bonding. These materials can therefore be used for short-wavelength
light-emitting diodes (LEDs) laser diodes and optical detectors as well as for high-
temperature, high-power and high-frequency electronic devices. Bright and highly efficient
blue and green LEDs are already commercially available and diode lasers have been
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reported, emitting in the blue-violet range initially under pulsed conditions and
subsequently under continuous operation.

2. Calculation method

In our calculations we performed to use the scalar relativistic full-potential
linearized/augmented plane wave plus local orbitals (FP-L/APW+lo) [3] approach based on
the density functional theory [4] within the LDA and GGA using the scheme of Perdew,
Brouke and Ernzerhof [5]. We adopt the Ceperley-Alder [6] forms for exchange correlation
energy as parameterized by Perdew and Wang [7].

In the present calculations we apply the most recently version of Vienna package
WIENZ2k [8,9]. In this new version, the alternative base sets (APW+lo) are used inside the
atomic spheres for those chemically important /-orbitals (partial waves) that are difficulty
converge (outermost valence p-, d-, or f-states), or for atoms where small atomic spheres
must be used [10-11]. For all the other partial waves, the LAPW scheme is used.

Moreover, we used the semi relativistic approximation (no spin orbit effects
included) whereas the core levels are treated fully relativistically [12]. In particular, the Ga
is considered in such as to include explicitly the semi core d electrons in the valence bands.
In the following calculations, we distinguish the B (lsz), Ga (ls2 28 2p6 3s? 3p6), and N
(1s?) inner-shell electrons from the valence electrons of B (2s* 2p'), Ga (3d'° 4s* 4p') and N
(2s* 2p°) shells.

The remaining core states are self- consistently relaxed in a spherical approximation.
Inside the non-overlapping spheres of muffin-tin (MT) radius Ryr around each atom,
spherical harmonics expansion is used. We chose the plane wave basis set for the remaining
space of the unit cell. For BN and GaN we adopted as the MT radius, the values of 1.6, 1.90
and 1.4 for B, Ga and N respectively. The maximum / value for the wave function
expansion inside the atomic spheres was confined to /,,,=10. In order to achieve energy
eigenvalues convergence, the wave functions in the interstitial region are expanded in plane
waves with a cutoff of Ryr kmax=7 (where is kmax the maximum modulus for the reciprocal
lattice vector, and Ryr is the average radius of the MT spheres). The k integration over the
Brillouin zone is performed using Monkhorst and Pack [13] mesh, yielding to 73 & points in
the irreducible wedge of the Brillouin zone for both zincblende structures. The iteration
process is repeated until the calculated total energy of the crystal converges to less than 0.1
mRy.

In ternary semiconductor alloys, the optical bowing is a well-known phenomenon. This
bowing in large band gap of III-V semiconductor has been observed more than thirty years
ago by Larach and al. [14] on powder material and by Ebina et al. [15] on bulk single crystal
which has been reviewed in Ref. [7].

On the theoretical side, different methods have been applied in the calculation of the
band structure of these alloys. These include methods based on the dielectric two band model
[16], semi empirical tight-binding method [17,18] semi empirical pseudo-potential method
[19,20], ab initio pseudo-potential method [21-32] and full potential linearized augmented
plane wave method [33, 34]. To our knowledge, except the recent theoretical work of Baaziz
et al. [35] and Grein et al. [36] where there is no theoretical investigation of ByGa; 4N alloy
appeared in literature. To understand the structural and electronic properties of these ternary
alloys, we carry out the present study, in which we used the first-principles full-potential
linearized augmented plane wave method (FP-LAPW) within the (LDA) and (GGA) scheme
[37-39].
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The details of calculations are fellows: the charge density and the potential are
represented inside the muffin-tin spheres (MTS) by spherical harmonics up to /y.x=15. The k
integration over Brillouin zone is performed using tetrahedron method [40]. The values of the
sphere radii (MTS), number of plane waves (NPLW).

3. Results and discussions

3.1. Structural properties

We calculated the structural properties of the binary compounds BN and GaN in the
zinc-blend structure. Then the semiconductor ternary alloy is the type BxA;xC, we have
started our FP-LAPW calculation of the structural properties with the zinc-blend structure and
let the calculation forces to move the atoms to their equilibrium positions.

We have chosen the basic cubic cell as the unit cell. In the unit cell there are four C
anions, three A and one B, two A and two B, and one A and three B cations, respectively, for
x=0.25, 0.50 and 0.75. For the considered structures, we performed the structural optimization
by calculating the total energies for different volumes around the equilibrium cell volume ¥
of the binary BN and GaN compound and their alloy. The calculated total energies are fitted
to the Murnaghan’s equation of state [48] to determine the ground state properties as the
equilibrium lattice constant aj, the bulk modulus By and its pressure derivative B’. The
calculated equilibrium parameters (a) B, and B’) are given in table 1. There is good
agreement between our calculated results and the theoretical investigations. Also, there is a
small underestimation of the lattice parameters and overestimations of the bulk modulus
compared to the experimental data; this is due essentially to the use of the local density
approximation (LDA). Furthermore, the values of calculated bulks modulus using the LDA
approximation decrease from BN to GaN, i.e. from the lower to the higher atomic number.
This suggests that BN is more compressible than GaN.

Usually, in the treatment of alloys, it is assumed that the atoms are located at the ideal
lattice sites and the lattice constant vary linearly with composition x according to the so-called
Vegard’s law [49].

a(AxB1_xCO)=xapc+(1-x)apgc (1)

where aac and apc are the equilibrium lattice constants of the binary compounds AC and BC
respectively, a (AxBxC) is the alloy lattice constant. However, violation of Vegard’s law has
been observed in semiconductor alloys both experimentally [50] and theoretically [51-52].
Hence, the lattice constant can be written as:

a(AyB|_4C)=xapzc+(1-x)agc—x(1-x)b (2)

where the quadratic term b is the bowing parameter.

Figures 1 and 2, shows the variation of the calculated equilibrium lattice constants and
the bulk modulus against concentration x for ByGa;.x N alloy, respectively. It is very clear
from fig. 2 that the value of the bulk modulus increase with increasing the x concentration,
confirming the suggestion of Véiré [53], which states that the adding of beryllium to II-V
compounds improve their hardness. A large deviation from the Vegard’s law is clearly
visible, with upward bowing parameter for the lattice constant and downward bowing for the
bulk modulus.

83



A.Lachebi et al./ First-principle study of cubic ByGajx N alloys...

a(A) B (GPa) B’
BN
Our cal. LDA 3.585 404 3.7090
GGA 3.627 375.4 3.2566
Other cal. 3.575 [25] 386 [25] 3.6 [29]
3.576 [29] 397 [29] 2.91 [30]
3.649 [30] 366 [30] 3.94 [22]
3.606 [23,24] 367 [23,24] 3.97 [31]
Exp. 3.615[26-28] 369 [26] 4[26]
GaN
Our cal. LDA 4.463 203.6566 4.6835
GGA 4.553 179.1803 3.5690
Other cal. 4.335 [41] 207 [41] 4.32
4.464 [42] ; 4.3
4.47 [43] 187 [43]
Exp. 4.52[44] 190 [46] -
4.5047]
GGA 4.3886 195.264 4.063
BysGagsN LDA 4.125 261.1289 3.8786
GGA 4.187 253.6914 3.1789
Bo.75GagasN LDA 3.86 318.9293 3.5887
GGA 3.948 285.02 3.978

Table 1: The calculated lattice parameter (& ), bulk modulus B, and its pressure derivatives B’ for ByGa;.x N and
its binary compounds. Available experimental and theoretical data are also given for comparison.

Fig.1: Composition dependence of the

VCA (dashed line).
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Fig. 2: Composition dependence of the calculated modulus of B,Ga, 4N alloy.
3.2. Electronic properties

Figure 3 (a-c) show the calculated band structure energies of binary compounds as
well as their alloy using FP-LAPW method within LDA approximation give a direct band gap
for GaN and B,Ga; 4N with x varies from 0.25 to 0.75. For GaN, the valence band maximum
(VBM) and the conduction band minimum (CBM) occurs at the I and X point, respectively.
The main band gaps are given in table 2 as well as the theoretical and experimental ones. It is
clearly seen that the band gaps are on the whole underestimated in comparison with
experiments results. This underestimation of the band gaps is mainly due to the fact that the
simple form of LDA does not take into account the quasiparticle self energy correctly which
make it not sufficiently flexible to accurately reproduce both exchange correlation energy and
its charge derivative. It is important to note that the density functional formalism is limited in
its validity and the band structure derived from it cannot be used directly for comparison with
experiment. The band edge emission of
BxGa; 4N varies from 3.451 eV for x = 0% with FWHM of 39.2 meV to 3.465 eV for x =
1.5% with FWHM of 35.1 meV [59].

Er; Ery

(eV) (eV)
BN Our cal. 8.89 4.75

Othercal.  9.09 [60] 4.24 [60] Table 2: Direct (I'-I') and indirect (I'-X) band
gaps
of BN and GaN and their alloy BGaN at
equili-
By 25Gag 75N 2.95 4.45 brium volume (all energies are in eV).
BosGagsN 34 5.36
B0_75Ga(),25N 3.9 6.3
GaN  Our cal. 3.52 3.56
Exp. 3.3[57] -
3.35[58]
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Fig 3: The band structure of the ternary alloy Bo.25Gag 75N (@) the band structure of the ternary alloy
B0.50Ga0.50N (b) the band structure of the ternary alloy Bo.75Gag.25N (¢).

The variation of the direct Er.r and indirect Er.x band gaps against alloy composition
is given in fig. 4. A crossover between the direct and indirect band gaps is located at a
concentration of 0.77. Through fig. 4 we note that the fundamental gap Err increases
according to the concentration and fall in good term with the evaluation from the lattice
constant which decreases when the concentration increases. However it is noted that the
increase is remarkable beyond x=0.50, while between 0<x<0.50 variation remains linear and
marks an average slope of 3.4 eV what is verifiable in the surrounding of others calculations
5.041 eV [54]. The total bowing parameter is calculated by fitting the non linear variation of
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the calculated direct and indirect band gaps in terms of concentration with polynomial
function. The results are shown in fig. 5 and obey the following variations:

E . =2363-3.122 x+9.085 x" 3)

Er_y =3.426+0.864x +2.08 x° (4)

It is shown from the above equations the variation of direct (I'-I') and indirect (I"-X) band
gaps as a function concentration has a non linear behaviour. This behaviour is also observed
by Baaziz et al. [35] and Tsai et al. [55] by using the ab initio FP-LAPW and pseudopotential
methods, respectively. The direct gap (I'-I') versus concentration has a downward bowing
with a value of b=9.085, while the indirect gap (I'-X) has an upward bowing of b=2.08. The
values of these bowings are much closed to those obtained by using the full-potential
linearized augmented plane wave.
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Fig.4: Composition dependence of the direct (I'-I') and indirect (I'-X) band gaps in B,Ga, N alloy.
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Fig. 5: The calculated optical bowing parameter as a function of concentration.
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4. Conclusion

We have used the FP-LAPW method within the LDA for exchange-correlation
potential to investigate the structural and electronic properties of the cubic B,Ga,..N alloy.
We have calculated the equilibrium lattice constants, bulk modulus and its pressure
derivative. The bowing of the lattice constant, bulk modulus and energy band gap are also
investigated. Our results are compared with previous calculations using different methods. In
particular, a good agreement is found with the GGA study of this alloy (Ref. [35]), using FP-
LAPW (Wien2k). Our results show a strong dependence of the band gap bowing factor on
composition and lattice parameter.
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