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To investigate the effects of Al-doping on the structural, electronic, and optical properties of BxAlyGa1−x−yN

quaternary alloys in the zinc-blende (ZB) phase, first-principle total-energy calculations were performed using the

full-potential linearized augmented plane wave (FP-LAPW) technique as implemented in the WIEN2k code, which

is based on density functional theory (DFT). Different exchange correlation energy approximations were used,

such as the local density approximation (LDA) and the generalized gradient approximation within the Perdew–
Burke–Ernzerh (PBE-GGA) parameterization. We also used the Tran-Blaha modified Becke–Johnson (TB-mBJ)
approach to determine the band structures with great precision. Under hydrostatic pressure (P = 0 to 30GPa),
the pressure dependency of the BxAlyGa1−x−yN with different concentrations (x, y) = [(0.25, 0.25), (0.25, 0.50),
and (0.50, 0.25)] for electronic and B0.50Al0.25Ga0.25N for optical properties was also investigated. In addition,

we discovered that BxAlyGa1−x−yN retains its direct band-gap energy semiconductor. Using this value range, we

can get the appropriate optical characteristics for several technical applications. When these quaternary alloys are

subjected to hydrostatic pressure, we notice that all energy gaps widen as the pressure rises, while the nature of

the fundamental gap remains unchanged for all quaternary compounds.
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quaternary alloys.
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1. Introduction

Materials science is a broad field that includes semicon-
ductors. This discipline has made a determined effort to

develop and master new materials with substantial techno-

logical potential in recent years. III−V element semiconduc-
tors, for example, have a broad forbidden band (energy gap)
and crystallize as zinc-blende. III−N nitride semiconductors

and related compounds have piqued interest as important
optoelectronics and electronics materials. Gallium nitride

(GaN), aluminum nitride (AlN), and similar materials are

of tremendous interest because of their use in visible and
ultraviolet (UV) light-emitting systems. Boron nitride (BN)
is an excellent contender for protective coatings due to its

high melting temperature, hardness, and bulk modulus for
the cubic kind. It also has good heat conductivity, making

it useful for electronic devices [1–3].
Many research groups have recently become interested in

the characteristics of the BxAlyGa1−x−yN quaternary solid

solution. The structural, electrical, and optical properties of

III−N semiconductors and their solid solutions have been
studied using materials science models and computational

techniques such as density functional theory (DFT). Because
they have a direct band-gap, excellent chemical stability,

and robust mechanical properties, blue and UV emitters,
high power, electronics, and high temperature are appealing.

Due to their vast band-gap, element III-nitrides are often

employed in lasers, LEDs, and UV photodetectors, and

their field of application is broad, with light-emitting diodes

(green, blue), display panel giants, white LEDs being widely

marketed and used for illumination [4–6].
To meet the demand for new generation devices in

nonlinear optics, electronics, photovoltaic detectors, light-

emitting diodes, cell photodetectors, transistors, pulsed

laser diodes, and as thin film materials in new technology

semiconductors applications [7–15], we create new alloys

by combining III−V semiconductor binary compounds,

allowing us to diversify physical properties such as band-

gap, mesh agreement, and dielectric constant.

It is vital to examine the physical environment in

which electrons move to comprehend the many features

of nitride compounds. This research focuses on calculation

procedures, which can be classified into three categories:

1. Experimental data for specific parameters or quantities

are used to determine the values of other quantities using

empirical approaches.

2. Semi-empirical approaches rely on atomic parameters

and experimental data to forecast yet-to-be-determined

qualities.

3. To characterize the energy behavior of materials from

the first principles ab-initio approaches are used. However,

it is sufficient to know their composition to model materials

from the resolution of quantum mechanics equations (they
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Table 1. Adopted atomic positions of the BxAlyGa1−x−yN compound

Materials B Al Ga N

(0.25,0.25,0.25)

B0.25Al0.25Ga0.50N (0.00,0.00,0.00) (0.50,0.50,0.00)
(0.50,0.00,0.50) (0.75,0.75,0.25)
(0.00,0.50,0.50) (0.75,0.25,0.75)

(0.25,0.75,0.75)

(0.25,0.25,0.25)

B0.25Al0.50Ga0.25N (0.00,0.00,0.00)
(0.50,0.50,0.00)

(0.00,0.50,0.50)
(0.75,0.75,0.25)

(0.50,0.00,0.50) (0.75,0.25,0.75)
(0.25,0.75,0.75)

(0.25,0.25,0.25)

B0.50Al0.25Ga0.25N (0.00,0.00,0.00) (0.50,0.50,0.00)
(0.50,0.00,0.50) (0.75,0.75,0.25)
(0.00,0.50,0.50) (0.75,0.25,0.75)

(0.25,0.75,0.75)

use the atomic constants as input parameters for the

resolution of the Schrödinger equation).
Due to its simplification to the quantum mechanics

equations, the Density Functional Theory (DFT) is an
acceptable method for modeling solids among ab-initio

methods. However, approximations are required because of
the complexity of solids, which arises from the interaction of

many particles. Therefore, in DFT’s numerical application,
different approximations are used [16–18].
In recent years, boron-based compounds and alloys,

which offer many technological uses, have attracted much

interest. Their good physical features, including low
ionicities [19,20], short bond lengths, broad energy gaps,

high thermal conductivities, and large resistivities [21,22],
make them ideal for these applications.

Boron insertion into III−V compounds may pave the
way for gap engineering in III−V alloys, particularly long-

wavelength absorption materials for solar cells, coherent
light emission, and detection, which can all benefit III−V

optoelectronic applications.
Due to their frequent inclusion into heterostructures,

aluminum-based compounds are the most critical electrical
and optoelectronic materials [23,24].
The structural, electrical, and optical properties of zinc-

blende BxAlyGa1−x−yN quaternary alloys are explored

using the FP-LAPW method inside density functional theory
(DFT) as implemented in the Wien2k code under hydro-

static pressure in the range of 0−30GPa in this study. We
will look at how pressure affects various factors, including

lattice constants, band-gap energies, and optical properties.
A thorough understanding of these features could pave the

way for new technology applications.
In our case, all the structures with x composition (alloys)

have been considered on the basis of the zinc-blende
structure of GaN and BN compounds.

2. Calculation procedure

The structural, electrical, and optical characteristics

of zinc-blende BxAlyGa1−x−yN quaternary alloys were

investigated using the FP-LAPW approach implemented

within the Vienna package WIEN2k [25,26] under the

context of density functional theory (DFT). For structural

calculations, the exchange and correlation potentials were

addressed using several approximations — the Perdew

and Wang local density approximation (PW-LDA) [27] the
Perdew−Burke−Ernzerhof generalized gradient approxima-

tion (PBE-GGA) [28]. In addition to the GGA and LDA

approaches, we used the modified Becke−Johnson gener-

alized gradient approximation (TB-mBJ) for the electrical

characteristics [29]. The TB-mBJ method addresses the

drawbacks of GGA and LDA approaches in terms of band-

gap value misjudgment.

The FP-LAPW technique extends the charge density, po-

tential, and wave function by employing spherical harmonic

functions within non-overlapping spheres enclosing the

plane waves basis set and atomic sites (muffin-tin spheres)
in the unit cell’s remaining space (interstitial regions).
This approach yields band gaps close to experimental

values [29,30]. The energy convergence criteria were set

at 0.0001Ry, and the RMT × KMAX equal to 7 was chosen

for the plane wave expansion, where RMT is the minimum

radii of the muffin-tin spheres KMAX is the wave function

basis cut-off. The RMT values used in all calculations are

1.35, 1.4, 1.7, and 2.1 Bohr (0.529 Å) for B, N, Al, and Ga,

respectively.

The calculations were made on the basis of a zincblende

structure for GaN and BN, whose atomic positions are

known, while for B0.25Al0.25Ga0.50N, B0.25Al0.50Ga0.25N,

and B0.50Al0.25Ga0.25N, the positions of the different atoms

are shown in the following table (Table 1).
The cut-off energy, which determines how far the core

and valence states are separated, was set to 6Ry. As a result,

the valence wave functions inside muffin-tin spheres MT are

enlarged up to IMAX = 10, with GMAX = 14 (Ry)1/2 as the

plane wave cut-off value for charge density and potential.

In the irreducible Brillouin zone (BZ), integrals over the

Brillouin zone (BZ) are conducted up to 1000 k-points

for ZB binary compounds and 350 k-points for quaternary

compounds.
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Figure 1. Lattice parameter variation (a) and Bulk modulus (b) in the Zincblende phase of BxAlyGa1−x−yN as a function of

concentration y (Al) and composition x (B) calculated by GGA.

3. Results and discussion

3.1. Structural Properties

Starting with the zinc-blende (ZB) structure, we used

computed forces to shift the atoms to their equilibrium

positions. For simulating the structure of the quaternary

solid solutions BxAlyGa1−x−yN for the considered struc-

tures and at different boron and aluminum concentrations x
and y for compositions (x = 0.25, y = 0.50; and x = 0.50,

y = 0.25), we chose eight atoms (in primitive P mode of

fcc ZB) of 1× 1× 1 single cells. The generalized gradient

approximation GGA and LDA local density were used to

calculate the structural characteristics of the Zinc-blende

phase of the quaternary alloy BxAlyGa1−x−yN.

For different concentrations (x) of boron and (y) of

aluminum, the calculated total energies were fitted to

Table 2. Calculation of the lattice parameter a0 (Å), the bulk

modulus B (GPa), and its derivative B ′ (GPa) in the Zincblende

phase of BxAlyGa1−x−yN

Materials Parameters
Our calculations

GGA LDA

a0 (Å) 4.33 4.27

B0.25Al0.25Ga0.50N B (GPa) 210 230

B ′ (GPa) 4.38 4.29

a0 (Å) 4.29 4.24

B0.25Al0.50Ga0.25N B (GPa) 213 231

B ′ (GPa) 4.14 4.07

a0 (Å) 4.13 4.08

B0.50Al0.25Ga0.25N B (GPa) 245 264

B ′ (GPa) 4.60 4.18

the Birch−Murnaghan equation of state [8] to determine

ground state properties such as the equilibrium lattice

parameter a0 (Å), the bulk modulus B (GPa) and its

derivative B ′ (GPa). Table 2 lists the structural properties

of the quaternary solid solutions.

There is no experimental or theoretical evidence on the

structural characteristics of the investigated solid solutions

in the literature. Our findings might be used as a starting

point for further study.

When experimental evidence is insufficient, it is com-

monly assumed, in the treatment of solid solutions, that

the atoms are at their ideal positions and that the lattice

characteristics vary linearly with concentration x according

to Vegard’s law [31,32].

Violations of this linear rule, on the other hand, have been

seen both empirically [33] and conceptually for semiconduc-

tor compounds. The lattice constants of BxAlyGa1−x−yN

quaternary alloy are commonly stated as a linear relation of

boron composition x and aluminum composition y by the

following expression, assuming Vegard’s law is valid [34]:

a(x , y) = xaBN + (y)aAlN + (1− x − y)aGaN. (1)

With varying boron and aluminum concentrations, we ex-

amined the validity of Vegard’s law for the BxAlyGa1−x−yN

quaternary solid solutions in the ZB structure. The

composition-dependent lattice constant of these solid so-

lutions is denoted as a (x , y). The equilibrium lattice

parameters of BN, AlN, and GaN are a (BN), a (AlN),
and a (GaN), respectively.

The fluctuation of the lattice parameter a0 (Å) and the

bulk modulus B (GPa) as a function of the concentration y
of aluminum (Al) at different compositions x of boron (B)
is shown in Fig. 1. We see a tiny discrepancy in the lattice

parameter and the bulk modulus compared to Vegard’s law.
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Figure 2. Band structures in the Zincblende phase calculated by GGA, LDA, and mBJ of B0.25Al0.25Ga0.50N (a), B0.25Al0.50Ga0.25N (b),
and B0.50Al0.25Ga0.25N alloys.

Fig. 1, a shows that the lattice constant reduces approx-

imately linearly with increasing boron concentration at a

given aluminum concentration.

We can observe that at a given concentration of aluminum

Al, the bulk modulus grows linearly as the concentration

of B increases (see Fig. 1, b).

3.2. Electronic properties

3.2.1. Band structures

Based on the degree of energy band filling in their

ground state, the energy band theory of solids is a way

for understanding the electronic characteristics of periodic

structures that enables all crystals to be classed as materials,

semiconductors, insulators, or conductors [35].
The usage of quaternary alloys in optoelectronic devices

has sparked much interest in studying their energy gaps.

The band structure of semiconductors, whose gap width

characterizes the conduction level, can be used to deduce

their electrical properties.

We employed the approximations GGA, LDA, and mBJ

for the potential of exchange and correlation to analyze

the variance of the gaps. The GGA, LDA, and mBJ

approximations were used to compute the energy bands of

the BxAlyGa1−x−yN quaternary alloy. The valence band

maximum and conduction band minimum are at the point

of symmetry Ŵ for all concentrations of x and y (x = 0.25,

y = 0.25; x = 0.25, y = 0.50, and x = 0.50, y = 0.25), as
shown in the Fig. 2, a−c.

The quaternary alloy BxAlyGa1−x−yN has a direct gap

as a result. Compared to GGA and LDA, the mBJ

approximation improved the gaps.

For properties dependent on the precision of the exchange

and correlation potentials, the mBJ approximation yielded

good results. These results are presented in Table 3.

From this Table, the maximum value of the direct gap

(Ŵ−Ŵ) determined using the mBJ approximation for the

quaternary alloy BxAlyGa1−x−yN, which corresponds to

(x = 0.50, y = 0.25), is equal to 4.96 eV.

Table 3. Energy calculation of the direct (Ŵ−Ŵ) and indirect

(Ŵ−X) gap in the Zinc-blende phase of the quaternary compound

BxAlyGa1−x−yN

Compound Energy, eV
Our calculations

GGA LDA mB

B0.25Al0.25Ga0.50N
EŴ−Ŵ 2.89 3.37 4.13

EŴ−X 4.50 4.68 5.90

B0.25Al0.50Ga0.25N
EŴ−Ŵ 3.29 3.35 4.72

Eγ−X 4.84 5.01 6.28

B0.50Al0.25Ga0.25N
EŴ−x 3.39 3.47 4.96

EŴ−X 5.52 5.65 7.09

Semiconductors, 2023, Vol. 57, No. 5
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Figure 2 (continued).
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Figure 3. Variation of the direct (a), and indirect (b) band gap as a function of the concentration y and the composition x in the

Zinc-blende phase of the BxAlyGa1−x−yN alloy calculated by mBJ.

Table 4. Variation of the direct and indirect gap as a function of

the concentration y and the composition x of the BxAlyGa1−x−yN

alloys calculated by mBJ

y x Compounds EŴ−Ŵ EŴ−x

0 GaN 2.88 4.66

0.25 B0.25Ga0.50N 3.59 5.58

0 0.50 B0.50Ga0.50N 4.7 5.34

0.75 B0.75Ga0.25N 5.15 6.5

1 BN 10.47 5.88

0 Al0.25Ga0.75N 3.46 6.08

0.25 B0.25Al0.25Ga0.50N 4.13 5.90.25
0.50 B0.50Al0.25Ga0.25N 4.9 7.09

0.75 B0.75Al0.25N 5.65 7.35

0 Al0.50Ga0.50N 4.01 6.43

0.50 0.25 B0.25Al0.50Ga0.25N 4.72 6.28

0.50 B0.50Al0.50N 5.36 6.38

0.75
0 Al0.75Ga0.25N 4.71 6.87

0.25 B0.25Al0.75N 5.21 6.78

The gap energies computed with mBJ range from 4.13

to 4.96 eV. Using this range of values, we may achieve

the appropriate optical characteristics for various technical

applications.

The variation of the energy of the direct and indirect

gap according to the concentration y (y = 0, 0.25, 0.50,

and 0.75), and of the composition x (x = 0, 0.25, 0.50,

0.75, and 1) of the direct (Ŵ−Ŵ) and indirect (Ŵ−X) gap

calculated using mBJ, is represented in the Fig. 3 and

illustrated in Table 4.

3.2.2. State density (DOS)

The total energy of the solid, the position of the Fermi

level, and the probability of electron existence all need

thorough computations of the electron density of states

(DOS). The entire density of states is projected onto a

specific orbital of a given atom to get total and partial

densities of states. Therefore, it is interesting to determine

the spectra of the total and partial density of states to

examine and know the type of hybridization and the states

responsible for the binding to better comprehend the band

structure.

The utilization of many k points in the Brillouin zone

in DOS calculations necessitates a high level of precision.

We used a value k = 450 for the Zincblende phase with

various concentrations (x , y) in our calculations. The GGA

approximation is used to compute the total (TDOS) and

partial (PDOS) densities of states.

Fig. 4 illustrate the total and partial density of states

at equilibrium in the Zincblende phase of the quater-

nary compounds B0.25Al0.25Ga0.50N, B0.25Al0.50Ga0.25N and

B0.50Al0.25Ga0.25N.

Two major valence zones, VB1 and VB2, and a conduc-

tion region CB above the Fermi level can be distinguished

from the origin of the energies. In the calculations, we have

distinguished the core electrons B (1s2), Al (1s2 2s2 2p6),
Ga (1s2 2s2 2p6 3s2 3p6) and N (1s2) from those of va-

lence B (2s2 2p1), Al (3s2 3p1), Ga (3d10 4s2 4p1), and

N (2s2 2p3).
The first region (VB1) is located in the energy

range [−13, −11 eV]. The [Al-3s , Al-3p, Ga-4s , Ga-4p,
and N--2s , N-2p] state dominates the band VB1 for

the compounds B0.25Al0.25Ga0.50N, B0.25Al0.50Ga0.25N, and

B0.50Al0.25Ga0.25N, whereas the Ga-3d state contributes in

VB1, [B-2s , Al-3s , Ga-4s , and N-2p] dominate the other

Semiconductors, 2023, Vol. 57, No. 5
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Figure 4. Total and partial density of state in the Zincblende phase of B0.25Al0.25Ga0.50N (a), B0.25Al0.50Ga0.25N (b), and

B0.50Al0.25Ga0.25N (c).

valence band VB2 between [−8, 0.0 eV], and these are the

states to the left of the contribution.

The [B-2p, Al-3p, Ga-4p, and N-2p] states are mixed

in the second sub-region to the right; and the third region

(CB) is predominantly dominated by [B-2p, Al-3p, and

Ga-4p] for B0.25Al0.25Ga0.50N; [B-2p, Al-3p, and Ga-4s ]
for B0.25Al0.50Ga0.25N and [B-2p, Al-3s , and Ga-4s ] for

B0.50Al0.25Ga0.25N with a slight contribution from the

N-2p states.

4. Optical properties

Optical properties in solid-state physics describe how

electromagnetic radiation interacts with a substance, causing

polarization effects and conduction electron movement. The

dielectric function ε(ω), which plays an essential role

in studying optical characteristics, can characterize these

processes, which make up the material’s optical response.

In this part, we have investigated and determined

the optical properties of the quaternary compounds

BxAlyGa1−x−yN to understand their nature better and pro-

vide a good overview of their applicability in optoelectronic

devices.

The dielectric function can be used to calculate the optical

properties as:

ε(ω) = ε1(ω) + iε2(ω). (2)

The real part ε1(ω) is associated with polarization,

whereas the imaginary section ε2(ω) is determined by

the electronic transition near the absorption’s origin. The

Kramers-Kronig relations [36–38] can be used to get the

6 Semiconductors, 2023, Vol. 57, No. 5
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Figure 4 (continued).

real and imaginary parts of the dielectric function:

ε1(ω) = 1 +
2

π
P

∞
∫

0

ω′ε2(ω)

ω′2
− ω2

dω′, (3)

ε2(ω) = −

2ω

π
P

∞
∫

0

ε1(ω
′) − 1

ω′2
− ω2

dω′. (4)

Where ω is the light frequency, and the primary value of

the Cauchy integral is P .
The complex refractive index is one of the optical param-

eters that describe the interaction of light with the medium.

In the construction and study of heterostructure lasers

and other semiconductor waveguiding devices, knowing the

refractive index of semiconductors is crucial [39].
This amount N(ω) = n(ω) + ik(ω) can be calculated

using the real and imaginary components of the dielectric

function, with the latter defined in terms of the refractive

index n and the extinction coefficient k as follows:

ε1(ω) = n2
− k2, (5)

ε2(ω) = 2nk. (6)

Where the real refractive index n(ω) and the extinction

coefficient, which is also called the attenuation index k(ω)
can be given by the following two relations [40,41]:

n(ω) =





ε1(ω)

2
+

√

ε21(ω) + ε22(ω)

2





1/2

, (7)

k(ω) =





√

ε21(ω) + ε22(ω)

2
−

ε1(ω)

2





1/2

. (8)
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Figure 5. Variation of the dielectric function’s imaginary part (a), real part (b) and the absorption coefficient α(ω) (104 cm−1) (c) as a

function of energy as a function of energy for B0.25Al0.25Ga0.50N, B0.25Al0.50Ga0.25N and B0.50Al0.25Ga0.25N.

At low frequency (ω = 0) and from relation (7), we obtain

the following relation:

n(0) = ε1/2(0). (9)

We also calculated the refractive index using other empirical

models:

1. Moss’s model based on the atomic model [42]:

Egn4 = K. (10)

2. The Herve and Vandamme model [43]:

n =

√

1 +

(

A
Eg+B

)2

(11)

with A = 13.6 eV and B = 3.4 eV.

3. Ravindra’s model [44]:

n = α + βEg . (12)

With α = 4.084 et β = −0.62 eV−1.

The knowledge of the two real and imaginary sections

of the dielectric function makes it possible to calculate the

absorption coefficient α(ω) and the reflectivity R(ω) using

the following relations [45]:

α(ω) =
2ωk(ω)

c
=

4πk
λ

connected to ε2 as follows

α(ω) =
ε2ω

cn
, (13)

R(ω) =
(n − 1)2 + k2

(n + 1)2 + k2
. (14)

4.1. The dielectric function and the absorption
coefficient

We used the equilibrium lattice parameter and 450 k

points in the Brillouin zone to calculate the optical charac-

teristics of the quaternary compound BxAlyGa1−x−yN using

the approximation (GGA). Also, we present the fluctuations

of ε2(ω) and ε1(ω) for the alloy investigated for the concen-

trations (x , y) = [(0.25, 0.50), and x = (0.50, 0.25)] on

the Eqs (11,12).
The absorption is reflected in the imaginary component of

the dielectric function, and the peaks that appear in graphs

showing its fluctuation in relation to the energy are linked

to optical transitions.

The absorption thresholds correspond to the optical gaps.

The calculation results of the imaginary part ε2(ω) of the

dielectric function in the energy range from 0 to 40 eV for

the quaternary compounds BxAlyGa1−x−yN are shown in

the Fig. 5, a.

Analysis of these spectra shows that the behavior of ε2(ω)
for quaternary compounds is identical, with the first critical

points of the dielectric function, which corresponds to the

fundamental absorption thresholds starting at around 2.79,

3.30 and 3.42 eV for B0.25Al0.25Ga0.50N, B0.25Al0.50Ga0.25N

and B0.50Al0.25Ga0.25N respectively.

The optical transition between the highest valence band

and the lowest conduction band is the source of these

points, and the values of the critical points correspond to

the transition (Ŵv − Ŵc) for quaternary compounds.

The primary peaks, which indicate the absorption maxi-

mum, are at 7.70, 6.80, and 7.86 eV for B0.25Al0.25Ga0.50N,

B0.25Al0.50Ga0.25N and B0.50Al0.25Ga0.25N, respectively,

close to the absolute peak.

Fig. 5, b show the calculated results of the real (disper-
sive) ε1 part of the dielectric function of the compound

BxAlyGa1−x−yN.

We can see that the absorption maximum α(ω) coincides
precisely with the transition to zero of ε1(ω), i. e., where

ε1 = 0 and indicates the absence of dispersion. We note

that the passage to zero of ε1(ω), i. e., where ε1 = 0 and

which reflects the absence of dispersion, coincides perfectly

with the absorption maximum α(ω).
We discovered that the function ε1(0) for the

BxAlyGa1−x−yN compound vanishes at the following en-

ergy values: 9.19, 9.42 and 9.73 eV for B0.25Al0.25Ga0.50N,

B0.25Al0.50Ga0.25N and B0.50Al0.25Ga0.25N, respectively,
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Figure 6. Variation of the refractive index n(ω) (a), the extinction coefficient k(ω) (b), and the reflectivity coefficient R(ω) (c) as a

function of energy for B0.25Al0.25Ga0.50N, B0.25Al0.50Ga0.25N and B0.50Al0.25Ga0.25N.

Table 5. Absorption coefficient values α0 for the quaternary

compound BxAlyGa1−x−yN

Compounds
Absorption

coefficient α0 (104 cm−1)

B0.25Al0.25Ga0.50N 215.02

B0.25Al0.50Ga0.25N 219.38

B0.50Al0.25Ga0.25N 229.91

where the dispersion at these energy values is zero, and

therefore the absorption is maximal.

The spectrum of the absorption coefficient α(ω) for the

quaternary compound BxAlyGa1−x−yN with concentrations

(x = 0.25, y = 0.25; x = 0.25, y = 0.50 and x = 0.50,

y = 0.25) is shown in Fig. 5, c. The greatest value is

between 7.5 and 20 eV, and the absorption is particularly

powerful in this region.

The following Table 5 groups the values of the absorption

coefficient α0 .

4.2. Refractive index, extinction coefficient
and reflectivity

The Fig. 6 shows the variation of the refractive index

n(ω), the extinction coefficient k(ω), and the reflectivity

coefficient R(ω) as a function of energy for three quaternary

compounds.

The extinction coefficient k(ω) fluctuation curves reveal

multiple peaks, the most intense at 9.61, 10.12, and

11.16 eV for B0.25Al0.25Ga0.50N, B0.25Al0.50Ga0.25N and

B0.50Al0.25Ga0.25N, respectively. These energies are the

same as the energy values that cancel the spectrum of the

dielectric function’s real portion.

For B0.25Al0.25Ga0.50N, B0.25Al0.50Ga0.25N and

B0.50Al0.25Ga0.25N, the maximum reflectivity is around

15.32, 22.31, and 21.79 eV, respectively. As a result, the

material under investigation is an excellent option for

application in the UV spectrum.

The refractive index and coefficient of reflectivity of our

alloy are provided in Table 6 as static values. The results

of our calculations utilizing the (GGA) approach are also

included in this Table 6.

5. Pressure effect on the physical
properties

5.1. Pressure effect on the electronic properties

The FP-LAPW approach within the PBE-GGA approxi-

mation was used to explore the hydrostatic pressure effect

on the energy bandgap for BxAlyGa1−x−yN compounds

at concentrations of ([x = 0.25, y = 0.25], [x = 0.25,

y = 0.50], and [x = 0.50, y = 0.25]). To begin, the

lattice constant was estimated as a function of pressure

at P = 0−30GPa, with a 5GPa step, using the following

equation [46]:

a(P) = a(0)

[

1 +

(

B ′

B

)

P

]

(

−1

3B′

)

(15)

where B is the bulk modulus, B ′ is the bulk modulus’s

pressure derivative, and a (P) is the lattice parameter at the

pressure P .
Using the constant lattice values deduced from Eq. (15),

the direct E(Ŵ → Ŵ) and indirect E(Ŵ → X) band-gap

energies of the BxAlyGa1−x−yN compounds have been

calculated as a function of hydrostatic pressure. Table 7

below shows the outcomes achieved.

Fig. 7 shows the evolution of the direct and indirect

band-gap energies for cubic BxAlyGa1−x−yN quaternary

compounds under hydrostatic pressure.

We can observe that for concentrations of ([x = 0.25,

y = 0.25], [x = 0.25, y = 0.50], and [x = 0.50, y = 0.25]),
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Table 6. The values of the real part ε(0), the refractive index n(0) and the reflectivity coefficient R(0) were calculated for the two

compounds BxAlyGa1−x−yN

Compounds
Our calculations

FP-LAPW Herve Ravinda Reflectivity R(0)

B0.25Al0.25Ga0.50N
ε(0) 5.22 5.66 5.29

0.152n(0) 2.28 2.38 2.30

B0.25Al0.50Ga0.25N
ε(0) 4.94 5.15 4.16

0.143n(0) 2.22 2.27 2.04

B0.50Al0.25Ga0.25N
ε(0) 4.97 5.01 3.29

0.145n(0) 2.21 2.24 1.98

Table 7. The direct and indirect band-gap energies of the BxAlyGa1−x−yN compounds at different pressures

Hydrostatic pressure P (GPa)

Composition Band-gap
0 5 10 15 20 25 30(x, y) energy, eV

B0.25Al0.25Ga0.50N
EŴ−Ŵ 2.926 3.16575 3.345 3.46375 3.522 3.51975 3.457

EŴ−X 4.534 4.654075 4.7543 4.834675 4.8952 4.935875 4.9567

B0.25Al0.50Ga0.25N
EŴ−Ŵ 3.326 3.39662 3.44848 3.48158 3.49592 3.4915 3.46832

EŴ−X 4.876 5.006378 5.11751 5.209398 5.28204 5.335438 5.36959

B0.50Al0.25Ga0.25N
EŴ−Ŵ 3.428 3.502985 3.55794 3.592865 3.60776 3.602625 3.57746

EŴ−X 5.553 5.67324 5.77396 5.85516 5.91684 5.959 5.98164
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Figure 7. The variation of the energy gaps as a function of the

pressure of the compound B0.25Al0.25Ga0.50N, B0.25Al0.50Ga0.25N,

and B0.50Al0.25Ga0.25N respectively were studied by GGA.

the direct band-gap E(Ŵ → Ŵ) and indirect band-gap

E(Ŵ → X) of BxAlyGa1−x−yN quaternary compounds in-

creases with increasing pressure in different values and that

the maximum of the valence band and the minimum of

the conduction band are always located on the point Ŵ → Ŵ

(direct gap).

The empirical formula below is used to fit the calculated

data to a quadratic function [46]:

Eg(P) = Eg(0) + αP + βP2. (16)

Table 8 summarizes the pressure coefficients α and β

obtained from the fit.

A quadratic fit from Eq. (16) is used to calculate

the direct and indirect band-gap energies vs pressure of

the BxAlyGa1−x−yN quaternary compounds, yielding the

following results:

For B0.25Al0.25Ga0.50N:

E(r−r) = 2.926 + 0.054P − 1.21 · 10−3P2 (Direct gap),
(17)

E(r−X)=4.534+0.026P−3.97 · 10−4P2 (Indirect gap).
(18)

For B0.25Al0.50Ga0.25N:

E(r−r) = 3.326 + 0.016P − 3.752 · 10−4P2 (Direct gap),
(19)

E(r−x) =4.876+0.028P−3.849 · 10−4P2 (Indirect gap).
(20)

For B0.50Al0.25Ga0.25N:

E(r−r) = 3.428 + 0.017P − 4.006 · 10−4P2 (Direct gap),
(21)

E(r−x) = 5.553+0.026P−3.904 · 10−4P2 (Indirect gap).
(22)
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Table 8. Hydrostatic pressure coefficients α and β for the BxAlyGa1−x−yN quaternary compounds

Our calculations
Composition (x, y) Energy, eV

α (10−2 eV/GPa) β (10−4 eV/GPa)

B0.25Al0.25Ga0.50N
E(r−r) 5.4 −0.121

E(r−x) 2.6 −3.97

B0.25Al0.50Ga0.25N
E(r−r) 1.6 −3.752

E(r−x) 2.8 −3.849

B0.50Al0.25Ga0.25N
E(r−r) 1.7 −4.006

E(r−x) 2.6 −3.904
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Figure 8. The imaginary (a), and real (b) parts of the dielectric function at pressure (P = 0−30GPa), corresponding to the

B0.50Al0.25Ga0.25N compounds.

5.2. Pressure effect on the optical properties

We picked the combination B0.50Al0.25Ga0.25N for a

concentration of (x = 0.50, y = 0.25) where the gap energy

is more significant to explore the influence of pressure

on the optical characteristics of the quaternary compound

BxAlyGa1−x−yN in the zinc-blende phase using the GGA

approximation.

For a pressure range of 0 to 30GPa, we calculated the real

and imaginary parts of the dielectric function, the absorption

coefficient, the refractive index, the extinction coefficient,

and the reflectivity.

5.2.1. The dielectric function

Pressure’s effect on the dielectric function has also been

investigated. The computed imaginary and real components

of the dielectric function for the B0.50Al0.25Ga0.25N alloy

under varied pressure values of 5, 10, 15, 20, 25, and

30GPa are shown in Fig. 8.

Fig. 8, a shows the results of calculating the imaginary

part ε2(ω) of the dielectric function for the quaternary

compound in the range of 0 to 40 eV.

The positions of all peaks change to higher energies under

pressure, according to the analysis of these spectra; the

explanation for this is the increase in gap energies under

pressure. We also observe that the prominent peaks, which

reflect the absorption maximum, are located at 8.03, 8.30,

8.43, 8.56, 8.70 and 8.83 eV under the same pressure.

The calculation results of the dielectric constant ε1(ω) are
represented by the Fig. 8, b.

The limit of the real portion of the dielectric function

near-zero frequencies yields the static dielectric constant

ε1(0). The computed values of ε1(0) for B0.50Al0.25Ga0.25N

disappear at 4.86, 4.81, 4.73, 4.73, 4.62 with applicable

pressures of 5, 10, 15, 20, 25, and 30GPa, respectively,

where dispersion is zero and absorption is highest.

5.2.2. Absorption coefficient

The absorption coefficient α(ω) of the medium-optical

measures how much light it absorbs. It is defined as

the percentage of power absorbed per unit length of

the medium. Fig. 9, a represents the variation of this

coefficient for the quaternary compound B0.50Al0.25Ga0.25N

Semiconductors, 2023, Vol. 57, No. 5



Influence of hydrostatic pressure on the structural, electronic, and optical properties of BxAlyGa1−x−yN... 391

0.5

1.0

1.5

2.0

2.5

0

E
xt

in
ct

io
n 

co
ef

fi
ci

en
t 
k
(ω
)

P = 5 GPa

P = 25 GPa
P = 20 GPa
P = 15 GPa
P = 10 GPa

P = 30 GPa

Energy, eV
0 5 10 15 20 25 30 35 40

c

0.2

0.3

0.7

0.4

0.5

0.6

0.1

0

P = 5 GPa

P = 25 GPa
P = 20 GPa
P = 15 GPa
P = 10 GPa

P = 30 GPa

Energy, eV
0 5 10 15 20 25 30 35 40

d

R
ef

le
ct

iv
it

y 
co

ef
fi

ci
en

t R
(ω
)

50

250

100

150

200

300

0

A
bs

or
pt

io
n 

co
ef

fi
ci

en
t 
α
(ω
)

P = 5 GPa

P = 25 GPa
P = 20 GPa
P = 15 GPa
P = 10 GPa

P = 30 GPa

Energy, eV
0 5 10 15 20 25 30 35 40

a

1.5

3.5

2.0

2.5

3.0

4.0

0.5

1.0

0

P = 5 GPa

P = 25 GPa
P = 20 GPa
P = 15 GPa
P = 10 GPa

P = 30 GPa

Energy, eV
0 5 10 15 20 25 30 35 40

b

R
ef

ra
ct

iv
e 

in
de

x 
n
(ω
)

Figure 9. Variation of the absorption coefficient α(ω) (104 cm−1) (a), the refractive index n(ω) (b), the extinction index k(ω) (c), and
the reflectivity coefficient R(ω) (d) as a function of energy for B0.50Al0.25Ga0.25N under pressure 5, 10, 15, 20, 25 and 30GPa.

Table 9. The absorption coefficients α0 values for the compound B0.50Al0.25Ga0.25N under pressure of 5, 10, 15, 20, 25 and 30GPa

Absorption coefficient α0 (104 cm−1

5 10 15 20 25 30

B0.50Al0.25Ga0.25N 233.59 237.24 240.44 242.47 244.49 246.68

as a function of energy and pressure at 5, 10, 15, 20, 25,

and 30GPa.

There is no absorption in the low-energy zone, as can be

noticed. The absorption begins around 3.87, 2.62 eV and

peaks between 7.5 and 20 eV, with the absorption being

assertive in this range. The absorption coefficient drops in

the high energy range, where absorption is very poor for

energies above 33 eV.

In Table 9 below, the values of the absorption coefficients

α0 are grouped.

5.2.3. Refractive index and extinction coefficient

The Fig. 9, b and c shows the refractive index n(ω) and

extinction coefficient k(ω) for the quaternary compound

B0.50Al0.25Ga0.25N generates under pressures of 5, 10, 15,

20, 25, and 30GPa. The static values of the refractive index

of our alloys are shown in Table 9.

The extinction coefficient k describes the absorption of

light. The variation curves of the extinction coefficient k(ω)
indicate many peaks, the most intense of which is situated at

Semiconductors, 2023, Vol. 57, No. 5
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Table 10. The values of the real part ε(0), the refractive index n(0) and the reflectivity coefficient R(0) calculated for the

B0.50Al0.25Ga0.25N under pressure range from 5 to 30GPa

Our work (FP-LAPW)
Composition

5 10 15 20 25 30

ε(0) 4.86 4.81 4.73 4.71 4.68 4.62

B0.50Al0.25Ga0.25N n(0) 2.21 2.20 2.185 2.181 2.17 2.16

R(0) 0.142 0.140 0.138 0.137 0.136 0.134

11.29, 11.56, 11.81, 11.96, 12.09, and 12.21 eV, respectively,

under pressures of 5, 10, 15, 20, 25, and 30GPa.

5.2.4. Reflectivity coefficient

The reflectivity R(ω) is calculated using the refractive

index n(ω) and the extinction coefficient k(ω). The

variation in reflectivity as a function of energy is represented

in Fig. 9, d.

Under pressures of 5, 10, 15, 20, 25, and 30GPa, the

calculated reflectivity reaches a maximum of roughly 22.09,

22.37, 22.49, 22.76, 23.01, and 23.26 eV.

Its maximum value remains constant across a wide range

of energies until it sharply decreases at roughly 34 eV.

Our alloys refractive index and reflectivity coefficient are

provided in Table 6 as static values. The results of our

calculations utilizing the (GGA) approach are also included

in this Table 10.

6. Conclusion

This work aims to determine the influence of pressure

on the structural, electronic, and optical properties of the

zinc blende phase of the quaternary alloys BxAlyGa1−x−yN.

We used the method of linearized augmented plane waves

implemented in the framework of density functional the-

ory (DFT). The potential for exchange and correlation

is handled by the local density approximation (LDA)
and the generalized gradient approximation (GGA). This
theoretical formalism (DFT) is implemented in the WIEN2k

computer code.

We have presented only our results for quaternary com-

pounds due to the lack of theoretical and experimental data

relating to this quaternary. According to our calculations,

the network parameter a0 is undervalued by the (LDA) and
inflated by the (GGA), which deviates significantly from

Vegard’s law. An inverse behavior concerning these two

approximations is observed for the bulk modulus B.

The quaternary alloys BxAlyGa1−x−yN, according to the

different concentrations of x of boron and y of aluminum are

directly gapped. The most significant value of the direct gap

(Ŵ−Ŵ) calculated using the mBJ approximation are equal

to 4.96 eV and 2.98 eV, which correspond to (x = 0.50,

y = 0.25).

The gaps calculated using mBJ vary from 4.13 to

4.96 eV. This range of values allows us to obtain the

desired optical properties for various technological appli-

cations. When these quaternary alloys are subjected to

hydrostatic pressures, we notice that all the energy gaps

increase with the rise in pressure and that the nature

of the fundamental gap remains direct for all quaternary

compounds.

Among the quantities that we also calculated, the total

and partial densities of states (DOS), we noticed that

the curves of the densities of states obtained by the

approximation (GGA) have the same appearance. These

allowed us to examine and know the contributions of

the different orbitals. The densities of states show

us the strong hybridization that exists between the 2p

states of the B atom, (3s, 3p) of the Al atom, and

(4s, 4p) of the atom Ga, as well as the 2p states of

the N atom.

Finally, we theoretically explored the optical properties

such as dielectric function, refractive index, extinction

coefficient, and reflectivity coefficient using the method of

linearized augmented plane waves (LAPW). We studied the

effect of pressure on these optical properties for a concen-

tration of x = 0.5 of boron and y = 0.25 of aluminum and

this for a pressure that varies from 0 to 30GPa. So, our

studied materials are a priori good candidates for use in the

ultraviolet field.

The theoretical study that we used to characterize the

BxAlyGa1−x−yN quaternary allows us to have a global idea

of the physical properties of this material.

Due to the lack of experimental data concerning these

alloys, it is hoped that this work will make a modest

contribution to this field. Our work remains to be confirmed

by an experimental study to realize of components for

optoelectronics.
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