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First-principles calculations to investigate structural,
electronic and optical properties of BN by inserting an
ultrathin XY (X = B, Al and Y= Bi, P, N) layer to form
short-period (XY)1/(BN)1 superlattice
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This study focuses on investigating the structural, electronic and optical properties of BN using first-principles analysis.
To form a zinc-blende superlattice oriented following (001), (111), an ultrathin XY layer (where X = B, Aland Y = Bi, P, N)
is inserted into the BN structure, using the full potential linear muffin-tin orbitals method (FPLMTO) within generalized
gradient approximation (GGA96). Electronic structure analysis confirms that these compounds exhibit semiconductor
behavior when oriented along the (001) axis with a direct (AIN)1/(BN)1 and indirect difference for the two other SLs. The
analysis of the partial density of states reveals a significant influence of nitrided materials, such as BN, which can be
attributed to the strong sp hybridization of N atoms. Furthermore, the dielectric functions, refractive index, and calculated
absorption spectra of the (001) oriented superlattices demonstrate their potential for various technological applications in
infrared and visible emission. We have found that our calculated values were in good agreement with those in the
literature. In contrast, the (111) oriented systems exhibit semi metallic behavior. No experimental or theoretical studies
have been conducted on the properties of (111)-oriented superlattices (SLs) composed of (BBi)1/(BN)1, (BP)+/(BN); and

(AIN)1/(BN)+. So, this theoretical study provides valuable insight that can help in experimental measurements.
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1. Introduction

In recent years, IIIV semiconductor compounds based
on bore elements have played a great role in developing
new technologies because of their use in electronic and
optoelectronic applications, especially in the fabrication of
solar cells, semiconductors, optical amplifiers, transistors,
diodes, lasers, and other devices [1-3].

Particularly III-V semiconductor hetero-structures
called superlattices (SL’s) have attracted the particular
necessity of searches for device applications and have
come to be the subject of many theoretical and
experimental investigations. The SL’s focused attention
due to the possibility of designing structures and the
probability of adjusting band gaps and band structures
with variations of simple parameters like superlattice
period, growth direction, and substrate material [4-8].

It is evident that there has been a great deal of interest
in the use of the first-principle calculations in materials
science [10,11,12,14], including the density functional
theory (DFT) [9,13] to study the structural and electronic
properties of III-V semiconductors and their superlattice.

The physical properties of B-V compounds have been
the subject of a great deal of theoretical research and
experimentation. Ustundag et al. [3] have investigated the
phase stability of B—V compounds in three different

phases, namely Zinc-Blende (ZB), Rock-Salt (NaCl) and
Wurtzite (WZ). They have found the ground state phase of
B-Vcompounds as ZB alloys using the full potential
linearized augmented plane wave (FP-LAPW) method in
the framework of density functional theory (DFT) with the
generalized gradient approximation (GGA) Shen et al. [15]
have investigated the structural and electronic properties
of wurtzite BAINby using first principles calculations
based on hybrid density functional theory and a projection
scheme to identify band edges, Bencherif et al. [16]
studiedthe structural and electronic properties of boron-
based compounds BN, BP and BAs that have crystallized
in the ZB phase and study the relative stability of the
NaCl (rock salt) and CsC by using the method FP-LAPW
their calculation of the electronic structure of BP and BAs
indicates the presence of a fundamental indirect Merabet et
al. [8] have calculated the structural, electronic and optical
properties of bulk semiconductors BP and BAs in the zinc
blend phase and their (BP)n/BA)n (n=1, 2 and 3)
superlattices are performed using the. The fundamental
band gap dependence of the SL on the number of SL
monolayers is given. Arbouche et al. [17] have
investigated the stabilities of four IIl-phosphide
compounds: (BP, GaP, AIP, and InP) in zinc-blende.
Ferhat and Zaoui [18] have investigated the properties of
BBi in various phases using first principles calculations.
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They have reported that the ZB phase is a more stable
structure than the others for BBi.

In this paper we report first-principles investigations
of structural, electronic and optical properties of BN by
inserting an ultrathin XY (X = B, Al and Y= Bi, P, N) layer
to form short-period (YX),/(BN), superlattice oriented
following the (001) and (111) by using the full potential
linear muffin-tin orbitals method (FPLMTO) in its plane
wave approximation (PLW), which enables an accurate
treatment of the interstitial regions.

To date, though, the (BBi)m/(BN)n, (BP)m/(BN)n,
and (AIN)m/(BN)n SL’s with different growth axis
directions have received little to no attention. Here, we
aim to not only provide all the information regarding the
(001) symmetries but also to investigate the symmetry of
(111)-oriented SLs. Ultimately, we hope to be able to
predict the precise structural, electronic and optical
characteristics of SLs grown along the (001) and (111)
direction using first principles calculations whose is
devoid of adjustable parameters and can help shed light on
different aspects of the problem.

The rest of the paper is organized as follows. We
briefly describe the computational details used in the
present work in Section 2, and the results about the
structural, electronic, and optical properties are presented
in Section 3 finally the work is concluded in Section 4.

2. Computational

The  present study  reports  first-principles
investigations of the structural and electronic properties of
BN by inserting an ultrathin layers of XY (X = Al, Bi, P
and Y= B, N) to from a short period superlattice
(XY)/(BN); oriented following the axes (001), (111) using

the full potential linear muffin-tin orbitals method
(FPLMTO) [19,20] as incorporated in the new version of
the LMTART computer code within the generalized
gradient approximation (GGA 96) [21,22,23,24] using the
parameterization of Perdew et al. [25]. The FPLMTO
method extends the potential of non-overlapping muffin-
tin spheres (MTSs) to spherical harmonics within the
sphere. In the interstitial region (IR), the basis functions
s, p, and d are expanded into a set number (NPLW) of
plane waves in the interstitial regions, effectively treating
them equally as in the central regions. Automatic
determination of cutoff energies establishes the value of
(NPLW). The base set of LMTO and charge density are
created using spherical harmonics up to Imax=6 (the
highest possible angular momentum). We have verified
the accuracy of the Fourier and mesh division parameters
that play a role in these computations. Through an
iterative process, the total energy is recalculated until it
converges with a minimum accuracy of 10 Ry.

For binaries, a primitive cell is considered. Each
position contains two atoms, the first being (B, Al) and the
second being (Bi, P, or N). The second atom is obtained
from the first atom by a shift of (1/4,1/4,1/4). a, in the
zinc-blende (ZB) phase, a, being the lattice parameter of
the binary Fig. 1-a among the structures being looked into
are ideal quantum well superlattices SL (n, n) has a
tetragonal symmetry made of a periodical sequence of m
monolayers of BBI, BP or AIN atoms and n monolayers
of BN atoms (n is the number of monolayers of binary
compounds), (a monolayer contains two atoms, one cation,
and one anion). We then select a series of (BBi)m/(BN)n,
(BP)m/(BN)n, and (AIN)m/(BN)n, SL where n = m =1 for
all  structural properties in the zinc mixture phase
following the growth axes (001) Fig. 1-b and (111) Fig.
1-c.

Fig. 1. Structure of the mesh of the zinc mixture of binaries and SL’s oriented 001 and 111 (color online)

If we take (0 0 1) as the growth axis presented in Fig.
2, the x and y axes are parallel to the layer and the z axis
that is perpendicular to it, and the primitive translational
vectors of the superlattice (BBi)n/(BN)n, (BP)n/(BN)n
and (AIN)n/(BN)n[SL’s(n, n)] oriented (001)and are

. a0 a0
given by: agoon= (1,1,0); ayeoy= (-1,1,0);

0 . .
az(o()]):a? (0,0,L); Here the value of a, is a lattice constant
of bulk materials, it should be noted that the period of our

SLs is D=L*ag;_agy being the equilibrium lattice constant
of the SL's in the x direction (aSL:?/—(%). The (001)- SL’s

unit cell has a tetragonal symmetry with a,eoy= ay

a0
oon~asL =7 and a.go1y = L. ap. The volume of the

original direct unit cell (001) SL’s is V g1y = L.a,*/2 with
4L =2(m + n).
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Fig. 2. The representation of the binary semiconductor and the superlattice of SL (1,1) along the growth axis (001). The set of primitive
translation vectors of the superlattice is also shown as Xs;, YSL, and Zg; for SL (1,1). i, j and k are the Cartesian unit vectors. Each
point represents a node containing two atoms of the same species. a, and ag; are the binary and superlattice network constants,
respectively (color online)

The (111) oriented superlattices (SLs) presented in
Fig. 3 are more intricate. The direct and reciprocal
primitive cells of the (111) SLs are remarkably similar to
those of the face centred cubic crystals (f.c.c) or the
smallest ordered structure is a four-atom tetragonal cell
corresponding to the SLs(1,1). The only difference is that
one of the primitive translation vectors has a distinct
length from the other two. Fig. 3 shows the unitary cell
of the current SL(111), which is characterized by a non-

orthogonal unitary basis set @,E, KT,:). EThis unitary
cell is slightly similar to the one corresponding to f.c.c.
symmetry. However, there is a difference: the third

vector has a different length, which is K;=Z +z;f0r

(111) SL’s, while it is K= (T + k)/2 for f.c.c. To perform
first-principle computations on (111) SL’s, a different
non-primitive cell was used, as shown in Fig. 2b. This

cell is characterized by orthogonal vectors (KE,FO). The
volume of the current square tetragonal non-primitive
cell is equal to 4 L a,’. It is easy to check that the
multiplicity non-primitive cells is 8 by calculating the
ratio V(111) non-primitive cells/V(111) primitive cells
=8. Let us write down the lattice parameters of this
tetragonal multiple unit cell. All are different: a,1y=asy

_ a0 a0
=& adan-Lz
symmetry found in (111) SLs will bear a similarity to
those in the f.c.c in two directions, but will diverge in the

and a.q11y = 2.y, The points of high

a:111)

e 1Y

3

'
IR ——

Fig. 3. Representing the link between the atomic planes of both
the bulk semiconductor and the growth axis SL (111)

3. Results and discussion
3.1. Equilibrium structural properties

The objective of this work is to make a contribution in
the field of design of optoelectronic devices based on III-V
materials, this contribution is in the form of a study of the
structural, electronis, and optical properties of SL's
superlattices composed of two binaries for growth along
the two axes (001) and (111). The choice fell on the four
binaries BN, BBI, BP, and AIN. Relative to the binaries
studied, a cubic unit cell of 8 atoms was considered. Each
position contains two atoms, the first atom is that of boron
(B) or aluminum (Al) located at position (0; 0; 0) a, and
the second atom is that of nitrogen (N) the bismuth (Bi) or
phosphorus (P), which is located at the position of (1/4;
1/4; 1/4) agin the zinc blend phase (a;) which are the
equilibrium lattice parameters of the two binaries).

The superlattice was first proposed by Esaki and Tsu
in 1970 [26]. It is an artificial structure consisting of
alternating layers of two different semiconductor
materials, forming a periodic arrangement of quantum
wells and barriers. In our case, each of these compounds
(BBi) (BP), (AIN), acts as a barrier, while (BN) acts as a
well. The study of structural and electronic properties in
SL along the growth axes (001) has been considerably
focused over the past decade, but the most interesting
feature is knowing the effect of crystal orientations on
their properties and potential applications [27] SL oriented
(111) is reported to exhibit significantly different
characteristics from those oriented along the (001)
direction. The calculations in this work are carried out in
ideal cases, where all the atoms of the binaries or SLs are
located in ideal positions. By choosing SLs that have a
short period, we can suppose that the lattice parameter is
constant throughout the crystal, because the distance
between successive interfaces is very small. This
approximation frees us from any relaxation calculation.
Atomic positions are among the most important factors for
SL calculations.

We will present a detailed structural optimization by
minimizing the total energy, the variations of the total
energy as a function of volume for the binary compounds
BBi, BP, AIN and BN, and the variation of the total energy
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as a function of volume for SL (1,1) on the two growth
axes (001) (111), respectively. From the adjustment of
these curves by fitting using the Murnaghan equation [34],
we calculated the mesh parameter (a,), the bulk modulus
B, and its derivative B’.

Tables 1 and 2 summarize the results of the
calculations obtained by the FP-LMTO method with the
GGA approximation; the iteration process is identical to
that used for the calculation of binary and SL’s systems,
that is to say that all the energy converges with a minimum
accuracy of 10™* Ryd. The calculated results for the binary
are presented in Table 1, which also contains results from
early theoretical and experimental data for comparison.
The calculated lattice parameters are in fairly good
agreement with the experimental values [37, 39, 40, 41].
The calculated equilibrium lattice parameters of the
binaries in ZB are 5.447 A BBi, 4.554 A BP, 4.3945 A
AIN and 3.617 A BN underestimate the measured data by
less than 0.35%, 0.32% and 0.05% from the experimental
values of 4.538 A for BP, 4.38 A for AIN, and 3.615 A
for BN, respectively. Unfortunately, there is no

experimental result for the binary compound BBi.
However, note that for example, the lattice parameters for
BBi were underestimated by 0.5 %compared to -5.479A
GGA [38], which ensures the reliability of the current
calculations according to the first principles. This
underestimate is attributed to our use of the generalized
gradient approximation (GGA96), which is well known to
slightly underestimate the lattice constant compared to the
measured ones. We also found that our results for both
compounds agree with those obtained by first-principles
methods [1,3,8,16,32,33,35,36,37,30,39,40,41] in different
approximations. We notice that the values obtained for the
modulus of rigidity for our binary compounds are more or
less close to the experimental results compared to other
theoretical results. The calculated values of the
compressibility modulus decrease as you go from BN to
BBi, BN to BP, and BN to AIN according to Table 1,
which verifies the relationship of inverse proportionality
between the mesh parameter and the compressibility
modulus.

Table 1. The structural parameters of the investigated compounds, V) is the equilibrium volume, a, represents the lattice constant of
bulk materials. In the case of SL the link between a, and the SL lattice parameter is given by: (a, = V2 .agz) for both (001) and (110)
oriented SLs and (ay =ag; /\/5 )for (111) oriented SLs. Bulk modulus B, pressure derivative B, compared to the available theoretical

and experimental data

Vo(A%) ag(A) as. (A) Co /a9 B B’
BN 11.8389 3.61791 1 408.959 3.810
Exp 3.615a 369 a 4a
375.923b 3b
Theoretical 3.627b> 3.530c 41744 ¢ 3.78 ¢
studies 3.63d 371.24d 3.77d
BBi 40.4028 5.447 -- 1 74.289 4311
Exp 54791 || e | s
Theoretical 5.531b5.470 ¢ 66.846b 4.395b
studies 5.394f 86.27g 46¢g
83.99 f 436 f
BP 23.6112 4.554 -- 1
Exp 4.538h o/ T R—
Theoretical 4.551.4.425¢ 161.734b | 3.649b
studies 4.53j 182.81c¢ 377 ¢
153.19 343
AIN 21.2162 4.3945 -- 1 208.837 3.731
Exp 438 | e | e
2011 3.661
Theoretical 4.3771,4.34m 209 m 3.38 m
studies 4349 n 211.78 n 390 n
(001) SLs
BBi;BN, 28.4188 4.8393 3.422 1.414 57.5190 4 35081
BP,BN; 18.1096 4.1686 3.3826 1.414 105.1819 3.3826
AIN;BN, 24.1156 4.437 4.5169 1.414 90.6615 4.5169
(111) SLs
BBi;BN, 31.9812 4.7628 6.7356 1.414 166.5258 | 33.89898
BP,BN; 17.8605 4.452 11.17048 1.414 208.1572 | 11.17048
AINBN; 17.8748 4.476 9.9879 1.414 206.0380 9.9879

aRef [35], bRef [3], cRef [16], dRef [28], eRef [20], fRef [1], gRef [29], hRef [36], iRef [37], jRef[8], kRef [33], IRef [30], mRef [31],

nRef [32]
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To derive the fundamental characteristics of SL (1, 1),
the total energies are calculated for six superlattice
structures with varying volumes around the equilibrium
volume V,. The resulting values of total energy as a
function of reduced volume are then reconciled using the
Birch equation of state [39] to determine the properties of
the ground state. Table 1 provides the equilibrium
parameters (a,, B and B’) computed from the six
superlattices. The lattice parameter of boron nitride is
obviously smaller than that of boron bismuth, boron
phosphide and aluminum nitride, as indicated by the ratio
ay (BN)+ay(BBi), agBN)a, (BP), and ay(BN) ag(AIN).

For BBi/ BN and BP/BN the cation atoms are
identical in both compounds, and for AIN /BN the anion
atoms are identical in both compounds, this result can
casily be explained by considering the atomic radii of BI,
P, Al and N, R (N) = 0.65 A R(Bi)=1.60 A, R(N)=0.65 A
R(P) =1.00 A and R(N)= 0.65 A R (Al) =1.25 A. The
lattice constant increases with increasing atomic size of
anionic elements. We find a;; oriented 001 and 111
equivalent to (ag(BN)+ay(BBi))/2, (ag(BN)+ay(BP))/2 and
(ag(BN)+ ag (AIN))/2 that the bulk modulus displays an
increase in value as the orientation change from 001 to
111.

3.2. Electronic structure and density of states

Binary compounds BBi, BP, AIN, and BN and their
superlattices. All calculations were carried out using the
parameters of the equilibrium network theoretically
optimized by the GGA96 approximation. The
semiconductor behavior of the compounds is clearly
shown in Fig. 4. This figure illustrate the calculated band
structures of the compounds BN, BBi, BP, AIN, in which
EF designates the Fermi level, the gaps relating to the
parent binary compounds are compared with those
obtained experimentally and theoretically in the zinc blend
phase, the maximum of the valence band (VBmax) and the
minimum of the conduction band (CBmin) are located at
the point of symmetry x for the three binaries BN, BP and
AIN which allows us to affirm that they belong to indirect
gap semiconductors (I'-A.,;,) and on the other hand the
maximum of the valence band (VBmax) and the minimum
of the conduction band (CBmin) are located at the point of
symmetry I which allows us to affirm that they belong to

direct gap semiconductors (I'-I') for BBi. On examination
of the results, it is evident that the existing estimated band
gaps of 0.29 eV for BBi, 1.24 eV for BP, 3.41 for AIN and
490 for BN, for the most part lower than the
corresponding experimental values of 1.24 eV for BP [27],
3.40 eV for AIN [35] and 4.85 eV for BN [40].
Unfortunately, there is no experimental result for the
binary compound BBi. Note, however that, for example,
the bandgap for theoretical studies of GGA [26] 0.26 eV
of BB inerver the less, these estimates are consistent with
other theoretical studies. The noticeable deviation between
the calculated and experimental values of the band gaps
can be attributed to the commonly known fact that, in DFT
electronic band structure calculations, GGA tends to
underestimate the energy gaps in semiconductors.
However, these disparities will not affect the conclusions
of this study, they do not relate to the precise assessment
of the gaps.

Furthermore, the band structures and the variation of
the gaps of SLs (BBi)/(BN,);, (BP)/(BN), and
(AIN),/(BN), are calculated along the higher symmetry of
the Brillouin zone (ZB) using the GGA96 approximation.
(Figs. 5, 6) illustrate the calculated band structures of the
SL’s oriented (001) and (111) respectively. The objective
of this study is to see the influence of symmetry
parameters on these properties and more precisely the
electronic properties. It should be noted that the higher
symmetry points in the (111) SLs do not have the same
meaning as in the binaries and the (001) SLs. From the
results of the band gap energies of the SL calculated along
the (001) axis, we note that these materials have an
indirect band gap (I" -M), the maximum valence band, and
the minimum conduction band located at the point M,
which is interesting for the design of infrared, except that
for the (AIN;/(BN); which has a direct band gap (I'-T), the
maximum valence band and the minimum conduction
band located at the point I', which is interesting for
optoelectronic devices. The calculated SLs along the (001)
axis, the results clearly show that the calculated band gap
values are 0.26 eV for BBi/BN, 0.38 ¢V for BP/BN, and
2.01 eV for AIN/BN. We note that only the superlattice
(BP),/(BN), has preserved the nature of the indirect gap of
its binary constituents BN and BP. To compare the gaps
relating to superlattices with those obtained experimentally
and theoretically, no results concerning the energy gaps of
these superlattices are available in the literature.
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Fig. 4. The band structure of binary compounds (color online)
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The calculation of the band structure for the (111) (=2 (_ vz V2 _)) 3)
orientation shows a large difference compared to the (001) asL1) \ 212 j, 4L K,

orientation. The tetragonal Brillouin zone (BZ) of the SL
(1,1) superlattice is (X, M, I', Z, R and A) in the case of
direction (001) and those in the case of direction (111) are
(X, M, T, Let B).The labels of the symmetry points used
are calculated based on the following relationship:

I'=(0,0,0) €))

apesa) o

aSL(111) Iy 2 Ko

__ _ _Vz Yz, V2
XaSL(111)<< \/21_; 2L2_>)+( 2 4—LK0> )

21
gam (—V2)

The electronic properties of crystalline materials
depend on the symmetry of their crystal lattice. The (111)
crystal orientation is generally associated with greater
symmetry compared to the (001) orientation. Greater
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symmetry can have an effect on the bandgap by
influencing how atomic orbitals interact and overlap in the
material. In our case, the greater symmetry led to a very
small bandgap because the interactions between the
electrons in the material are different from those in a less
symmetric orientation. This can make electronic energy
levels more favorable, reducing the bandgap width. The
calculated SL along the (111) axis The results clearly
show that the calculated band gap values are ~ Oev
therefore these materials have a zero band gap, which
allows us to affirm that they belong to semi-metal. There
is currently a lack of literature that provides any results
on the energy gaps of superlattices, making it impossible
to compare the experimental and theoretical data to the
gaps of these particular structures.

The SLs structure, in the ideal configuration where all the
atoms are located in the ZB sites, is obtained from the
crystal. This helps to explain these changes in the band
structure. One can assume that the SLs in this
configuration come from the alternating superposition of
trigonal layers of BBi and BN; of Bp and BN and AIN and
BN. Consequently, the alterations and occurrences in the
band structure SL can be comprehended through an
examination of the atoms' orbitals and distinct chemical
surroundings, resulting in a distinctive asymmetry in the
valence charge density's electronic distribution and the
bond charge surrounding these atoms. Thus, by directly
comparing the various density of states (DOS) curves, it
will be possible to have a clearer understanding of what is
happening in the SL (001) and (111).
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Fig. 6. The band structure of SL(1,1) for (111)
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Calculating the density of states (DOS) is a crucial
component in the examination of the electronic
properties present in materials. When the occupancy rate
of each atomic state is assessed, DOS also provides
insight into the nature of chemical bonds within a
material. Fig. 7 illustrates the total and partial densities
of the equilibrium for the binary compounds BBi, BP,
AIN, and BN in the zinc blend phase. By breaking down
the total density and analyzing the contribution of each
atomic character in a series of bands, we can gain a better
understanding of the electronic structure of our
compounds. To effectively analyze the density of states
of superlattices, it is advantageous to first observe the
behavior of the underlying binary components.

By examining the binary states, we can gain an
initial understanding of their impact on SL. In Fig. 7, we
illustrate the whole and partial density of the states of
BN, BBi, BP, and AIN, we found that VB is close to the
Fermi level Ef] in this region we notice the hybridization
of the p orbital of (B) and the p orbital of (Bi) with the
participation of s from (Bi) for the BBi, a domination of
the p orbital of (P) with the participation of the p orbital
of (B) for the BP, and for binary AIN we notice a
domination of the p orbital of (N) with participation of the
s and p orbitals of Al, the binary BN the p orbital of (N) is
dominant.

The CB conduction band is formed by the
hybridization of p from (B) and p from (Bi) with the
participation of p from (Bi) with the participation of s
from (B) and s from (Bi) for BBi binary, the hybridization
of p from (B) and p from (P) and d from p of the BP
compound, and for the AIN compound we notice the
domination of p from (N)and the hybridization of s and p
from (N) for BN.

On observation, it can be ascertained that boron-
based materials such as BBi and BP compound are not
substantially affected by boron orbitals. Conversely,
materials that have been nitrided, such as AIN and BN,
are highly susceptible to the influence of nitrides, such as
the p orbital of N.

In the following we want to understand what happens
in both cases of SL’s by directly comparing the curves of
the different density of states (DOS) and by analyzing the
partial densities along the two growth axes in SL’s. In
Figs. 8, 9 and 10, we illustrate the complete and partial
density of the states of SL (BBi),/(BN),, (BP),/ (BN), and
(AIN);/(BN),; along the two growth axes. To demonstrate
the contribution of orbitals from diverse areas, the bande
of valence BV was categorized into subbands of low
BV1, intermediate BV2, and high energy BV3. When
considering oriented (BBi);/(BN); (001) and (111), it is
observable that the first zone BV1 (-7 eV to -5.3 eV)
shows a contribution from the orbitals of (N) and s of (B2)
for orientation (001), while the orbital s of (B2) dominates
for orientation (111). Moving into the second zone BV2
(-5.3 eV to -2.6 eV), the orbital p of (N) is dominant with
the involvement of the orbitals p of (Bi) and p of (B2) for
orientation (001).
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For the (111) orientation, two pseudo-gaps are
present, with the first being approximately 1.4 eV and the
second approximately 0.8 eV. Between the two, the orbital
of (B2) dominates with the participation of p of (N). In the
third zone BV3 (-2.6 eV to 0 eV), the orbital p of (N) is
dominant with the involvement of p of (B2) and p of (Bi)
for orientation (001). Likewise, the orbital of (N) is
dominant with the participation of the orbitals p of (B2)
and p of (Bi) for the orientation (111). The presence of the
s state of (B), p of (Bi), p from (B2), and p from (N)
causes an overlap between the valence and conduction
bands at the Fermi level. In the case of orientation (001),
the CB conduction band is created through the
hybridization of p from (N) and p from (B2), while that
for orientation (111) is produced through the
hybridization of p from (N) and p from (B2), with a slight
involvement of p from (Bi). The results presented in this
study demonstrate an unequivocal correlation between
the dominant orbitals of the nitride atom, specifically p

conduction band in both the (001) and (111) superlattice
orientations.

When considering the orientations (BP);/(BN),
oriented (001) and (111), the first zone BV1 (-7 eV to -5
eV) is characterized by the predominance of the p orbitals
of (N) with the involvement of the p orbitals of (B2) and
(P) for the orientation (001). For the orientation (111), the
orbital of (P) dominates, resulting in a pseudogap of
approximately 1.3 eV. In the second zone BV2 (-5 eV to -
2 eV), the p orbital of (N) dominates with the participation
of the (B2) and (P) p orbitals for the orientation (001). For
the orientation (111), the p orbital of (N) prevails,
partnering with the (P) p orbitals. In the third zone BV3
(-2 eV to 0 eV), the p orbitals of (N) dominate with the
involvement of (B2) and (P)'s p orbitals for the orientation
(001). Meanwhile, the orbital of (N) dominates for the
orientation (111), resulting in an overlap between the
valence and conduction bands at the Fermi level due to the
presence of the p states from (N), p from (P), and p from

orbitals, and the upper valence band and lower (B2).
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Fig. 8. The total and partial density of state (DOS) of SL (BBi) ;/(BN), oriented (001) and (111) (color online)

The formation of the CB conduction band for
orientation 001 is the result of the hybridization of (B2)
and p from N with the participation of d from P. On the
other hand, the formation of the 111 band occurs because
the p orbitals of (N) dominate with the involvement of

the p orbitals of (B2) and (P). The results indicate that
the principal p orbitals of the nitride atom are congruent
with the upper valence band and the lower conduction
band in the SL orientation (001) and (111).
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When considering the orientation (AIN);/(BN); for
both (001) and (111), the first zone BV1 (-6 eV to -4.4 ¢V)
is characterized by the prevalence of the orbitals s of (B),
with the help of the orbitals s of (N2) for orientation (001).
However, for the orientation (111), the s orbitals of (B)
dominate with the participation of the p orbitals of (N2). In
the second zone BV2 (-4.4 to -2 eV), the orientation (001)
is marked by the dominance of the s orbitals of (N2) with
the involvement of the p orbitals of (B) and the s orbitals
of (Al). In contrast, orientation (111) is characterized by
the p orbitals of (N2) with the contribution of the p orbitals
of (B), with the presence of pseudo-gaps of approximately
0.8 eV. Finally, in the third zone BV3 (-2 eV to 0 eV), the
orientation (001) shows the domination of the s orbitals of
(N2) with the participation of the p orbitals of (B), while
the (111) orientation is dominated by the p orbitals of (N2)
with the participation of the p orbitals of (B) The presence
of the p state from (N2) causes an overlap between the
valence and conduction bands at the Fermi level. The
formation of the CB or conduction band for orientation
001 is a result of the amalgamation of p orbitals from (B)
and s orbitals from (B). This is accomplished through the
engagement of orbitals from (N2). On the contrary, the
formation of 111 is achieved by hybridizing the p orbitals
of (N2) and p orbitals of (B) with the collaboration of the
p orbitals of (Al). The results of the study make it clear

that the primary s and p orbitals of the nitride atom
correspond to the higher valence band and lower
conduction band in both the (001) and (111) superlattice
orientations.

In this work, we investigate the optical properties of
the bulk BBi, BP, AIN, and BN and their SLs
(BBi),/(BN);, (BP);/(BN),and (AIN),/(BN), oriented after
(001) and (111). These essential properties of a material
depend on the complex dielectric function & (®), the
dielectric function, a useful tool for optical spectroscopy,
can be computed from the electronic band structure
computations of any material. Because it depends on
frequency, the dielectric function of the electron gas has a
big impact on the physical characteristics of materials.
Keep in mind that the dielectric function describes the
collective excitations of the Fermi sea, also known as the
surface plasmons and volume.

The complex dielectric function versus frequency is a
characteristic that characterizes the linear response of any
material to an external electromagnetic field. It is
generally possible to distinguish between the contributions
of intra-band and inter-band electronic excitations to the
complex dielectric function.

€ (0) = g1(0)+ ig(®) (6)
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where g1(®) and &,(®) are the real and imaginary parts of
the dielectric function respectively [41]. To determine the
imaginary component of the dielectric function in long

states and momentum matrix elements between
occupied and unoccupied wave functions. From the
imaginary parts, one can obtain the real part by the

wavelengths, an electronic structure calculation is Kramers-Kronig relationship [42-46].
conducted that involves examining the joint density of
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Fig. 10. The total and partial density of state (DOS) of SL (AIN) ;/(BN), oriented (001) and (111) (color online)

The important optical constants can be derived from
the real and imaginary parts of the dielectric function. In
this paper we provide a presentation and a detailed
analysis of the important optical function such as the
refractive index n(w) and the absorption coefficient a(E)
[47,48], given by respectively:

1/2
£2(0)+ &2 ()
n(w)=|22 4 ‘

(7

®)

where k is the extinction coefficient and is the wavelength
of light in vacuum. A detailed description of the
calculation of optical properties can be found in
Ambrosch Draxland Sofo [49,50,51,52]. To compute the
optical spectra of the dielectric function e(o), a dense
grid of uniformly distributed k points must be utilized.
Therefore, the integration of the Brillouin zone was
executed with 600 k points in the irreducible segment of

a(w) = % k(o)

the Brillouin zone for binary BBi, BP, AIN, and BN as
well as their superlattices, without broadening, covering
a range of up to 30 eV in energy.

The calculated real and imaginary parts of the
dielectric function for bulk BBi, BP, AIN, and BN for both
growth axes at zero pressure for radiation up to 30 eV are
shown in Fig. 11.

The imaginary components of the dielectric function
for four compounds are shown in Fig. 11. BBi, BP, AIN,
and BN. It is important to note that the optical spectra
represented in this figure differ from each other. When
analyzing the &,(®) spectra, certain critical points of the
dielectric function are revealed. These points correspond
to the fundamental absorption thresholds, which begin at
around 0, 3.6, 4.5, 9.1 for BBi, BN, BP, and AIN,
respectively. The optical transition between the top of the
valence band and the bottom of the conduction band is
responsible for the origin of these points. Specifically,
for BBi, the transition occurs at I'— I', while for BP,
AIN, and BN, it occurs at '>M. Upon close observation,
it becomes apparent that the form of these spectrums
demonstrates a rough approximation. There exists a
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single significant peak E. The absorption thresholds
coincide with the optical gaps. In the case of the four
binary compounds, the highest point of absorption can be
found at 4.7, 6.3, 7.9, and 12.8 ¢V for BBi, BN, BP, and
AIN, respectively. The majority of optical transitions that
result in peaks occur when the occupied orbital of B, Bi,
P, Al, and N atoms situated at the peak of the valence
band shifts to the empty orbital of the atoms located at
the bottom of the valence band, the conduction band. The
real variation of the variation of the dielectric function
part variation €;(®) is depicted in Fig. 11 as a function of
energy. The spectra show high intensity peaks at 1.2, 4.8,
6, and 12 eV for BBi, BN, BP, and AIN, respectively,

which is commonly known as the fundamental absorption
threshold. Additionally, it should be noted that &;(w)
becomes negative at approximately 4, 6.5, 11.8, 13 eV
for BBi, BN, BP and AIN, respectively. Referring to the
calculated values in Table 2, which represent the static
value of g(®) corresponding to a zero frequency or g(0),
we observe that materials with a low energy gap exhibit a
significant value of dielectric function This phenomenon
is explained by the Penn model [53,54], which is
expressed as:

£1(0) = 1 +(*%:)2 ©

Real part
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Fig. 11. Calculated dielectric functions (real and imaginary parts) for binary compounds (color online)

The study of refractive indices in binary compounds
was carried out using expression (7). Fig. 12 shows the
results obtained from our research. Static refractive
indices, n(0), of the binaries were estimated through the
refraction spectra (Table 2). BBi exhibited significantly
higher values of n(0) and €1(0) in comparison to the
other binaries due to the high atomic number of bismuth.
The maximum refractive index was achieved for the
photon energy around 2.8 eV for BBi, 6 ¢V for BP, 6.1
eV for AIN, and 13 eV for BN. The absorption spectra of
the binaries are shown in Fig. 12. The absorption
threshold was observed to begin at energy levels of 0.5
eV, 3.8 eV, 4.5 ¢V and 9 eV for BBi, BP, AIN and BN,
respectively. The evolution of these spectra demonstrated

that the values of a(w) reached their maximum levels at
energies of approximately 8.8 eV, 10.7 eV, 13 eV and
12.8 eV for BBi, BN, BP and AIN, respectively, after
which the absorption coefficient decreased for energies
above 30 eV.

Table 2. Calculated static optical constants €;(0) and static
refractive index n(0) for binary compounds

Compounds €1(0) n(0)
BBi 8.8702 2.97829
BP 4.2694 2.06625
AIN 2.477 1.5741
BN 2.33636 1.5285
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To represent all possible optical transitions in SL
(BBi1)/(BN);, (BP),/(BN);and (AIN),/(BN); along the
two growth axes, we added the special. The number of
points in the first ZB is up to 600 k points, and the
energy range is up to 30 eV. Figs. 13, 14, 15 show the
real and imaginary parts of the connected dielectric
function  for  (BBi),/(BN);, (BP)/(BN);, and
(AIN),/(BN); in two growth axes compared to their
binary compounds. The appearance of peaks in &(®) is
mainly caused by optical transitions between the band or

the intraband. In both cases (001) and (111), the &(w)
spectrum appears as an optical transition between the
filled and empty states of different SLs, the 111 oriented
SLs are very different and reflect different optical
transitions, with the peaks moving towards more. The
high —energy shift, which can be attributed to the larger
electronegativity of N, strongly depends on the ionic
polarization of the SLs.
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Fig. 12. Calculated refractive indices n(w) and absorption coefficients a(w) for binary compounds (color online)

The curves of &,(®w) indicate that the threshold
energy (first critical point) occurs at (0.7, 2, 2 eV) in case
(001) and (0, 0, 0.9 eV) in case (111) for (BBi);/(BN);,
(BP),/(BN); and (AIN),/(BN),;, respectively. These
values correspond to the electronic transition values
(T'V—MC) of (BBi),/(BN),, (BP),/(BN), and (I'"—I"C)
of (AIN),/(BN), orientated 001. This point represents the
threshold for a direct optical transition between the
highest state in the valence band and the lowest state in
the conduction band, which is identified as the

fundamental absorption front. Beyond these points, the
curve increase rapidly for SLs with direction (001) and is
almost zero for SLs with direction (111). As a general
observation, all the curves for the (001)-oriented SL in
Figs. 13, 14 show one main peak and Fig. 15 shows three
peak sappearing in the resonance behavior. We also note
that the dielectric functions of the superlattice
(BBi),/(BN);,  (BP){/(BN),indirection  (001)  are
approximately the same elsewhere as BN with a different
position, we also note that it is very different compared
to the direction (111) that contains a significant
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contribution from intraband transitions [49], which
shows that SLs oriented (111) have semi-metal
behavior. The imaginary part of the dielectric function
reflects the absorption of the material. The maximum
absorption for the three SLs is located at (4.5, 6.5, 7.5
eV) in case (001) and (8, 24, 9 eV) in case (111),
respectively. For oriented to (001), most optical
transitions contribute to these images that occur from the
occupied orbit of atoms located at the top of the valence
band to the unoccupied orbit of atoms located at the
bottom of the conduction band, note that the change

diffusion), the absorption is maximum. Our calculated
values of &(0) are summarized in Table 3. The static
dielectric constant €;(0) decreases toward the orientation
(111). We concluded that the orientation axis has an effect
on the real parts of the dielectric functions for all
superlattices. The values of €,(0) become lower for the
(111) orientation compared to the (001) orientation.

Table 3. Calculated static optical constants ¢;(0) and static
refractive index n(0) for SL’s oriented 001 and 111

detected in the SL 111 tracings could be attributed to the Superlattice
difference between the optical transition states, thus due Compounds £1(0) n(0)
to the overlap of the bands and the .cgntnbunons of the BBi,BN, (001) 5304 2730
orbitals to the Fermi level in the densities of states. .
The variation of &;(w) as a function of the energy of BBi /BN, (111) 2.922 1.70968
SL is represented in Figs. 13, 14, 15. We noted that these BP1/BN1 (001) 3.922 1.98047
optical spectra shown in the indicated Fig. are similar to
those of their BN binaries with differences in the position BP /BN, (1) 2,46008 1,40288
and height. The limiting value of the real part of the AINBN; (001) 3.128 1.76879
complex dielectric functhn obtained at an 1rr?1d1at10.n AINY/BN, (111) 1.186 1.08916
frequency close to zero is called the static dielectric
constant €(0). For zero dispersion (the non-existense of
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Fig. 13. Calculated dielectric functions (real and imaginary parts) for SL’s(BBi),/(BN), oriented (001) and (111) (color online)
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The refractive index of SL’s (BBi)/(BN)j,
(BP),/(BN); and (AIN);/(BN), is a valuable tool for the
design of photovoltaic and optoelectronic devices. To
study the transparency of SL in response to incident light,
the relationship in Equation (7) is used to calculate the
theoretical refractive index values for all SL. The
refraction spectra n(x) and the static refractive index n(0)
are shown in Figs. 16, 17, 18 and reported in Table 3. For
the calculated SL, the static refractive indices n(0) are
increased from the refraction spectra n(x). The maximum
refractive index is reached for the photon energy around
(4.2,5.9, 4.54 ¢V) for case (001) and (0.5, 18, 5.9 eV) for
case (111) of SL’s (BBi);/(BN);, (BP);/(BN);,and
(AIN),/(BN),, respectively. The refractive index spectra of
the (111) SLs in Figs. 16, 17, 18 show a complete change
compared to the SLs oriented (001). The primary factor
that likely prevents significant changes in the optical
properties of SL's 111 is the involvement of atomic
orbitals in determining the Fermi level in electronic
properties. To understand the optical characteristics of
the SL's, calculations are performed to analyze their
optical absorption spectra.

The dispersion in the optical absorption spectra of the
SL in both directions is shown in Figs. 16, 17, 18. The
absorption peak of SL (001) changes to a lower energy
compared to its binaries and the threshold energy
decreases. We observe from these curves that the
absorption threshold starts from the energy values of (0.5,
2.5 and 2.25 eV) for case (001) and (0, 0, 1.5 eV) for case
(111) for the SL (BBi);(BN);, (BP)/(BN); and
(AIN),/(BN), respectively. The SL moves towards lower
energy compared to binaries. The maximum value of a(w)
is around (11.3,11.2, 9 eV) for case (001) and (7.7,19,9
eV) for case (111) for the SLs (BBi),/(BN);, (BP),/(BN),
and (AIN){(BN);, respectively, then the absorption
coefficient decreases abruptly for the photon luminous
above these energies. Calculated optical properties reveal
that the title compounds are characterized by strong
absorption in a large energy window including the high-
energy part of the sun visible spectrum. The remarkable
characteristics exhibited by superlattices oriented along
the (001) direction make them highly favorable options
for applications in infrared and optoelectronics.
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Fig. 16. Calculated refractive indices n(w) and absorption
coefficients a(w) for SL oriented (BBi),/(BN); (001) and (111)
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4. Conclusion findings reveal that the (BBi)l1/(BN)1 and (BP),/(BN),
superlattices exhibit an indirect fundamental band gap

Using FPLMTO+GGA96, we conducted an ab initio effect, whereas the (AIN),/(BN); superlattice displays a
calculation to examine the structural, electronic and direct band gap. In terms of semiconductor behavior, the
optical properties of three superlattice systems: (001)-oriented superlattices demonstrate variable energy
(BBi)/(BN);, (BP);(BN); and (AIN),/(BN),. We gap values, which fall within the infrared spectrum and
focused on two crystal orientations, (001) and (111). Our visible emission. On the other hand, the (111)-oriented
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superlattices exhibit characteristics of semimetals, with
an overlap between the valence band and the conduction
band. Moreover, when the charge density is calculated, it
becomes evident that the behavior of BN significantly
impacts the properties of the SL's. Notably, there is a
subtle distinction in the contribution of atomic orbitals to
the electronic properties for all (001) oriented SL's.
Conversely, for (111) oriented SL's, the participation of
atomic orbitals at the Fermi level becomes apparent. The
dielectric functions, refractive index, and calculated
absorption spectra of SL (001) indicate that these
systems hold great promise for various technological
applications. For (111) oriented SL's, a semimetallic
behaviour is expected. The super lattices oriented along
the (001) direction display remarkable properties that
make them very attractive choices for optoelectronic and
infrared applications.as a perspective of our work other
optical properties such as transmittance, absorbance and
resistivity could be addressed. There are no experimental
and theoretical studies for the properties of SL oriented to
(111) of (BBi);/(BN)y, (BP)(BN); and (AIN);/(BN);, we
hope that these results will serve as references for future
studies.
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