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Abstract—In order to extract structural and electronic properties of B, In; _ ,As ternary alloys and enrich the
database of materials based on boron and indium, we have used full-potential augmented plane wave (FP-
LAPW) method through the density function theory (DFT) and within generalized gradient approximation
(GGA), local density approximation (LDA), and Tran—Blaha modified Becke—Johnson approximation
(TB—mBJ). We have optimized the cohesive energy of our binary compound and ternary alloys versus volume
of the unit cell firstly, and we have found that the optimum volume, lattice parameter, and the bulk modulus
vary for different boron concentrations. Using DFT—mBJ calculations, we found that InAs possess direct
band-gap energy and an indirect gap semiconductor for BAs and By 75Ing ,5As. However, By 55In, 75As and
By sIng sAs ternary alloys have a metallic and semi metallic characters, respectively. We also studied the opti-
cal properties of our BAs and InAs binary and B ;5In, ,5As ternary semiconductors and their behaviors are
also investigated under the application of hydrostatic pressure in a range of 0 to 25 GPa. In summary, we con-
clude that the incorporation of boron atom in InAs increase its hardness and affects the band-gap energy con-
siderably, and therefore provides a novel research perspective. We note that InAs binary compound loses its
semiconductor character and becomes semi-metal at 5 GPa.
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1. INTRODUCTION

Researchers were found compelled to meet the
increasing requirements of companies and enterprises
in different field, in the recent few years. Study, char-
acterize, analyze, predict, and develop new materials
for new applications are the most important preoccu-
pation of laboratories by means of theoretical and
experimental works.

In the parallel with the progress made in technol-
ogy and growing techniques of semiconductors,
researchers are invited to follow this evolution and
must devote many works to predict new materials with
structural and electronic properties that can enhance
the quality of various devices.

Semiconductor materials containing the atom of
indium (In) or that of arsenic (As) find an important
place in current research [1—5], for their attractive
properties in many applications [6—9].

Among this group, InAs and BAs have different
structural and electronic properties that we can com-
bine in ternary alloy B,In, _ ,As, with the objective to
obtain new materials with controllable properties.

These will serve as another alternative for optoelec-
tronic devices and extend application domain.

In this work, we focus on determining the struc-
tural, electronic, and optical properties of BAs, InAs
compounds, and their ternary B,In, _ .As alloys, using
a full-potential linearized augmented plan-wave
method (FP-LAPW). The behavior of these materials
under hydrostatic pressure has also been studied in a
pressure range from 0 to 25 GPa.

2. METHOD OF CALCULATION

In this contribution, we have used the density func-
tional theory (DFT) via a full-potential linear aug-
mented plane wave implemented in WIEN2k code
[10], to calculate the structural and electronic proper-
ties of B,In,_ As. About the exchange-correlation
energy, we have employed the generalized approxima-
tion (GGA) of Perdew—Burke—Enzerhof (PBE98)
and the local density approximation (LDA) for struc-
tural properties. In addition to these two approxima-
tions, the modified Becke—Johnson approximation
has been applied for electronic properties. The space is
divided into two regions, an interstitial region (IR) and
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Table 1. Lattice constants a, bulk modulus B, and pressure derivative of bulk modulus B' for InAs, BAs compounds and ZB

B,In, _ ,As alloys

This work
Composition Value Other theoretical studies| Experimental data
GGA LDA
InAs a, A 6.15 6.02 6.0209* 6.0583%, 6.036°
B, GPa 49.90 59.34 58¢ -
B, GPa 4.07 4.76 4.794 -
Byslng ssAs  |a, A 5.93 5.92 - -
B, GPa 58.10 67.89 - -
B, GPa 4.25 4.90 - -
By sIng sAs a, A 5.66 5.56 - -
B, GPa 69.83 77.85 - -
B, GPa 4.44 4.73 - -
By 75Ing,sAsa |a, A 5.29 5.21 - -
B, GPa 93.80 101.27 - -
B, GPa 5.22 4.71 - -
BAs a, A 4.83 4.76 4.72°—4.81°_4.77¢ 4.77"
B, GPa 135.04 150.23 133f9—1311—-148°—145 -
B, GPa 4.30 3.93 4.29%, 4.53k -

121, ®[13], © (141, 9 (151, © (11, F[16], & [17], " (18], T (21,9 [19], ¥ [20].

a muffin tin region centered at the atomic sites. In the
first region, the basis sets consists of plane waves. In
the second one, the basis sets are described by radial
solutions of the one particle Schrédinger equation.
For the matrix size, we used a parameter Ry K.« = 7,
where Ryt denotes the minimum radius of the sphere
muffin tin in unit cell, and K, gives the magnitude of
the largest K vector in the plane wave expansion. The
muffin tin radii of B, In, and As are chosen to be 1.45,
2.1, and 2 Bohr radius, respectively.

3. RESULTS AND DISCUSSIONS
3.1. Structural Properties

Firstly, we start by optimizing the cohesive energy
of our binary compounds (BAs and InAs) and their
ternary alloys B,In, _ ,As in zinc-blende (ZB) struc-
ture with GGA and LDA approximations. Our com-
pound have been modeled for the concentrations x =
0, 0.25, 0.5, 0.75, 1 with periodically repeated super-
cells of eight atoms per unit cell.

We explored the structural optimization by mini-
mizing the total energy with respect to the parameters
and the atomic positions, in order to obtain the equi-
librium lattice parameter and the bulk modulus for the
binary compounds and our ternary alloys.

PHYSICS OF THE SOLID STATE

The total energy Ey, given by our calculation, as a
function of unit cell volume was fitted by Murnaghan’s
equation of state [11]:

3
Eqwy =B

B, | B, -1

VoBy
B, -1

+1|+ Ey — 1

The results compared with other available experi-
mental and theoretical works are cited in Table 1. Our
GGA results of binary are in best agreement with val-
ues given in [12—20].

Figure 1 shows the variation of the calculated equi-
librium lattice parameter as a function of concentra-
tion x for B,In, _,As alloys, which indicates a small
deviation from Vegard’s law with an upward bowing
parameter equal to 1.344 A for the GGA approxima-
tion and 1.312 A for the LDA one.

The bowing parameter is determined by fitting the
calculated values with a polynomial function. The
important difference between the lattice parameters of
our binary compounds (BAs and InAs) is at the origin
of such deviation.

In Fig. 2 that indicates the composition depen-
dence of the bulk modulus of B,In,_ ,As alloys, the
Vol. 62
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Fig. 1. Composition dependence of the calculated lattice
constants of ZB B,In; _ As alloys.

values of the bulk modulus increase with the boron
concentration, meaning that the addition of boron to
InAs improves their hardness in good agreement with
others works.

For this parameter, we can remark a considerable
deviation from LCD (linear composition dependence)
with downward bowing equal to —16.2777 and
—22.605 GPa with GGA and LDA, respectively. The
important bowing values are also mainly due to the
significant mismatch of the bulk modulus of BAs and
InAs.

3.2. Electronic Properties

3.2.1. Band structure. We have performed a first-
principle calculation for electronic properties, in order
to study the electronic band structure of our binary
compounds (InAs and BAs) and their ternary alloys
(B,In, _,As) in ZB structure. We have used the gener-
alized gradient and the modified Becke—Johnson
approximations using in full-potential linearized aug-
mented plane wave (FP-LAPW) implemented in
WIEN2k code, with the aim to know more opportu-
nity to improve the electronic characteristics of opto-
electronic devices using this category of materials and
extend their applications fields. It should be noted that
we have found difficulties to compare our results with
few works in the literature devoted to study the
electronic properties of this class of materials [1, 10,
12, 21].

After full optimization and the calculation of the
structural parameters, the electronic band structures
computed along some high-symmetry directions in
the Brillouin zone have been shown in Figs. 3—7.

The zero energy is selected to coincide with the top
of valence band, for our studied compounds. We can
note that the calculations indicate that the valence
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Fig. 2. Composition dependence of the calculated bulk
modulus of ZB B,In; _ ,As alloys.

band maximum (VBM) is located at I" point and the
conduction band minimum (CBM) at I" point for x =
0, at R point for x = 0.75, and at X point for x = 1,
which means a direct gap semiconductor for InAs, and
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Fig. 3. Non-relativistic mBJ band structure of ZB InAs
compound.
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Fig. 8. Composition dependence of the mBJ band gaps for
B,In; _,As alloys.

an indirect gap semiconductor for BAs in good agree-
ment with [22] in the direction I'—X, and an indirect
gap semiconductor for B ;5Ing,sAs in the direction
I'-R.

We found that our compound has a metallic and
semi-metallic  behavior for Bg,s5Iny,;sAs and
By 50Ing s0As, respectively. In order to obtain the bow-
ing parameter, we have fitted the non-linear variation
of the calculated direct and indirect band gaps in terms
of concentration with polynomial function, which
obey to the following equations:

Er=0.476 —4.843X +7.955X°, )
Er y =1.694—1.183X +1.340X". ?3)

Figures 8 and 9 show the variation of the fitted
direct and indirect band gaps.

It should be noted that the values of E, represent a
deviation from the linear behavior about 7.95 and
1.34 eV for I'-I" and I'—X band gap, respectively. We
can also note that the addition of a weak percentage of
boron can significantly increase the width of the gap.

Our computed results compared with the few avail-
able data are summarized in Table 2, which indicates a
good agreement.

3.2.2. Density of states. By using FP-LAPW
method with GGA approximation, we have also cal-
culated the total and partial density of states for BAs,
InAs, and By, ;5In, ,5As. The density of states function
gives the number of states that are available in a system
and is essential for determining the carrier concentra-
tions and energy distributions of carriers, and from
this function we can clearly understand the contribu-
tion of each atom compared to the total density.

Because the calculations of the density of states
request a high degree of precision with use of K-points
mesh in the first Brillouin zone. In fact, we used a
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Fig. 9. Composition dependence of the fitted mBJ band
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k-mesh of 250 special K-points for B ;5In, ,sAs ter-
nary alloy and 1000 special K-points for binary BAs
and InAs compounds. We have distinguished the B
(1s?), In (1s*2522p°3s?3p°3d'%4s%4p°), and As (1s?
25?2p®35?3p°) inner-shell electrons from valence elec-
trons of B (25?2p"), In (4d'°5s5p"), and As (3d'°4s?4p?)
shells.

The spectrum of density of states of the binary BAs,
shown in Fig. 10, present three regions, two in valence
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Table 2. Summary of the band gaps of InAs, BAs compounds and ZB B,In; _ ,As alloys

This work
Composition Energy, eV Other theoretical studies | Experimental data
GGA mBJ

InAs Er r 0.3812 0.36 0.36%, 0.40°, 0.355° 0.364
Er_x 1.658 1.64 1.36%, 1.37¢ 1.374

By »5Ing 75As Er_r 00 0.009 - -
Er_x 1.57 1.597 - -
Er_r - —0.3951 - -

By 5Ing sAs Er_r 0.139 0 - -
Er_x 1.696 1.42 — 1.46°

By 75Inj 55Asa Er_r 1.035 1.13 - -
Er_x 1.35 1.47 - -
Er_r - 0.82 - -

BAs Er 1 3.21 3.69 3.34, 3.462 1.46"
Er_x 1.41 1.90 1.20'—1.46 1.93¢, 1.228 0.67%

1211, ®[4], © 221, 9 [24], © [251, T [23], & 1], M [26),

region below the Fermi level £ and one in conduction
band (CB) above Er.

The lower valence band (LVB) is dominated by
As-4s, the As-4p participates in upper valence band
(UVB), with a few contribution of B-2s and B-2p. CB
is mainly formed by B-2s and As-4p with a small con-
tribution of As-3d.

For InAs, the DOS spectrum, displayed in Fig. 11,
indicates also three main regions, LVB principally
dominated by As-4s with a few participation of In-4d.
In-5s and In-5p contribute in the other valence region.

The third region is formed by a mixture of In-5p,
As-4p, In-4d, and As-3d.

Our By ;5In, ,5As ternary alloy possess a DoS with a
similar topography, composed of three region as
shown on Fig. 12, with two valence regions (LVB and
UVB) below the Fermi level and one in CB above EL.

From left to right, in the first region (LVB) all the
different atoms contribute with a comparable order.
The next region (UVB), the orbitals B-2s, In-5s, and
As-4s are at the origin of its formation, with a contri-
bution of the orbital p of B, In, and As atoms toward
the end of this region. In CB, the last region, we have
a contribution of all orbitals with a comparable order.
We can see that the addition of the boron atom can
changed the topography of the different contribution,
and at 75% boron concentration, the gap of our alloy
increase considerably compared to that of InAs, which
means that our alloy can be very useful for various
applications in future.

PHYSICS OF THE SOLID STATE

271,31 1161, ¥ 281, 1 129].

3.3. Optical Properties

To understand the behavior of electrons and ions of
our binary compounds and our B ;sIng,sAs ternary
alloy in interaction with an electromagnetic wave, we
will be interested on optical properties. The dielectric
function is expressed as e(®) = €,(®) + ie,(®w), where
&,(w), the imaginary part, can be calculated from the
momentum matrix elements combining the occupied
and unoccupied states, which is given by

Zﬂ

v, BZ

£x(0) = () Blo,, (k) - old’k.  (4)
The integral is over the first Brillouin zone. The
momentum dipole elements are given as

Mcv(k) = <uck|6V|uvk>9 (5)

where 0 is the potential vector defining the electric
field. The M, (k) are matrix elements for direct transi-
tions between the valence band, u,,(7) and conduction
band, u.(7) states.

Using the Kramers—Kronig relationships, we can
deduct the real part €,(®w) of the dielectric function,
which is given by the following formula:

0'e, (W
o )dm,
—o

g(@)=1+2 Pj (6)

where P implies the principal value of the integral.

Using a FP-LAPW calculation, we can calculate
the real and imaginary parts of the frequency-depen-
dent dielectric function, and we can easily deduce the
refractive index of our binary compounds BAs and
Vol. 62
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InAs and our By, ;5In, ,sAs ternary alloy by using of the
following expression:

1/2
£(0) , V(@ +80) |
2 2

Figures 13 and 14 show the real and the imaginary
parts of the dielectric function as well as refractive
index spectrum for a radiation up to 14 eV for binary
InAs, BAs compounds and their ternary B ;5In, ,5As
alloy.

From these figures, we can clearly see that the opti-
cal spectrum doesn’t vary remarkably.

We can see from Fig. 13, for the real part, that the
energy of the main peak in the ultraviolet region shifts
toward lowers energy values in the visible regions,
from 3.75 eV for BAs to 2.32 eV for B, ;sIn,,sAs to
finally reach the value of 1.75 eV for InAs. The origin
of this decrease is related to the electronic band struc-
tures of the material.

(7)

n(w) =

The frequencies, for which €,(®) = 0, correspond
to a maximum of absorption and absence of disper-
sion, and are located in the ultraviolet region. We

PHYSICS OF THE SOLID STATE  Vol.62 No. 10

noticed a decrease from 5.76 to 4.56 to 4.09 eV for
BAs, By ;5Ing,5As, and InAs, respectively. For higher
frequencies corresponding to €,(®w) < 0, the electro-
magnetic waves don’t propagate, and our compounds
have an important reflectivity inducing a metallic
behavior.

From our calculations results, we can also notice
that €,(0) increases from BAs to By ;5In; ,5As to InAs,
which is due to the fact that the energy gap decreases
from BAs to By, ;5In ,5As to InAs.

The imaginary part values of the dielectric function
based on the photon energy are also shown in Fig. 13.
The critical energy point occurs at about 3.11 and
1.51 eV for BAs and B, ;5In, ,sAs, respectively. These
values correspond to the threshold for direct optical
interband transitions at the r point from the top of the
valence band to the bottom of the conduction band. In
addition, the main peaks are observed at energies of
5.65, 4.18, and 4.15 eV for the BAs, B, ;5In, ,5As, and
InAs compounds, respectively.

The refractive index displayed in Fig. 14, which is
defined as a dimensionless number, is obtained from

2020
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€, and &, values. At the frequency w = 0, the static
refractive index can be obtained using the formula [30]

n(0) = /g, (0). (8)

In order to compare our results with others
approaches, the refractive index has been also
obtained using other empirical models related to the
fundamental energy band gap:

(1) Herve and Vandamme’s empirical relation [31]:

1+[ Aj
Eg+B

withA=13.6 eVand B= 3.4 eV.

(2) The expression proposed by Ravindra et al.
[32]:

(€))

n=o+pE,
where o0 = 4.084 and = 0.62 eV—".

In Table 3, the values of the refractive index and the
zero-frequency real part, €,(0) of the dielectric func-
tion, are given, which can be considered as a measure

(10)

PHYSICS OF THE SOLID STATE

of the interaction force between the electronic states of
the valence and conduction band under an external
electric field, of BAs, InAs, and B ;5In,,sAs com-
pounds, along with the available experimental and
theoretical results.

Our obtained results are in reasonable agreement
with other theoretical works. However, for
B, 75In, 55As there is no experimental data in the liter-
ature for comparison.

For InAs compound, the first peak of the n(w)
spectrum is located at 1.80 eV with a magnitude of 4.17
and a second major peak is located at around 3.82 eV
that corresponds to a magnitude of 3.82, a small peak
is also observed at energy of 5.40 eV with a magnitude
of 1.92. However, the spectrum of the refractive index
increases from its static value at zero frequency, for
BAs, until 5.45 eV that corresponds to a magnitude of
4.48. Beyond this energy, the magnitude of refractive
index decrease dramatically. For the B .5In,,sAs
compound, the refractive index display two minor
peaks located at energies of 3.08 and 4.26 eV are
Vol. 62

No. 10 2020
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Fig. 14. The refractive index of the ZB InAs, BAs, and B 75In( ,5As compounds.

observed where the corresponding magnitudes are
4.30 and 3.98, respectively.

3.4. Pressure Effect on Electronic and Optical Properties

The arrangement of atoms in a material can be
changed under the application of an external perturba-
tion, for example, when we apply hydrostatic pressure
to a solid with a given crystal structure, the arrange-
ment of these atoms is modified and probably we pass
from a crystalline phase to another. Therefore, the
variation of the inter-atomic distance under pressure
generally affects its behavior in relation to these elec-

PHYSICS OF THE SOLID STATE

tronic properties, structural phase transitions and
optical characteristics, etc.

‘We have studied the effects of pressure on the prop-
erties of our binary compound and their ternary alloys
using the FP-LAPW method within the WC-GGA
and mBJ-GGA approaches and varying the pressure
from 0 to 25 GPa with a step size of 5 GPa.

The lattice parameter can be expressed from the
relationship given by [39]:

B
a(P) = a(0) {1 + (E] P} ,

Vol. 62

(11)

No. 10 2020



PRESSURE EFFECT STUDY ON THE ELECTRONIC AND OPTICAL PROPERTIES

1825

Table 3. Calculated refractive index and dielectric constant for ZB By, 75In, ,5As, BAs and InAs. Available experimental and
theoretical data from the literature are also included for comparison

Composition Value This work Other the.o retical
FP-LAPW relation (9) relation (10) studies
InAs n 3.88 3.75 4.31 4.092, 3.75b, 3.2¢
€ 15.02 14.06 18.58 11.264
By 7sIng ,5Asa n 3.44 3.19 4.76 —
£ 11.96 10.17 22.65 —
BAs n 3.07 2.75 5.26 3.35¢, 3.12f
€ 9.38 7.56 27.67 9.74f

21331, ®[34], € [35], 4 [36], © [37], T [38].

Table 4. The direct and indirect band gap energies of ZB B, 75In,, 55As, BAs, and InAs compounds at different pressure values

Hydrostatic pressure P, GPa
Composition x at P atom Band gap energy, eV
0 5 10 15 20 25
BAs Er_r 3.69 3.32 3.36 3.39 3.42 3.45
Er_x 1.90 1.40 1.36 1.33 1.30 1.27
By.75Ing 25As Er_r 1.13 1.11 1.09 1.04 1.00 0.96
Er_x 1.47 1.42 1.37 1.33 1.29 1.26
InAs Er_r 0.36 0.00 0.16 0.37 0.55 0.70
Er_x 1.64 1.54 1.45 1.36 1.29 1.23

where B is the bulk modulus, B'is the pressure deriva-
tive of the bulk modulus, and a(P) is the lattice param-
eter at pressure P.

Using the same method, we have also calculated
the band gap energies and the results of direct and
indirect gaps for each compound under pressure
which are shown in Figs. 15a, 15b, and 15c.

From these figures, we can see that the band gap
energies Er_x decrease by increasing the applied pres-
sure. However, concerning the Er_ direct gap, our
three alloys have a different behavior under the effect
of pressure; the gap direct of B ;5In, ,sAs ternary rap-
idly decreases under the applied pressure. On the other
hand, the value of direct gap of BAs compound
decreases in the pressure range from 0 to 5 GPa and
then it slowly increases when the applied pressure
increases. Furthermore, the direct gap of our InAs
binary equals zero at 5 GPa, and therefore it will have
a behavior of a semi-metal material (E, = 0 eV);
beyond this pressure, it increases to reach 0.70 eV at
25 GPa.

The first important result is that the applying of a
pressure in the range of 0—5 GPa significantly reduced
the direct gap of InAs. Consequently, it changes its
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behavior and it has a semi-metallic behavior. Sec-
ondly, our semiconductor alloy B ;5In, ,5As remains a
direct band gap semiconductor under the range con-
sidered for pressure, where the value of its gap
decreases with increasing applied pressure.

In Table 4, we summarize the calculated values of
the direct and indirect gaps of our BAs and InAs
binary compounds and B, ;Inj,sAs ternary alloys
under hydrostatic pressure in the interval from 0 to
25 GPa.

The pressure dependence of the principal band gap
energies is given by the empirical formula [39]

E,(P) = E,(0)+ aP + B P, (12)

where E,(0) is the band gap energy at zero pressure, 0,
and P are the first- and second-order pressure coeffi-
cients, respectively.

Using a non-linear quadratic function, we fitted
the results of the direct and indirect band gap of our
BAs and InAs binary compounds and B, ;5In; ,5As ter-
nary alloys.

The quadratic functions for fitting the band gap
energies, for each compound, are given as follows:
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—For x =0, InAs: {

—For x =1, BAs: {

In order to study the effect of pressure on the opti-
cal properties, in particular on the dielectric function
and the refractive index, we also used the same

1.5
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Err =0.36—0.041P +0.00213P°,
Er_x =1.64—0.021P +0.00019P°

Er_x =1.4706 -0.0105P + 8.5285P

Er =3.69—-0.05P —0.0017P°,
Ery =1.9-0.074P — 0.0020P".

Err =1.1373-0.0045P — 0.0001P7,
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method FP-LAPW. For the different concentrations
x, we varied the lattice parameter which is also a func-
tion of the applied pressure. Figure 16 shows the cal-

Fig. 15. The direct and indirect band gaps energies versus pressure of the B,In; _ ,As alloy compound at concentrations (a) x = 0,

(b) x=1.00, and (c) x = 0.75.
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Fig. 16. The calculated real and imaginary parts of the dielectric function under different values of pressure for the BAs, InAs

compounds and B 75In; »5As alloy.

culated real and imaginary parts of the dielectric func-
tion under different values of pressure for the BAs,

InAs compounds and B, ;5In, ,5As alloy.
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For the real part €,(®), as shown in Figs. 16a, 16b,
and 16¢, we can clearly notice that the spectra at

higher pressures keep similar forms to those at ambient
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Fig. 17. The calculated refractive index under different values of pressure for the BAs, InAs compounds and By, 75In 5As alloy.

pressure with a small displacement towards the higher
energies when the pressure increases. For B, ;5In 55As,
we can see the appearance of a small peak for high
pressure observed at energy of 4.56 eV.

We can also notice that €;(0) decrease significantly
when the pressure applied increases for InAs, which is
due to the fact that the energy gap decreases in the
same conditions.

For the imaginary parts of the dielectric function,
as shown in Figs. 16a’, 16b’, and 16c¢’, similar forms
with a small displacement towards the highest energies
when the applied pressure increased was noted, where
the amplitude of the spectrum was relatively higher
than that with ambient pressure. The energy levels rel-
ative to the maximum of the valence band and the
minimum of the conduction band under pressure have
been displaced, consequently the optical transitions

PHYSICS OF THE SOLID STATE

between these energy levels will also be changed,
which can be considered at the origin of such changes.

The variation in the refractive index at ambient
pressure and under high pressure is also calculated and
shown in Fig. 17 spectra that are also of similar forms
with the exception of InAs for which there is a remark-
able decrease in the static refractive index under pres-
sure; that can be justified by the fact that the pressure
considerably affects the band gap energies and affect
the optical transitions.

4. CONCLUSIONS

We have presented a FP-LAPW simulation in order
to explore structural, electronic, and optical properties
of BAs and InAs binary compounds and their
B,In, _ ,As ternary alloys under hydrostatic pressure.
Vol. 62

No. 10 2020
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Our main results agree very well with other experi-
mental and theoretical data. We can note that the most
important results are:

» The incorporation of boron in InAs increases its
hardness and affects the band gap energy considerably.

* The addition of low concentration of boron
(lower than 25%) reduces the gap, and for the concen-
trations of more than 50%, the value of the direct gap
increases significantly.

* B,In, _ ,As have an indirect band gap for concen-
tration of boron superior to 77%.

» There has been a significant reduction in the gap
of InAs in the range from 0 to 5 GPa and it becomes
semi-metal at 5 GPa with a decrease in its refractive
index in the same range.

* B,In, _ ,As alloy may be an alternative choice for
optoelectronic applications at certain concentrations,
for example from 0 to 25% of boron at ambient pres-

sure and for 75% under hydrostatic pressure up to
25 GPa.
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