International Journal of Physical Research, 5 (2) (2017) 79-82

International Journal of Physical Research

Website: www.sciencepubco.com/index.php/IJPR
doi: 10.14419/ijpr.v5i2.8314
Research paper

SPC

Physical Research

Correlation study of optical, mechanical and thermal properties
of BAs material and its experimental energy gap

Salah Daoud *

Laboratory of Materials and Electronic Systems (LMSE), Faculty of Sciences and Technology, Mohamed Elbachir El Ibrahimi, Bordj
Bou Arreridj University, Bordj Bou Arreridj (34000), Algeria
*Corresponding author E-mail: salah_daoud07@yahoo.fr

Abstract

The object of this work is to study the correction between the optical, mechanical and thermal properties of boron arsenide (BAs) materi-
al and its experimental optical energy gap. The index of refraction, the high-frequency dielectric constant, the optical electronegativity,
the bulk modulus, the micro-hardness, the plasmon energy, the Debye temperature, the melting temperature and the electronic polariza-
bility of BAs were estimated from its energy gap. The results obtained are analyzed in comparison with available experimental and other
theoretical data. My obtained results of the reflective index and the dielectric constant agree well with other theoretical data; whereas the
bulk modulus, the microhardness, the Debye temperature, and the melting temperature are slightly lower than the experimental and other
theoretical data. The electronic polarizability is slightly different than other theoretical ones from the literature.
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1. Introduction

Boron based materials BX (X =P, As) are two compounds, which
belong to 111-V group [1]. These later have attracted increased
research attention over the past few years because of great techno-
logical interest for electronic and optical devices manufacturing
[1, 2] and high temperature applications [1].

To best of our knowledge, BP and BAs semiconductors were ex-
perimentally obtained for the first time in 1958 by Perri et al. [3].
They found that both BP and BAs compounds crystallize in cubic
zincblende structure, this structure consists of the interpenetrating
FCC lattices, one displaced from other by a distance (0.25, 0.25,
0.25) along the body diagonal. They found also that when it heat-
ed in an atmosphere of phosphorus, BP compound was stable to a
temperature at least 1250 °C; whereas BAs compound was stable
to a temperature 920 °C.

Yadav et al. [2] used the plasma oscillation theory of solids for-
malism to study the high-frequency refractive index, optical sus-
ceptibility, electronic polarizability and crystal ionicity of some
cubic zincblende and wurtzite type structured binary compounds.
In order to study the dielectric constant and electronic polarizabil-
ity of some binary and ternary tetrahedral materials, Verma et al.
[4] proposed some efficacy models.

In our very recent work [5], a quasi-linear relationship was ob-
tained between the high-frequency and static dielectric constants
in some 11-VI and I11-V materials. Some other physical quantities
such as: Knoop microhardness, homopolar and heteropolar ener-
gies, thermal conductivity, and melting point of boron based
materials (BAs, and BSh) are also the object of other our recent
works [6- 8]. Using first principles calculations, the structural
phase transition, elastic constants, sound velocity, and Debye tem-
perature of BAs were studied under pressure up to 125 GPa [9].

In this work, 1 would like to study the correlation between the ex-
perimental optical energy gap and the optical (index of refraction

and high-frequency dielectric constant), the mechanical and ther-
mal properties of BAs semiconductor. Firstly, the reflective index
(n) was calculated from two empirical formulas, and then the cor-
responding high-frequency dielectric constant was determined.
The total optical electronegativity difference, bulk modulus, micro
hardness, plasmon energy, Debye temperature, melting tempera-
ture, and electronic polarizability were also predicted. The results
obtained are compared with the experiment and other theoretical
data from the literature.

2. Theory, results and discussion

2.1. Optical properties

The evaluation of refractive index of a semiconductor material is
of considerable importance to the manufacturing of devices in
optoelectronic applications. For several, elements, I11-V, I1-VI and
I-VII types binary semiconductors with different structures; Ku-
mar and Singh [10] proposed a formula which relates a refractive
index (n) with the optical energy gap (Eg), it is given as follows
[10]:

n=K(Ey)* @

Where K = 3.3668 and C = -0.32234 are constants.

Anani et al. [11] reported that the refractive index (n) of a semi-
conductor is dependent on its optical energy gap (Eg). They pro-
posed a linear relationship between the index of refraction and the
energy gap; it is given by the following expression [11]:

n=(17-Eg)/5 2)
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Replacing in Eq. (2) the experimental energy gap Eq = 1.46 eV
reported by Chu and Hyslop [12, 13] of thin film BAs material,
the predicted value of the refractive index was found to be 3.11.

It is very important to note that several authors [14-17] have quot-
ed that BAs material has an indirect optical energy gap (Eg = 0.67
eV), and they have mentioned also that this later value was ob-
tained by Bross and Bader [18]. This is not true, because the au-
thors of Ref. [18] have studied the ground state properties of dia-
mond and cubic boron nitride materials, and not the properties of
boron arsenide. The small indirect optical energy gap (Eg = 0.67
eV) of BAs thin film material was also deduced by Chu and
Hyslop [13].

In other very recent work [19], an important formula was estab-
lished between the refractive index (n) and the optical electronega-
tivity (AX*), it was given as [19]

n=k(AX +C)Y ©)

Where the parameters k, C and y depend on the nature group of
material. The relevant values of the constants k, C andy for I11-V

semiconductors are 2.36, -0.13 and -0.22 respectively [19].

The optical electronegativity indicates the nature of the bonding in
the solids. Reddy et al. [20] studied the correlation between the
optical electronegativity, the bulk modulus and the electronic po-
larizability in various binary systems and ternary chalcopyrite
semiconductors. The optical electronegativity (AX*) has been
given as a function of the optical energy gap (Eg) as follows [20]:

AX" =(0.2688)Eg @)

Using the experimental optical energy gap Eg = 1.46 eV reported
by Chu and Hyslop [12], [13] of BAs material, the value of the
optical electronegativity was found to be 0.4. To the best of my
knowledge, there is no data available in the literature on this quan-
tity for this compound. So our findings on the optical electronega-
tivity, perhaps is the first prediction and can be useful for future
investigations of this compound. The value (0.4) of the optical
electronegativity of BAs material is equals exactly to that obtained
for AISb semiconductor [20].

Replacing in Eq. (4) the value (AX* = 0.4), the predicted value of
n was found to be 3.15. It is in excellent accord with the value
3.11 obtained from Eq. (2). My calculated values of n are listed in
Table 1 and compared with other theoretical data [17], [21], [22].
As can be seen from Table 1, my calculated values of n are in very
good agreement with the theoretical ones (3.05) reported in Ref.
[17] and (3.35) reported in Ref. [21] respectively, the deviation
between our value (3.11) and that (3.05) of Ref. [17] is only
around 1.96 %. At given optical frequency, the dielectric constant
¢ and the refractive index n are related by Lorentz-Lorenz’s for-
mula, it is given by the following expression [8], [23]

n =¢ (5)

Using Eq. (5), our calculated values of ¢ are 9.66 and 9.91 respec-
tively. They are also listed in Table 1 and compared with other
theoretical data [17], [21], [22], [24-26].

Table 1: Index of Refraction (n) and High-Frequency Dielectric Constant
(€) of BAs in Comparison with Available Data [17], [21], [22], [24-26] of
the Literature. ® Obtained from Eg. (2), ® Obtained From Eg. (3).

As can be seen from Table 1, my calculated values (9.66 and 9.91)
of ¢ are also in very good agreement with other theoretical data.
For example, the deviation between our obtained value (9.91) of ¢
and the value (9.67) of the Ref. [25] is less than 2.5 %; whereas,
the deviations between our obtained value (9.66) and the value
(9.67) obtained by Labidi et al. [25] from first-principles full-
potential linearized augmented-plane wave calculations is less
than 0.01 %. This very good agreement indicates the high correla-
tion of the optical properties and energy gap in BAs material.

2.2. Bulk modulus and microhardness

In this part of the present work, and in order to estimate the bulk
modulus B and the microhardness H of BAs compound at room
temperature, | use some empirical formulas which have been pro-
posed by Reddy et al. [27], and recently successfully applied to
other boron based materials (BSb [8], and BBi [28]). In this model
only one experimental data is required in the calculations it is the
refractive index of the semiconductor. For some semiconductors
(groups 11-VI and 111-V), the refractive index was related to the
bulk modulus by the following relationship [8], [27], [28]

B (GPa) = Kiexp (K2n) — Ks (6)

Where K1, K2 and Kz are constants. The relevant values of K1, K2
and Ks for 111-V semiconductors are: 648.89, -0.3546, and 130.33,
respectively [27]. Replacing my obtained value of the refractive
index (n = 3.11) in Eq. (6), the value of the bulk modulus of BAs
compound is given in Table 2 and compared with available theo-
retical data [29], [30], [31], and experimental result [32].

For the same semiconductors, the microhardness can be expressed
as function the refractive index as follow [8], [27], [28]

H (GPa) = Kaexp (Ksn) — Ks (7

Where Ks, Ks and Ke are constants, the values of K4, Ks and Ke
for 111-V materials are: 104.953, -0.3546 and 26.82, respectively
[27]. Replacing the numerical values of Ka, Ks and Kes and the
value (n = 3.11) in Eq. (7), the obtained value of the microhard-
ness of BAs compound are given in Table 2 and compared with
other theoretical data [7], [29]. It can be seen, that my calculated
values of bulk modulus, and microhardness of BAs semiconductor
are slightly lower than other theoretical calculations [7], [29], [30],
[31] and experimental result [32].

Table 2: Bulk Modulus and Microhardness of BAs Semiconductor, in
Comparison with Available Data of the Literature [7], [29-32].2 Obtained
from Eq. (7), " Obtained from Eq. (9)

Parameter B (GPa) H (GPa)

This work 110.44 8.0227.11°

Ref. [7] - 17.94 and 23.82
Ref. [29] From 149.53 t0 192.91 From 12.1t017.23
Ref. [30] 137.61 16.5

Ref. [31] 138 -

Ref. [32] Exp 148+ 6 -

Parameter n €

This work 3.11°3.15° 9.6629.91°
Ref. [17] 3.05 9.3

Ref. [21] 335 11.19

Ref. [22] 2.09 -

Ref. [24] - 9.56

Ref. [25] - 9.67

Ref. [26] - 9.65

To study the correlation between the bulk modulus B and the en-
ergy gap Eq Reddy et al. [23] proposed linear relationships. For
several 111-V, 1I-1IV-V2 and I-11I-VI2 group semiconductors, an
important formula relates the bulk modulus B and the energy gap
Eg was established, it is given as follow [23]:

B (GPa) = C1Eg + C> )]

The relevant values of C1 and C: for I11-V, II-1V-V2 and I-111-VI:
group semiconductors are: 13.89 and 46.90 respectively [23].
Using the experimental energy gap Eg = 1.46 eV reported by Chu
and Hyslop [12], [13] of BAs material, the value of the bulk mod-
ulus B is found to be 67.18 GPa. Unfortunately, this result do not
agree well with my previous result (110.44 GPa) obtained from Eq.
(6), and the experimental one (148 + 6 GPa) reported in Ref. [32].
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For some elemental of group IV, lI-VI, I1I-V, II-IV-V2 and I-I1I-
VI2 group materials, an important formula relates the microhard-
ness H and the plasmon energy hop Was established by Kumar et
al [30], it is given by the following expression [30]

H = Ko (hop) 2333 — Ko 9)

For I11-V compounds, the values of the constants Ko and Ko are
0.0202 and 5.743 respectively.

Replacing my obtained value of the plasmon energy hmp = 15.91
eV (Please see Section 2.3) in the formula of Eq. (9), the value of
H of BAs compound is found to be 7.11 GPa. It is also given in
Table 2 and compared with other theoretical data [7], [29], and
[30]. It can be seen, that my calculated value of the microhardness
obtained from Eq. (9) is in agreement with my previous result
(8.02 GPa) obtained from Eq. (7); but, it is also slightly lower than
other theoretical ones [7], [29], and [30].

2.3. Debye temperature and melting temperature

The Debye temperature (6p) and the melting temperature (Tm) are
two fundamental thermophysical properties of materials. The De-
bye temperature is usually used to distinguish between low and
high temperature regions [33].

In our recent work [28], the plasmon energy (fiwp) used with suc-
cess to predict the Debye temperature (6p) of BBi compound.
Usually, the plasmon energy was given as function of the effective
number of valence electrons taking part in plasma oscillations Z,
the specific gravity ¢ and the molecular weight W by the follow-
ing relationship [30]:

hop (€V) = 28.8 (Z o/ W) (10)

The plasmon energy was also related to the refractive index (n) by
the following relationship [8], [27], [28]

hop (8V) = Krexp (Ksn) (11)

Where K7 and Ks are constants. The numerical values of the con-
stants K7 and Kg for I11-V group are: 47.924, and -0.3546, respec-
tively [27]. Replacing the value (n = 3.11) in Eq. (11), the plas-
mon energy of BAs was found to be 15.91 eV; it is relatively low-
er than the theoretical calculations (17.77 to 20.11 eV) reported in
Ref. [29], and (20.12 eV) obtained by Kumar et al. [30].

The Debye temperature (6p) and the plasmon energy (hwp) are
related by [28]:

0p = -Ko + Kio (hop) (12)

The values of the constants Ko and Kio are respectively: 800.88
and 77.48 for 111-V group [28]. Using Eq. (12), the value of 6p
was calculated, it is around 432 K. The melting temperature (Tm)
was proposed, it is given by the following formula [9], [28]:

Tm = (6p + K2)/ K13 13)

The values of Ki2 and Kis are respectively: 153.40 and 0.354 for
111-V group. The obtained value of Tm was calculated, it is around
1653.2 K. These two values are slightly lower than the results of
our previous works [6], [9] (Table 3) and references therein.

2.4. Electronic polarizability
If we know the refractive index n and the crystal density g of any

crystalline material, it’s possible to predict the electronic polariza-
bility ap by using the following formula [34]

_(n*-1.m.10*
P (n?+2).9.(2.53)

(14)

Where, n is refractive index, M is the molecular weight and g is
the density.

Using the X-ray crystal density (g = 5.224 g/cm®) reported by
Adachi [35], and my value (n = 3.11), the value of ap of BAs
compound was found to be: 4.82 A3, it is slightly larger than the
value (4.41 A3) reported in Ref. [30]. Another formula was given
by Reddy et al. [23], which relates the electronic polarizability ap
and the bulk modulus B of several materials, it was given as [23]:

[(5.563 -0.033 B)? 71} M

ap =(0.395)x 10724
[(5.563 -0.033 B)? + 2}. g
(15)

Using the density (g = 5.224 g/cm?®) reported by Adachi. [35], and
my obtained value of the bulk modulus B = 110.44 GPa, the value
of the electronic polarizability ap is found to be 3.06 A3. Our cal-
culated value of ap is listed also in Table 3. As can be seen from
Table 3, my obtained value (3.06 A3) of ap of BAs compound is
slightly lower than the value 4.08 A3of Verma et al. [4], the val-
ues 4.05 -4.51 A3reported by Shaileshkumar [29], and the value
4.41 A3 reported in Ref. [30].

Table 3: Debye Temperature (®g), Melting Temperature (Tn), and Elec-
tronic Polarizability a, of Bas, Compared to Other Data [4], [6], [9], [29]
And [30]. ® Obtained from Eq. (14), ® Obtained from Eqg. (15)

Parameter 0p (K) T (K) o, (A%

This work 432 1653.2 4.8223.06°

Ref. [4] - - 4.08

Ref. [6] 657.37 22643 -

Ref. [9] 698.16 2405.53 -

Ref. [29] - - From 4.05 to 4.51
Ref. [30] 2 z 4.41

It is important to note that the value (ap = 4.08 A%) obtained by
Verma et al. [4] is not precise, because the authors of Ref. [4] used
the value (d = 2.04 A) as nearest neighbor distance for BAs. The
exact value of the nearest neighbor distance of BAs semiconductor
can be deduced from the experimental lattice parameter (a = 4.777
A) [3], [35]. The correct value of the nearest neighbor distance for
boron arsenide semiconductor becomes (d = 2.07 A) [31], which
gives a value ap = 4.25 A3, This later is in general slightly higher
than the value (ap = 4.08 A%) quoted by Verma et al. [4].

3. Summary and conclusions

In the present paper, | studied the correction between the optical
and mechanical properties of BAs material and its experimental
optical energy gap. Firstly, I have determined the reflective index
and the corresponding high-frequency dielectric constant, the re-
sults obtained agree well with other theoretical data from the liter-
ature. The optical electronegativity was also calculated. The value
was found to be: 0.4. It equals exactly to that of AlSb compound
[20]. To best of my knowledge, there is no data available through
the literature on this quantity for this compound. Hence, my result
is prediction and may serve as a reference, and still await other
theoretical confirmations.

In addition, the bulk modulus, the micro hardness, the plasmon
energy, the Debye temperature, and the melting temperature are
also obtained. Despite my obtained values of the reflective index
and the high-frequency dielectric constant agree well with other
theoretical data from the literature, in general, my results of B, H,
hop, 6o and Tm are slightly lower than the experimental and other
theoretical data from the literature. Ultimately, the electronic po-
larizability of BAs was also obtained from two formulas; the re-
sults obtained are slightly different than other theoretical ones.
Despite the optical electronegativity of BAs is equals exactly to
that obtained for AISb material, it is very important to note that
the electronic polarizability (4.82 A3and 3.06 A3) of BAs is very
lower than that (10.53 A3) [20] of AISb material.
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