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Structural and piezoelectric properties of boron-antimonide (BSb) under high pressure up to 60 GPa
were investigated using the pseudopotential plane wave method in the framework of the density functional
theory within the local density approximation for the exchange-correlation functional. Both direct and con-
verse piezoelectric coefficients were obtained using the density functional perturbation theory. Both direct
and converse piezoelectric coefficients decrease gradually with pressure.
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1. INTRODUCTION

Recently, boron pnictide materials have started
gaining attention; these compounds have some particu-
lar characteristics, such as large hardness and high
melting point [1]. As all crystals, under hydrostatic
compression, the low-pressure phase of boron pnictide
materials is destabilized and structural phase transi-
tion occurs. For boron-antimonide (BSb) compound, the
generalized mechanical stability criteria show that the
phase transition appears at a pressure of around
72 GPa [2]. Using first principles approach, Lindsay et
al. [3] have investigated the temperature dependence of
the thermal conductivity of cubic III-V boron com-
pounds. At room temperature, they found that BSb has
high thermal conductivity, it is of around 465 Wm K.

Yao et al. [4] have used Ab initio calculations of the
electronic and phononic properties of bulk BSb com-
pounds. They found that BSb material could be a good
material candidate (with low cost and easily processed)
for hot carrier absorbers in high-efficiency third gener-
ation solar cell.

Bouamama et al. [5] have used first principles ap-
proach to study the pressure dependence of the optical
phonon frequencies, the high-frequency dielectric coef-
ficient and the dynamic effective charge of a series of
boron compounds.

In the present work, we report on first principles
calculations of the high pressure effect on the structur-
al and piezoelectric properties of BSb in the zincblende
(B3) structure using the pseudopotential plane wave
(PP-PW) method in the framework of density functional
theory (DFT) [6], and the density functional perturba-
tion theory (DFPT) [7], within the local density approx-
imation (LDA).

2. COMPUTATIONAL METHODS

The calculations in the present study were carried
out using the ABINIT code [8] based on the pseudopo-
tential plane wave (PP-PW) approach in the framework
of the DFT and the DFPT. ABINIT code is a package
whose main program allows to find the total energy
and several other physical properties of systems made
of electrons and nuclei. It is a common project of the
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University Catholique de Louvain, Corning Incorpo-
rated, the University de Liege, and other contributors.

The Troullier-Martins type norm-conserving pseu-
do-potentials, which have been generated thanks to the
FHI98PP code [9] were used to describe the interac-
tions between the valence electrons and the nuclei and
core electrons, while the exchange-correlation energy
was evaluated in LDA using Perdew-Wang parametri-
zation [10].

The plane-wave energy cut-off to expand the wave
functions used here was taken to be 80 Hartree. The
Brillouin zone integrations were usually replaced by
discrete summations over a special set of k-points. Us-
ing the standard k-point technique of Monkhorst and
Pack [11], the k-point mesh used in our calculation is
8x8x8. Careful convergence tests show that with these
parameters, the relative energy is converged to better
than 10 -5 Hartree.

3. DISCUSSION OF RESULTS
3.1 EOS Parameters

The lattice spacing between atoms is an important
parameter, which affects several physical quantities of
crystals, such as the width of the gap and the bands of
the semiconductors, the volumetric mass density, the
sound velocity, etc. Usually, the structural equilibrium
parameters can be predicted from Ab-initio calculation,
using the total energy — unit cell volume (E-V) data. In
order to obtain the structural equilibrium parameters
of boron-antimonide (BSb) compound in both cubic
zincblende (B3) and cubic sodium chloride (B1) struc-
tures, the different values of the total energy were
traced as a function of the unit cell volume. The equi-
librium lattice constant, the bulk modulus and the
pressure derivatives of the bulk modulus can be easily
obtained by using the Murnaghan equation of state
(EOS), which is given as follows [1].

Fig. 1a, b discern the variation of the total energy as
a function of the unit cell volume of BSb compound in
both zincblende and rock-salt structures, respectively.

Our predicted values of the equilibrium lattice pa-
rameter ao, bulk modulus Bo, and its pressure deriva-
tive Bo' of both zincblende and rock-salt structures are
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summarized in Table 1 compared with other theoretical
results [1, 2].
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Fig. 1 - Total energy versus volume for B3 phase of BSb (a),
total energy versus volume for B1 phase of BSb (b)

Table 1 — EOS parameters of BSb at zero-pressure in compar-
ison with other theoretical values [1, 2]

Phase | Parameter | Our work Other works
o 5.265 [1] GGA
a0 (4) 5.139 5.18 [2] LDA
95.30 [1] GGA
B3 By (GPa) 107.7 108.4 [2] LDA
) 3.99 [1] GGA
B 3.99 3.743 [2] LDA
ao (A) 4.8244 4.9565 [1]
B1 By (GPa) | 117.7 97.4 [1]
By~ 4.47 4.60 [1]

From the results summarized in Table 1, it is ob-
served that the equilibrium lattice constant ao of BSb
compound in both cubic zincblende and cubic sodium
chloride structures are in good agreement compared to
other theoretical results [1, 2]. Where for example, our
obtained value (5.139 A) of cubic zincblendg structure
underestimates the theoretical value (5.18 A) obtained
in Ref. [2] only by less than 0.8 %. It is important to
note that the lattice parameter is one of the fundamen-
tal structural quantities in solid state physics; it is re-
lated directly with the bond length parameter, which
was determined by the density of valence electrons be-
tween the atoms of crystal.
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Our predicted values of the bulk modulus Bo and its
pressure derivative By’ of both zincblende and rock-salt
structures are also in good agreement compared to oth-
er theoretical results [1, 2]. For example, our obtained
value 4.47 of Bo' for the cubic sodium chloride structure
underestimates the theoretical value 4.60 obtained in
Ref. [1] by less than 2.87 %.

Fig. 2 discerns the variation of the crystal density
as a function of the pressure of BSb compound in cubic
zincblende phase. The results obtained in the previous
works [2, 12] are also represented and traced in Fig. 2.
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Fig. 2 — Crystal density versus for B3 phase of BSb compound

The crystal density of BSb compound at zero-
pressure is 6.488 g/cm3, it is in good agreement with
the value 6.37 g/lcm? obtained from the LDA [2]. It is
important to note also that the value 5.13 g/cm3 of the
crystal density reported by Salehi et al. [12] is not cor-
rect. By using the numerical value 5.2809 A of the equi-
librium lattice parameter obtained by Salehi et al. [2],
the correct value of the crystal density is 5.979 g/cm3
which is in general in agreement with our obtained
value 6.488 g/cm?® and with the value 6.37 g/lcm?® ob-
tained from the LDA [2].

3.2 Piezoelectric Coefficients

As we know, piezoelectric effect does not exist in all
structures. Among the five symmetry classes belonging

to the cubic system, only 4 3m and 23 classes exhibit
the piezoelectric effect. In the first case, the piezoelec-
tric tensor contains only one constant e;4 (in the direct
piezoelectric effect), it is expressed in C/m2. The piezoe-
lectric tensor is given as [13]

000e 0 O
000 0 0 e

In the converse piezoelectric effect (application of an
electrical field creates mechanical deformation in the
crystal), the piezoelectric tensor contains also only one
constant called d14, it is usually expressed in 10-12 m/V,
or in pC/N. The piezoelectric properties of the present
compound have been calculated for the first time. The
converse piezoelectric coefficient dis is related to the
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elastic constant Css and the direct piezoelectric coeffi-
cient e14 by the following formula [13, 14]:

dis = e14/Caa. (2

Attempting to predict the effect of hydrostatic pres-
sure on the direct and converse piezoelectric coeffi-
cients of BSb with cubic zincblende structure, the dif-
ferent results along these of boron phosphide (BP) sem-
iconducting material [13] are presented in Fig. 3 and
Fig. 4, respectively. As shown in Fig. 3 and Fig. 4, both
the direct and converse piezoelectric coefficients de-
crease gradually with pressure; the first begins with a
value of —0.134 C/m2 at zero-pressure and reaches a
value of about — 0.865 C/m2 at a pressure of 60.7 GPa,
while the second one begins by — 1.17 pm/V at zero-
pressure and reaches a value of about —5.70 pm/V at
the same pressure.
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Fig. 3 — Direct piezoelectric coefficient of BSb and BP [13]
versus applied pressure

It can be noted that a similar qualitative behavior
of both the direct and converse piezoelectric coefficients
versus pressure has been reported for boron phosphide
(BP) [13], boron bismuth (BBi) [14], and aluminum
phosphide (AIP) [15, 16] semiconducting materials.

Two analytical relations for the pressure (given in
GPa) dependence of BSb direct and converse piezoelectric
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To the best of the authors' knowledge, the pressure
dependence of piezoelectric coefficients has never been
previously reported in BSb material.

4. CONCLUSIONS

In conclusion, the DFT and DFPT methods have
been used to obtain the EOS parameters and both the
direct and converse piezoelectric coefficients of BSb
under pressure up to a pressure of 60 GPa. It is found
that both the direct and converse piezoelectric coeffi-
cients decrease with increasing pressure. It can be not-
ed that a similar qualitative behavior has been report-
ed in the literature for BP, BBi, and AlP materials.

At P=0, the direct piezoelectric coefficient e;s was
found at around — 0.134 C/m?, while the converse piezoe-
lectric coefficient di4 was found at around — 1.17 pm/V.

The results obtained for the Debye temperature and
the melting temperature agree well with other experi-
mental and theoretical data.

8. ABINIT code is a common project of the Université
Catholique de Louvain, Corning Incorporated, and other
contributors. http://www.abinit.org.

9. M. Fuchs, M. Scheffler, Comput. Phys. Commun.119, 67 (1999).

10. J.P. Perdew, Y. Wang, Phys. Rev. B. 45, 13244 (1992).

11. H.J. Monkhorst, J.D. Pack, Phys. Rev. B. 13, 5188 (1976).

12. H. Salehi, H. Badehian, M. Farbod, Mater. Sci. Semicond.
Process 26, 477 (2014).

13. S. Daoud, N. Bioud, N. Lebga, JJ. Cent. South. Univ. 21, 58 (2014).

14. S. Daoud, N. Bioud, N. Lebga, Pramana <J. Phys. 81, 885 (2013).

15. S. Daoud, N. Bioud, N. Lebga, J. Optoelectron. Adv. Mater.
16, 207 (2014).

16. S. Daoud, R. Mezouar, A. Benmakhlouf, Int. J. Phys. Res.
6, 53 (2018).

05004-3


https://doi.org/10.1088/2053-1591/aad3a5
https://doi.org/10.1088/2053-1591/aad3a5
https://doi.org/10.1007/s12648-012-0231-y
https://doi.org/10.1103/PhysRevLett.111.025901
https://doi.org/10.1103/PhysRevLett.111.025901
https://doi.org/10.1016/j.solmat.2012.12.029
https://doi.org/10.1016/j.solmat.2012.12.029
https://doi.org/10.1080/08957950500259041
https://doi.org/10.1080/08957950500259041
https://doi.org/10.1007/978-3-642-14090-7
https://doi.org/10.1007/978-3-642-14090-7
https://doi.org/10.1103/PhysRevLett.58.1861
http://www.abinit.org/
https://doi.org/10.1016/S0010-4655(98)00201-X
https://doi.org/10.1103/PhysRevB.45.13244
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/10.1007/s11771-014-2394-4
http://dx.doi.org/10.1007/s12043-015-1099-0
https://old.joam.inoe.ro/download.php?idu=3416
https://old.joam.inoe.ro/download.php?idu=3416
https://doi.org/10.14419/ijpr.v6i2.11020
https://doi.org/10.14419/ijpr.v6i2.11020

SALAH DAOUD J. NANO- ELECTRON. PHYS. 11, 05004 (2019)
CrpykTypHi Ta n'e3oesiekrpudni Biaacrtusocrti BSb nix Bucokum tuckom: nociaigxenua DFT
Salah Daoud

Laboratoire Matériaux et Systémes Electroniques, Université Mohamed Elbachir El Ibrahimi de Bordj Bou Arreridj,
Bordj Bou Arreridj, 34000, Algérie

CrpykTypHIi Ta m'e30eJIeKTPUYHI BJIaCTUBOCTI Oopy-amTumonimy (BSb) min Bucoxum tuckom mo 60 I'Tla
OyJii TOCTIIPKEeH] 3a JIOTIOMOTOI0 METO/Y IICEeBJIOTOTEHITIaNBHOI TIJI0CKOI XBHJIL B paMKax Teopil PyHKITIOHA-
JIBHOI IIMJIBHOCTI B MEKAX JIOKAJIBHOTO HAOJIMKEHHS T'YCTHHH JJIs OOMIHHO-KOPEJIAI[IMHOTO (PYyHKITIOHAJTY.
Ax mpsMi, Tak 1 3BOPOTHI IT'€30€JIEKTPUYHI KoedilfieHTH OyJIM OTPUMAHI 3a JOITIOMOI'0I0 Teopil PyHKITIOHATIE-
HuX 30ypeHb IILILHOCTI. BHUSABJIEHO, IO IPAMI 1 3BOPOTHI II'€30€JIEKTPUYHI KOe(II[ieHTH IOCTYIIOBO 3MEH-
LIYIOTHCS 3 TUCKOM.

Kmiouogsi cnosa: DFPT, Bop-aurumonin, I1'esoenmexrpuuni Biractusocti, LDA.
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