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Abstract. Pseudopotentials and density functional theory (DFT) implemented in the
ABINIT code were used to study the properties of the GaSh cubic alloy zinc-blende
structure. Both the local density approximation and the generalized gradient approximation
were used for the exchange-correlation (XC) potential calculation. The calculated lattice
parameter aligns well with available experimental and theoretical results. Elastic constants,
Young’s modulus, shear modulus, and anisotropy factor were determined, and the pressure
dependence of elastic constants was investigated. Band gaps were initially calculated but
showed discrepancies with experimental values due to the known band gap problem of
DFT. To enhance accuracy, the Green function and screened Coulomb interaction
approximation were introduced. The impact of thermal effects on compound properties was
investigated using the quasi-harmonic Debye model, presenting variations in volume, heat
capacities, thermal expansion coefficient, and Debye temperature concerning pressure and
temperature.
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1. Introduction

Renewed interest has emerged in gallium and aluminum
antimonide due to their potential applications in opto-
electronic devices, namely solar cells, photodiodes, and
phototransistors, as well as in semiconductor lasers and
light-emitting diodes [1-7]. Understanding the properties
of semiconductors is crucial for the advancements in
computer science and electronics, particularly in the
development of barrier materials for high mobility and
long-wavelength electronic devices [8-10]. Castano-
Gonzalo etal. [11] studied the structural and electronic
properties of GaSh. This theoretical investigation
employed (DFT) using the plane-wave pseudopotential
approach. M. Gmitra and J. Fabian [12] used first-
principles methodologies tailored to accurately describe
semiconductor materials, incorporating a modified
Becke—Johnson potential integrated into the exchange-
correlation functional. This approach enables us to obtain
the electronic band structures for zinc-blende and
wurtzite phases of GaAs, GaSb, InAs, and InSb. Caid
etal. [13] carried out a theoretical investigation of the
structural, electronic, and optical characteristics of
(InAs)m/(GaSh), superlattices. The authors used the full-

potential linear muffin-tin orbital (FP-LMTQO) method
within the framework of DFT employing the local
density approximation (LDA) method. Bengasmia et al.
[14] performed ab-initio calculations to study the
structural properties of GaSb in the ground state and
under the effect of hydrostatic pressure. The study
employed the projected augmented wave pseudo-
potentials (PAW) method within the framework of DFT,
using the Quantum Espresso code. The exchange-correla-
tion functional was modeled using generalized gradient
approximation (GGA). The vibrational, mechanical, and
optical properties of GaSb under the influence of
temperature have been studied in [15]. Garwood et al.
[16] demonstrated the potential of first-principles
calculations using hybrid DFT to predict band gaps in
InAs and GaSh semiconductor superlattices accurately.
Investigating temperature dependences provides
valuable insights into the properties of semiconductor
optoelectronic and electronic band structures. Different
studies have investigated the effects of pressure and
temperature on energy gaps in semiconductors [17].
Research on Group -V semiconductors, particularly
gallium antimonide (GaSh) and related semiconductors,
has garnered significant interest due to their potential
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advantages in optoelectronic applications. GaSb and its
counterparts are attractive for their high carrier mobility
and narrow band gap (0.75eV at 300 K) [18], making
them promising for high-performance optoelectronic
devices in the mid-infrared (IR) spectrum. However, the
efficacy of these devices heavily relies on the quality of
the crystal structure and emission properties of the
materials. Consequently, efforts in research are directed
towards improving crystal quality, fine-tuning alloy
compositions, and the enhancement of optical properties
in GaSb semiconductors. The investigation of thermo-
dynamic properties, including entropy S serves as a
quantification of the multitude of distinct configurations
available to a thermodynamic system.

In this study, we focus on how temperature influences
the thermodynamic properties of GaSh. In the study, PAW
is within the framework of DFT, GGA, and LDA are used
for exchange-correlation. In addition, the electronic band
structures of GaSbh semiconductors are investigated. We
predict these effects by analyzing changes in lattice
constants, and consequently, thermo-dynamics properties
with the variations of temperature. Furthermore, we
investigate the influence of pressure on the elastic
properties, including elastic constants, bulk modulus, shear
modulus, and Young’s modulus for the material.

2. Computational method

The Brillouin zone (ZB) unit cell of GaSb involves the
placement of the Sb atom at the coordinates (0 0 0) and
the Ga atom at the coordinates (0.25 0.25 0.25). Notably,
Sb and Ga have atomic numbers 51 and 31, respectively.
The electronic configuration for Sb is 1s2 2s? 2p 3s? 3p4s!
3d! 4s% 4p 5s% 4d! 5p®, while Ga electronic configuration
is 1s* 2s? 2p 3s? 3p 4s? 3d! 4p'. In this study, pseudo-
potentials have been employed, considering Sb with
582, 5p* as the valence states and Ga with 4s2, 4p' [19].
The ABINIT code [20], using the PAW approach
within the framework of DFT, has been employed to
investigate various properties of the binary compound
GaSb. A Monkhorst—Pack grid is selected through
convergence studies to achieve k-grid sampling in ZB
integration. The plane wave kinetic energy cutoff, set at
870.765 eV, is determined through convergence studies
on total energy. In the ZB crystal structure, a primitive
unit cell is employed in ab-initio calculations for the
GaSb compound. The investigation of thermodynamic
properties is carried out using the quasi-harmonic Debye
model, implemented within the Gibbs program [21].

3. Results
3.1. Structural properties

The lattice constant (a) for ZB-GaSbh was determined by
applying both LDA and GGA methods, involving the
calculation of total energy Eror within a range of diverse
values. The resulting plot, depicted in Fig. 1, displays the
relationship between Eror and the corresponding a value.
The equilibrium a, representing the minimum energy
state, was identified by selecting the value of a associated
with the lowest minimum energy on the plot.

Table 1. Calculated lattice constant (a) for the ZB of GaSb
compound.

Present work Other works
LDA GGA LDA GGA
6.043 6.233 5.981 [11] 6.219 [11]
6.053 [22] 6.219 [22]

The GGA calculations used an equilibrium a of
6.233 A for GaSb, whereas in the LDA calculations, it
was determined to be 6.043 A. These a values are
presented in Table 1, alongside results from other
theoretical studies and experimental data. It is worth
noting that the obtained results demonstrate a
satisfactory agreement with both theoretical and
experimental  values, particularly with LDA
calculations showing a better fit.

3.2. Band structure and energy gap

The band structures and band gap energies have been
determined by calculations employing both LDA and
GGA methods. GaSh, as a material, exhibits a direct
band gap. The electronic band structure of GaSb along
high symmetry directions is illustrated in Fig. 2.
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Fig. 1. The variation of total energy vs lattice constant for the
ZB crystal structure of GaSb calculated using the LDA and
GGA methods. For interpretation of the colors in the figure(s),
the reader is referred to the web version of this article.
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Table 2. Calculated using LDA, GGA, and GW energy band gap (eV) in the T" symmetry point of GaSb.

Present work Experimental Other works
LDA GGA GwW 082 [23] LDA GGA GwW
0.002 0.00 0.802 ' 0.00 [22] 0.02 [22] 0.85 [24]

A summary of the compound band gap values is
presented in Table 2, comparing the computed results
with experimental and other theoretical values. One can
see a good agreement of our results with other theoretical
ones. In this instance, the outcomes obtained using GGA
and LDA calculations deviate significantly from the
experimental values. This discrepancy is particularly
notable in the context of extended systems, namely, bulk
semiconductors and insulators.

The widely employed DFT method tends to outcome
band gaps that are considerably smaller than observed
experimentally. In addition, in specific cases, it may even
give an incorrect band order. A primary strategy to address
this issue involves employing Hedin’s Green function
and screened Coulomb interaction (GW) approximation.
In this approach, an energy-dependent, nonlocal self-
energy is introduced as a replacement for LDA in the
exchange-correlation energy. The true quasi-particle
eigenvalues are subsequently determined by correcting
the LDA eigenvalues through perturbation theory.

The outcomes for the compound, considering GW,
along with experimental and various theoretical results,
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Fig. 2. The Kohn-Sham electronic band structure for the ZB-
GaSb calculated using the LDA and GGA methods.

are presented in Table 2. As evident from the table, the
GW approximations outcome more accurate results for
the energy band gap compared to Kohn-Sham LDA or
GGA. This involves a correction to the Kohn-Sham
LDA and GGA band gaps.

3.3. Elastic properties

The study of elastic properties of materials under various
pressures enhances our comprehension of fundamental
physical principles, encompassing interatomic forces,
mechanical characteristics, phase transitions, and more.
The elastic constants of solids establish a connection
between the mechanical and dynamic traits of crystals,
offering crucial insights into the forces acting within
solids. Notably, in cubic crystals, there are only three
distinct elastic constants, namely Ci1, Ci2, and Caa.

Table 3 presents calculated elastic constant values
for the GaSb compound in the cubic zinc-blende
structure. Additionally, the table includes values from
experimental and alternative theoretical studies for each
elastic constant. In this study, the results for Ci1, Cia,
and Cas demonstrate a strong concurrence with
other theoretical models and experimental findings,
particularly indicating favorable alignment with the
results obtained through LDA. The conventional criteria
for mechanical stability in cubic crystals involves the
elastic constants, specifically Ci1—Ci2>0, C11>0,
Cas>0, Cq1 +2C12 >0, and Cy2 < B < Cy1. Upon study of
the elastic constants presented in Table 3 for the GaSb
compound, it is evident that these stability conditions are
met in the ZB structure. This observation indicates that
the compound exists in a mechanically stable state at

zero pressure. The Zener anisotropy factor A=2C—44
11 _C12
serves as a measure of the extent of elastic anisotropy
exhibited by a crystal. In the case of a fully isotropic
material, the factor A assumes a value of 1. The calcula-
tion of factor A is based on the computed data, and this
relationship is utilized to determine its value [27].

Table 3. Elastic constants of GaSb calculated using LDA and
GGA under zero pressure.

Present work
Experiment | Other works
GaSb | GGA | LDA
Cu 715 87 88.34 [25] 89.8 [26]
Ci2 30.5 379 40.23 [25] 38.7 [26]
Cus 36 43.0 43.22 [25] 415 [26]
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Table 4. The obtained bulk modulus, shear modulus, Young’s modulus E, Pugh’s modulus ratio, Zener’s anisotropy factor, and

Poisson’s ratio v (in GPa) for the ZB structure of the GaSh compound.

Present work B G E G/B A v
LDA 55.15 34.34 85.31 0.622 1.751 0.242
GGA 46.5 28.72 71.45 0.617 1.756 0.244

Other works 55.8 [26]

The Zener anisotropy factor A, Poisson’s ratio v,
shear modulus G, Young’s modulus E, and the inverse
Pugh’s modulus ratio G/B have been computed and are
presented in a concise form in Table 4 via the following
relations:

B—EG
1 3
V=§ 1| 2
B+-G
3
E= 9GB . 3)
G+3B

The observed A values exceeding 1.0 indicate that
GaSb cannot be considered elastically isotropic.
Particularly crucial for practical applications v, G, and E
are frequently measured in the study of hardness for
polycrystalline materials. These elastic properties are
derived from the computed data using specific
mathematical relations. The physical significance of
these properties lies in their reflection of the material
response to mechanical stress and deformation. v relates
to lateral and axial strains, G measures a material
resistance to deformation under shear stress, and E
quantifies its resistance to linear deformation via the
following relations:

_G,-C,+3C,

G, e 4)
5__4 .3 -
GR Cll _Clz 44

where

G=(G, +Gg)/2. (6)

G characterizes a material resistance to plastic
deformation, while B represents its resistance to fracture.
S.F. Pugh introduced G/B in polycrystalline phases as a
predictor of material brittleness or ductility. A higher
(lower) G/B value indicates ductility (brittleness). The
critical threshold that separates ductile from brittle beha-
vior is typically close to 0.5. Analyzing the calculated
G/B values in Table 4, it is evident that GaSb is ductile,
as the G/B ratio exceeds 0.5. v offers valuable insights
into the nature of bonding forces, more so than other
elastic constants. Typically falling within 0.25...0.5, v is
a crucial indicator. The calculated v in this case is close
to 0.25, suggesting that the material primarily possesses

central interatomic forces [27]. A larger v indicates an
enhanced plasticity, emphasizing the material ability to
undergo deformation under applied stress.

After determining elastic constants at zero pressure,
calculations were performed for various pressures
ranging from 1 to 12 GPa for GaSb, employing both
LDA and GGA methods. Fig. 3 visually represents the
changes in the three elastic constants throughout these
pressure variations in both LDA and GGA calculations.
As anticipated, the graphs indicate that the values of Ci;
and Ci consistently exhibit positive trends, increasing
linearly with pressure. At the same time, Cas experiences
a weak dependence on the pressure (the changes of Caa
do not exceed error bars).
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Fig. 3. Pressure dependences of Cij for GaSb in ZB structure
plotted using the results of LDA and GGA calculations.
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3.4. Thermodynamic properties

The field of thermodynamics originates from the
investigation of two distinct forms of energy transfer,
namely, heat and work, and their connection to the
macroscopic variables of a system, including volume,
pressure, and temperature. To investigate the
thermodynamic characteristics of the GaSb compound
under elevated temperature and pressure conditions, the
quasi-harmonic Debye model has been employed. In this
model, the non-equilibrium Gibbs function, denoted as
G" (V; P, T), is expressed in the following relation [21]:

U]

The use of the quasi-harmonic Debye model makes it
feasible to ascertain the thermodynamic properties of
compounds at various temperatures and pressures based
on the computed energy-volume (E-V) data at T =0 and
P =0. In this study, we have investigated the thermo-
dynamic parameters for the studied compound through
GGA calculations. Fig. 4 illustrates the changes in the
bulk modulus of the GaSb compound with temperature
under pressures of 0, 10, and 15 GPa. One can see that
under constant temperature, the bulk modulus B
demonstrates an increase with rising pressure, whereas,
under constant pressure, B decreases as the temperature
rises. Additionally, it is noteworthy that the temperature
dependence of the bulk modulus is minimal at elevated
temperatures. The findings concerning the bulk modulus
suggest a parallel effect between increasing pressure and
decreasing temperature on the GaSb material. This
observation has implications for various applications,
particularly in materials science and engineering. Under-
standing how pressure and temperature influence the
bulk modulus is crucial for predicting and optimizing the
mechanical behavior of materials under different condi-
tions, which is essential in the design and manufacturing
of materials for specific applications, namely for high-
pressure and high-temperature environments. These in-
sights contribute to the broadening of the field of material
science and provide valuable information for the develop-
ment of advanced materials with tailored properties.

G'\V:P,T)=EWV)+A,[0(V):T].

B at 15 GPa

# B at 0{GPa) m B at10 Gpa
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Fig. 4. Temperature dependences of the bulk modulus at the
pressures 0, 10, and 15 GPa calculated for the ZB-GaSh.
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Fig. 5. Variation of the heat capacities Cv and Cp with the
temperature at different pressures for ZB-GaSb calculated
using the GGA method.

The study delves into exploring the heat capacity at
constant pressure Cp and constant volume Cy concerning
temperature, within the pressure range 0...5 GPa for the
GaSb compound. Fig.5 illustrates the temperature-
dependent variations of Cy and Cp in GGA calculations.
One can see that at elevated temperatures, the constant
volume heat capacity Cy tends towards the Petit and
Dulong limit, a characteristic shared by all solids.

This limit represents a plateau where the heat
capacity reaches its maximum value due to the
contribution of all vibrational modes in the solid.
Conversely, at sufficiently low temperatures, Cy behaves
proportionally to T3, reflecting the dominance of low-
energy vibrational modes [28].

It is noteworthy that at intermediate temperatures,
the temperature dependence of Cy is intricately
influenced by the specifics of atomic vibrations.
Traditionally, these mode characteristics were solely
determined through experimental means. This informa-
tion contributes significantly to our understanding of the
thermal behavior of materials, particularly under high-
pressure conditions. This property is beneficial in various
applications, particularly in thermal management and
engineering, as it signifies that beyond a certain
temperature threshold close to 200 K, the substance heat
capacity remains relatively constant. This stability
simplifies predictions and facilitates more effective
control of temperature-related processes and systems.
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Fig. 6. Variation of the thermal expansion coefficient o as

a function of temperature at the pressures 0, 10, and 15 GPa for
ZB-GaSh compound calculated using the GGA method.
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Fig. 7. Variation of the Debye temperature vs temperature (a) and
pressure (b) for ZB-GaSb calculated using the GGA method.

Solids typically undergo expansion when subjected
to heating and contraction when cooled. The value of this
expansion, measured as the ratio of the change in size to
the change in temperature, is termed the material
coefficient of thermal expansion (o), and it generally
exhibits variation with temperature. Fig. 6 depicts the
coefficient o as a function of temperature and pressure in
GGA calculations. Following a pronounced increase,
particularly up to 200 K, attributed to electronic contribu-
tions, o of the compounds stabilizes and maintains a
relatively constant value between 200 and 1000 K.
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Fig. 8. Entropy versus temperature at different pressures for
ZB-GaSh calculated using the GGA method.

In the context of the Debye theory, The Debye tem-
perature represents the highest frequency of vibrational
modes in a crystal, which signifies the upper limit of
thermal excitations in the material. Fig. 7 illustrates the
dependence of the Debye temperature on temperature at
zero pressure for GaSb compound, while Fig. 7 depicts
its variation with pressure at fixed temperatures,
specifically through GGA calculations. It is noteworthy
that the Debye temperature remains relatively constant
within the range of 196 to 200 K and exhibits a quadratic
decrease with increasing temperature for T >190 K.
Additionally, under constant temperature conditions, the
Debye temperature demonstrates a linear increase in
response to applied pressure. The increase in Debye
temperature with pressure is due to the compression of
the crystal lattice, which stiffens the bonds between
atoms and increases the frequencies of the vibrational
modes. This effect is consistent with the behavior seen in
other semiconductors and can be explained through a
combination of phonon theory and elasticity.

These unique characteristics of GaSb Debye
temperature have practical implications in various
applications: such as thermal management in electronics
[30], acoustic and thermal wave devices [31], opto-
electronic devices [32] for harsh environments [29].

It is frequently interpreted as a level of randomness
or the degree to which the system advances toward
achieving thermodynamic equilibrium. Fig. 8 indicates a
clear trend as pressure increases, S decreases, suggesting
that the compound is well-suited for optoelectronic
devices with improved electronic transport properties
[33]. To the best of the author’s knowledge, this research
is the first theoretical investigation [29] of the elastic
constants (C11, C12 and Cas) with pressure and entropy (S)
and expansion coefficient (o)) with temperature.

Thermodynamic properties are important due to the
stability of crystal structures. Thermodynamic properties
such as enthalpy and free energy can provide information
about the stability of the zinc-blende structure under
different conditions, such as, temperature and pressure.
This can help in determining the conditions under which
zinc-blende is the most stable phase.
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4. Conclusions

In this study, the thermodynamic properties under the
influence of temperature and the elastic properties under
pressure of GaSb were investigated. The determined
lattice parameters and the bulk modulus of GaSb closely
match experimental data, with the LDA method
providing more accurate values, especially for the lattice
constant and bulk modulus. In contrast, GGA yields more
precise results for these properties. Eq; computed using
LDA and GGA shows inaccuracies when compared to
experimental values, attributed to the inherent band gap
problem of DFT. However, implementing the GW
approximation, better result of E5 was obtained compared
to the available practical values. Elastic constants of
GaSh were calculated by LDA. The results of LDA were
in reasonable agreement with the experimental results
compared to the obtained values by GGA. The elastic
constants of GaSb confirm its mechanical stability and
suitability for high-pressure applications, making it
valuable for use in various electronic and optoelectronic
devices. Although the elastic behavior of GaSb is similar
to other semiconductors, the specific values of its bulk
modulus and G/B ratio are important for its stability and
ductility under pressure. These characteristics make
GaSb particularly suitable for optoelectronic devices in
high-stress environments, where both flexibility and
durability are critical. At high temperatures, the heat
capacity Cy of solids approaches the Dulong—Petit limit.
The Debye temperature 6p remains nearly constant from
196 to 200 K, decreasing quadratically beyond 200 K,
and increases linearly with pressure at constant
temperature. In addition, entropy shows minimal
sensitivity to pressure changes, underscoring the stability
of vibrational modes across varying pressures.
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Teopernuni po3paxyHku BiaacTuBOcTel 6iHapHOTro HanmiBnpoBigHuka GaSb
B.M. Ahmad, H.T. Abulla, M.N.S. Rammoo

Amnorauis. [Icepnonorenuiany ta Teopist pynkuionana ryctunu (DFT), BOynosani B koni ABINIT, 6yno Bukopucrano
JUI BUBUCHHS BJIACTHBOCTEH CTPYKTYPHM IIMHKOBOi OOMaHKM KyOiuHOoro crutaBy GaSb. Jlns po3paxyHKy OOMiHHO-
KOpEJISIIIHOTO TOTEHIially BUKOPHCTAHO SIK HAONMKEHHs JIOKAIBbHOI T'YCTMHM, TaK 1 y3arajJbHEHEe TIpajieHTHE
HaOmmkeHHs. Po3paxoBaHMi mapamerp peUITKH A00pe Y3ro/KYEThCsl 3 HAasBHHUMH EKCIEPUMEHTAJIBHUMU Ta
TEOPETHYHUMH pe3yibTataMd. Bylo BU3HaYeHO NpYXHI KOHCTaHTH, Monyib HOHra, Monyne 3CyBy Ta (axTop
aHI30TPOIIi1, @ TAKOXK JTOCHTI/PKEHO 3aJIeKHICTh MPY>KHUX KOHCTAHT Bix THCKY. CriouaTrky Oyi10 po3paxoBaHo 3a00pOHEHI
30HHM, aJleé BOHM IIOKa3aJl PO30DKHOCTI 3 EKCIIEPUMEHTAJIbHUMH 3HAYCHHSMH 4Yepe3 BiJIoMy NpobieMy 3a00pOoHEeHOI
3o DFT. Jlnsg mimBumieHHS TOYHOCTI Oyno BBeaeHO (yHKIit0 ['piHa Ta HaOMMKEHHS €KpaHOBAHOI KYJIOHiIBCHKOI
B3aeMoii. BrmiB TermoBux e(ekTiB Ha BIACTHBOCTI CIIONYKH OYIIO JOCHIHKEHO 3 BUKOPUCTAHHSIM KBa3irapMOHITHOL
Mozem Jlebasi, mo IpeacTaBisie 3MiHU 00CATY, TEIUIOEMHOCTI, Koe(illieHTa TEeTJIOBOTO PO3IIUPEHHS Ta TEMIIEpaTypH
Hebas 3 ypaxyBaHHSAM THCKY Ta TeMIIEpaTypu.

Kuio4uoBi cioBa: enekTpoHHa 30HHA CTPYKTYpa, MPYKHI BIACTHBOCTI, TEPMOJIMHAMiKa, €HEeprisi 3a00pOHEHOI 30HH,
Teopis GYHKIIOHAIAa TYCTHHH, alTPOKCUMAIlis JIOKaJTbHOI I'YCTHHH, allpOKCHUMALlisl 3aralibHOTO IpajlieHTa.
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