
Physica Scripta

PAPER

Analysis of ternary AlGaX2(X = As, Sb) compounds for opto-electronic
and renewable energy devices using density functional theory
To cite this article: M Waqas Iqbal et al 2021 Phys. Scr. 96 125706

 

View the article online for updates and enhancements.

This content was downloaded from IP address 203.250.68.125 on 12/09/2021 at 07:55

https://doi.org/10.1088/1402-4896/ac2024


Phys. Scr. 96 (2021) 125706 https://doi.org/10.1088/1402-4896/ac2024

PAPER

Analysis of ternary AlGaX2(X=As, Sb) compounds for opto-
electronic and renewable energy devices using density functional
theory

MWaqas Iqbal1,MaziaAsghar1, NANoor1 , HamidUllah1 , Tausif Zahid2, Sikandir Aftab3 and
AsifMahmood4

1 Department of Physics, RIPHAH International University, Campus Lahore, Pakistan
2 Department of Electrical Engineering, RIPHAH International University, Campus Lahore, Pakistan
3 Electrical Engineering department, Simon FraserUniversity, Burnaby, Canada
4 College of Engineering, Chemical EngineeringDepartment, King SaudUniversity Riyadh, Saudi Arabia

E-mail: naveedcssp@gmail.com

Keywords:Ab-initio investigations, R-3m space group of AlGaX2,Direct bandgapmaterials, optical properties, figure ofmerit

Abstract
Based on the First-principles calculations, we have investigated the opto-electronic properties of
AlGaX2(X=As, Sb).We find that theAlGaX2(X=As, Sb) is energetically stable due to lower
formation enthalpy. Additionally, the dynamical stability is also confirmed by phonon calculation and
found no-imaginary frequencies in the phonon-spectra. Interestingly, both AlGaAs2 andAlGaSb2
compounds possesses semiconductor naturewith a direct bandgap of 1.40 eV and 0.70 eV,
respectively. For the technological applications of AlGaX2(X=As, Sb), we have analyzed optical
properties in terms of absorption of photon energy and polarization. A strong absorption peaks are
observed in the visible region.Moreover, the thermoelectric properties are calculated in terms of
electrical/thermal conductivities, Seebeck coefficient, andfigure ofmerit (ZT). Thermal parameters
are critical for determining amaterial’ thermal stability across thewide range of temperatures.We
expect that our calculated properties of AlGaAs2 andAlGaSb2 compounds could pave a new route for
the applications in the optoelectronics and thermoelectric devices.

1. Introduction

Ternary semiconductors are utilized in a number of applications such as non-linear optics, opto-electronics,
electro-optics, particularly in photovoltaic solar cellmaterials andmany other thermoelectric devices at room
temperature [1–3]. Therefore, these semiconductingmaterials are largely being studied all over theworld for
their suitability of being used in a variety of projects. The antimony chalcogenides and bismuth based solid
solutions have been found to be high- efficiency devices for being utilized in countless thermoelectric
applications [4, 5]. For being used in such applications, the candidatematerialsmust have low thermal
conductivity, high Seebeck coefficient and high electrical conductivity. In chalcogenides, Bi2Se3 [6, 7]
semiconductor has been explored for thermoelectric applications. Scientists of the current era are verymuch
interested in finding ternary semiconductors for the area of photoelectric technology [8] and thermoelectric
technology [9], because they have good thermoelectric features, low effectivemass, direct band gap and higher
optical absorption coefficient [10, 11].

Environmentally friendly way of power production is very important thing that is possible by harvesting
waste refrigeration and heat through thermoelectric technology and solid state cooling. This enables invertible
conversion between electricity and thermal energy [12, 13]. The conversion efficiency of a candidate compounds
in terms of its thermoelectric (TE) technology is computed through its figure ofmerit (ZT). ZT is dimensionless

parameter and is given as = s
k +

ZT ,S T

ke L

2

( )
where kL is lattice thermal conductivity, ke is electric conductivity, T

represents working temperature,σ symbolizes lattice constant and S stands for Seebeck coefficient. There are
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two basic requirements for getting a highfigure ofmerit one is high power factor and second is the low thermal
conductivity [14–17]. Recently,Mg-based ternary semiconductingmaterials at room temperature have deeply
been investigated [18, 19]. The structure ofMgSrX (X=Si, Sb, Bi) are better thermoelectric
compounds [20, 21].

A part of Pnictides family type III–III–V2 compounds that are crystallized in tetragonal space group is
represented by Ternary AlGaAs2 semiconductors [22]. In addition, some sorts of ordered structures in III-V
ternary semiconductingmaterials such asCuPt [23, 24], chalcopyrite [25, 26] andCuAu [27, 28] kinds have also
been investigated. DFTbeing a valuable standard tool for the evaluation ofmechanical and electronic properties
is widely used by the scientists. The related literature have been observedwhile using first-principlemethods for
the analysis of the physical features of the ternary semiconductors that is quite in line with the results obtained
through experimental studies [29–32].

To our knowledge, there is no other report available in the existing literature. The pure AlGaAs2 andAlGaSb2
compoundswith R m3̄ space group have not yet been investigated in terms of their physical properties.We have
studied the thermoelectric and opto-electronic response of AlGaAs2 andAlGaSb2. Our calculated results exhibit
energetically and dynamical stable nature of thematerial due its lower formation enthalpy and no imaginary
frequencies in the phonon spectra.Wefind that both thematerials possess a direct bandgap semiconducting
nature.Moreover, the calculated optical parameters andZT values show that thesematerials could be promising
in the field of opto-electronic and thermoelectric.

2. Computationalmethod

WeemployedWien2k code to investigate structural and opto-electronic properties that based on full-potential
linearized augmented planewave (FP-LAPW+lo)method [33]. All finding of properties are density functional
theory (DFT) based calculations, where the PBEsol generalized gradient approximation (GGA) [34] is used to
calculate the structural parameters. In addition, for the calculations of accurate opto-electronic properties, we
employedmodified Becke and Johnson (mBJ) potentials [35]. The reason for choosingmBJ potential is that it
gives accurate prediction of bandgap according to experimental calculated values of bandgap [36, 37]. Further,
for the prediction ofmore accurate value of bandgap very close to experimental values, we also used spin–orbit
coupling (SOC) for the calculation of opto-electronic properties [38, 39]. Corrections to themodified Becke-
Johnson (mBJ)potentialmeasurements have beenmade for spin–orbit coupling (SOC) to demonstrate the
effect of spin–orbit coupling (SOC) on the values of band difference, state density and thermal properties of both
the current ternary semiconductors.

The convergence of the planewave basis set is reached at theminimumcutoff energy i.e. RMT×Kmax=8.0,
where RMT is the smallestmuffin tin radius, andKmax is embodied as the peak value for the cutoff wave vector
[40]. Using theMonkhorst-Pack system [41], the Brillion zone sampling techniquewas carried out for the
k-space aggregation of 1000 points in the entire Brillion zone. The RMTmuffin tin radius valueswere chosen as
2.21 atomic units (au), 2.34 au, 2.34 au and 2.5 au respectively for Al, Ga, As and Sb atoms during all calculations.
Inside themuffin tin spheres, thewave functionwas extended to lmax=10 [42] and the charge density
expansionwas cut at Gmax=16 (a.u)−1 [43]. The convergence rate per formula unit of the absolute charge
density difference between the consecutive loops was less than 0.0001|e|, where the self-consistent calculations
were presumed to converge [44].

For the calculations of electronic transport properties,we have used BoltzTrap code [45]. The phonon
spectra are calculated using Phonopy [46] codewithVASP [47] as calculator. The temperature (K) and chemical
potential (μ) analysis of electrical and thermal conductivities, Seebeck co-efficient andfigure ofmerit are
investigated that based on the Boltzmann equation’s semi-classical treatment by incorporating approximations
like that of the time of relaxation and the rigid part [47].

3. Results and discussion

3.1. Structural parameters and their stability
Weused the relaxed structure of ternary AlGaX2 (X=As, Sb) compounds with space group of R m3̄ (no. 166) to
explored structural, opto-electronic and transport properties. The unit cell of R m3̄ with trigonal symmetry is
presented infigure 1. In this unit cell of AlGaX2, the positions of Al, Ga andAs/Sb are 3a, 3b and 6c respectively
according toWyckoff positions. In themethod of volume optimization, plots of energy verses volume of both
compounds are achievedwhile using PBEsol-GGA [34]. Consequently, the lattice constant (a0, c0) and bulk
modulus (B0) of studied compounds are examined using theMurnaghan equation [48] and their calculated
values are listing in Table 1. Form the Table 1, we have noted that calculated values of lattice parameters (a0, c0)
for both compounds using PBEsol-GGA are good comparable to other theoretical reported values [49]. From
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literature, we noted that both compounds are not explored experimentally. So, in order to confirm their stability
in R m3̄ (no. 166) space group, we calculate phonon dispersion spectra of studied compounds (see figure 1b).

Our calculated plots of phonon dispersion spectra show that no happening of negative frequency in
considered Brillouin zone. Therefore, it indicates that studied compounds are thermodynamically stable.
Further, thermodynamically stability also investigates bymeasuring formation enthalpy (DHf ).We used the
following expression for the estimation ofDH :f [50]

D = - - -E Al Ga X lE mE nEH 1total l m n Al Ga Xf ( ) ( )

The right side includes the overall energies of substances and their energies in this equation, respectively, of
component parts. Here, l,m, and n are the numbers of atomswithin the composites.We found that for all
compounds studied,DHf represents negative values and verified their reliability at this point.

3.2.Opto-electronic properties
For anymaterial, DFT based calculation of electronic properties are highly dependent on its electronic structure.
By utilizing this fact, band structures (BS) and density of states (DOS) plots of both compounds (AlGaAs2 and
AlGaSb2) are used tomanipulate their electronic properties. For calculations of BS as well asDOS plots, a novel
computational approach namedmBJ-LDApotential equippedwith SOChas been successfully employed in
order to avoid the underestimation of band gaps. Fromfigure 2, it is obvious that both compounds (AlGaAs2 and
AlGaSb2) reveal direct band gap nature having values of 1.40 eV and 0.7 eV, respectively. It can be observed from
Table 2 that the calculations executed by PBEsol+SOCpackage led to the underestimation of calculated
bandgap and this observation is in linewith the previously calculated PBE-GGA functional results [51]. For an
inclusive analysis of electronic dimensions and the band energy existence ofmaterials, electronic density of state
(DOS) is very significant [52]. Our calculatedDOS results for bothAlGaAs2 andAlGaSb2 reveals the occurrence
direct bandgaps by virtue of conduction bandminimumcorresponding toAl-3p and valence bandmaximum

Figure 1. (a)Crystal structure of AlGaX2 (X=As, Sb) in R m3̄ space group.Here black, blue, and pink balls represent the Al, Ga, and
As/Sb atoms, respectively (b) the phonon spectra of AlGaX2 (X=As, Sb).

Table 1.The lattice constant ao(Å) and co(Å), bulkmodulus Bo(GPa), Enthalpy
of formation DHf (eV), forAlGaX2 (X=As, Sb)compared and calculated
with existing data.

Parameters
AlGaAs2 AlGaSb2

PBEsol-

GGA Other

PBEsol-

GGA Other

ao 4.02 4.06a 4.36 4.40a

co 19.83 19.87a 21.50 21.55a

Bo 40.82 33.05

ΔHf −0.188 −0.146a −0.472 −0.412a

a [49].
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mainly consisting of Ga-4p andAs-4p states. Therefore, this study allows us to take advantage of investigated
materials for high performance optoelectronic devices. Note that to our knowledge there is not enough
experimental and theoretical literature available in this trigonal phase R m3 .¯ Wehave compared our calculated
bandgap of AlGaAs2 compoundwith the available Tetragonal (p m4 2¯ )with band gap 0.99 eV [53] and body
centered tetragonal (I d42¯ ) phase with a gap of 0.86 eV [53]. Interestingly, our calculated band gap is significantly
higher (1.40 eV) for AlGaAs2 and no literature available for comparison of AlGaSb2.

The semiconductor nature and the inter band transitions are the key factors deciding the feasibility of a
material towards optoelectronic applications [54]. To probe the optical features of the ternary semiconductors
(AlGaX2 (X=As, Sb)), their complex dielectric constants were calculated given by the relation [55];
e w e w e w= + ,1 2( ) ( ) ( )i Here, e w1( ) and e w2( ) denote the real and imaginary parts of complex dielectric
constant, respectively, as depicted infigure 4(a). The calculation of both real and imaginary parts provides
insights and perspectives for extinction, refraction and reactivity of amaterial. By employing photon energies in
the range of 0–12eV, various important dielectric parameters including refraction n(ω), absorptionα(ω),
extinction k(ω), reflectivity R(ω) and optical conductivity σ(ω)were calculated as represented infigures 4(b) and
5(a)−(c). By substituting SbwithAs (i.e. changing ternary composition fromAlGaAs2 to AlGaSb2) the high
intensity peak is displaced from13.21 eV to 16.27 eV thus revealing the shifting of e w1( ) spectra towards lower
energy region by said substitution.We also noted from the calculated value of e w ,1( ) at low energy polarization/
dispersion is increased because electron cloud of Sb ions is lower than that of As ions.Moreover, the static
dielectric constants e 01( ) for both compounds have been derived from e w1( ) versus energy plots showing
complete concurrence with Penn’s rule e w» + 0 1 E .1 p g

2( ) ( )/ In this equation,  represent the Planck’s
constant and wp is the plasma frequency [56] and the resultant values are shown in tabular form inTable 1.

On behalf of permitted electronic transitions of the compounds AlGaX2 (X=As, Sb), the calculated e w2( )
values are presented infigure 4(a). As the energy gap values of AlGaAs2 andAlGaSb2 are 1.4 eV and 0.70 eV,
respectively thus e w2( ) remain zero for all photons having energy less than that of respective energy gaps.While,
figure 3(a) illustrates that the electronic transitions corresponding to unoccupied 3p (Al) states and the 3p(As)/
4p(Sb) states, yields threshold of imaginary part e w .12( ) Thus,figure 3(a) is a clear-cut evidence that the
investigated ternary (AlGaX2 (X=As, Sb)) exhibit a perfect photon absorption tendency in visible aswell as
infra-red (IR) region of electromagnetic (EM) spectrum.

Furthermore, the absolute value of e w1( ) and the refractive index n(ω) are related by a relationship of
e=n 0 .0

2
1( ) As seen infigure 4 (a), a direct transfer fromoccupied states to unoccupied states could be

Figure 2.The calculated band structures usingmBJ+SOCpotentials for AlGaX2 (X=As, Sb).

Table 2.The calculated Eg(eV): direct bandgap using
mBJ+SOCpotential and optical parameters at 0
energy for AlGaX2 (X=As, Sb).

Eg(eV) ε1(0) n(0) R(0)

AlGaAs2 1.40 8.69 2.94 0.24

AlGaSb2 0.7 11.17 3.34 0.29
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demonstrated via e w .2( ) The real portion of the refractive index n(ω) specifies the visibility of thematerials when
the received photon drops on the surface of the sample and is described as [57]. The value of n(ω) relies on the
light’s wavelength aswell as the light is scattered into its basic colours. Although the imaginary component is
described by the following formula, i.e., the extinction coefficient k(ω) [58]. The value of k(ω) larger than zero
represents the capacity of thematerial to absorb photons. It is noted from the graphs as shown infigure 4(b) that
the peaks both for n(ω) and k(ω) lie in the reduced energy area, which is gradually reduced by increasingmore
energy. The dynamic characteristics is shown by the n(ω) peaks in the infrared region [59] of it and also represent
2.94 value at n(0) as shown in table 2.

Likewise, a dielectric constant can also be used to achieve the absorption coefficient a(ω) [60]. The intensity
of light whenmoving through thematerial can be provided byα(ω). Low energy absorption is primarily due to
transitions, as seen infigure 5(a), across tightly packed energy sources.Moreover, for the energy spectrumof
AlGaSb2 andAlGaAs2 respectively,maximal peaks occur from3.6 eV to 8.0 eV as is seen in the absorptionmap
with a set of related peaks after this energy absorption value declines gradually. The optical conductivity of
materialsσ(ω) depends strongly on the imaginary dielectric function portion [61]. In theσ(ω) plot,multiple
peaks are shown as seen infigure 5(b), which is related to the transfer of electrons. For AlGaSb2, its value is
maximal since it has a low band gap value at intermediate energies, optical conductivity is very high,
demonstrating the transitions between closely-spaced energy bands. The stability of the surface, atomic levels
and positions is clarified by investigating the reflectivity [61]. As seen infigure 5(c), in the reflectivity spectrum, it
is greater atminimumabsorption.Minimumenergy loss andmaximumabsorption in the low energy region of
electromagnetic radiationmake thesematerials acceptable to IR and visible applications.

3.3. Electronic transport properties
Another effectivemeans of satisfying global energy needs is the conversion of heat into electrical energy.
Therefore, analysis of electronic transport properties plays a vital role in the field of energy needs. One of the

Figure 3.Calculated density of states (DOS) usingmBJ+SOCpotentials for AlGaX2 (X=As, Sb).
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significant constituents of chalcopyrite structures have applications in solar cell and electronic transport systems
based on ternary compounds.We have evaluated the electronic transport properties of AlGaX2 (X=As, Sb), as
presented infigures 6(a)–(f) andfigures 7(a)–(d)with chemical potential (μ) and temperature (K). The following
expressions given in [62, 63] are used to determine thermoelectric properties using BoltzTrap software. For

calculating the thermoelectric efficiency, we used the expression: = s
k

ZT ,S T2

( )
to evaluate the performance of

ternary semiconductors. Here, S represents the Seebeck coefficient in above expression,σ is stand for electrical
conductivity, κ is electronic thermal conductivity of ternary structures andT is temperature inKelvin. By
improvingσ and S, but reducing κ, the volume can be increased. In all calculations of transport properties,
relaxation time (τ) also play important role and used to assist thermal and electrical conductivity, as
demonstrated by the classical Boltzmann transport principle. Here, for our calculations τ is kept constant
because of BoltzTraP code.

Electrical conductivity (σ/τ) is the operational of thermoelectric instruments and the quantity of carrier
movement, while chemical potential (μ) is the volume of energy necessary for the transporter to travel toward
coulomb repulsion.We calculateσ/τ of ternary AlGaX2 (X=As, Sb) compounds againstμ and temperature
(K) depicted infigures 6(a) and (b) respectively. Figure 6(a) show theσ/τ againstμ plot, where positive
(negative) values of chemical potential are connected top-type (n-type) features ofmaterials.We noted that
maximumvalue ofσ/τ in n-type side is 2.62× 1020 1/Ωmsofσ/τ at−1.45 eV for AlGaAs2. The electron
concentration at the edge of the valence band is smaller in the conduction band relative to the hole transporters.
There is also an improvement for AlGaAs2 inσ/τ from0.06× 1018/Ωms to 1.16× 1018/Ωms at a temperature
range of 200–600K. Contrary, with the rise from0.16× 1018/Ωms to 1.4× 1018/Ωms, the linearly boost inσ/τ
up to 600K is noted for AlGaSb2. Calculated results of AlGaX2 (X=As, Sb) showed that relative to AlGaSb2, the
AlGaAs2 compound has less electrical conductivity.

Figure 4.The inferred (a) real part ε1(ω) , imaginary part ε2(ω), (b) refractive index n(ω), (d) the extinction co-efficient k(ω) using
mBJ+SOCpotential for AlGaX2 (X=As, Sb).

6

Phys. Scr. 96 (2021) 125706 MWaqas Iqbal et al



Thermal conductivity (κ) that based from the contributionof electronic (κe)part and lattice vibrations (κl)part
in all solids [64] and actually are involved in theprocess of heat transfer. In our calculations ofκ, we ignored the
lattice vibrations (κl)part because of very lowκ values in ternary semiconductors [65, 66]. Figure 6(c) reflects the
values of electronic thermal conductivity (κe/τ) versus chemical potential, whilefigure 6(d) indicates the values of
κe/τ versus temperature. If seen fromfigure 6(c) formetallic-like frameworks because of small contributionof
phonons, identical response ofκe/τ is noted asσ/τ. A variance in temperature reaction fromelectrical conductivity
is identified inκe/τ. ForAlGaAs2 andAlGaSb2, themeasured values ofκe/τ at room temperature are 0.09× 10^14

(W (mKS)−1) and0.10× 10^14(W (mKS)−1) respectively, and the temperature rise, its values ofκe/τ is also rise.
In terms of power factor (σS2/τ) calculations, AlGaAs2 ismore desirable thanAlGaSb2; however, the latter

compound can undergo improved transport of phonons as heavyweight atoms act as a phonon rattler to inhibit

Figure 5.The inferred (a) absorption coefficientα(ω), (b) optical conductivityσ(ω), (c) reflectivity R(ω)usingmBJ+SOCpotential
for AlGaX2 (X=As, Sb).
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thermal conductivity of lattice. Figure 6(e) and 6(f) reflect Seebeck co-efficient (S) as a function ofμ andT.
Figure 6(e) consideredAlGaAs2 to havemaximumvalues ofμ thanAlGaSb2. In comparison, AlGaAs2 has high
values of 0.42 eV at 1650μVK−1 and 0.5 eV at 1700μVK−1, respectively. Electrons are thus, dominant.
Therefore, for AlGaSb2 0.12 eV (555μVK−1) and−0.22 eV (700μVK−1), holes and electronwithdraw each
effects in order to stabilize those that decrease S.

The elementσS2/τmeasures amaterial’s power in thermoelectric systems. Illustration offigure 7 (a) and
7(b) reflects the values of power factor versusμ and respectively of power factor versus temperature. AlGaAs2 has
a higher S, which is why it’s value ofσS2/τ is high.Within−1 to−2.0 eV for n-type and after 0.5 eV for p-type,
peaks ofσS2/τ occur for both ternary semiconductors. In AlGaAs2, higherσ/τ and S improved theirσS2/τ than
inAlGaSb2. Figures 7(c), (d) shows a value offigure ofmerit (ZT) to develop for the analysis of thermoelectric
efficiency. The ZT values are high at about 1 for n and p-type conductions inAlGaAs2. Figure 7(d) indicates a
small rise in ZT versus temperature reaction.With increasing temperature (300K to 600K), the value of ZT also
linearly increases. Overall, AlGaAs2 is high ZT value at room temperature that is 0.82 as compared toAlGaSb2
because its ZT value is 0.79. Comparatively, AlGaAs2’s high ZT valuesmake it amore suitable candidate for
thermoelectric thanAlGaSb2.

4. Conclusion

In this paper, chalcopyrite AlGaX2 (X=As, Sb)with R m3̄ space group explored theoretically with the help of
DFT.Our calculation of the negative values of formation enthalpy and phonon band dispersions having no
negative frequency shows that studied structures are kinetically stable. Further, structural parameters, which
indicates, in accordance with existing results, an increase in the lattice parameter a0(Å) on the transfer from
arsenide to antimony atoms. For transport and optoelectronic assets, we have used themodified Becke-Johnson

Figure 6.The calculated electrical (σ/τ), thermal (ke/τ) conductivities and Seebeck coefficients (S) for AlGaX2 (X=As, Sb) using
mBJ+SOCpotential.
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(mBJ) plus spin–orbit coupling (SOC) functional potential to resolve the functional PBEsol-GGA
underestimation of the band gap.Ourfindings say that the electronic band difference is decreased from1.40 eV
to 0.68 eVwhenmoving fromAlGaAs2 to AlGaSb2. The exact energies obtained from the absorption coefficient
and extinction coefficient for AlGaAs2 andAlGaSb2 show its better operate in visible to IR region for the
applications of optoelectronic devices.More importantly, the high ZT value at room temperature of 0.82 and
0.79 (unity as a function ofμ) indicates that the AlGaAs2 andAlGaSb2 tested are feasible from the point of view of
thermoelectric application. Themeasured findings offer a wider understanding of their use in optoelectronic
and energymining applications.
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