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Abstract

In this study, the atomistix toolkit-density functional theory has been used to
investigate the structural and electronic properties of zinc-blende aluminum
arsenide (AlAs), indium arsenide (InAs) semiconductors and aluminum
indium arsenide (AlxInixAs) alloy. The generalized gradient approximation
(gga) has been used to obtain the lattice parameters which are compared with
both theory and experimental results. To calculate the electronic band gaps,
we employed the TBO9LDA meta-generalized gradient approximation (mgga),
and obtained new band gaps for aluminum compositions 0.0625, 0.125,
0.1875, 0.3125, 0.3750, 0.4375, 0.5625, 0.625, 0.6875, 0.8125, 0.875 and
0.9375. It was observed that the electronic band structure of the alloys transits
from direct to indirect band gap as the aluminum composition is increased
from 0 to 1, which makes these new materials very interesting for applications
in the fabrication of electronic, optoelectronic, photovoltaic, high-temperature
and high-power electronic devices.
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1.0 Introduction

The group I11-V semiconductors boron arsenide (BAs), aluminum arsenide (AlAs), gallium arsenide (GaAs) and
indium arsenide (InAs) are very important materials in the fabrication of microwaves, optoelectronic and electronic
devices. They provide a good basis for many new technological applications such as light emitting diodes, lasers,
integrated circuits, modulators, photo-detectors and filters [1]. In particular, AlAs, InAs and AlxIni«xAs alloy have great
technological significance due to their applications in fabricating heterostructures and tuneable devices in the visible
wavelength region and optoelectronic devices [2]. Aluminum arsenide is a binary semiconductor with an indirect band
gap, and a zinc-blende (ZB) structure [3]. Due to its wide range applications in optoelectronics, solar cells,
telecommunications, laptop computers, compact disc and telephones [4, 5], it has attracted intensive studies in recent
years. Indium arsenide on the other hand is a direct band gap semiconductor with interesting applications in high-
temperature and high-power electronics [6], construction of infrared detectors for wavelength range of 1-3.8um, diode
lasers, terahertz radiation source and formation of quantum dots in monolayer [7, 8]. These important physical
properties can only be explained by investigating the electronic structure of these compound semiconductors and their
alloys in detail. Therefore, over the years, various studies have been carried out to determine experimentally and
theoretically the band structure of semiconductors including group 111-V materials. For example; the band structure and
density of state of XAs (X=Al, Ga, and In) have been studied by theoretical investigations [9-13]. The dielectric
function corresponding to the band gap transition for AlAs has been investigated [12, 14]. Also, experimental and
theoretical studies on the lattice constants have been carried out for XAs alloys [14]. Ameri et al. [15] used the Ab
Initio technique to investigate the structural and electronic properties of the AlxInixAs for x=0.25, 0.5, 0.75 and 1, and
discussed the toxicology of these compounds. But the alloy was not studied for concentration x=0.0625, 0.125, 0.1875,
0.3125, 0.3750, 0.4375, 0.5625, 0.625, 0.6875, 0.8125, 0.875 and 0.9375. This alloy has distinct structural and
electronic properties within these aluminum compositions that are worth investigating.
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For example, Ge with indirect band gap 0.66eV is used for multijunction photovoltaic cells and Si with indirect band
gap 1.12eV is also used for solar cell and photovoltaic cell fabrication [16, 17]. This alloy with band gaps 0.6692eV
and 1.0938eV at compositions x=0.0625 and 0.9375 respectively, can suitably replace Ge and Si in their applications to
solar and photovoltaic cells. Also, several authors [15, 18-21] have earlier reported different values of the lattice
constants for AlAs and InAs.

This discrepancy has motivated us in this study to calculate the structural and electronic properties of the alloy and
extend the calculations to include aluminum concentrations that have not yet been calculated before. Therefore, in this
study, we present self-consistent electronic band structure calculations for AlAs, InAs semiconductors and AlxInixAs
alloy in the ZB structure using the Quantumwise ATK VNL package [8]. The Perdew-Burke Ernzerhof (PBE)
exchange correlation in conjunction with the generalised gradient approximation [9-11] is used to calculate the lattice
parameters for composition x(=0.000, 0.0625, 0.125, 0.1875, 0.25, 0.3125, 0.3750, 0.4375, 0.50, 0.5625, 0.625, 0.6875,
0.75, 0.8125, 0.875, 0.9375, 1.0000), and the TBO9LDA [12, 13] meta-generalized gradient approximation [14, 15] is
used to calculate the band gaps. The results are compared with both theoretical and experimental values available. This
paper is organised as follows: Section 2 describes the computational details; the results obtained are presented in
Section 3, along with discussion of correspondence between theoretical results and experimental values. Finally, the
paper is concluded in Section 4.

2.0 Computational Method and Details

The density functional theory is well known for predicting too small band gaps, when calculated from the Kohn-Sham
energy eigenvalues [22-30]. Nevertheless, improvements on the meta-gga functionals have allowed the calculation of
accurate band gaps. Meta-generalized gradient approximation belongs to the third rung of the Jacob’s ladder of
exchange correlation (XC) functionals [30], as they do not only include the local density p(r) (as in LDA; the first

rung) [29] and the gradient of the density V o(r) (as in gga; the second rung), but also the kinetic-energy density [32-

36]. Tran and Blaha [26] showed that accurate band gaps could be obtained for a wide range of semiconductor
materials. In their calculation, the exchange potential is given by

V() = v (r) + 2= 2 470 , (2.1)
7z \6p(r)

where

r()=42 Vw0 (22)

is the kinetic-energy density, y, (r) is the i Kohn-Sham orbital, and V2% (r) is the Becke-Roussel exchange potential
[36]. The c-parameter is calculated as

Vo),
( o | 7

Q

where ¢ =0.012 and £ =1.023 Bohr? are determined by fitting to reproduce the experimental band gaps of a large

number of semiconductors and insulators and €2 is the volume of the cell. The correlation potential used by Tran and
Blaha is an ordinary LDA correlation. In the atomistix toolkit (ATK) one can actually use the XC functional by Tran
and Blaha in two ways: (i) specify the XC functional as exchange_correlation = MGGA.TBO9LDA, in which case the
c-parameter is determined self-consistently based on the expression Eqgn. (2.3), and (ii) set the value of the c-parameter
manually as exchange_correlation = MGGA.TB09LDA(c=1.0). Here, the electron and kinetic-energy densities are still
calculated self-consistently, but using the fixed value of c. We must note that a self-consistent determination of the c-
parameter should only be done for a bulk configuration that is periodic in all directions, otherwise it gives diverging
results.

In this study, we calculate the structural and electronic properties of AlAs, InAs and AlxlnixAs alloy using the
atomistix toolkit-density functional theory code from Quantumwise [22, 37] implemented in virtual nanolab (VNL)
2016.2 [37-39]. The exchange correlation effects were treated using the gga and mgga [23-25, 28, 29] with virtual
crystal approximation (VCA) [40-43]. The numerical accuracy is determined with a density mesh cut-off 300 Hartree at
room temperature (300K), and numerical iteration of Brillouin zone was performed using a k-mesh of dimension 256
symmetry k-points in the Monkhorst-pack grid [44]. The generalized gradient approximation was used to calculate the
lattice parameters of AlxIni.xAs for composition varying from 0 < x <1 in steps of 0.0625.
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The composition x=0 and 1 gives the binary semiconductors InAs and AIlAs respectively. The virtual crystal
approximation with the OMX pseudopotential and basis set tier 3 were also used to calculate the lattice constants in the
whole composition region. For the gga calculations we set the exchange functional to PBE [45]. It is well known [22]
that OMX pseudopotentials have more valence electrons in the cores. This prompted the use of good basis set and high-
density mesh cut-off energy of 300 Hartree. The virtual crystal basis is constructed with a number 0 < x < 1, defining
the fraction of the first basis set corresponding to the AlxInixAs mixture. It is then associated with atoms in the
configuration corresponding to the first element aluminum in the list. The total energy is then calculated for the AlAs
lattice constant and the aluminum percentage x specified in AlxIni.xAs. In order to determine the equilibrium parameter
for a given composition x(=0.000, 0.0625, 0.125, 0.1875, 0.25, 0.3125, 0.3750, 0.4375, 0.50, 0.5625, 0.625, 0.6875,
0.75, 0.8125, 0.875, 0.9375, 1.0000), we calculate the total energy for a range of lattice constants and obtain the one
with the lowest energy. When the calculation is done, a python script is used to virtualize and analyse the result. All the
total energy objects of each x value are read, and a fit is performed close to the minimum energy in order to find the
equilibrium lattice parameter. Thereafter, the lattice parameter obtained is plotted against the composition X, as
displayed in Figure 1.

Calculations of the band gap for each aluminum composition were performed within the meta-generalized gradient approximation
for the TBO9LDA exchange correlation functional using the lattice parameters obtained above. The self-consistent calculations were
made with tolerance 1.0e* Hartree, maximum steps 100, damping factor 0.1, history steps 20, mixing variable as Hamiltonian
variable and c-parameter as 0.98. Integration over the irreducible Brillouin zone was performed up to 256 k-points (8X8X8 meshes)
for AlAs, InAs and AlkInixAs. The Hartwigsen-Goedecker-Hutter (HGH) pseudopotentials [46]: HGH[Z=3]LDA.PZ,
HGH[Z=13]LDA.PZ and HGH[Z=5]LDA.PZ for Al, In and As, with basis set tier3 each were used for the calculation. The
Brillouin zone and points per segment were set to G, X, W, L, G, K, X, U, W, K, L and 100 respectively. The process is
programmed by looping over x-values and using the equilibrium lattice parameters already obtained to calculated the band structure.
At the end of the calculations the energy band gaps are extracted and plotted against the composition x, as displayed in Table 3 and
Figure 2.

3.0 Results and Discussion

3.1 Structural Properties

The structural properties of AlAs, InAs semiconductor and their alloy AlxIni.xAs are calculated using gga and PBE exchange-
correlation functional. The structural optimization was performed by starting from an experimental value with respect to the cell
parameters and also the atomic positions for the ternary material AlxInixAs with different Al composition x. At each composition,
the optimized equilibrium lattice parameters, with experimental and theoretical results are displayed in Table 1.

Table 1. Lattice parameters obtained with gga for AlAs, InAs and AlxIni.xAs compared to other theoretical calculations and
experimental data

a(A)
Compound Current work Theoretical calculations Experimental data
InAs 6.0042 6.077®, 6.239@, 5,9210), 6.036)
5.902©), 6.030@
A|o,0625|n0,9375AS 5.6759 - -
Alo.12501N0.8750AS 5.6786 - _
A|o,1875|n0,8125AS 5.6797 - -
Al 25001N0.7500AS 5.6818 5.978(a), 5.978® -
Alo31251N0.6875AS 5.6829 - -
A|o,3750|no,6250AS 5.6838 - -
Alo.43751N0.5625AS 5.6845 - _
Alo.50001N0.5000AS 5.6856 5.871®, 6.009@ -
A|o,5ez5|no,4375AS 5.6864 - -
Alo.s250IN0.3750AS 5.6872 - -
A|o,6375|n0,3125AS 5.6884 - -
Alo.75001N0.2500AS 5.6891 5.765(a), 5.878@ -
Alosi251Np.1875AS 5.6904 - -
A|o,8750|n0,1z5oAS 5.6909 - -
Al.93751N0.0625AS 5.6915 - -
AlAs 5.6920 5.639@, 5.742@, 5,633, 5.661@:M
5.734@ 5.644M

aRef.[21], PRef.[15], °Ref.[19], “Ref.[20], °Ref.[47], 'Ref.[18], °Ref.[48], "Ref.[49]
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The calculated value for AlAs and InAs are in excellent agreement with experiment and theoretical studies which is due
to the fact that gga yields parameters which are in between the overestimated and underestimated results of market
standard [49, 50] gga functional. The lattice constant calculated for AlAs overestimated the experimental value 5.661A
by 0.54% and the gga value for InAs underestimated the experimental value 6.036A by 0.53%.

The behaviour of the lattice parameters of ternary mixed crystal with composition x, can be expressed as a linear
combination of the lattice parameter of the two constituent binary alloys according to Vegard’s law [51, 52]

Aal, iy as = XBaias + (1= X) Qs (3.1)

Where, aias: Anas gnd Batyiny s are respectively, the lattice parameters of the materials AlAs, InAs and AlxInixAs.
Table 2 shows Vegard’s predictions for the lattice parameters while, Figure 1 displays the comparison between results
obtained for the calculated lattice constants and those obtained from Vegard’s law [51, 52] for the alloy AlxInixAs at
different composition x. It is clear from Figure 1 that the lattice constant of AlxlnixAs varies with change in Al
composition. To the best of our knowledge, there are no experimental values for the structural properties of the ternary
mixed crystal AlxInixAs. Our results for x = 0.25, 0.5 and 0.75 are smaller than results obtained by Ameri et al. [19].
The results for 0.0625, 0.125, 0.1875, 0.3125, 0.375, 0.4375, 0.5625, 0.6250, 0.6875, 0.8125, 0.875 and 0.9375 are
quite new in the literature. It is important to state that increase in Al composition from 0 to 0.0625 leads to a decrease
in lattice constant as shown in Figure 1. Usually, a decrease in lattice constant is accompanied by corresponding
increase of the bulk modulus [19]. This represents bond strengthening or weakening effect induced by changing the
concentration.

Lattice constant for Al_xIn_1-xAs

Vegardslaw W
GGA

Lattice constant (Ang.)
“
»
]

0 0.2 0.4 0.6 0.8 1

Al composition x

Figure 1. Concentration dependence of the computed lattice constants using gga for AlxInixAs alloy compared
with Vegard’s prediction.

Table 2. Lattice parameter predictions from Vegard’s law for AlxIni«As alloy
a(A)

Compound Predictions from Vegard’s law
Alo.os251N0.9375AS 6.0125
Alo.1250IN0.8750AS 5.9891
Alo.18751N0.8125AS 5.9656
Alo 25001N0.7500AS 5.9422
Alo.31251N0.6875AS 5.9188
Alo.3750IN0.6250AS 5.8953
Alo.a3751N05625AS 5.8719
Alo.50001N0.5000AS 5.8485
Alo.se2sIN0.4375AS 5.8250
Alo.62501N0.3750AS 5.8016
AlosszsINo.sizsAs 5.7781
Alo.75001N0.2500AS 5.7547
Alosi2sINo.1875AS 5.7313
Alo.g750IN0.1250AS 5.7978
Alo.g3751N0.0625AS 5.6844
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Energy band gap vs Al composition
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Figure 2. Concentration dependence of the band gap within mgga for AlxInixAs alloy.

3.2 Electronic Properties

The wide range application of semiconductors and their alloys in specific electronic devices calls for a comprehensive
understanding of the energy band gaps. On this study, the electronic band structures of AlAs, InAs and AlxInixAs alloy were
calculated using mgga and TBO9LDA exchange correlation functional for the entire region of Al composition 0 <x < 1. This
method uses the Hartwigsen-Goedecker-Hutter (HGH) pseudopotentials [53-55] and tier three basis set. The electronic band
structure was calculated for these materials using the equilibrium lattice parameters obtained from the gga. The electronic
band structures obtained by the use mgga for InAs, Alga7sINge2sAS, Alo7sINg25AS, AlosizsiNg1s7sAS, Alosrsing12sAs and AlAs
are displayed in Figures 3 — 8. It is clear that the band gap in InAs is a direct band gap due to the fact that both the valence
band maximum and conduction band minimum are located at the gamma (G) point, while in AlAs is an indirect band gap
since the valence band maximum is located at point G and the conduction band minimum is located at point X in accordance
with the existing literature data. The other alloys possess direct band gap. Therefore, we can conclude that the electronic band
structure of the AlxIni«As material transit from direct to indirect band gap when doping aluminum atoms in InAs crystal. Due
to the fact that phonon participates in inter-band transitions, it also makes this indirect band gap materials suitable for
optoelectronic and photovoltaic devices.

i Bandstructure for InAs

/ | — N ><\ \ 15 Bandstructure
~—] [ ]
1 /—\/ﬂ@< L 7N > '4/—/_'/\\/\ N
/\/‘k % X 10 \
= > @S k -~
; I /\/ /\7\/7</\ 3 s | / \:>—<><7
5 x\/ 7§>r<><7 ? ot ﬁ/ _______________ =
-10 Sk T 1 T
\
r X W L r K X UWK L 210
IX X W L I K X U WEK L
Figure 3. Band structure of InAs. Figure 4. Band structure of AloszsInos2sAs alloy.
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Figure 5. Band structure of Alp7slng2sAs alloy.  Figure 6. Band structure of Algsi2sIng.1s7sAs alloy.
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Figure 7. Band structure of AlogrsInoe.2sAs alloy.  Figure 8. Band structure of AlAs.

Table 3. Band gap calculated with MGGA for AlAs, InAs and AlxInixAs compared to other theoretical calculations
and experimental data

Ey(eV)
Material Current work Theoretical calculations Experimental data
InAs 0.8720 1.68® 0.4200)

Alo.06251N0.9375A8 0.6692 -
Alo.12501N0.8750AS 0.3645 -
Alo.18751N0.8125AS 1.6406 -
Alo.25001N0.7500AS 1.0937 0.939@
Alo.31251N0.6875A3 0.5468 -
Alo37501N0.6250AS 1.6050 -
Alo.43751N0.5625A8 0.3645 -
Alos50001N0.5000AS 1.6406 1.200@
Alose2s1N0.4375A8 0.1820 -
A|o,6250|no_3750A5 0.1822 -
Aloss7sINg3125AS 0.5468 -
A|o,7500| No.2500AS 2.1500 1_540(a)
Alosi251Ng.1875AS 1.0937 -
Alos7501N0.1250AS 2.5520 -
Alo.93751N0.0625AS 1.0938 -
AlAs 2.201 1.360@ 2.220)
aRef.[15], PRef.[48], ‘Ref.[46]

The calculated results for energy band gaps are displayed in Table 3 and compared with different theoretical results and
experimental values available. The band gap 0.892eV obtained for InAs overestimated the experimental value 0.42eV [48]. This
trend has been earlier observed by Ameri et al. [15]. But, the calculated energy band gap of 2.201eV for AlAs underestimated the
experimental value. Figure 2 indicates the band gap as a function of Al composition x, using meta-generalised gradient
approximation. It is clear that the band gap is sensitive to the Al composition x. This implies that the band gap exhibits strong
composition dependence. New band gaps are obtained for the Al compositions 0.0625, 0.125, 0.1875, 0.3125, 0.3750, 0.4375,
0.5625, 0.625, 0.6875, 0.8125, 0.875 and 0.9375. It was observed that the electronic band structure of the alloys transits from direct
to indirect band gap as the aluminum composition is increased from 0 to 1. It is very important to note that the band gap of the
ternary alloy AlkIn;<As, 0.6692eV and 1.0938eV obtained at compositions x=0.0625 and 0.9375 can suitably replace Ge and Si in
their applications to solar and photovoltaic cells, due to the fact that Ge with indirect band gap 0.66eV is used for multijunction
photovoltaic cells and Si with indirect band gap 1.12eV is also used for solar cell and photovoltaic cell fabrication [16, 17]. This
makes these new materials very interesting for applications in the fabrication of electronic, optoelectronic, photovoltaic, high-
temperature and high-power electronic devices.

4.0 Conclusion

The use of ATK-DFT implemented in virtual nanolab 2016.2, enabled us to evaluate the structural and electronic properties of the
binary semiconductors AlAs and InAs, and their alloy Al.InixAs within the composition range 0 < x < 1. We also calculated the
variation in lattice constants and band gap with respect to the doping compositions x. It was observed that the composition
dependent lattice parameter deviates from Vegard’s law. This deviation might be as a result of the binary compounds AlAs and
InAs having unequal lattice parameters.
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The electronic band structure of this alloy transits from direct to indirect band gap when doping aluminum atoms in InAs crystal.
These new materials with aluminum composition x=0.0625, 0.125, 0.1875, 0.3125, 0.3750, 0.4375, 0.5625, 0.625, 0.6875, 0.8125,
0.875 and 0.9375 are exciting and will find useful applications in the fabrication of electronic, optoelectronic, photovoltaic, high-
temperature and high-power electronic devices.
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