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Abstract: The bandgap was tuned to investigate the elec-
tronic and optical aspects using first-principle calcula-
tions for solar cells and other optical applications. The
bandgap range varies from 1.6 to 2.1 eV for Ga; xAlxAs
and from 0.8 to 1.5 eV for Ga; xAlySb (x = 0.0, 0.25, 0.5,
0.75, 1.0). The dispersion, polarisation, and attenuation
have been illustrated in terms of transparency and maxi-
mum absorption of light. The inversion of polarised atomic
planes near the resonance allows the maximum absorp-
tion in ultraviolet to visible region. The Penn’s model (g1(0)
~ 1 + (~wp/Eg)?) and optical relation £;(0) = n*(0) con-
firm the reliability of our finding. The maximum absorp-
tion, optical conduction, and minimum optical energy loss
increase the credibility of the studied materials for energy
storage device manufacture.

Keywords: Bandgap Tune; Optical Properties; Semicon-
ductors; Solar Cells Applications.

1 Introduction

The semiconductor alloys have very interesting properties
and are used to manufacture a variety of optoelectronic
devices such as solar cells, infrared light emitting diodes,
semiconducting lasers, and so on [1-4]. The existing
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literature is insufficient about the computational studies
of electronic and optical properties of GaAlAs and GaAlSb
compounds. However, ternary GaAs:Bi alloy are studied
for their electronic and optical properties by first princi-
ple [5]. It was found that GaAsBi alloy is promising for
use as saturable absorber [6] highlights the optoelectronic
properties of Al; xGaxN using density functional theory
(DFT)-based full-potential linearised augmented plane
wave method. This study forecasts that the material has
capability for its use in optical device manufacturing. The
first-principle computations based on full potential lin-
earized augmented plane wave (FP-LAPW) with modified
Becke-Johnson potential were carried out to obtain opto-
electronic properties of InyGa;xN/GaN (001) superlattices
(SLs) with short periodicity [7]. The computational results
suggest that these SLs may be used for optoelectronic
device applications by controlling their bandgap [7]. The
optical and electronic properties of (InyGaixN)n/(GaN),
(001) zinc-blende SLs (where x = 0.5 and n = 3-4) were
obtained by using the first-principle method based on FP-
LAPW with modified Becke-Johnson potential within gen-
eralised gradient approximation (GGA) [8]. It was found
that these materials are useful for solar cell and optical
device applications. They reported optoelectronic proper-
ties of hexagonally structured GaN; xPx alloys and pre-
dict these materials to be potential candidate for solar cell
applications [9].

The studied alloys Ga; xAlxAs/Sb are potential can-
didates for optoelectronic and solar cell applications. The
tuning of bandgap from 1.6 to 2.1 eV for Ga; xAlxAs and
from 0.8 to 1.5 eV for Ga; xAl,Sb shows the maximum
absorption of light is in the visible region of electromag-
netic spectrum. Moreover, the results show in the visible
region that the reflection and optical loss are negligible
with maximum absorption of light, which increases the
importance of the studied materials for optical applica-
tions. We have used most versatile, accurate approach of
Backe and Johnson (mB]) to calculate the results. The mB]
potential improves the electronic states and gives accurate
value of bandgap.

In this article, the bandgap of GaAlAs and GaAlSbh
is tuned by using first-principle studies, i.e. DFT-based
full-potential linearised augmented plane wave method.
The purpose of these calculations is to investigate the
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electronic and optical properties of Al-doped GaAs and
GaSb for solar cell design and optical applications. The
electronic structures and optical properties are studied
by computing the electronic bandgap, density of states
(total as well as partial), dielectric constant, and lattice
constant, as well as static dielectric constant. Also, the
static refractive index and extinction coefficient, absorp-
tion coefficient, optical conductivity, reflectivity, and opti-
cal loss factor are computed. The calculated parameters
make the studied materials potential candidates for the
energy storage purposes.

2 Method of Calculations

The electronic and optical characteristics of Al-doped GaAs and
GaSh alloys are depicted by DFT-dependent full-potential linearised
augmented plane wave method that simulated in Wein2k code
[10]. The zinc-blende structures of studied compounds are opti-
mised and relaxed by PBEsol approximations because it calculates
ground states parameter more exact than local density approxi-
mation (LDA) and GGA [11, 12]. The optimised structures are con-
verged by self-consistent field to find the Hamiltonian of the system.
The exchange-correlation energy (Exc) term in the Hamiltonian is
usually approximated by well-known LDA, GGA, PBEsol, or hybrid
approximations [13, 14]. The ground state parameters are accurately
found from these approximations, while excited state properties are
underestimated. For example, the bandgap reports through these
approximations are sturdily underestimated. The problem associated
with aforementioned approximations to underestimate the bandgap
is self-interaction error that restricts derivative discontinuity that
is important when we compare the Kohn-Sham and experimental
bandgaps. On the other hand, the hybrid functional is more expen-
sive and LDA + U/GGA + U are limited to localised states (3d and
4f electrons) [15]. Consequently, to solve the above difficulties, Tran
and Blaha [16] and Koller [17] improved the Backe-Johnson potential
(TB-mB]J) that exactly calculates the electronic structures of semicon-
ductors, insulators, and metal oxides. This potential is successfully
implemented in the present calculations to elaborate the electronic
structure and bandgap-dependent optical properties. Moreover, the
wave function splits into two regions; the core electrons are confined
in the muffin-tin region having spherical harmonic-type solution, and
the rest of the region has plane wave-like wave function. However,
the potential in both regions kept the same through the FP-LAPW
method. The basic set of inputs is adjusted as the Kmax ~ Rmr = 8.0
and Gmax = 16, respectively. Furthermore, the k-mesh grid of 4000
k-points has been used for the accurate convergence through itera-
tion process up to 10 “ Ry. We have chosen the k-mesh grid of 4000
k-points because at and above this value the energy release from the
alloys during charge/energy convergence becomes constant.

3 Results and Discussion

3.1 Electronic Properties

The studied structures are optimised in the cubic phase
with space group F43m (216) for binary compounds
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and Pm3m (215) for doped alloys. The optimised lat-
tice constant for Al-doped GaAs/Sb has been plotted
in Figure 1a, which shows the minor increases in lat-
tice constant because of replacement of Al ions by
Ga. Further, the increase in the lattice constant has a
direct effect on the bandgap as the dopant concentra-
tion increases, as shown in Figure 1c. The cutoff val-
ues €;(0) and refractive index n(0) at zero frequency
decrease with increasing the composition of Al concentra-
tion from GaAs/Sb to AlAs/Sb as shown in Figure 1b and
d, which decreases the bandgap, as plotted in Figure 1c.
The states are depleted from the Fermi energy as Al
contents increases, as shown in Figure 2a,b showing
that we can tune the bandgap of the studied materials
for solar cells, functional in visible and ultraviolet (UV)
regions.

For optical device fabrications, the materials should
be stable thermodynamically. The thermodynamic sta-
bility has been ensured from the enthalpy of formation
(AHf) and specific heat capacity (Cy), whereas mechanical
stability has been ensured from the elastic tensor matrix.
The enthalpy of formation has been calculated from the
relation [18]. The negative value of enthalpy shows the
stability of the studied materials. Moreover, the enthalpy
of formation varies from 0.34to 0.48 eV for GaAs and
AlAs, while itis 0.158 to  0.622 eV for GaSb and AlSb.
Therefore, the stability increases by increasing the Al con-
tents in GaAs/Sh.

Moreover, the specific heat capacity at constant
sampling volume has been calculated by the relation men-
tioned in [19]. The value of specific heat capacity (calcu-
lated at room temperature) increases from 43 to 46 J/Kmol
for GaAs to AlAs and from 42 to 45 J/Kmol for GaSb to AlSh.
This shows that Al doping increases the thermal stability
as calculated by the formation energy.

3.2 Optical Properties

The optical properties of semiconductor materials depend
on the light-matter interaction, transition recombination
rate, and bandgap of the semiconductor materials. The
symmetry directions in the first Brillion zone at which the
valence band maxima and conduction band minima lie are
very important to decide the nature in which the bandgap
exists. For different symmetry directions, the bandgap is
indirect, and phonons (energy of lattice vibration) are
involved in the lattice that reduces the performance and
reliability of the optoelectronic devices. On the other hand,
the same symmetry points of the valence band maxima
and conduction band minima form the direct band that
make easy transition from valence band to conduction,
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Figure 1: (a) Lattice constant, (b) static refractive index, (c) electronic bandgap, and (d) static dielectric constant of Ga; xAlxAs and

Ga; xAlSb plotted against composition range 0.0-1.0.

and loss of energy reduces. It also increases the recombi-
nation rate that enhances the efficiency of light-emitting
devices [20, 21]. The real and imaginary parts of frequency-
dependent dielectric constant are associated with each
other through the Kramer—Kronig relation [22] and formu-
lated as follows:

gw)= 1+ —P ———2do’ )
w’ w?
0
ew = N xZ&jM OP6lwa®) wldk @
2 - 5 . cv cv
mm2w? .

where P is the principal integer, and k is the wave vector
that is integrated in the boundary of first Brillion zone.
The relation between the imaginary and real constituents
of dielectric tensor has been solved by the Kramer—Kronig
relation to illustrate the light-matter interaction. The
related prospects of photon energy—matter interaction like
refraction (sum of refractive index n(w) and extinction
coefficient k(w)), reflection R(w), absorption a(w), optical

conduction ¢(w), and energy loss function L(w) have been
dragged through following mathematical expressions:

2 A 3
+
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where Wy, is the transition probability per unit time.
All the above calculated parameters are plotted in
Figures 3-6. The Re &£(w) elucidates the distribution of
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Figure 2: Total density of states (TDOS) and partial density of states (PDOS) of (a) Ga; xAltAs and (b) Ga; xAlSb plotted against
composition range 0.0-1.0.
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Figure 3: Real part of dielectric constant and imaginary parts of dielectric constant for Ga; xAlAs (a, ¢) and Ga; xAlSb (b, d) plotted
against the energy range 0-6 eV.

light (polarisation) and its divergence (polarisation) when on the frequency because the phase velocity of quan-
photons interact with material of irregular refractive tum oscillations of electron in the material medium varies
index. The calculated results of Re e€(w) for Ga; xAlxAs with frequency. For particular incident photon energy,
are plotted in Figure 3a and for Ga; xAlxSb in Figure 3c. the electronic oscillation frequency and photon frequency
The distribution of light energy in the materials depends match with each that produces resonance. At resonance
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Figure 5: Absorption coefficient and optical conductivity for Ga; xAlkAs (a, ¢) and Ga; xAlSb (b, d) plotted against the energy range

0-6 eV.

frequency, the dispersion of light is maximum, and light
is linearly polarised to a single plane [23]. The Re &(w)
increases with increasing the photon energy that creates
a resonance effect at 3 and 4 eV for Ga; xAlxAs, while for
Ga; xAlxSbat2and 3 eV because electrons are less bound
in Sb than As. A minor increase in energy from resonance

sharply decreases the Re £(w) to negative value at 5 eV for
Ga; xAlyAsandat4 eVforGa; xAlxSb, which exceeds the
group velocity than speed of light. Moreover, the material
characteristic changes and becomes opaque for light sim-
ilar to metals. The cutoff values Re €(0) at zero frequency
decrease with increasing the composition of Al contents
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Figure 6: Reflectivity and optical loss factor for Ga; xAlcAs (a, ¢) and Ga; xAlSb (b, d) plotted against energy range 0-6 eV.

from GaAs/Sb to AlAs/Sb, which decreases the bandgap as
plotted in Figure 1c and d. Therefore, Re £(0) and Eg (eV)
are according to Penn’s model Re €(0) ~ 1 + (~wp/Eg),
which confirms the reliability and accuracy of the calcu-
lated results [24, 25].

The Im e(w) count part of energy is absorbed by
the material when light passed through it. The calcu-
lated values of energy reduction of the incident photon
are plotted in Figure 3b for Ga; xAlxAs and Figure 3d for
Ga; xAlxSh. The Im (w) at zero frequency represents the
optical bandgap of the studied materials that forced the
condition on materials; light cannot be absorbed below
this threshold limit of the bandgap. The energy of the
incident photons below the bandgap limit of the materi-
als may be used to release the electrons from the influ-
ence of the nuclei forces [26, 27]. The calculated values
of bandgap calculated from the Im €(w) threshold limit
are slightly overestimated as reported from band structure
treatment because of theoretical limitations and approxi-
mations in the DFT analysis as shown in in Figure 1c and
Figure 3b and d. By increasing the incident photon energy
from optical bandgap, the light starts to be absorbed. The
absorption increases as the frequency of incident pho-
ton changes from resonance because the polarised plane
of atoms rotates from linear position. The absorption is
maximum at energy where the plane of polarised atoms
rotates completely from one direction to another (paral-
lel to perpendicular direction) [28-30]. The absorption
has peak values at 4.6 eV for Ga; xAlxAs and at 4 eV for
Ga; xAlSh, as seen in Figure 3b and d. After it, absorption

decreases because of the metallic behaviour of the materi-
als in the high-energy region that reflects incident light.
The doping of Al in GaAs moves the absorption peaks to
high-energy region. Furthermore, the replacement of Sb
with As has a great impact on the optical behaviour of
the studied materials. The maximum absorption regions
decide that Ga; xAlxAs is suitable for UV light absorption
and Ga; xAlSb is suitable for visible edge (mean near
UV region) light-absorbing materials. Therefore, for solar
cell applications, Ga; xAlxSb is a more potential candi-
date than Ga; xAlxAs. In addition, the doping of Al shifts
the absorption region from large wavelength to short wave-
length, which depicts that the studied materials are blue
shifted.

The complex refraction is the combination of refrac-
tive index n(w) (real part) and extinction coefficient k(w)
(imaginary part). The refractive index n(w) measures how
fast light travels in the material medium as compared to
vacuum and dispersion of light, while extinction coeffi-
cient k(w) measures the attenuation of light. Therefore, the
refractive index n(w) and extinction coefficient k(w) seem
to be the replica of Re €(w) and Im e(w), as presented in
Figures 3 and 4.

The refractive index n(w) and extinction coeffi-
cient k(w) are related through the mathematical rela-
tions n> k?* = Re e(w) and 2nk = Im &(w). Furthermore,
square of refractive index at zero frequency n(0) and static
refractive index Re £(0) satisfy the relation n§ = Re £(0),
which shows consistency in our reported results. The
increasing composition of Al decreases their its values
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because the bandgap increases as described in Penn’s for-
mulism. Therefore, the peaks of maximum refractive index
at 3/4.2 eV for Ga; xAlyAs and 2.3/4.0 eV for Ga; xAl,Sb
shifted to higher-energy regions as seen in Figure 4a and c.
It is also observed that the peaks at 3 and 2.3 eV decrease
with increasing Al composition in GaAs/Sb, while those
at 4.2 and 4 eV increase with increasing composition
because of maximum dispersion of light in this fluctuating
region of spectrum. After the resonance, frequency polar-
isation depressed that decreases in the speed (v = c/n)
and wavelength of radiation (A = Ag/n) [31-35]. This fact
attenuates more light inside the material as shown by the
peak at 5 and 4.2 eV for Al dopant GaAs/Sh.

The absorption coefficient a(w) measures the reduc-
tion of light intensity per unit centimetre when it passed
through the material, as plotted in Figure 5a and c. The
critical value of photon energy at which the absorption
of material is zero is nominated as optical bandgap. The
calculated optical bandgap from absorption coefficient,
Re £(w), and extinction coefficient k(w) is consistent with
the bandgap calculated from the band structures. The lit-
tle bit variation is involved because of mathematical treat-
ment of simulation coding and approximations. The max-
imum absorption region is located in the periphery of
5 eVforGa; xAlyAsand4.2 eV for Ga; xAlSh. Therefore,
the absorption regions clarify the solar cell applications
of Ga; xAlxAs for UV region and Ga; xAl,Sb for visible
edge to near-UV region [36]. The GaAs/Sb edge is closer
to the visible region than the AlAs/Sb edge. The variation
of dopant composition tunes the bandgap of the studied
materials for desire energy range to increase the efficiency
of the solar cell.

The optical conductivity o(w) measures the flow of
carriers per unit centimetre when light of suitable fre-
quency falls on the materials. The calculated results of
optical conductivity o(w) are presented in Figure 5c and d.
The electrons in the orbits absorb photon energy and
move to conduction band to induce the forward current.
The optical conductivity has peak values at 5 and 4.2 eV
for Ga; xAlxAs and Ga; xAlxSb similar to the absorption
coefficient because maximum energy absorption increases
the kinetic energy of electrons. The peak values of optical
conductivity increase with increasing the dopant concen-
tration of Al into GaAs/Sb because of increase in the free
electrons.

The light radiations fall on the material surface con-
sumed energy in absorption, reflection, and transmis-
sion. The reflected part of the light provides information
about the material surface morphology, photon electron
interaction, and scattering of light from material planes.
The calculated plots of reflectivity R(w) for the studied
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materials are presented in Figure 6a and c. The response
of materials Ga; xAlxAs/Sb at 5 and 4.2 eV for reflection
is maximum. The doping concentration of Al in GaAs/Sh
reduces the reflectivity peaks intensity because of maxi-
mum absorption of light in the region. The loss of optical
energy due to scattering and heating is also a major change
for the optical device fabrication. The calculated values
of optical loss function L(w) are plotted in Figure 6b and
d. The value of L(w) increases with increasing the photon
energy range, but its quantity is very few. The comprehen-
sive analysis of optical properties of the studied materials
reveals the maximum absorption of light in UV, and for the
visible region, minimum loss of energy and reflection in
functional regions (UV and visible) increases the potential
of the studied alloys for solar applications.

4 Conclusion

In this article, the electronic and optical properties of
Ga; xAlxAs and Ga; xAlxSb are simulated by means
of first principle based on full-potential linearised aug-
mented plane wave method using the Wein2k code. The
lattice constant is optimised for Al-doped GaAs/Sb and
found that the increase in lattice constant due to increase
in dopant concentration (i.e. replacement of Alions by Ga)
increases the bandgap of the studied materials. This shows
that the bandgap of the studied materials can be tuned
by varying the dopant composition to obtain the desired
energy range for increased solar cell efficiency. The calcu-
lated negative value of enthalpy shows that the studied
materials are thermodynamically stable, and the stabil-
ity increases with increase in Al contents in GaAs/Sh. The
bandgap values calculated from Im £(w) threshold limit
are slightly overestimated because of the approximations
in the DFT computations. However, the detailed analysis
of optical properties shows that there is maximum absorp-
tion of light in UV and visible region and also minimum
loss of energy and reflection in functional (UV and visible)
regions. This predicts the strong potential of the studied
alloys for solar cell applications.
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