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The III-V alloys and doping to tune the bandgap for solar cells and other optoelectronic devices has remained a hot
topic of research for the last few decades. In the present article, the bandgap tuning and its influence on optical properties
of In;_,Ga,N/P, where (x = 0.0, 0.25, 0.50, 0.75, and 1.0) alloys are comprehensively analyzed by density functional
theory based on full-potential linearized augmented plane wave method (FP-LAPW) and modified Becke and Johnson
potentials (TB-mBJ). The direct bandgaps turn from 0.7 eV to 3.44 eV, and 1.41 eV to 2.32 eV for In;_,Ga,N/P alloys,
which increases their potentials for optoelectronic devices. The optical properties are discussed such as dielectric constants,
refraction, absorption, optical conductivity, and reflection. The light is polarized in the low energy region with minimum
reflection. The absorption and optical conduction are maxima in the visible region, and they are shifted into the ultraviolet
region by Ga doping. Moreover, static dielectric constant €] (0) is in line with the bandgap from Penn’s model.

Keywords: density functional theory, direct bandgap III-V semiconductors, tuning of optical band gap, solar

cell applications
PACS: 63.20.D—-, 63.20.—e, 71.15.Mb, 72.40.+w

1. Introduction

The shortage of energy supply and increasing its de-
mand have inspired the scientific community to explore the
variety of materials for optoelectronic applications since the
last two decades. Owing to their bandgap span from in-
frared region to ultraviolet region, the III-V compounds and
their alloys are considered to be potential materials for opti-
cal applications.[!-%! For optical systems, the gallium nitride
(GaN), gallium phosphide (GaP), and their alloys are of great
importance in making low cost, small size, and fast func-
tional blue light-emitting diodes (LEDs), laser diodes, pho-
todetectors, solar cell for visible light, and long-wavelength
emitters.”®] The knowledge of the bandgap and its engi-
neering during alloy formation is significant for understand-
ing optical properties in a wide range of energy spectrum.
The optical behaviors of compounds depend on their desities
of states (DOSs) and their investigation is an effective tool
for obtaining the true knowledge of electronic structures. (%0l
The III-V binary compounds GaN, InN, GaP, InP, and their
alloys (In;_,Ga,N and In;_,Ga,P) have simple cubic zinc
blende (ZB) structures and can be easily grown into the cu-

bic phase.[!!)

DOI: 10.1088/1674-1056/abf128

The nature and range of bandgap play a vital role in se-
lecting the high-efficiency materials for optoelectronic appli-
cations. The direct bandgap semiconductors are superior to
indirect bandgap semiconductors because phonons induced
in the indirect band materials create heating and slow down
the absorption of light and recombination rate in optical de-
vices. Ultimately, the device efficiency decreases, thereby
ejecting such materials from the market of the electronic
industry.l!>"!8! The GaN (E, = 3.44 eV), InN (E, = 0.7 eV),
and InP (E, = 1.35 eV) are direct band semiconductors op-
erating in an ultraviolet to infrared region of spectrum while
GaP (E; = 2.26 eV) is indirect bandgap semiconductor in
visible region.[19‘22] The alloy formation of In;_,Ga,N and
In;_,Ga,P tune the bandgap from 0.7 eV to 3.44 eV and
1.35eV t02.26 eV to explore the highest efficiency in infrared,
visible, and ultraviolet regions. This is the direct and easiest
approach to the investigating of the bandgap-dependent elec-
tronic behavior and optical response of these semiconductor
systems.

From an experimental viewpoint, InGaN and InGaP are
evidenced to be the most suitable systems for photovoltaic ap-
plications in which In content ranges from 0% and 100%. The
InGaN-based solar cells demand the 2.4 eV, and the InGaP-
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based solar cells requires 1.5-eV bandgap in the visible re-
gion for maximum efficiency which is obtained by changing
the In content.!?>?*1 The multi-junction solar cells for ultra-
high efficiency can be achieved by depositing the thin epi-
taxial layer of In,Ga;_,N on a GaN substrate. This condi-
tion is unsettled at a high In concentration due to the lattice
mismatch between substrate and thin film, caused by phase

1251 However, at lower con-

separation and structural defects.
tent of In quantum confinement, the hetero-structure of In-
GaN/GaN possesses the larger quality and stability. Further-
more, it has been elaborated that an In fraction of 30%—40% is
the best suitable for the InGaN-based solar cells. This propor-
tion is achieved by minimizing the phase separation and lat-
tice mismatch problems and also by the high performance of
solar cells at longer wavelengths.?®! Therefore, quantum well
structures of InGaN with a 25-A-thick layer evidence a dras-
tic improvement in photoluminescence (PL) intensity. On the
other hand, the quantum efficiency of green-emitting LED of
InGaP system is 10% in hexagonal phase but the phase trans-
formation from cubic to hexagonal phase converts the indirect
bandgap into direct bandgap, which has not yet been certified
experimentally. The theoretical work of Ample Laref explains
the optical behaviors of the In;_,Ga,N and In;_,Ga,P through
the full-potential linearly augmented plane wave method by
changing the indium content but the provided description is
limited.?>27-28] Therefore, it is needed to explore them com-
prehensively.

In the present work, the electronic and optical behav-
iors of studied materials are elucidated by the PBE-GGA
approximation?” and electronic bandgap is evaluated by the
most versatile Trans Balaha modified potential (TB-mBJ). 3!
The optical behavior is analyzed according to the composi-
tion variation of Ga ions in the InP and InN and pressure in-
sertion. The techniques, pressure variation, and composition
variations tailor the bandgap for the highest absorption of light
to increase optical efficiency for solar cell applications. The
details of optical properties are discussed in terms of dielectric
constants, refraction, dispersion, polarization, absorption, and
optical loss factor.

2. Method

To investigate the optical measurements of Ga-doped
InN & InP alloys, we perform the simulation by the DFT-
dependent full-potential linearized augmented plane wave
method through the Wein2k code. The studied compounds are
relaxed and optimized to calculate the ground state parameters
in the Zinc blend phase in the PBE-sol approximation which is
more accurate than local density approximation (LDA).131-31
To determine the Hamiltonian of the system, optimized struc-
tures are converged by self-consistent field. In Hamiltonian,

exchange—correlation energy (Ex.) is generally approximated
by the familiar LDA, GGA, or hybrid approximations.33-34]
These approximations are generally used to find precise pa-
rameters for the ground state while excited state properties
are undervalued. For instance, the bandgap described through
these approximations is robustly undervalued. The difficulty
related with the above said approximations lies in undervalu-
ing the bandgap which is self-interaction error and limiting the
derivative discontinuity. On the other side, the hybrid func-
tional is more costly and LDA + U /GGA + U are restricted
to localized states.[*> Therefore, to elucidate the above prob-
lems, Trans and Blaha,[**! and Koller et al.’”! improved
Backe-Johnson potential (TB-mBJ) by precisely computing
the electronic structures of semiconductors, insulators, and
metal oxides. The optical properties related to the bandgap
are calculated by using this potential effect. Furthermore, the
solutions of the wave function are divided into two circum-
stances: one is the spherical harmonic-type solution in the
muffin-tin region where the core electrons are kept and the
other is the plane wave-like wave function in the remaining
region. The convergence of eigenvalues is achieved by taking
Kmnax = 8.0/Ryr (Ryd)'/2 for cut-off energy. The total energy
value converges to 10~ Ryd/unit cell in self-consistent cal-
culations. We take 4000k points of the k-mesh grid because
energy released from the alloys in charge/energy convergence
becomes constant at this or above value.

3. Results and discussion
3.1. Structural and electronic properties

The crystal structures of Inj_,Ga,N/P, where (x = 0.0,
0.25, 0.50, 0.75, and 1.0) are plotted in Figs. 1(a)-1(e). The
InN/P and GaN/P both have a binary structure belonging to
the space groups 216_F-43m while doped Ing 75Gag 25sN/P and
Ing »5Gag 75N/P both have a structure belonging to space group
215_P-43m. The structure of Ing 50Gag 50N/P belongs to space
group 115_P-4m2. We can convert this tetragonal space group
into cubic group by SQS or SAE whose detailed description
can be found in Refs. [38,39].

g o

Fig. 1. The crystal structures of panel (a) InN/P, (b) Ing 75Gag 25N/P, (c)
Ing 50Gag soN/P, (d) Ing 25Gag 75sN/P, and (e) GaN/P.
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In the system under study, the space group is selected
and used for the convenience of convergence of energy. The
electronic behaviors of In;_,Ga,N/P, where (x = 0.0, 0.25,
0.50, 0.75, and 1.0) are illustrated by using lattice constant
ag (A), electronic band gap E, (eV), and total density of states
(TDOS). The lattice constant is optimized to relax the struc-
tures of Ga doped InN/P alloys. The lattice constant decreases
with concentration of Ga atoms increasing because In (2.2 A)

atom has a greater atomic radius than Ga atom (1.87 A) as
shown in Fig. 2(a). The bandgap increases with Ga atom con-
centration increasing because the smaller size of the Ga atom
shrinks the density of states away from the forbidden energy
region. The increasing trend of band gap for Ga atoms doped
InN/P is shown in Fig. 2(b). The accuracy of the results can be
ensured from the binary InN/P and GaN/P band gaps, which is
consistent with those reported in Refs. [40-45].
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Fig. 2. Calculated lattice constant, band gap, static dielectric constant and refractive index of In;_,Ga,N/P (x = 0.0, 0.25, 0.50, 0.75 and 1.0).
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Fig. 3. Total density of states (TDOS) and partial density of states (PDOS) of (a) In;_,Ga,N and (b) In;_,Ga,P, where x = 0.0, 0.25, 0.50, 0.75, and 1.0.

Moreover, to see the detailed electronic picture of binary
structure and doped compounds, the total densities of states
are plotted in Figs. 3(a) and 3(b). The band gaps of binary
structure and doped compounds reported in Fig. 3(b) are sim-
ilar to those from a density of states in Fig. 3. The InN/P
band gap indicates that the maximum absorption region is vis-
ible while the doping of Ga leads it to shift to the ultraviolet
region. Therefore, with the help of bandgap tuning, the opto-
electronic devices can be fabricated with desired energy range,
thereby increasing the potential applications of studied mate-
rials in solar cells and other optoelectronic devices. To explore

the optical behavior of studied materials, their optical param-

eters will be analyzed in detail below.

3.2. Optical properties

The optical properties of a semiconductor have dynamic
significance due to their valuable information on a large scale
that can be taken in our efforts to understand the properties of
semiconductors, especially for optoelectronic applications in
the direct bandgap materials. In optoelectronic In;_,Ga,N/P
motivates the researchers to explore them. The direct transi-
tion from the valence band to conduction bands takes place.
The maxima of the valence band and minima of the conduc-
tion band at the same symmetry points form a direct bandgap
that creates easy transition of electrons valence band to con-
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duction band with energy loss decreasing. The efficiency of
light-emitting device is enhanced due to the recombination
rate rising.[465% The optical response in the existence of an
external electric field of any physical system can be speci-
fied in terms of dielectric function (@) = &(®) + i& (o) .
The Kramer—Kronig relation!*?! is used to calculate the real
part of dielectric function €; () that explains the dispersion of
light from matter surface. The absorption of electromagnetic
radiations is explained by the complex dielectric function of
imaginary part &(®). The dielectric constant of frequency-
dependent real part and imaginary part are obtained from the
Kramer—Kronig relation??! as follows:
o'e (0

7)(1(0/’

2 oo
gl(w):1+EP/(> o2 — o2 (1)

=

&h 2 3
&(w) = mélm(m 8lon (k) — ]d’k,  (2)

where the principal integral value is represented by P, and & is
the wave vector within the first Brillion zone (BZ) boundary.
The Kramer—Kronig relation is used to solve the constituents
of dielectric tensor between the real and imaginary part that
explain photon matter interaction.

The calculated € (@) and & (w) for In;_,Ga,N are pre-
sented in Figs. 4(a) and 4(b), and for In;_,Ga,P in Figs. 4(c)
and 4(d). The real part of dielectric constant &; (@) explains
the material polarization when it exposes to electromagnetic
radiation. The value of & (w) increases from zero energy

3
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E 2 —— =025
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5 |
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value and to the values of the first resonance at 1 €V, 1.8 eV,
2.1 eV, and 2.5 eV for In;_,Ga,N alloys. The peak values of
the second resonance occur between 6 eV and 7 eV because
of matching the light and materials vibration frequency. The
peaks between 6 eV and 12 eV have large variations because
of different resonance frequencies. At high energy, plasma
resonance breaks and peaks minimize to a negative value be-
tween 9 eV to 16 eV with a minimum value at 12 eV. The
In;_,Ga,N alloys show metallic response in this energy region
because of bandgap incompatibility with the energy of incom-
ing light. While for In;_,Ga,P alloys, the &(w) reaches a
peak value at 3 eV for InP and then shifts toward higher en-
ergy up to 4 eV for GaP by increasing the Ga atom concen-
tration, as shown in Fig. 4(c), then monotonically drops to a
minimum value at 5 eV, becoming negative which shows the
metallic character. Therefore, all the light is reflected from the
material surface. The materials behave as a superluminal-type
material because negative values of € (@) make the suscepti-
bility and permeability negative like left-handed-type materi-

[51-53] Figures 4(a) and

als which have not been discovered yet.
4(c) show that the static dielectric constant & (0) is dependent
on material bandgap. By increasing the Ga atom concentration
in InN/P, the value of static dielectric constant £ (0) increases.
The Penn’s model & (0) &~ 1 + (hawy/E,)?,5* (where E, and
hay, are the bandgaps and plasma frequency of the material) is

exactly related to band gaps.

20
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Fig. 4. Real part and imaginary part of dielectric constant of [(a) and (b)] In;_,Ga,N, and [(c) and(d)] In;_,Ga,P for x = 0.0, 0.25, 0.50, 0.75 and 1.0.
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For the construction of optoelectronic device, the imag-
inary part of the dielectric constant & (®) has a significant
role. The light energy is measured to attenuate when the
electromagnetic wave of suitable frequency passes through
a material medium. The calculated values of the absorption
coefficient for In;_,Ga,N/P alloys are plotted in Figs. 4(b)
and 4(d). The threshold value of the absorption coefficient
is the limit from which material starts the absorption of light.
These measured optical band gaps and the band gaps measured
from band structures (Fig. 2(b)) are consistent with each other,
which shows the reliability of our calculated results. More-
over, the band gaps calculated from binary structures InN/InP
and GaN/GaP are matched with the experimental band gaps
0.71 eV/1.42 eV and 3.44 eV/2.32 eV.l4042] The &(w) in-
creases with Ga doping in InN and attains the first maximum
peak at 6 eV, then at 9 eV, and finally at 11 eV. The different
peaks of absorption occur because of different light-matter in-
teractions and different energy delivering rates of photons to
electrons. The doping of Ga atoms shifts the absorption peaks
towards high energy. For In;_,Ga,P alloys, maximum absorp-
tion occurs at 5 eV as shown in Fig. 4(d). The absorption
bands for In;_,Ga,N alloys lie between 1 eV and 14 eV while
for In;_,Ga,P alloys between 2 eV and 8§ eV. Therefore, the
tuning of band gaps makes the studied alloys suitable for visi-
ble and ultraviolet optoelectronic applications.

The other optical parameters like refractive index n(®)
and extinction coefficient k(w) are related to the photon
energy—matter interaction and calculated as a function of
€1(w) and & (o) as follows:

[ (©) e}(w)+ &} () v
(0 1 2
n(w) = | ==+ 5 ; 3)
[ e2(w)+ &2 (o) v
Kw) = | A2 VT )

The complex refraction coefficient is related to the com-
plex dielectric constant and expressed as

(o) =n(o)+ik(w).

The refractive index n(®) and extinction coefficient k(®) are
related to the real part and the imaginary part of the dielectric
constant through the following equations n> — k* = &;(®) and
2nk(®w) = & () as shown in the following Figs. 5(a) and 5(c).

The zero-frequency values of refractive index n(®) for
In;_,Ga,N In;_,Ga,P alloys are presented in Fig. 2(d). It
shows that n(0) decreases with the augment of Ga atom con-
centration and the absorption region shifts from visible to near-
ultraviolet region with the transparency changing. Moreover,
the static refractive index n(0) and real part of dielectric con-
stant & (0) exactly follow the relation n(0) = €?(0) as shown
in Fig. 1(c) and Fig. 2(d).’>7] The value of refractive index

increases from static value and reaches to 8 eV (InN), 1.2 eV
(0.25,0.5), 2 eV (0.75), and 3 eV (GaN). The three fluctuating
peaks at 6 eV, 9 eV, and 11 eV are recorded which are related
to the real part of the dielectric constant due to the same reason
as that explained above. Furthermore, for In;_,Ga,P alloys, it
reaches 3 eV and 4.4 eV and then drops to minimum values.
For vacuum, the absorption is zero and the refractive index
is one, the increasing value of the refractive index shows that
the light is absorbed by the material. Hence, the increasing of
refractive index reduces the speed of light. From 12 eV for
In;_Ga,N and 9 eV for In;_,Ga,P, the value of refractive in-
dex becomes less than one, which increases the phase velocity
(v = ¢/n) higher than speed of light. Therefore, the material
becomes metallic and lift handed type as explained above for
negative value of refractive index. 38601

The metallic response allows a longer wavelength A =
Ap/n and minimum photon energy E = hc/A. Moreover, the
doping shifts the negative region to a higher value and trans-
fers the operative absorption from the visible to the ultraviolet
region that is justified by the increasing bandgap of studied
alloys. The extinction coefficient k(®) has a similar behav-
ior to & (). The calculated values of k(@) are presented in
Figs. 5(b) and 5(d) for In;_,Ga,N alloy and In;_,Ga,P alloy.
The values for InN are high at 5 eV, 7 eV, and 11 eV, and with
doping Ga they shift to higher energy while for In;_,Ga,P al-
loys, the peaks are at 5 eV and then decrease to minimum val-
ues with doping of Ga atoms. In the In;_,Ga,P alloys, a little
bit of variations in the values of & (®) and k(®) may be due
to theoretical approximations.

The absorption coefficient ¢t (@) is another parameter that
measures whether the materials are suitable for solar and other
optoelectronic applications or not. The reported values of the
absorption coefficient for In;_,Ga,N/P alloys are presented in
Figs. 6(a) and 6(c). They measure the decay of the photon en-
ergy per centimeter into the material. The behavior of the ab-
sorption coefficient o(®), the imaginary part of the dielectric
constant & (), and the extinction coefficient k(®) are consis-
tent, showing that the Kramer—Krong relation and the tensor
matrix equally solve the optical parameters. Moreover, the
absorption is linked with the extinction coefficient by the fol-
lowing expression:

o(w) =4nk(w)/A. Q)

This relation shows that the absorption coefficient is the prod-
uct of the wave vector and the extinction coefficient.

The optical conductivity o (@) implies the flow of car-
riers when surplus photon energy is delivered to electrons in
the valence band. The electrons move to the conduction band
by overcoming the influence of nuclei, and thus increasing
the optical current or photocurrent.!®!! The calculated values
of optical conductivity for the studied alloys are presented in
Figs. 6(b) and 6(d).
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Fig. 5. Refractive index and extinction coefficient of [(a) and (b)] In;_,Ga,N, [(c) and (d)] In;_,Ga,P with x =0, 0.25, 0.50, 0.75, and 1.0.
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Fig. 6. Absorption coefficient and optical conductivity of [(a) and (b)] In;_,Ga,N and [(c) and (d)] In;_,Ga,P with x = 0.0, 0.25, 0.50, 0.75, and 1.0,
respectively.
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During the light—matter interaction, the absorption, trans-
mission, and conduction take place simultaneously. When the
energy of the incident photons exceeds the bandgap, the ki-
netic energy of electrons increases and the electrical conduc-
tivity increases accordingly. Moreover, the optical conductiv-
ity is related to the dielectric constant by the following expres-
sion:

g(w)=g+ioc(w)/ o,

where & and @ are the permittivity of the free space and
plasma frequency.

Therefore, the optical conductivity is related to the imagi-
nary part of the dielectric constant. It peaks at 9 eV and 11 eV
for InN and at 10 eV and 13 eV for GaN, which shows that the
optical conductivity peaks shift to higher energy by replacing
Ga atom with In atom. On the other hand, the optical conduc-
tivity reaches a peak value at 5 eV for In;_,Ga,P alloys. After
attaining peak values, it decreases to a minimum value. The
reason has been explained above, and the metallic nature of
material in high energy lies in reflecting the light. The largest
optical conductivity is found in the visible to the ultraviolet
region of the spectrum.
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Fig. 7. Reflectivity of (a) In;_yGa,N, (b) In;_,Ga,P, where x = 0.0, 0.25,
0.50, 0.75 and 1.0.

The reflection coefficient R(®) is the incident-to-reflected
light energy ratio which provides information about surface

morphology.[? Tt can be calculated from the refractive and
extinction coefficient from the following relation:

R— M (6)

(n+1)24+k2

The reflectivity decreases by doping Ga atoms into InN. A
similar trend is found in Ga-doped InP. Its value increases
smoothly up to 6 eV for In;_,Ga,N alloys, and a large fluc-
tuation occurs due to the surface roughness and scattering of
light at different angles. However, the maximum reflection
zone for Inj_,Ga,N alloys is between 10 eV and 16 eV while
for In;_,Ga,P alloys is between 4 eV and 16 eV as shown
in Figs. 7(a) and 7(b). It is also noted that the reflectivity
increases with Ga content increasing because of atomic size
changing but this effect is minor.

4. Conclusions

In the present study, the electronic and optical properties
of In;_,Ga,N/P (x = 0.0, 0.25, 0.50, 0.75, and 1.0) alloys are
analyzed by using a full-potential linearized augmented plane
wave method and modified Becke and Johnson potential (TB-
mBJ). The lattice constant decreases by doping Ga atoms into
InN/P because of the smaller atomic size of Ga atom than that
of In atom. The bandgap increases from 0.7 eV to 3.44 eV,
and 1.41 eV to 2.32 eV with increasing the Ga content. The
maximum absorption region shifts from the visible region to
the ultraviolet region; therefore, the tuning of the bandgap in-
creases the potential applications of alloys in solar cell and
other opto-electronic devices. The static dielectric constant
€1(0) and band gap are consistent with those from the Penn’s
model. The dispersion and polarization of light are maxima
in low energy region while the highenergy region behaves as a
metal. Reflection of light is less in the energy region where ab-
sorption and optical conductivity are stronger, therefore, visi-
ble light solar cells possess the favored applications in the low
doping region.
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