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Abstract. First-principles calculations of the electronic and optical properties of the bulk In,Ga;_,N al-
loys are simulated within the framework of full-potential linearized augmented plane-wave (FP-LAPW)
method. To this end, a sufficiently adequate approach, namely modified Becke-Johnson (mBJLDA) ex-
change correlation potential is employed for calculating the energy band gap and optical absorption of
InGaN-based solar cells systems. The quantities such as the energy gap, density of states, imaginary part
of dielectric function, refractive index and absorption coefficient are determined for the bulk In,Gaj_;N
alloys, in the composition range from = = 0 to x = 1. It is found that the indium composition robustly
controls the variation of band gap. From the examination of the density of states and optical absorption of
In,Ga1—N ternary alloys, the energy gaps are significantly reduced for largest In concentration. The com-
puted band gaps vary nonlinearly with the composition x. It is also surmised that the significant variation
in the band gaps elaborated via the experimental crystalline growth process, is originated by altering the In
composition. Interestingly, it is worthwhile to perform InGaN solar cells alloys with improved efficiencies,
because of their entire energy gap variation from 0.7 to 3.3 eV.

1 Introduction

Over the recent years, the group-III nitride-based semi-
conductors have proved their potential application in the
fabrication of optoelectronic devices because of their func-
tionalities alteration from the ultraviolet to near-infrared.
Among them, GaN, AIN, InN compounds and their corre-
sponding alloys have been discerned to be excellent candi-
dates for laser diodes and short-wavelength light emitting
diodes [1-22]. These categories of wide band gap semicon-
ductors have been revealed to be promising candidates
for the absorber layers in solar cells, since their absorp-
tion edge can be altered to optimize the cell efficiency.
Moreover, they exhibit high mechanical and thermal sta-
bilities with respect to other III-V semiconductors. Their
impressive characteristics made them particularly perti-
nent for the high-power and high-temperature operations.
Also, III nitride-based semiconductors are appealing for
multi-junction photovoltaic devices [14-22]. Importantly,
In-incorporating nitride alloys are specifically suitable in
several technological applications because of the partic-
ular role of indium. The increase of In into IIl-nitride
semiconductors in low quantities, drives to an improve-
ment of light emission intensity in laser diodes (LDs)
and light emitting diodes (LEDs) [9-12]. Furthermore,
In,Ga;_,N-based solar cells and detectors can operate
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in the short-wavelength interval and they have also been
built up in various laboratories [1-12]. The recent suc-
cess on nitride semiconductor devices is substantially re-
lated to the typical GaN compound and its correspond-
ing alloys (InGaN, InAIN, and AlGaN). These materials
can constitute ternary alloys with continuous wide range
of direct band gaps. Even though the wurtzite structure
is suitable for growing most III-nitride semiconductors,
the zinc-blende structure still possesses specific advantage
over the wurtzite crystal. For instance, the zinc-blende
structure is revealed to have a lower threshold current
density and a wider optical gain. This can be attributed
to its small effective mass, and its mirror facets analo-
gous to the substrates, like GaAs [23]. Then, the InGaN
semiconductor alloys yield a typical factor for tailoring the
magnitude of the forbidden gap and other related compo-
nents, such as optimizing and broadening the application
of semiconductor devices.

Several III-nitrides semiconductor properties possess
the most favorable features because of their diverse tech-
nological applications. Recently, In,Ga;_,N ternary al-
loys are emerged as new solar cell materials. This is due
to the modulation of the energy band gaps (variation
from 0.7 eV for S-InN and 3.3 eV for -GaN to 4.9 eV
for S-AIN [4-12], comprising practically the full solar
spectrum) and superior photovoltaic features (direct en-
ergy gap in the whole alloy variation, high drift velocity,
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radiation resistance, carrier mobility, and strong optical
absorption of ~10° cm™! nearby the band edge) [18,19].
Even though InGaN based solar cells provide tremendous
potential for space and terrestrial photovoltaic applica-
tions, not many information on InGaN based solar cells
alloys have been reported. In addition, many statements
on InGaN solar cells claimed that the In composition in-
ferior than 15% and band gaps near 3 eV, or wider, can
consequently carry reduced quantum efficiency at wave-
lengths more than 420 nm [18,19]. It has been reported
theoretically that the fulfillment of active materials can
acquire solar cells with a solar energy conversion efficiency
higher than 50% for InGaN alloys, if the In content is
close to 40% [20]. Furthermore, for the greatest solar en-
ergy conversion efficiency, ITI-nitride multi-junction solar
cells possessing a nearly perfect band gaps, should involve
InGaN layers with higher In concentration or narrower
energy band gaps.

In this work, we focus on the cubic phase of III-nitride
semiconductors, namely GaN and InN and their ternary
alloys because of their technological importance in the
cubic nitride based devices. The crystalline growth of
InGaN alloys was successfully performed particularly for
the largest compositions of In in the ternary film (>30%).
Accordingly, for films with various In compositions, the
measured optical absorption constant exhibits a notice-
able behavior in Gag.gzlng.37N which is less sharper than
that of GaN and the InGaN films with low indium
content [13]. The electronic structures and optical re-
sponse spectra are usually required in optoelectronics re-
search. Albeit the electronic and optical properties have
been exclusively explored for GaN compound, there is
still a need for the theoretical and experimental com-
prehension of In,Ga;_,N alloys. This is due to the per-
plexity in designing InGaN samples with specific con-
ditions of measurements [5-22]. Several recent studies
have pointed out the outstanding synthesis of high-
characteristic In,Ga;_,N alloys and In,Ga;_,N-based
nanostructures, like the superior-quality In, Ga;_,N films,
In,Ga;_,N/GaN multiple quantum well solar cells and
In, Gay . N nanowires [24-34].

Certainly, theoretical researches based on the common
first-principles schemes, have demonstrated an extensive
benefit for the exploration of complicated materials. The
adequate first principles calculations [35-40] are prosper-
ous in predicting or corroborating the ground state prop-
erties for different systems. Therefore, some traditional
exchange-correlation functional employed in density func-
tional theory (DFT), such as the local density approxima-
tion (LDA) or generalized gradient approximation (GGA),
are well recognized to underestimate the band-gap in var-
ious semiconductors and insulators. The critical issue for
handling the narrow band gap semiconductors is related to
the negative band gaps and hence inaccurate optical prop-
erties would be established. In this extreme situation for
InN, the predicted band gap is rather negative, driving to
a metal instead of a semiconductor [34,35]. Thus, the ma-
jor deficiency for LDA or GGA is due to the lacking of the
discontinuity for the exchange-correlation potential [39].
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For instance, the computed band gaps of several semicon-
ductors (e.g. GaN) are roughly underestimated against the
experimental results [34,35]. This dilemma can be eluci-
dated by utilizing various recently developed functionals
for the exchange and correlation potential. Consequently,
various theoretical schemes have been developed to ame-
liorate the band gap of diverse systems and corroborate
well the experimental data. Several approaches and func-
tionals have been developed so far to overcome the diffi-
culties related to the optimized effective potential (OEP),
many-body perturbation theory (MBPT), GW method
and hybrid functionals [41-47] which take into account the
energies of quasiparticles. These methods provide good
flexibility, although they can operate beyond the DFT.
It is well recognized that the GW scheme describes the
energy gap results in very good accordance with respect
to the experimental determinations [9-19,34], where it is
computationally consuming for complex systems. How-
ever, the LDA + U approach is merely employed to the
correlated and localized 3d and 4 f electrons in transition
and rare-earth oxides systems [48]. Fortunately, with low
computational cost, the recently developed mBJLDA ap-
proach [49] is applicable to compute with sufficient accu-
racy the energy band gaps of several semiconductors with
respect to the highly time consuming methods such as the
GW and hybrid functionals.

On the other hand, the description of the electronic
structure of different systems such as semiconductors, in-
sulators, strongly correlated 3d transition-metal oxides, as
well as the half-metallic compounds is fairly good by using
the mBJLDA [49-55]. It is acclaimed to utilize the LDA
or GGA based functional for calculating the structural
properties. However, the mBJLDA potential is merely ap-
plied for computing the electronic properties [49-51]. With
this technique, the predicted band gap values are highly
ameliorated over the traditional LDA and GGA and are
in good agreement with the experimental findings [34].
Diverse theoretical studies on III-V semiconductors evi-
dently exhibit that the MBJ exchange potential in addi-
tion to the correlation part of LDA can treat the band gaps
quite satisfactorily and the relative locations of some spe-
cific bands, e.g. band gap crossovers [49-51]. Most of previ-
ous experimental [9-19] and theoretical [34,35] researches
have explored the band gap as a function of In content for
wurtzite parent AIN, GaN, InN compounds and their cor-
responding alloys. Lately, improved band gaps of wurtzite
AlGaN, InGaN and AlInN alloys have been computed
within the LDA-1/2 approximation by Peld et al. [56].
Other techniques have been also reported which are based
on the hybrid functionals. As a consequence, they permit
reasonably adequate energy gap calculations and can be
utilized for ITI-nitride compounds. For instance, by taking
into account the hybrid exchange-correlation functional of
Heyd, Scuseria and Ernezerhof (HSE) [57,58], the recent
work pointed out by Moses and de Walle [59] provides a
satisfactorily accurate description of the energy band gap
of wurtzite InGaN alloys.

Due to their technological consideration, a precise pre-
diction for the optical properties of III-nitride alloys is
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significantly attractive. To the best of our knowledge,
first-principles investigations based on DFT for investi-
gating the optical properties of InGaN alloys are barely
pointed out. The purpose of this study is to explore the-
oretically the electronic and optical characteristics of the
parent InN and GaN compounds and their ternary alloys
by utilizing FP-LAPW scheme [60]. For a fairly good de-
scription of the energy band gaps of our considered sys-
tems, the mBJLDA has been employed for handling the
exchange and correlation term. This paper is organized
as follows: in Section 2, we outline briefly the computa-
tional method which corresponds to the current calcula-
tions. Section 3 treats our results for the electronic and
optical properties of bulk InGaN alloys and more pre-
cisely the density of states, band gap bowing, dielectric
function, optical absorption coefficient and refractive in-
dex are discussed. So, we focus our analysis on the com-
positional effect of the electronic and optical properties
of In,Ga;_,N alloys. Our theoretical findings based on
mBJLDA reproduce quite well the electronic and optical
features in comparison with the other theoretical works
and available experimental data. Our results demonstrate
that the In-incorporation in GaN would dramatically ame-
liorate the optical behavior of In,Ga;_,N alloys. Indeed
this may lead to the significant improvement of the effi-
ciency of the state-of-the-art InGaN-based solar cells. The
essential points of the conclusion are drawn in Section 4.

2 Computational method

In this current study, we explore the effect of In concentra-
tion on the electronic and optical properties of In, Ga; N
alloys by adopting FPLAW method, as embodied in the
Wien2K code [60]. In our simulation, we set appropriate
parameters for providing enough precise results concern-
ing the physical properties of these systems. In the full po-
tential scheme, the expansion of the potential and charge
density are described in terms of spherical harmonics in-
terior the muffin-tin spheres, while the plane waves basis
set are located in the interstitial region. The wave function
expanded inward the atomic spheres is set with the [ value
limit up to lpax = 10. The muffin-tin radii are adopted to
be 2.3 a.u, 2.2 a.u and 1.45 a.u for In, Ga and N, respec-
tively, whereas the leakage of charge will not appear from
the core and then the total energy is converged. Here, the
convergence of the basis set is controlled by a cutoff pa-
rameter Ry Kmax = 8, although the Fourier expansion of
the charge density is selected up to Gax = 12 Ryd. Ry is
the smallest muffin tin radius of the atomic spheres in the
unit cell. All the integrations in the Brillouin zone (BZ)
are based on tetrahedron scheme by utilizing a sampling
grid of 8000 k-points. In this case, a good convergence
was obtained after performing different tests of calcula-
tions with different grids of k-points up to 8000 k-points.
For the total energy calculations, we utilize the Perdew-
Wang [40] functional for exchange and correlation in LDA.
Furthermore the mBJLDA was employed for the electronic
and optical calculations. For binary and alloy compounds
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(GaN, InN and InGaN), we optimized the structural ge-
ometries by minimizing the total energy with respect to
the cell parameters where the Perdew-Wang [40] func-
tional for exchange and correlation in LDA is used [40].
For the fully relaxed InGaN alloys, we modeled ordered
structures with cubic supercell of eight atoms/unit cell
(supercell techniques), containing four nitrogen atoms and
four Ga atoms, e.g. for GaN. In this case, we can select all
possible compositions of In variation between 0%, 25%,
50%, 75%, and 100%. By this way we can set all possi-
ble configurations with the mixture between Ga and In
atoms in order to form In,Ga;_,N alloys. As it has been
stated previously that InGaN solar cells with In composi-
tion less than 15% and band gaps close to 3 eV, or greater,
these systems may hold a reduction of quantum efficiency
for wavelengths more than 420 nm [18,19]. For this pur-
pose, we did not investigate IIl-nitride diluted alloys with
low In concentration. Since from the experimental real-
izations, the active materials can achieve solar cells with
a solar energy conversion efficiency higher than 50% for
InGaN alloys, if the incorporation of InN fractions is be-
tween 30% and 40% [20]. However, by taking eight atoms
in the cubic supercell with 25%, 50% and 75% variation
of In content, we can cover the compositions range that
were realized experimentally [20]. Then, this can make
these systems good candidates for solar cell applications.
On the other hand, the mBJLDA scheme as carried out
by Tran and collaborators [49-51] represents adequately
the process structure and derivative discontinuity of the
exact exchange potential. This is a significant consequence
since only the semilocal terms are employed. So the semilo-
cal orbital independent mBJLDA potential may capture
the imperative of the orbital dependent potentials (hybrid
functionals) and provides energy bands with reasonable
exactitude in which the computed band gaps of the sys-
tems appear in gratifying accordance with the experimen-
tal evidences [9-19]. In the present work, the XC effects
are considered by applying mBJLDA in order to produce
with satisfactorily exactitude the electronic and optical
properties of In,Ga;_,N ternary alloy (0 < z < 1).

3 Results and discussions

Several physical properties of materials are straightfor-
wardly or indirectly connected to the electronic band
structure. Thus, the comprehension of the band gap of
a system is valuable for its systematic utilization in opto-
electronic, and electromagnetic devices. The calculations
of density of states (DOS) represent the major component
to investigate the electronic properties of In,Ga;_,N al-
loys. For each concentration, the DOS was computed by
using the mBJLDA approach to establish good descrip-
tion for the electronic structures of our considered sys-
tems. The DOS curves for various alloys are depicted in
(Figs. la—1le). Note that the DOS for different composi-
tion of indium are almost analogous but the magnitudes
of the peaks positions are not alike because of the In con-
tent variation. It is remarkably indicated that four regions
occur: the first one (=16 — —15 eV) corresponds to the
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Fig. 1. Calculated total and projected density of states of GaN and InN and their alloys.

downward section of the valence bands which are strongly
localized on N 2s states anion. For pure InN and GaN
semiconductors, the states of the next part in the range of
—13.5 and —11 eV, arise from Ga and In cations. It is ap-
parent from the DOS of Ing o5 Gag. 75N, that the peaks are
split in the second section of the valence states. For fur-
ther In content augmentation in Ing 75Gag. 25N, the split-
ting in the peaks is enhanced and this can be attributed
to the effect of lattice mismatch between GaN and InN
and d-electrons of In. For parent binary semiconductors,
the splitting of these states will vanish because of the pure
cation contribution. The third regime (—6 — 0 eV) of in-
terest in the DOS is expanded from the onset of the third
to the valance band maximum at 0 eV. The DOS incor-
porates in this interval the uppermost of the two valance
states. So, the state characters related to this region are
altered mostly from cation s-like states in the band edge
until the mainly p-like anion states on the band maxi-
mum. The deviation in the DOS curves is detected in the
profile of the peaks that originates from the hybridiza-
tion amongst the atomic orbital (the effect of Ga and In

cations), as designated in Figures la and 1b. It is no-
ticeably illustrated from the curves (Figs. 1c—1e) that the
influence of the cation sublattice shares the alteration of
peaks locations in the uppermost section of valence states.
This is due to the fact that the peak positions are dif-
ferent because of the variation of In content. The fourth
part of the DOS involving the lowest conduction states, ex-
hibits the assistance of p states of Ga and In atoms. Previ-
ously, it has been pointed out experimentally [1,2,5,10,33]
that the crystalline growth of InGaN on sapphire sub-
strate was handled by a plasma technique and therefore
some relevant information has been identified, such as the
measurement of the energy band gap, the solid compo-
sition though the X-ray diffraction, transmission spectra,
and solid composition at room-temperature photolumines-
cence (PL), respectively. Accordingly, the resulting bow-
ing parameter was attained around 1 eV. The relationship
between the solid concentration and band gap energy has
been also achieved experimentally [34,35] by considering
the effects of the strain for the coherent growth of InGaN
alloys on GaN. The resulting bowing parameter was about
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3.2 eV, which is sufficiently greater than the previous re-
ported values [34,35]. Moreover, the electronic and optical
properties of cubic Gaj_,In,N alloys are accommodated
with the modification of In content that we will present
them theoretically in our study.

For the parent GaN, and InN binary compounds, we
optimized the lattice parameters and those correspond-
ing to their ternary alloys having mixed cations, are se-
lected through Vegard’s law. The lattice parameters of
InGaN alloys obey the non-linear interpolation of Vegard’s
law. Despite the fact that the lattice mismatch between
InN and GaN is nearby 13%, the aforementioned strain-
induced effects may be sizeable. The alloy system follows
Vegard’s law and hence the lattice parameter “a” of cu-
bic Ga;_,In,N alloy is associated to the mole fraction (x)
which is expressed mathematically by the corresponding
formula:

~—

AGa(y_4)InN = (1 — 2)agan + Tamn.- (1

The main valuable material property for designing a de-
vice is the modulation of band gap energy. With the in-
crement of In content x from 0 to 100%, the conduction
states shift as a whole, the valence states move as a whole,
and therefore no new defect states occur in the band gap
region. Then, the energy band gap of Ga;_,In,N alloy is
determined as a function of the indium concentration x,
and denoted using the following expression:

Ej(x)=(1—-2)Ejgan + Egmn —bz (1 —2)  (2)
where, E, (z) is the energy band gap of Gai_zInyN sys-
tems, Fy N represents the energy band gap of InN and
E, can designates the energy band gap of GaN. b de-
fines the band gap bowing parameter of their related
Gaj_,In,N alloys and it may be dependent on the con-
centration. So, it is possible to investigate the relation as-
sociated to the variation of band gap values versus In con-
centrations from 0% to 100%. The prototype In,Ga;_,N
alloys exhibit direct gap behaviors, while the binary par-
ent compounds GaN and InN are formed by a direct gap.
Hereafter, from the DOS profiles of various alloys, we ex-
tracted the band gap and their respective quantities are
gathered in Table 1. It is worthwhile to indicate that we
utilized the mBJLDA approach to compute with suffi-
cient accuracy the energy band gaps for both binaries and
ternary compounds, as collected in Table 1. They are also
compared against the other theoretical and experimental
values. It is clearly noticed that our calculated values for
energy gaps and lattice parameters of parent compounds
are more close to the experimental data. The change of the
energy gap as a function of In concentration is depicted in
Figure 2. We employ a polynomial fit to the energy gap
data as a function of various compositions of In,Ga;_,N
alloys. This relation exhibits a nonlinear behavior and it
is essential to account for the second order term of Veg-
ard’s law in which the coefficient is recognized as “bowing
parameter”. However, no accordance was established on
the magnitude of the bowing parameter, or the concern
of a distinct bowing parameter characterizing the energy
gap upon the whole concentration ranges [34,35,56,59].
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Table 1. The structural parameters (units in A) and the cal-
culated energy band gaps (E,) for GaN, InN compounds and
their alloys (units in eV).

Alloy Optimized lattice Energy band
constant (A) gaps (eV)

4.48* 3.27F
4 3.30*
GaN 4.52¢ 3.21°
4.45¢ 3.28"
In0,25Ga0,75N 4.62* 2.46*
In0‘5Gao,5N 4.73* 1.63*
In0A75Ga0A25N 485* 132*
4.96 0.72*
InN 4.98°¢ 0.78%
4.92° 0.75°

*Present work. *[61] exp.; °[9] other work; [8] exp.; [12] other
work; ©[26] other work; f[11] exp.

3.5

Energy (eV)

o54+—FV—"—F—F—1——17—
00 02 04 06 08 10

In composition x

Fig. 2. Band gap energy as a function of In concentration.

Therefore, Figure 2 exhibits that at low In composition
a prominent downward bowing can be obtained, but at im-
mense In composition the bowing could be insignificant.
Then, it is possible to characterize the alloy band gap em-
ploying a distinct bowing parameter. It is worthwhile to
indicate that at the low-In-content regime which is actu-
ally of extreme relevance for LED’s and lasers, the bowing
parameter could be significantly greater than the value ob-
tained through a fit upon the thorough alloy regime. For
In-rich regime (2>0.5), the system may affront some per-
plexities for a perfect experimental characterization [35].
As a matter of fact, the mBJLDA energy gaps fit with
satisfaction the experimental data. The ternary alloy en-
velops one of the largest regimes in the energy gaps of over-
all semiconductor alloys with the variation from 0.70 eV
for InN to 3.3 eV for GaN. Also, the band gap acquired
through the mBJLDA is concentration dependent.

Note that the band gap energies decrease nonlinearly
with increasing the x concentration and providing an av-
erage value of gap bowing which is equal 1.6 for overall
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concentrations. This deviation from Vegard’s law is due
to the effect of the atomic short-range order that is a re-
sult of phase separation between GaN and InN. This pa-
rameter is significant for the case of the large lattice mis-
match between the two compounds which is about 13%.
This bowing parameter is implied by the composition dis-
order, since the mixing ratio of the cations and anions
is the major ingredient for accommodating the extent of
disorder. Previously, it has been reported experimentally
that the modulation of the energy gap is up to 2.7 eV,
when In fraction changes from 0 to 50% [15-21]. It is very
likely to argue about the prediction of the optical transi-
tion energy, and the peak which is detected in a photolu-
minescence (PL) measurement [9-13], may arise through
the low In content with smallest band gap. Although the
considered alloys may possess an insignificant probability
to appear, it should provide a very low intensity in the
PL spectrum. Therefore, the change of alloys with vari-
ous contents is imperative to achieve a better prediction
of the PL peak. In fact, we infer that In,Ga;_,N alloys,
can be plausible candidates to design theoretically tan-
dem photovoltaic (PV) devices, where the optimum band
gaps absorbing photon energy varies between 0.8 eV of in-
frared and 3.27 eV of ultraviolet regimes. So in our work,
it has been indicated that for In poor region (x less or
equal 25%) the Ing.25Gag 75N may offer the possibility of
pertinent band gap engineering for solar cell applications.
Within the variation of band gap (from 0.7 ¢V for InN to
3.3 eV for GaN) for the cubic ternary alloy InGaN, much
attention have been intensified on the admixture between
these two compounds to constitute the alloys of the choice
that are active layer in the LEDs and LDs. In fact, this
system could operate all over the blue and green visible
regimes.
The interaction of electromagnetic radiations with
a material is characterized through the optical proper-
ties and a main factor namely, the dielectric function
plays a key role for exploring the optical properties of
a compound. A material’s absorption spectrum repre-
sents the fraction of incident radiation which can be ab-
sorbed through a material over a regime of frequencies.
The absorption spectrum is principally resolved through
the optical transition between different states of a mate-
rial. The dielectric function has a complex behavior and
€ (w) = e1(w) + ie2(w) describes the material response to
the photon spectrum. Other optical properties can be de-
rived through the dielectric function. The imaginary part
of the dielectric function e3(w) denotes the optical ab-
sorption in the crystal, which can be obtained from the
momentum matrix elements between the filled and the
vacant wave functions. It designates the change of inter-
band transitions in a semiconductor, and the real part
e1(w) is estimated through the imaginary part es(w) by
employing the Kramer-Kronig transformation.
0 . g
er(w) =1+ 2P/ Se2l@) 4 (3)
0

T W2 —w?2

The static dielectric constant £1(0) without any partici-
pation coming through the lattice vibration is inversely
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proportional property which may be discerned in the
framework of Penn model formulation

e1(0) = 1+ (hwy/Ey)” . (4)

The imaginary part of £(w) is computed according to the
well-recognized expression:

)] = © S (weléPlv)l
x 5 (E, QEU — hw) (5)

where €; represents the unitary vector onward the direc-
tion of the external electromagnetic field of energy hw. 1,
and 9. designate the vacant and occupied level eigenfunc-
tions of the system, respectively and F, and F. represent
their accompanied energies. e and m are the charge and
mass of the bare electron and p denotes the momentum
operator. Utilizing the spectra of real and imaginary parts
of dielectric functions, it is feasible to compute the spectra
of remaining optical components like, the refractive index,
reflectivity, absorption coefficient and so forth.

It is worth mentioning to indicate equation (5) does
not incorporate the excitonic effects. The major optical
characteristics deduced from the traditional DFT calcula-
tions can be maintained approximately. By envisaging the
excitonic effects, an analogous result is also achieved [62].
The local-field effects, i.e. the variation of the cell periodic
term of the potential, are also ignored in equation (5). It
is well recognized from the dielectric-spectra calculations,
the dielectric constants may be decreased even though the
local-field effects are taken into account [63]. It has been
evaluated previously that the local-field effects diminish
the dielectric constant of GaN around 9% [64]. The elec-
tronic self-energy corrections can enhance the band gap
and decrease the dielectric constant of the system. For
GaN, the dielectric constant diminishes almost around
15% because of the reduction of the band gap, whilst the
electronic self-energy corrections are supplemented [65].
Hence, the €5 spectra may be more ameliorated whenever
the previous three prominent effects are incorporated. The
selection of acceptable dielectric spectra can be deduced
approximately from the mBJLDA scheme. Hence we chose
equation (5) to compute the dielectric spectra of GaN, InN
and In,Ga;_,N alloys at low computation price. The cur-
rent calculations on GaN also exhibit that the common
behaviors of the optical spectra corroborate somehow the
previous experiments and theoretical calculations.

We present here the significant impact of the composi-
tion x of In on the optical properties of the cubic ternary
alloys InGaN. The dielectric functions of In,Ga;_,N al-
loys with various In compositions are analyzed in detail.
For the binary GaN and InN and their alloys, the imag-
inary dielectric function is indicated in Figures 3a—3e.
ga(w) is zero until the absorption begins since the pho-
ton energy achieves the band gap energy. The commenc-
ing point of absorption and major peaks possess a blue-
shift in consensus with the band gap extension with the
diminution of x. This feature is owing to a low band gap


http://www.epj.org

Eur. Phys. J. B (2013) 86: 475

Page 7 of 11

15 10
1 ——GaN . —InN
12 4 8
94 6
w 6 . w 4 .
3 2
0 T T T T T 0 . T T T T T
5 10 15 20 0 5 10 15 20
Photon energy (eV) Photon energy (eV)
(c) (d)
84 10
7 Inovszao.mN b Ir'o.esGao.5N
64 8 -
_ 5 —_ 64
3 4 s
“ 3] T4
2] |
1 2 i
0 ! T ) T ) T 0 T T T T T T
0 5 10 15 20 0 5 10 15 20
Photon energy (eV) Photon energy (eV)
(e)
8
‘ Ino.7sGa0.25N
6
“\ 4
@ 44 u// \/
24
—
0 T T T T T T
0 5 10 15 20

photon energy (eV)

Fig. 3. Imaginary part of dielectric function of GaN, InN and their alloys.

value of InN and its participation in InGaN alloy is weak-
ened by diminishing z. In fact, this provides an obvious
indication for the enlargement of band gap alloy value and
enhancement of the absorption at uppermost value of pho-
ton energy. The examination of £5(w) spectra exhibits the
threshold energy arising at 3.5, 2.7, 1.85, 1.6 and 0.95 eV
for GaN, Ing.25Gag.75N, Ing5GagsN, Ing 75Gag.2sN and
InN, respectively, which are related to the direct optical
transition between the resulting highest valence bands and
lowest conduction bands. In common all spectra illustrate
separated peaks which are accompanied to various transi-
tions between different electronic states. It is evidently no-
ticed from Figure 3 that e2(w) has three principal energy
spectral peaks situated at 7.5, 11 and 13 eV for GaN and
four major peaks occur at 5.5, 7, 9.5 and 11.5 eV for InN.
For x = 0.75, the imaginary part of dielectric function is
mostly prevailed by the indium peaks for first and fourth
peaks around 3.5 and 11.5 eV respectively, while the Ga

content has a main participation among the second peak.
For x = 0.5, we detect firstly by the occurrence of the
first, and third peak by about 5.9 and 9.8 eV for InN, sec-
ondly, the second peak at 7.6 eV exhibits a mixing between
GaN and InN constitutes. Finally, for x = 0.25, the peaks
around 8.1, 11.8 and 13 eV are generally subjugated by
GaN. For the delineation of spectra plots, it is obvious that
the absorption in low energy is broadened with respect to
indium reduction. One prominent feature of this optical
spectrum is that the response along five different In con-
tents is almost the same, and it changes just in the peak
position and intensity. This is essentially associated to the
In/Ga component ratios. For GaN case, the overall shape
of e2(w) obtained from mBJLDA potential is reasonably
accurate. It has been stated previously that by taking
into account electron-hole interaction [64], the e3(w) spec-
tra provide better description for the excitonic peak that
is detected experimentally around 7 eV. Note that e2(w)
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is constituted principally of transition between third and
fourth bands (mixture between Ga 4p and N 2p states) to
fifth band (mixture between Ga 4s and N 2s states). It is
worth mentioning that the difference between interacting
and non-interacting energy is due to the shift of the weight
to higher non-interacting energy [64]. It has been found
previously that the results of electron-hole interaction can
display a significant peak around 7 eV [64] which corrob-
orates the experimental data [66]. It is evident that the
electron-hole interaction shifts the peak positions as well
as the peak heights, and this situation is in sharp contrast
with our results. In our mBJLDA results, the peak posi-
tions are shifted to higher energies with respect to those
obtained from interacting system and experiment. Also,
the peak heights are reduced with the increase of energy
in both non-interacting and interacting results [64]. How-
ever, the reduction of peak heights is more significant in
the interacting case. In general, the mBJLDA results for
e2(w) are quite striking with respect to those obtained ex-
perimentally [66] and theoretically [64]. It is evident that
the limitations of mBJLDA results is due to the omission
of electron-hole interaction in e2(w), since it is based on
non-interacting energy calculations.

It is worthwhile to recognize that the transparent ma-
terial possesses an insignificant absorption coefficient than
that of opaque one. The measurement of the absorption of
light is one of the most prominent techniques for identify-
ing the optical behavior in materials. The absorption co-
efficient, «, is a property to characterize a material which
designates the amount of light absorbed through it. Ac-
cordingly, note that the inverse of the absorption coeffi-
cient o' represents the average path to be traveling over
a photon before its absorption. For photon energy less
than the energy gap, the creation of electron hole pairs
will not appear. Then, the material is transparent and «
is insignificant. For photon energy more than the energy
gap, the absorption is substantial. Note that the thresh-
old frequency diminishes as In concentration is enhanced,
this is not astonishing since the energy gap is reduced as
In contents augment. Optical absorption is extended with
the increment of photon energy. The absorption coeffi-
cient is computed from the imaginary part of the dielectric
function [67]:

0 @) =V [{R @+ 3@} -aw@] . ©

Furthermore, the computed absorption coefficient can be
expressed by Beer’s relation [67]

a= = , (7)

k is the extinction coefficient. The optical absorption co-
efficient is the principal feature of our considered systems.
For InGaN alloys, this quantity illustrates a sharp on-
set (3.5, 2.5, 1.8, 1.4 and 0.9 eV for GaN, Ing 25Gag 75N,
Ing 5Gag 5N, Ing 75Gag 25N and InN, respectively) followed
nearly by a plateau. This deviation from the square-root
dependence is anticipated to be elucidated by the appear-
ance of a strong nonparabolic behavior of the contributing
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states. This feature is evident in the representation de-
noted in Figures 4a—4e. From the optical absorption coeffi-
cient curves, a band gap originates downward 1 eV for InN
and upward 3 eV for GaN and hence for InGaN alloys, the
band gap is involved in this span (1-3 eV). According the
behavior of the absorption coefficient, it is lucidly to des-
ignate the existence of two primary sections in GaN, InN
and their resulting alloys. The first region exhibits the low
absorption for the associated energy values in the interval
35 —17,25—6.5,18 — 3.75, 14 — 5 and 0.9 — 4.7
for GaN, IHO.Q5GELO.75N, In0.5Ga0_5N, In0.75Ga0.25N and
InN, respectively. The second region illustrates the promi-
nent absorption for particular energy values in the range
7— 86,65 — 7.7, 37 — 55 5— 74 and 4.7 — 7 for
GaN, In0,25Ga0,75N, In0,5Ga0_5N, In0_75Ga0,25N and IHN,
respectively. The onset energies are accompanied with the
energy gap change with In content ratio. For the con-
sidered alloys, the absorption is significant in the energy
range between 1.1 and 7 eV, which is associated to wave-
length from 1.05 to 0.17 pm. This envelops the entire visi-
ble spectrum. From the absorption coefficient data of var-
ious energies, we can obtain the information about the
band gaps of our systems. The knowledge of these band
gaps is extremely substantial for comprehending the elec-
tronic properties of our systems. It is however of practical
relevance for optoelectronic properties of these promising
materials.

The energy gap and refractive index of semiconduct-
ing materials represent two essential physical perspectives
which provide their electronic and optical characteristics.
The fundamental correlation between these two factors
employs the common concept of photoconductivity for
semiconductors. Accordingly, their applications for opto-
electronic devices are mostly ruled through the magnitude
and character of these two basic semiconducting material
properties. They also assist in the fulfillment evaluation
for the band engineered structures for steady and opti-
mal absorption of immense band spectral origins. Con-
sequently, the energy gap is the major factor to resolve
the threshold for absorption of photons in the material
semiconductors. The refractive index provides the mea-
surement of transparency to incident spectral relationship
inside the semiconductors. It has been proposed recently
in reference [68] an appealing universal fruitful relation
among refractive index and energy gap, while it is viable to
compute the refractive index of broad series of insulators,
semiconductors, halides, and oxides. In this model, the re-
fractive index is related to the plasmon energy and it has
been proposed as an important relationship between the
refractive index, energy gap and optical electro-negativity.
It has been successfully applied to various semiconductors.
However the relation of refractive index is the modified
model of original Moss relation [68] with a second arbi-
trary constant (0.365) added to ameliorate the results.
This provides better compromise with the experimental
determinations than Moss form [69].

The models pointed out by earlier researchers have
been successfully employed for the determination of the
refractive index for systems with moderate adequacy,
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Fig. 4. Absorption coefficient of GaN, InN and their alloys.

although for restricted number of materials. Some mod-
els are suitable for narrow energy gap and some for wide
energy gap materials however none of them is exactly em-
ployed for the entire regime of energy gap of semiconduct-
ing materials. Here, we compute the refractive index for
various concentrations of indium by using the model pro-
posed in reference [68] which gives reasonable values of
refractive indices of various systems, as indicated in Ta-
ble 2. Using the relation below, the variation of the refrac-
tive index is calculated as a function of the composition

of indium.
12.417
- . 8
" \/Eq —0.365 ®)

Figure 5 exhibits the relation between the calculated re-
fractive index versus the In contents. It is apparent that
the refractive index is enhanced with the increment of
composition x. The refractive index is dependent non-
linearly on the concentration. Hence, a bowing parame-
ter owing to the lattice mismatch between the two con-
stituent binary alloys is around 2.6. The refractive index
of In, Ga;_,N obeys to the similar relation which governs
the band gap assessments,

Nin,Ga,_.N () = (1 — 2) ngan + znmNy — bz (1 —x) . (9)

Table 2. The calculated refractive index of GaN and InN and
their alloys.

Material n
2.07"
2.28%
GaN 2.3°
2.31¢
2.344
Ino.25Gag.7sN 2.43*
Ing.5Gag.sN 3.13*
Ing.75Gag.25N 3.61*
InN 5.22*

*Present work. #[68]; P[28]; °[69]; 9[70].

4 Conclusion

In this work, we simulated the electronic and optical prop-
erties of bulk InN and GaN and their related ternary al-
loys. Our theoretical contribution is to support the ex-
perimental realizations since it has been shown previously
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that the InGaN systems possess potential optical proper-
ties such as light-emitting applications. So, our goal was to
modulate the energy gaps that are convenient to design
theoretically InGaN-based solar cells. It has been found
in the earlier experimental works that these systems are
suitable for photovoltaic applications and this is based on
the variation of In content (from 0% to 50%). Our results
are summarized in the following essential points.

— We supplemented the electronic structure calculations
for InGaN alloys, by selecting the mBJLDA approach
to determine the energy band gaps within the DFT
at a cheap computational price. Our results are com-
pared with respect to the available previous theoretical
findings and experimental data. The mBJLDA results
are notably good for predicting the band gaps and the
relevant bowing parameter fits surprisingly well the
experimental realizations for the alloys investigated.
This work elucidates that the mBJLDA is a propitious
scheme to explore the properties of electronic states of
extensive and complicated semiconducting compounds
with a very low computational cost.

— The calculated energy gap of bulk InGaN alloys de-
creases non-linearly as In concentration increases. We
asset a quite significant bowing through various In con-
tent, denoting that a concentration-independent bow-
ing parameter characterizes the band gap of InGaN
alloys. The calculated density of state is affected by
In orbital contribution in the bulk InGaN alloys. This
is accompanied with the enhancement in the valence
bands width because of the (hybridization) admix-
ture between the In p and d states toward the high-
est valence states. It is also found that the calculated
refractive index of bulk InGaN alloys demonstrates
its non-linear dependence on the compositions and its
value increases with increasing In concentration

— The calculated absorption coefficient of bulk InGaN
alloys surmises that the absorption is significant in

Eur. Phys. J. B (2013) 86: 475

the energy range from 1.18 to 7 eV. This corresponds
to the wavelength variation from 1.05 to 0.17 wum.
The calculated imaginary part of dielectric function
of bulk InGaN alloys indicates that the starting point
of absorption and main peaks have a blue-shift in ac-
cordance with decreasing In concentration. For these
alloys, all energy gaps incorporate a whole range of
energies (0.7-3.2 e¢V) which are appropriate to design
theoretically solar cells with high efficiency.

The authors would like to extend their sincere appreciation to
the Deanship of Scientific Research at King Saud University
for its funding of this research through the Research Group
Project no.: RGP- VPP-233.
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