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Based on the full potential linear muffin-tin orbitals (FPLMTO) calculation within density functional theory, we systematically investigate
the electronic and optical properties of (100) and (110)-oriented (InN)/(GaN)n zinc-blende superlattice with one InN monolayer and with
different numbers of GaN monolayers. Specifically, the electronic band structure calculations and their related features, like the absorption
coefficient and refractive index of these systems are computed over a wide photon energy scale up to 20 eV. The effect of periodicity layer
numbers n on the band gaps and the optical activity of (InN)/(GaN)n SLs in both growth axis (001) and (110) are examined and compared.
Because of prospective optical aspects of (InN)/(GaN)n such as light-emitting applications, this theoretical study can help the experimental
measurements.
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1. Introduction

The group III-nitride semiconductors have aroused the inter-
est of experimenters as well as theoreticians [1, 29], such as
Gallium nitride and indium nitride and their solid solutions
are III-V semiconductor that gained significant attention for
constructing multi Quantum well based optoelectronic de-
vices: laser diodes and light-emitting diodes [5]. To opti-
mize and exploit the potential of the GaN and InN for fur-
ther optoelectronics applications and solar cell technology,
superlattices (SLs) are one of the simplest ways to tailor the
electronic and optical properties of the materials. Especially,
it has been shown thatSLs systems can be very useful for
theoretical investigation. The cause for that is that atomic
monolayers of GaN and InN in InN/GaNSLs are grown sep-
arately and with the wanted width for each layer. It is found
in literature many studies showing InN/GaN system make the
design of various InN-based heterostructure devices possi-
ble [6, 11]. Indeed, its bandgap can cover the whole solar
spectrum solely by changing the number of GaN monolay-
ers in InN/GaNSLs [12, 15]. It is well known that crystal
orientations have a significant impact on their properties and
their potential applications. They can be generated artificially
during the growth process, but they can also occur naturally
since a change of orientation can be induced by temperature
or pressure [16,18].

For lattice-matched heterostructures, the [110] orienta-
tion is particularly simple to handle (zinc-blende-type crys-
tals) since the interface is nonpolar. For strained-laye SL’s,
on the other hand, a theoretical description becomes substan-
tially complicated because the atoms do not necessarily stay
in planes perpendicular to the growth direction. The interface
can then become polar [20]. Therefore, one expects qualita-

tive differences between the energetics of (110) growth and
growth in all other orientations [20]. In recent years, there
has been some experimental [21, 24] and lots of theoretical
research [25,28] conducted on the physical properties of III-
compoundsSLs, oriented along the (110). I. Gorczycaet
al. [29] have investigated the electronic structures of the com-
position InN/GaN by comparing three different orientations
of the growth direction in wurtzite phase by using the self-
consistent ab initio calculations based on the density func-
tional theory (DFT). I. Gorczycaet al. [8] have investigated
the bandgap behavior based on first-principles calculations
of electronic band structures for various short period nitride
SLs. It is shown that forSLs, it is possible to exceed by
far the range of band gap values, which can be realized in
ternary alloys. G. Staszczaket al. [30] studied the measure-
ments of photoluminescence and its dependence on hydro-
static pressure, which are performed on a set of InN/nGaN
SLs along the growth axis (001), with one InN monolayer
and with different numbers of GaN monolayers. It has been
found that the transition energies forSLs are significantly
higher than the calculated band gaps for the same kind of
SLs. However, to our knowledge, the (InN)m/(GaN)n SL′s
with various growth axis directions have been given less or
no attention. Our aim here is to investigate the symmetry of
(110)-orientedSLs but also to give all the details concerning
the (001) symmetries. The goal is to be able to predict the
detailed electronic and optical characteristics ofSLs grown
along (001) and (110) direction using first principles calcula-
tions whose is devoid of adjustable parameters and can help
shed light on different aspects of the problem. The paper
is structured as follows. The computational method we have
adopted for the calculations is briefly described in Sec. 2. The
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most relevant results obtained are presented and discussed in
Sec. 3. Finally, in Sec. 4, we summarize the main conclusions
of this work.

2. Detail of calculation

In the present study, the structural and electronic properties
of binary InN and GaN compounds and their (InN)/(GaN)n

superlattices are investigated using the first-principles full
potential linear muffin-tin orbitals method (FP-LMTO) [31]
simulation program based on the density functional theory
(DFT) within generalized gradient approximation (GGA96)
[32] using the parameterization of Perdewet al. [33]. The
space in the (FP-LMTO) method is divided into non-over-
lapping muffin-tin (MT) spheres centered at the atomic sites
separated by an interstitial region (IR). In IR, thes, p and
d basis functions are expanded in a number (NPLW) of
plane waves, hence treating the interstitial regions on the
same footing as the core regions. Inside the (MT) spheres,
the basis sets are described by radial solutions of the one-
particle Schr̈odinger equation (at fixed energy) and their en-
ergy derivatives multiplied by spherical harmonics. Both
LMTO basis set and charge density are expanded in spherical
harmonics up tolmax = 6 (lmax being the maximal angular
momentum). The self-consistent calculations are considered
to be converged when the total energy of the system in stable
within 10−4 Ry.

Our aim here is to investigate the symmetry of (110)-
oriented SLs but also to give all the details concerning
the (001) symmetry. We have then selected a series of
(InN)m/(GaN)n SLs wheren = 1, 3, 5, 7 andm = 1 (i.e.;
the total number of monolayers varies from 2 to 8). We re-
strict ourselves to the case for which(m + n) is even. The
purpose here is to predict the detailed electronic and bonding
properties of the titled systems by using first-principles cal-
culations. Both (001) and (110) orientedSLs, which were
simulated in our study, have a tetragonal symmetry,m and
n being the number of monolayers of InN and GaN, respec-
tively. In Fig. 1, we show the direct lattice of a (001) and
(110) growth axis made up of an alternation of one mono-
layer of InN and others of GaN. The set of primitive transla-
tion vectors of (001) and (110)-orientedSLs are given by:

ax(001) =
a0

2
[1, 1, 0]; ay(001) =

a0

2
[−1, 1, 0];

az(001) = a0[0, 0, L] (1)

ax(110) =
a0

2
[1,−1, 0]; ay(110) =

a0

2
[L, L, 0]

az(110) = a0[0, 0, 1] (2)

Here, the value ofa0 is a lattice constant of bulk materials,
with L = (m + n)/2. The volume of the (001) and (110)
SLs direct primitive unit cell isV(001) = V(110) = L.a3

0/2,
and there are4L = 2(m + n) atoms per unit cell:m atoms
of In, n atoms of Ga, and(m + n) atoms of N. The symme-
try of zincblende (ZB) InN/GaNSLs grown along with the
symmetry

FIGURE 1. The direct zones of both bulk semiconductor and a
(001) and (110) growth axisSLs, with one InN monolayer and
with different numbers of GaN monolayers. The set of primitive
translation vectorsax, ay andaz of theSLs are also shown in this
figure. a0 and aSL are the lattice constants of the bulk and the
superlattice, respectively. a) (001) growth axisSLs and b) (110)
growth axisSLs

axis depends on the numbers of monolayersm andn. We
only focus on tetragonal symmetry. This procedure provides
us with the desired space group of theSLs structure when
m + n is even (this is the only case taken into consideration
in the following our work). The appropriate space groups are
D5

2d in both (001) and (110) growth axisSLs if m = n = 1.
However, when we choose the (110) as the axis of growth
and for odd values ofm andn, the group space isC1

2v.

3. Results and discussion

3.1. Structural properties

The Study of confinement effects and electronic structures
in SLs (InN)m/(GaN)n along the (001) growth axes has been
considerably focused over the past decade, but the most inter-
esting feature is to know the effect of crystal orientations on
their properties and their potential applications [34]. There
is a wide variety of the growth axes enabling the realization
of theSLs. Two cases will be used:SLs grown along with
the (001) and (110) directions. While the structural proper-
ties of (001)-oriented semiconductorSLs have been studied
in great detail by using first-principles methods, there is not
a comparable amount of information about the properties of
(110)-orientedSLs [12]. It is reported that (110) oriented
SLs exhibit considerably different characteristics compared
to those grown along the (001) direction. We theoretically
calculated these variations on ideal cases and to verify the
expectation that their properties represent. The calculations
in this work are carried out on ideal cases in which all atoms
of the bulks orSLs are located in ideal positions. By choos-
ing theSLs which have a short period, we can assume that
the lattice parameter is constant throughout the crystal as the
distance between the successive interfaces is very small. This
approximation liberates us from any calculation of relaxation.
For the considered structures, we perform the structural op-
timization by minimizing the total energy with respect to the
cell parameters and also the atomic positions.
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TABLE I. Calculated lattice parametera0 and bulk modulusB for
the binary compounds InN and GaN at equilibrium volume com-
pared to the available theoretical and experimental data.

Lattice constanta0(Å)

Present Expt. Theoretical studies

InN 4.940 4.98[36] 4.947[8], 4.98[38],

4.995[39], 5.05[40]

GaN 4.480 4.50[43] 4.556[44], 4.46[45],

4.48 [46]

Bulk modulusB (GPa)

Present Expt. Theoretical studies

InN 141.23 137[41] 140.76 [8], 146[42]

GaN 192.564 190[47] 190.932[48], 172.2[49]

206.9[50]

For the binary compounds, the simplest structure is an
eight-atom simple cubic cell. For both directions (001) and
(110)-orientedSLs, the smallest ordered structure is a four-
atom tetragonal cell, corresponding to the SL(1,1) and the
largest ordered structure is a sixteen-atom tetragonal cell, cor-
responding to the SL(1,7). The calculated total energies at
many different volumes around equilibrium were fitted by the
Murnaghan equation of state [35] in order to obtain the equi-
librium lattice constanta0 and the bulk modulusB for the
binary compounds and allSLs. It should be noted that the
period of ourSLs is D = L × aSL, aSL being the equilib-
rium lattice constant of theSLs in thex direction. The lat-
tice mismatch is found to be9.76% for InN/GaN. Therefore,
it may be crucial for SL systems. The results for the binary
compounds are presented in Table I. As shown in Table I,
the obtained results in our calculations are well compatible
with other previous experimental and theoretical works for
both binary compounds InN and GaN. The calculated equi-
librium lattice parameters of our binaries InN and GaN in ZB
structure are (4.940̊A) and (4.480̊A), which differ by only

0.80% and 0.69% compared with the experimental results
of 4.98Å [36] for InN and 4.5̊A [35] for GaN, respectively.
The calculated equilibrium lattice parameters of ZB-GaN is
4.480Å, which differ by only 0.69% of the experimental val-
ues of 4.50̊A [42]. The calculated bulk modulus B for ZB
InN and GaN shows good agreement with experimental re-
sults and previous theoretical studies and it is evident that
GaN is less compressible than InN because Ga-N is more
tightly bound than In-N and results in a higher covalence for
Ga-N than for In-N [37].

The lattice constant and bulk modulus for (InN)/(GaN)n
for different values ofn in both directions (001) and (110)-
orientedSLs were calculated and are listed in Table II. As ex-
pected, the calculations for the (001) and (110) SL(1,1) give
the same results since the symmetry is the same. The link be-
tween the bulk and the SL direct lattices is shown in the Fig. 1
with ax = ay = aSL = a0/

√
2 andaz = L ·a0 in (001) case

(aSL = ax = a0/
√

2, ay = L · ax andaz =
√

2 · ax in
(110) case). In the first-principles structural calculations, we
can also try to obtain thisaz/ax anday/ax ratio by mini-
mization. It is found from Table II that the lattice constant
in all SLs increases when a few percent of indium atoms is
added to the host semiconductor GaN. If we take the case of a
(001) and (110) (1.7)SLs as an example, the host material is
GaN with a lattice parameter of 4.48̊A. The incorporation of
one InN monolayer increases the lattice parameter to a value
of 4.640 and 4.651̊A, respectively. The increase in the lat-
tice parameter is justified by the fact that the atomic size of
indium is larger than those of Ga atom.

It is very clear from Table I that the bulk modulus for the
(InN)/(GaN)n in both directionsSLs increases with the en-
hancement of the number of monolayern, which suggests the
same increasing for the compressibility of each compound.
These compounds became harder when the number of mono-
layersn increase. It represents bond strengthening or weak-
ening effects induced by changing the composition. The sta-
bility of (InN)/(GaN)n SLs is examined by calculating their
formation energies. The formation energy per atomEform

TABLE II. The structural parameters of superlattices (InN)/(GaN)n. Formation energies per atom are also listed.a0 represents the lattice
constant andB the bulk modulus for theSLs. In the case ofSL, a0 is shown in Fig. 1 and the link with the SL lattice parameter is obvious:
a0,SL = a0/

√
2.

(001)-oriented Superlattice

Compounds a0(Å) a0,SL c0/a0 B(GPa) Eform (eV)

InN/GaN1 4.854 3.433 1.414 127.836 -0.0074

InN/GaN3 4.712 3.332 2.828 146.225 -0.0072

InN/GaN5 4.685 3.313 4.243 214.630 -0.0057

InN/GaN7 4.640 3.281 5.657 310.397 -0.0048

(110)-oriented Superlattice

InN/GaN1 - - - - -

InN/GaN3 4.728 3.343 1.414 146.666 -0.0097

InN/GaN5 4.658 3.294 1.414 210.661 -0.0082

InN/GaN7 4.651 3.289 1.414 306.866 -0.0075
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as a function of the number of monolayersn for all superlat-
tices is calculated as follows [51]:

EForm = E(InN/GaN)
tot − (EInN

tot + EGaN
tot )/2 · (n + 1), (3)

whereEtot is the total energy of the (InN)/(GaN)n and the to-
tal energy of its constituent parts GaN and InN. From Table II
analysis, it can be found that formation energy for theseSLs

have negative values and decrease by a small amount with the
number of monolayers. The sign of the formation energy in-
dicates that the present systems are energetically more stable
with increasingn and imply that theseSLs are exothermic
and also can be synthesized experimentally. The (001)SLs

have formation energy slightly less than the formation energy
of (110)SLs.

3.2. Electronic structure and density of states

In this section, we turn our attention to study the electronic
properties of the parents InN and GaN binary compounds and
their SLs via calculating the energy band structure by using
our calculated values of the lattice parameter. The results ex-
hibit that cubic GaN and InN are a direct bandgap, where
the valence band (VB) maximum and conduction band (CB)
minimum are found at theΓ point. The results clearly ex-
hibit that the present calculated bandgaps of 0 eV for InN and
1.916 eV for GaN are, on the whole, underestimated com-
pared to the experimental values of 0.7 eV for InN [52] and
3.20 eV for GaN [53], but are in right agreement with other
theoretical studies. The large difference in the calculated val-
ues of the band gaps as compared to the experimental values
can be explained by the well-known fact that, in the electronic
band structure calculations within DFT, GGA underestimates
the energy gaps in semiconductors, but this will not alter the
conclusions of the present work since they are not related to
the quantitative estimation of gaps.

The calculated band gap energies of (InN)/(GaN)n in
both (001) and (110) directions as a function of the thick-
ness of the monolayer GaN are investigated and plotted. As
an example we show Fig. 2 the band structure of two limit
configurations(n = 1 andn = 7), whereEf represents the
Fermi level. From the results of the calculated bandgap en-
ergies, we find that these materials have a direct bandgap,
both valence band maximum and conduction band mini-
mum are lying atΓ point, which is of interest for optoelec-
tronic devices. The symmetry points in Fig. 2 refers to the
tetragonal Brillouin zone (BZ) are(X, M, Γ, Z, A, andR)
in (001) direction case and those in (110) direction case are
(X,M, Y, Γ, Z,A, R, andB). In the case of (001) SL(1,1)
the high symmetry pointsB andY are identical toR andX,
respectively. This remark remains valid for the (110) SL(1,1),
but B becomes different fromR andY from X when n in-
crease. It is noticeably indicated that the empty bandgap at
the zone center is moved down for theseSLs for the bulk
GaN band structure (not presented here). We also notice sig-
nificant changes in the CB behaviour nearR, A, Y , andZ for
(110) compared with (001). Whenn increase, the bottom

FIGURE 2. The band structure of superlattice (InN)/(GaN)n with
n = 1, 7 for both (001) and (110) cases.

of CB at R and A becomes higher, and it is at Z for (001)-SLs

and Y for (110)SLs that the bottom of CB starts to lower
rapidly. This competition between different high symmetry
points of theSLs is mainly due to the zone folding effect,
which is a typical feature forSLs. In other words, BZ of
bulk binaries are folded into a smaller zone in aSLs. In fact,
any wavefunction of theSLs at any high symmetry point kSL

can be written as a linear combination of the wavefunctions

Rev. Mex. Fis.67 (1) 7–17
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TABLE III. The gap energies (in eV) between the upper VB and the lower CB.

Gaps Both (001) and (001)-SL (001)-SL (001)-SL (001)-SL (110)-SL (110)-SL

(110) SL (1,1) (1,3) (1,5) (1,7) (1,3) (1,5) (1,7)

Γ-Γ 0.0819 0.635 0.777 0.971 0.589 0.677 0.879

Γ-X 4.339 3.532 4.0631 3.936 3.229 3.912 3.207

Γ-Y Y does not LikeΓ-X Like Γ-X 4.464 2.877 2.227 1.864

exist in SL(1,1)

Γ-M 3.116 3.261 3.308 3.298 4.568 3.222 3.610

Γ-Z 3.169 2.222 1.738 1.577 3.464 3.829 3.823

Γ-R 2.809 4.276 3.698 4.136 3.472 3.741 3.838

Γ-B B does not LikeΓ-R Like Γ-R Like Γ-R 3.885 3.731 3.985

exist in SL(1,1)

Γ-A 5.687 4.323 3.811 3.589 5.317 4.819 4.520

of the bulk constituent materials at specific pointskB of the
bulk. These points are linked to each other by the following
formula:kB = kSL±(0, 0, 1/(m+n))×2π/a0 [51]. As the
period of theSLs increases along withk, TheSLs BZ vol-
ume decreases. This is due to the number of times the bulk
energy bands have to be folded (twice, four, six, and eight
times according to the value ofn) in order to be contained
within theSLs BZ. For example, in the case of then = 1,
the bulk bands need only be folded in half. We should men-
tion that the number of atoms contained in theSLs2(m + n)
is bigger than in bulk. It is for these reasons that the number
of valence electrons contained within theSLs unit cell is 2L
times the number of atoms contained within the bulk unit cell,
then there are 2L times more energy levels than in the bulk
material [54]. Table III summarizes the results concerning
the gaps obtained in our different samples.

In order to estimate the effect ofn number of monolayers
into (InN)/(GaN)n SLs on energies band gaps, we have plot-
ted in Fig. 3 the variations of theΓ− Γ gap versus SL thick-
ness in both directions (i.e., versus the numbern of monolay-
ers). We remark that theΓ − Γ gap increases with thickness
from n = 1 to n = 7 by 0.889 eV and 0.797 eV for the two
directions (001) and (110) respectively. We also notice that
the Γ − Γ gap in (001) differs by more than 92 meV from
the (110)-orientedSLs; this can be understood by consider-
ing the orientation dependence of the ordering potential in the
(110) direction, which is given by2 · (VGaN− VInN)/n [55].
For a better understanding of the symmetry of the present
SLs, we advise the reader to look into the very pedagogical
paper of Gopalanet al. [56]. By paying attention to the dif-
ference between theseSLs and bulk binaries in details, it is
notably visible that theΓ−Γ direct gap ofSLs is lower than
the fundamental gaps of GaNΓ− Γ and then is not obtained
from the interpolation of their binaries. It is found that the en-
ergy band gapΓ−Γ increases slowly with increasing barrier
thickness fromn = 5, converging to a value near the funda-
mental gaps of GaN. I. Gorczycaet al. [3] show that (i) the
increase of the barrier width (above about 10 monolayers)

FIGURE 3. Direct band gap energies(Γ − Γ) as a function of the
numbern of monolayers in the superlattice (InN)/(GaN)n for both
(001) and (110)-orientedSLs.

seems to a have negligible effect on band gapΓ − Γ in the
(001) case. Although, it can be seen that the bandgap increase
slowly in the (110) than (001) due to the weaker confinement,
which allows us to say that the number of monolayersn is
bigger in the (110) case and (ii) the contributions to the InN
well wave functions arriving from adjacent GaN layers cause
a significant increase of the local gap from the value 0.7 eV
(appertaining to bulk InN) to about 2.1 eV in the InN layer in
theseSLs. Therefore, it appears that the band gaps are most
sensitive to the good thickness than to the barrier breadth and
that the dependence on barrier thickness is different forSLs

with a various number of good monolayers. Here, the fun-
damental gap of InN is very important because it reduces the
quantum confinement effect in theSLs.

Such quantum confinement effects will influence theΓ−
Γ bandgap values of theseSLs. According to Ref. [57], the
conventional InN/GaN QW are found to be type I, significa-
tion that the band gap values ofSLs are controlled by the InN
region, but the major challenges for this conventional system

Rev. Mex. Fis.67 (1) 7–17
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FIGURE 4. Total and partial density of states (DOS) for InN and GaN compounds.

are the largely spontaneous and piezoelectric polarization
fields, which significantly reduce the optical gain of theSLs.
However, compared to the (001) case, the direction (110) is
predicted to exhibit low quantum confinement effects,i.e.,
there is a low built-in electric field in the well InN or barrier
GaN regions. We can conclude that for a rationally period
and low concentrations of In, these conventional systems are
very good optical materials.

In the following, we want to comprise what happens in
the two cases ofSLs by comparing directly the peaks of
the different density of states (DOS) curves and by analyz-
ing the partial densities as a function differents numbers of
GaN monolayers in theSLs. For reasons of comparison, the
DOS of the bulk materials have been calculated. The VB of
binaries was divided into low, intermediate, and high-energy
subbands. In both InN and GaN, we have found that VB near
the Fermi levelEf was mostly due to orbitalp of In and N
and orbitald of Ga and In atoms, while the greatest contri-
bution to the bottom of CB was due to orbitalp of N and s

of In for InN and orbitals of N and Ga and orbitalp of N
for GaN (Fig. 4). As an example, we show in Fig. 5 the
total and partial density of states of two limit configurations
(n = 1 andn = 7). The total and partial DOS profiles il-
lustrate the participation in the electronic interactions orbital
and their positions. The first little peak, which occurs in the
VB of (001) and (110)SLs, shows a strong contribution from
thes orbital of Ga atom. The following VB peaks are all due
to a high mixing of orbitalsp of the three atoms N, Ga and In
and orbitald of Ga and In atoms. The CB peaks are all due to
a high mixing ofp, s, andd orbital of N, Ga and In atoms for
both (001) and (110)-orientedSL′s. We can see a little differ-
ence in the (110)-SLs, where the contribution of the orbitals
d of In atom ands of N atom decrease (increase) consider-
ably fromn = 3 to n = 7 in VB nearEf . It is clear from
these results that the orbitals contribute almost similar to the
higher VB’s and lower CB’s in the (001) and (110)-oriented
SLs. The conclusion given in this section will be confirmed
by the investigations of the optical properties reported below.

Rev. Mex. Fis.67 (1) 7–17
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FIGURE 5. Total and partial density of states (DOS) for (InN)/(GaN)n of both (001) and (110) orientedSLs (n = 1 and 7).

3.3. Optical Properties

It is fundamental to know to acquaint the optical activity of
materials for their application in optoelectronic devices. In
this consideration, we investigate the optical properties of
both directions (001) and (110)-orientedSLs for different
monolayersn. These important properties may be attracted
per the complex dielectric functionε(ω) = ε1(ω)+ i · ε2(ω),
which is determined mostly by the transition between the va-
lence and conduction bands. Whereε1(ω) andε2(ω) are the
real and imaginary parts of the dielectric function, respec-
tively [58]. The imaginary part of the dielectric function,
ε2(ω) has been obtained directly from the momentum ma-
trix elements between the occupied and the unoccupied wave
functions [59]. The real partε1(ω) of the dielectric function
can be derived from the imaginary part using the Kramers-
Kronig relation [60]. Both real and imaginary parts allow the
calculation of important optical functions such as refractive
indexn(ω) and absorption coefficientα(ω) using the follow-
ing relations [61].

n(ω) =
[
([ε2

1(ω) + ε2
2(ω)]

1
2 + ε1(ω)/2

] 1
2

(4)

α(ω) =
4π

λ
/λ · k(ω) (5)

Wherek is the extinction coefficient,λ is the wavelength of
light in the vacuum. To show all the possible optical transi-
tions, we have increased the number of special points in the
First BZ up to 600 k-points, with an energy range of up to
20 eV. Figure 6 shows the real and imaginary parts of the
dielectric function for SL(1,3), SL(1,5), and SL(1,7) com-
pounds for both growth axis. The occurrence of the peaks
in ε2(ω) is principally produced through the inter-band or
intra-band optical transitions. The contribution of intra-band
transitions is important only in the case of metals [62].ε2(ω)
spectra represented in terms of the optical transition between
the filled and vacant states of variousSLs in both (001) and
(110) cases are quite dissimilar and reflect various optical
transitions. By increasingn, the peaks move to higher energy,
which might be strongly dependent on the ionic polarization
of theSLs due to the large electronegativity of N. The curves
of ε2(ω) indicate that the threshold energy (first critical point)
occurs at 0.665, 0.833, 0.998 eV in (001) case (0.605, 0.866,
0.899 eV in (110) case) forn = 3, 5, 7, respectively. These
values correspond to the electronic transition value(ΓV→C).
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FIGURE 6. Calculated dielectric functions (real and imaginary parts) for (InN)/(GaN)n superlattices at direct band gap for the (001) ) growth
axis direction. The inset of figure shows the real and imaginary parts plot for (110) ) growth axis direction.

FIGURE 7. Calculated Refractive indicesn(ω)(a) and absorption coefficientsα(ω)(b) for (InN)/(GaN)n superlattices for the (001) growth
axis direction. The inset of figure shows the Refractive indices and absorption coefficients plot for (110) growth axis direction.

This point represents the fractionationΓV→C , which gives
the threshold of the direct optical transitions between the
highest state of the valence band and the lowest state of
the conduction band, which is identified as the fundamen-
tal absorption edge. Beyond these points, the curves increase
rapidly. As a general observation, all curves of Fig. 6b show
three major peaks in our calculations, appearing the reso-
nance behavior. The maximum absorption for the threeSLs

is situated at 6.80, 6.366, 8.799 eV in (001) case (6.766, 6.50,
7.01 in (110) case), respectively. Note that some changes in
the edge or onset of the states are detected in the dielectric
function plots in (110). This could be attributed to the differ-
ence between the optical transition states as well as the char-
acteristic asymmetry in the electronic valence charge density
distribution and in the bonding charge around the atoms. For
both (001) and (110)-orientedSLs, the most optical transi-

tions contribute to these peaks occur from occupiedp orbital
of Ga and N atoms andd orbital of Ga atom localized in the
highest valence band to unoccupieds orbital of N, Ga, and In
atoms localized in lowest conduction band.

The variation of theε1(ω) according to the energy for
theSLs is represented in Fig. 6a. We have noted that these
optical spectrum represented in Fig. 6a are similar to small
differences (The position and the height of peaks for both
growth axes). The limiting value of the real part of the com-
plex dielectric function obtained at a frequency of irradiation
approaching zero is called static dielectric constantε1(0).
Our calculated values ofε1(ω)(0) found in this way are sum-
marized in Table IV. The calculated static dielectric constant
ε1(0) decreases with increasingn monolayers, which is con-
sistent with the decrease of the direct bandgap value, indi-
cating that the is in an inverse relationship with bandgap ac-
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TABLE IV. Calculated static optical constantsε1(0) and Static re-
fractive indexn(0) for (InN)/(GaN)n Superlattice compounds.

(001)-oriented Superlattice

Compounds ε1(0) n(0)

SL(1,3) 3.502 1.871

SL(1,5) 3.490 1.868

SL(1,7) 3.396 1.842

(110)-oriented Superlattice

Compounds ε1(0) n(0)

SL(1,3) 3.553 1.885

SL(1,5) 3.365 1.834

SL(1,7) 3.312 1.820

corded to the Penn model [63]. We have concluded that the
number of layers used effects the real parts of the dielectric
functions for all configurations, and they have an important
effect in the (110) case.

The refractive index of (InN)/(GaN)n SLs is a valuable
tool for the design of photovoltaic and optoelectronic devices.
In order to study the transparency ofSLs in response of an
incident light the relation of Eq. (3) is used for computed the
theoretical refractive index values for allSLs. The refrac-
tion spectran(x) and refractive indexn(0) are depicted in
Fig. 7a and reported in Table IV. For the calculatedSLs n(x)
is not presenting a large variation for the photon energy in
the near infrared or visible radiation. As a result , the static
refractive indices n(0) are estimated from the refraction spec-
tra (see Table IV).The maximum refractive index is reached
for photon energy around 5.0, 4.89, 6.23 eV for (001) case
(5.10, 5.40, 5.30 eV for (110) case), respectively. The spec-
tral plots of the refractive index of Fig. 7a show an increasing
from 2.424 (forn = 3) to 2.449 (forn = 7) in the (001)
SLs, and its value increases from 2.424 (forn = 3) to 2.457
(for n = 7) for (110)-orientedSLs. According to the result
in both directions, the influence of the indium composition
in the refractive index values ofSLs are more important for
(001) direction compared to the (110) direction, which allows
us to say that the refractive index ofSLs depends on growths
axes.

The optical absorption spectra are calculated in order to
distinguish the optical nature in theSLs. The dispersion in
the optical absorption spectra of theSL(1, n) grown along
both directions(n = 3, 5, 7) are plotted in Fig. 7b. The ab-
sorption peak of both directions shifts to higher energy when
n increases and the threshold energy increases. We observe
from the curves of Fig. 7b that the absorption edge begins

from the energy values of 0.600, 0.833, and 1.0 eV for (001)
case (0.600, 0.766 and 0.9 eV for (110) case), respectively.
It shifts towards lower energy when compared to bulk GaN,
whose threshold is located atEs = 2.05 eV. Two major peaks
at approximately 7 eV and 8.9 eV in the absorption coeffi-
cient for both growth axes represent the absorption of light
at two different wavelengths. The maximum value ofα(ω) is
approximately 12.5 eV for (001) case (12.8 eV for (110) case)
for all values ofn, then the absorption coefficient abruptly
decreases for the light photon above these energies. The in-
tensity of absorption spectra diminishes with the inclusion of
In contents in GaN layers.

As a result, the main conclusion to retain from all these
curves is that the growth direction (110) does not ameliorate
the optical activity. The similar contribution of the atomic or-
bitals to the electronic properties is probably the main reason
for which the optical properties are expected not to be mod-
ified significantly. We suppose that the contribution of great
cells will not change the present conclusions, on account of
increasing the cell will only make the contribution of the bulk
important compared to that of the interface and may not ame-
liorate the optical activity anymore.

4. Conclusion

To sum up we presented an ab-initio calculation on the elec-
tronic and optical features of short-period (InN)/(GaN)n su-
perlattice systems, withn varying between 1 and 7, within
both directions (001) and (110) using the FPLMTO+GGA96
method, which allows an accurate treatment of the interstitial
regions. For the electronic proprieties, these (110) systems
have a semiconductor behavior with variable energy gaps val-
ues. It is also observed that the band structure of all superlat-
tices possesses a direct bandgap. Furthermore, the calculated
dielectric functions, refractive index, and absorption spectra
of the (001)SLs tend not to be quite different from those of
(110)SLs. The reason is the slight differences between the
contribution of the atomic orbitals to the electronic properties
in both directions. The investigations were not extended to
large systems because the contribution of the orbitals to elec-
tronic properties may reproduce, and the same conclusions
should hold.
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