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Density functional Semi-core pseudopotentials offer accurate calculations of the
structural, thermal and electronic properties of zincblende InN within the context
of local density approximation (LDA). Different structural parameters (the total
energy per formula unit, equilibrium lattice constants, bulk modulus, bond length)
and parameters defining the chemical reactivity of InN (Kohn Sham hardness
and electronegativity) are calculated and compared with experimental data. Our
calculated values of heat capacity at constant pressure (Cp), entropy (S) and
enthalpy (H) at 298k and 1 atm pressure are 39.6 J/mole. K , 52 J/(mole.K),
and -96.6 Kcal/m, which agree well with experimental values of 38.65 J/(mole.K),
43.5 J/(mole.K) and 109.7 Kcal/m, respectively. The electronic band structure
calculations reveal the band gap of cubic InN to be 0.63 eV and the composition
of band structure is well explained via the density of states. We observe s-d
hybridization splits the Nitrogen 2-s band into two parts, one above and other below
the In d-band with a large dispersion away from Brillouin zone, further splitting
d-band into an inert doublet. Overall pattern and distribution of DOS is in good
agreement with existing literature. Assuming the parabolic nature of valence and
conduction bands, the effective mass theory has been implemented to calculate the
effective masses of conduction electrons, holes and Luttinger parameters. These
parameters dictate the scope of InN as a potential candidate in optoelectronic
applications.
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INTRODUCTION

he group III-V nitrides have rev-
T olutionized the modern life. Alu-
minium Nitrides (AIN), Gallium
Nitride (GaN), Indium Nitride (InN) and

their alloys have shown their potential use
in Optoelectronic devices, high power

microwave transistors, lasers and light
emitting diodes' ~*. The researchers are
yet working enthusiastically to discover
their application as chemical sensors>~’
and in quantum cryptography®.These
nitrides have direct bandgaps, greater
thermal conductivities, high melting
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points and large bulk moduli. These
properties are good enough to allure
the scientists for manipulating these
materials in device fabrication. For
example, for optical device applica-
tion, it is unavoidable to go beyond the
understanding of bandgap, in this sce-
nario, we must have a sound knowl-
edge of electron effective masses and
valence band parameters so that we can
analyze and interpret the experimental
findings and predict their applications
in advance. Among these nitrides, InN
is least studied semiconductor due to
the difficult growth of high-quality InN
bulk samples®. The absence of good
quality samples further obstructs the
band-edge photoluminescence spectra,
resulting in untrustworthy informa-
tion about bandgap. Nevertheless, the
bandgap of InN is calculated from
absorption studies; therefore, the higher
level of doping and poor quality of
the crystal can lead to inaccurate mea-
surement of energy bandgap. How-
ever, the development of better growth
techniques like molecular beam epi-
taxy has provided a clear absorp-
tion edge through which an acceptable
bandgap can be estimated. Recently
Battacharya et al.'® have found InN
bandgap to be 0.6 eV experimentally.
Theoretical studies are now a days an
efficient and economical tool to pre-
dict, understand and control the device
characteristics with rapid pace. Fre-
quent first principles studies have been
performed for Group III-V nitrides
over past few decades. Local density
approximation (LDA)!! has shared a
greater part of such studies with pseu-
dopotential plane wave basis set or
with all electron method. It has been
already proved that the LDA method
encounters a significant underestima-
tion of the band gap and binding energy
in semiconductors'?>~!3. Hartree-Fock
method has also been implemented but
it is computationally more expensive
and often overestimates the bandgap
remarkably as compared to LDA. Like
Ga 3d bands, LDA predicts the over-
lap of In 4d orbitals with N 2s bands,

which has been nullified by the recent
experiment performed for GaN. There-
fore, it is expected that this might be
true for InN too. In order to avoid
this problem, self-consistent field inter-
actions and screening effects are also
included.'* Vogel et al.!> have cor-
rected the bandgap value to be 1.3eV
for Zincblende and 1.6 eV for wurtzite
InN by taking into account the self-
correction and relaxation effects. Van
Schilfgaarde et al.'® have found these
gaps to be 0.7 (ZB) and 0.8 eV for
wurtzite InN using screened exchange
potentials. GW method!” has shown
a bandgap of only 0.01 eV for cubic
InN. Su-Huai et al.'®have also carried
out GW calculations and band gap of
wurtzite InN is estimated to be 0.5 eV,
while same calculations performed by
Johnson and Ashcroft!®have predicted
a band gap of 1.79 eV. Stampfl and
Van de Walle?® have used tight bind-
ing scheme to ensure the better conver-
gence of Ga 3d, N 2p and In 4d poten-
tials and have approximated a negative
band gap of InN. This study aggravated
the state of dilemma about the InN’s
true band gap.

In this study, we have applied LDA
method along with Semi-core potential
(SCP) to explore the structural, thermo-
dynamic and electronic properties of
zincblende InN. Keeping in mind the
importance of InN in device fabrica-
tion, we have also incorporated effec-
tive mass theory to get fruitful knowl-
edge of effective masses of conduction
electrons and holes.

SIMULATION DETAILS

DMole3 software’’ has been used
to investigate the structural, thermo-
dynamic and electronic properties of
zincblende InN using Local Density
Approximation (LDA) method within
density functional theory (DFT). The
unit cell of zincblende InN contains
two atoms whose shape is like a
paralellopipe with same side lengths.
The Zincblende InN belongs to F-43m
where the Ga atoms are placed at

the centre [0,0,0] and nitrogen atoms
occupy a position (1/4, 1/4, 1/4) dis-
placed from the centre. The length of
three symmetric sides is 4.98 A ??and
all three sides are inclined with each
other at an angle of 60°. In order to
get a more refined structure with low-
est possible energy, we have performed
geometry optimization. In this process,
the lattice parameters obtained has been
adjusted iteratively until and unless the
structure obtains its lowest energy and
where the force per atom approaches to
zero. In order to treat the core electrons
in InN, density functional Semi-core
potentials (DSPPs) are implemented.
These potentials reproduce accurate
calculations due to the fact that these
are obtained via fitting all-electron rel-
ativistic effects, containing non-local
contribution and hence are norm con-
serving potentials} in nature. The rel-
ativistic effects become more signifi-
cant, when the atomic numbers of the
elements increase.

The atomic configurations of
Indium and Nitrogen are 4d'%5s%5p!
and 2s%2p3respectively for which the
basis sets are expanded with a cut off
energy of 3.5 A. The other optimization
parameters for total energy, maximum
force per atom and maximum displace-
ment are set to be 2.7e%eV, 0.0544
eV/A, and 0.005 A respectively. The
calculations for structural properties
are accomplished with and without
spin-polarization, and their compara-
tive effect on atomic charge densities
has been discussed through Mullikan
charge analysis. Electronegativities
and Kohn Sham hardness on InN are
approximated using HOMO-LUMO
calculations. We have performed vibra-
tional analysis which is a key step to
get important thermal properties like
entropy, specific heat capacity at con-
stant pressure and enthalpy of forma-
tion. A monkhorst mesh of 7*7*7 is
used in k-space to calculate the elec-
tronic band structure properties in high
symmetry directions. Assuming the
shape of conduction band minimum
(CBM) and valence band maximum to
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be parabolic, we have approximated the
effective masses of conduction elec-
trons and valence holes using effec-
tive mass theory. At the end Luttinger
parameters are calculated on the basis
of effective masses.

RESULTS AND DISCUSSION

Structural Properties

The geometry optimization of
zincblende InN unit cell has resulted in
a more refined structure with best pos-
sible lowest energy. The total energy
is the sum of various type of energies
like kinetic energy, electrostatic energy
and exchange-correlation energy and is
written as

ET(p)=T (p)+U (p)+Exc (p) D

Where Er(,) represents the total
energy depending upon charge den-
sity (p), T(p), U(p) and Exc(p) rep-
resent the kinetic energy of the non-
interacting system of particle, electro-
static energy and exchange-correlation
energy respectively. All these con-
tributing energies are subsequently
dependent upon charge density(p)too .
Here, we are considering separate
wave functions for spin up and spin
down electrons, therefore total energy
includes significant contribution from
spin-polarization too. The total energy
per formula unit is predicted to be
10.65eV after fitting the equation of
state. The equilibrium lattice param-
eters for this geometrically optimized
structure calculated with the help of
LDA-SCP are found to be 4.935 A.
These lattice parameters are nearly
1.0% less than the experimental lat-
tice parameters 4.98 A.22 Our cal-
culated values of equilibrium lattice
parameters are summarized in table
1 along with the experimental and
previous first-principles calculations.
This underestimation in lattice param-
eters is attributed to the typical nature
of local density approximation which
shows its weakness when the exchange
correlation effects®® are encountered.

The table 1 also reveals that the mea-
sured value of lattice constant a is in
accordance with the existing theoret-
ical results>~?’except those obtained
through GGA (5.169 A )8,

Since the total energy includes the
spin polarization term, which seriously
affects the ionic properties of cubic
InN, therefore, we have performed
Mulliken population analysis for spin-
polarized and non-spin-polarized InN
systems. The outcome of this analy-
sis results in atomic charge densities
and In-N bond length, as presented in
table 1. Our finding about the popula-
tion analysis of InN reveals an impor-
tant fact that the Indium (In) acts as a
cation and the nitrogen as anions as evi-
dent from the net charge acquired by
In and N in table 1. Mulliken popula-
tion data table further signify the effect
of spin polarization on the valence
charges of atoms. Table 1 suggests that
the, the ionicity of the structure would
be reduced through the inclusion of
spin polarization effect, which is fur-
ther verified by the reduction of occu-
pation number of s, p and d valence
shells for In and N as apparent from
table 1. A careful look at the change in
the occupancy of p and d of both atoms
reveals that the reduction in ionicity
is more significant for Indium rather
than nitrogen. This trend is in complete
agreement with that of AIN as proposed
by Eliseo Ruiz et al.”® This means that
polarization field permits more charge
to be localized within In-N bonding
regions.

The bond length for In-N is calcu-
lated to be 2.137 A, which is slightly
underestimated than the experimental
value of 2.16 A as measured by Jeff
et al.’® through the EXAFS measure-
ments. Likewise, our calculated value
of the bond length is in good agree-
ment with that of well converged calcu-
lations by A.F. Wright3!which is 2.04
A. The bulk modulus can be predicted
by a semi-empirical relation where the
average distance between two neigh-
bors is taken into account as proposed

by Cohen et al.?

1971 —-22
B_ 97 Wy

s @

Where A is iconicity factor, whose
value is 1 for group III-V nitrides and d
represents the bond length between In
and N.

The bulk modulus calculated
through this formula is enlisted in table
1 along with other experiment®3and
well  converged first  principle
studies?0~28:34735 The table 1 shows
that the bulk modulus calculated
through LDA-Semicore potential is
123 GPa, extremely close with the
experimental value of 125.5GPa®
but underestimated as compared to
the bulk modulus (156GPa) calcu-
lated via Birch Murnaghan equation
of state. Our result for bulk modulus
is in good agreement with well con-
verged first principle studies of Tarun
et al?®, whereas it is underestimated
up to few percent from other theoreti-
cal reports?6—273435 By and large, the
bulk modulus reported herein shows
good agreement with experiment and
first principles calculations.

The electronegativity and Kohn
Sham hardness are widely used con-
cepts to determine the chemical reac-
tivity of a material. Therefore, we have
also calculated the HOMO-LUMO
energy gaps, which are further used
to calculate the Kohn Sham hardness
and electronegativity by the following

expressions°.

Electronegativity: x=- (Egomo-
eLumo)/2

Kohn Sham Hardness:  {=¢;ym0-
€Homo

The corresponding values of

HOMO-LUMO energies of zincblende
InN calculated with LDA are -4.985 eV
and -4.491 eV respectively. We have
utilized these energies to calculate the
electronegativity and Kohn Sham hard-
ness respectively. The electronegativity
has the value of 0.247eV while Kohn
Sham hardness is 0.494 eV. It is evi-
dent from the HOMO-LUMO energies
that the highest occupied Kohn-Sham
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orbital (HOMO) and LUMO orbitals
lie very close to each other resulting
in an energy gap of nearly 0.5 eV,
while the electronegativity calculated
through HOMO-LUMO energy gap
is approximated to be 0.247 eV. This
electronegativity in turns exhibits that
more charge is localized around the
nitrogen (N) atom. This further pre-
dicts that Nitrogen is stabilizing the
electrons more than Indium. Energy
band gap actually demonstrates the
energy required to eject an electron
from an ionic bond, therefore, a low
energy gap suggests that the electrons
can be easily ejected from the ionic
bond.

Thermodynamic Properties

We have evaluated Hessian matrix
to explore the important thermody-
namic properties of zincblende InN.
The vibrational analysis is performed,
which provides a gist of knowledge
about enthalpy (H), entropy (S) and
heat capacity at constant pressure (Cp).
These properties are obtained as a
function of temperature as proposed
by Hirano®’. In context of ideal gas
approximation, the enthalpy (H) can be
calculated as:

H(T)=E,E + Er 1 RT 3)
Where the subscripts stand for vibra-
tional, rotational and translational ener-
gies and R is a real gas constant at tem-
perature T. Whereas, these contributing
terms are calculated using the follow-
ing equations:

hviexp(—hvi/kT)

frequencies. Similarly, the entropy is
computed as:

5 3
Str= ERlnT + ERlnw —RInp—2.31482

8m2IkT

Sy(linear)_ Rln <0hz

]+R (3)

S,(nonlinear) = 1 [\F h
87r cle kT 5, 3
V¥4 IR
h (hc) ]+2
hvi

exp(—hvi/kT)
RY, kT

1 —exp(—hvi/kT)
— hviexp(—hvi/kT))

(10)
R Zil”(

In above equations, w represents the
molecular weight, I is the moment of
inertia with subscript showing its direc-
tions along x, y and z-axis. The specific
heat capacity at constant pressure (C)
contains the various terms as follows:

(@)zew (—hw)
kT )

1—exp <—hw>
kT

B 2ZhV’+ Z

3
Ey = 5RT (5)

E, =RT (6)

Here, the k is symbolic representation
of Boltzman constant, h is plank’s con-
stant and v; represents i’ vibrational

(1 —exp(—hvi/kT)|

Gy = 2RT (12)
2
C,(linear) =R (13)
. 3
(4€, (nonlinear) = ER (14)

The specific heat capacity at constant
pressure is calculated similarly against
temperature and fig (1a) shows its com-
parison with experimental data 3® and
theoretical data®

The experimental data on Cp (dia-
mond shaped) in figure (1a) belongs to
Krukowski et al.38, where as the data
in triangular and circular dotted line
is that calculated by Onderka et al.?°

at high temperatures who used empir-
ically extended Deby and Einstein heat
capacity models for non magnetic crys-
tefne systems and fit these models to
the experimental data. Later on, he cal-
culated the standard enthalpy by C,/T
integration. It is evident from figure
(1a) that our calculated value of Cp
(39.6]/(mole.K)) at standard tempera-
ture (298.16k) and pressure (1 atm) is
,in good agreement with experimental

n_8mcly 877Cln e of 3865 J/(mole.K) calculated at

93k by yukowski et al.® and heat

capacity models of Onderka et al®.
These calculated values of entropy (S),
and enthalpy (H) against temperature
ranging from Ok to 1000k are calcu-
lated by using above formulae and are
depicted in figure (1b). A comparison
of the calculated values of S and H is
presented along with already existing
experimental data in Table 2.

The entropy value in our case is 52
J/(mole.K), which is slightly overesti-
mated as compared to the experimental
value of 43.5*'as well as with that
of Onderka et al.3°(31.6 J/(mole.K)).
Kabaschewski*!  calculated  stand
entropy to be 43.5 J/(mole.K). The
standard enthalpy of formation in
our case is -96.6 Kcal/mole, which
lies near to the experimental val-
ues of -109.7 Kcal/mole and -129.3
Kcal/mole measured through Knud-
sen cell method***3. Analogous to
the experimental results, our calcu-
lated value is in good agreement with
theoretical value of -96.5 Kcal/mole
calculated by Onderka et al.** in high
temperature regime.

Electronic Properties

The calculated energy bandgap topol-
ogy using LDA approach is con-
sistent with typical zincblende InN
band structure as reported in existing
literature!®and is shown in Figure 2.
The energy bandgap of InN is 0.63 eV,
which is slighty overestimated than the
experimental value of 0.6 eV suggested
by Battacharya'® and 0.56 eV* pro-
posed by Goldhahn et al.? Unlike this,
our computed bandgap value is much
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Table 1. Lattice parameters a (A), bulk modulus B (GPa), Valence charge of atoms (Q(In&N)) and bond Length d (4). The
orbital charges shown in braces are those calculated for non-spin polarized system and other values belong to spin polarized

System.
Quantity Present study Experiment Other calculations
ag 4.935 4.98% 4.801%,  4.920°°,
4.947%7,5.169%%
q(In) 0.877
Ss (1.261) 0.631
S5p (0.731) 0.371
5d (0.122) 0.060
q\) -0.877
2s (1.779) 0.890
3p (4.083) 2.041
din—n 2.137 2.160%° 2.043!
B 123 125.5%3 1373, 126.14%8,

16126, 139%7 12134
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Figure 1. (a) The specific heat at constant pressure and (b) shows entropy and standard enthalpy as a function of temperature

(K).

Table 2. Specific heat capacity at constant pressure (J/(mole.K)), entropy (J/(mole.K)) and standard enthalpy (Kcal/mole).

Physical quantity Present study Experiment Other calculations
Cp 39.6 38.658 39.10°942.03%

S 52.6 43.54 31.6%

H -96.6 -109.742, -129.3%3 -96.5%
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underestimated than 1.9eV proposed by
Madelung et al.*3

Our value is positive and shows bet-
ter agreement with theoretical results
except that of Stampfl et al.”® whose
bandgap is negative which is obtained
through the evaluation of bandgap as
a function of lattice parameters, sub-
sequently extrapolated at equilibrium
lattice parameters. The lowest valence
band far from Fermi level is localized
between -14.43 eV and-15.014 eV, and
is composed of dominant s-states as
evident from figure 3b. The vital con-
tribution in this region is inherited by
N-2s (Figure 3¢) with a significant con-
tribution from InN d- states too (Fig-
ure 3d). While the part played by N-
p states, In-5s and 5p states is negli-

Figure 2. Band gap for zincblende InN

gible in this region as apparent from
Figure 3(c). The band structure (Figure
2) also reveals some sort of hybridiza-
tion, which is due to In d-DOS (Figure
3d) and Nitrogen 2s-states, as appar-
ent from figure 3 (c & d). The second
valence band is located in between -
13 eV and -10.7 eV, where the major
contribution comes from In d-states as
shown in Figure 3(d). A reasonable role
is played by N s-states in this second
lowest valence band, but the contribu-
tion from In 5-s and 5-p states is neg-
ligible. PDOS and Atomic DOS further
explores, that the lower part of this band
has only In d-states contribution, but
upper part of this band around -11eV
contains N 2-s and In 4-d hybridized
states. This s-d hybridization splits the

r L

Nitrogen 2-s band into two parts, one
above and other below the In d-band
with a large dispersion away from Bril-
lion zone centre as s-d mixing is prohib-
ited at Gamma point, which is in accor-
dance with same trend*’~*° observed in
case of cubic GaN. Moreover, because
of this hybridization, d band is also
splitted to inert doublet which is in
accordance with Ding et al.> The top
valence band width is 5.6 eV, whose
upper part is densely populated with N
2-p states, with a minor contribution
performed by In 5-p states. Whereas the
lower part of this valence band is com-
prised of In 5-s and N 2-p hybridized
states as shown in Figure 3(c). This
hybridization causes significant reduc-
tion in band gap of zincblende InN.
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Here we choose highest valence band
to be at zero energy (Fermi level) at
Gamma point, the band exactly above
this valence band is termed as con-
duction band, which also resides at
Gamma point. So the zincblende InN
is a direct band gap structure. The par-
tial DOS for cubic InN shows that
the conduction band preserves domi-
nant p-states character, where the s-
states are reasonably lower as shown in
Figure 3b. This p-character belongs to
dominant In 5-p and reasonable N 2-
p states. From Figure 3(c), In s and p-
states show hybridization around 7eV.
Surprisingly, the In d-states are also
present in conduction band in between
3eV to 10eV. This pattern and distribu-
tion of DOS is in good agreement with
first principles study of Tarun et al.?®
Generally, the effective mass the-
ory is an excellent source to get useful
information about the optical and trans-
port properties of semiconductors near
the band-edges. These two properties
are linked with the electronic proper-
ties and hence with the electronic band
structure directly. Therefore, we have
implemented the effective mass theory
to get a gist of electronic properties on
the basis of electronic band structure of
zincblende InN. The bandgap of cubic
InN is direct, which guarantees excel-
lent optical characteristics and superior
electronic transport in conduction band.
For instance, if we ignore the minute
anisotropy of energy bands by assum-
ing its parabolic nature, then the rela-
tion for electronic band-edge around

conduction band is written as’!.
k2
E.(k)=E,+—— (15)
( ) 8 + zm*

Where m*is the effective mass of elec-
tron in conduction band, E.(k) the
energy of conduction band at a certain
value of wave vector k and E, rep-
resents the electronic energy gap. As,
mostly in group III nitrides, topmost
valence band is formed by p-type DOS.
In p-state, an electron carries an angu-
lar momentum of h/27w, since electron
have its inherited spin, and therefore,
this spin is a way to interact the electron

with its magnetic field, induced due to
its orbital motion. Therefore, this spin
orbit coupling severely affects the top
of valence band and hence is impor-
tant most to study. Since the zincblende
structures shows cubic symmetry, that
is why the crystal field splitting is
absent in cubic structures. The spin
orbit interaction lifts the degeneracy
with a four-fold and two-fold degen-
eracy. The top of valence band con-
tains four fold degenerate states com-
prising of two heavy holes (hh) and two
light holes (lh), whereas the remain-
ing two bands are called split-off (SO)
bands. It is worth mentioning here that
the optical transport is strongly depen-
dent upon hole states, which are rep-
resented by angular momentum states.
To evaluate valence band structure, we
have used the effective mass Hamilto-
nian using K.P theory®>. The 6x6 k.p
matrix for cubic crystal structures is
written as

Q s R 0 755 —iV2R
i [
s oo R -50Q-D l\“is
[ i
R o T -5 -ils - 5@
N
» i
0 R s Qi —i2R -5
i i | 1 N
7x72 \7Z(Q7T) LES iV2R G(Q+T}*Aso 0
—
iy Loen s Ls o0 Lgem-sse
V2 V2 |2 V2 V2
Whereas,
h2
2 2
Q:_2 [(71+72) (kx+ky)+
m%
(%_72) kz}
hz 2 2
0
2
n+1) k]
h2

(16)

Here the y;, ¥ and 73 represent the
Luttinger parameters, and my is the free
electron mass.

The effective masses for holes are
calculated by fitting a parabola to the
following E vs K curves respectively
in the immediate vicinity (0.5%) of I'-
point in I'X, 'K and I'LL directions:

n2i?
Eppe ~—— (20)
thh
h2i?
Ih=n—— (21)
2m1h
n2k?
Eso: - AESO - (22)
2m1h

where, Ey;, Ej;, and Eg, represent the
energies of heavy hole, light hole and
spin orbit split- off hole energy.

The parabolic fits for conduction
band, topmost valence band and second
parabola are shown in Figure 4.

The conduction band fit, topmost
valence band fit and the second high-
est band fit contribute the effective
masses for conduction electrons, heavy
holes, and light holes respectively. The
parabolic fit in Figure 4 is depicted
by lines with markers.The calculated
effective masses for these holes are cal-
culated and summarized in table 3. It is
worth mentioning that split off hole is
isotropic and hence is independent of
k direction. In order to calculate Lut-
tinger parameters, we have solved the
above given matrix by excluding the
non-parabolic terms at a certain value
of the wave vector (k). The evaluation
of this matrix leads to three expres-
sions in high symmetry directions, link-
ing effective masses with Luttinger
parameter53_54.

These equations are
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Figure 3. (a) Total DOS (b) InN partial DOS (c) Atomic DOS and (d) represents In-d DOS.
Table 3. The calculated effective masses in units of electron mass (my)
Ref m* my, [100] my, [111]  my, [110] my,[100] my,[111] my,[110] my,
This 0.15 2.394 2.796 3.382 0.29 0.23 0.379 0.33
study
Ref* 0.13 1.18 2.89 2.12 0.21 0.19 0.2 0.36
Ref % 0.10 2.18 2.29 3.10 0.89 0.93 0.79 0.30
Ref % 0.12 0.83 0.83 1.55 0.16 0.16 0.15 0.30
Table 4. Luttinger parameters ( %;) for zincblende InN calculated from Effective masses of holes.
Paramter This work Ref > Ref>’ Ref 8
" 1.933 3.27 2.78 6.817
V) 1.515 1.26 0.97 2.810
e 1.54 1.63 1.22 3.121
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Figure 4. (a) The parabolic fits to the conduction band (b) the highest occupied valence band and (c) second topmost valence
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The calculated effective masses are
incorporated into these equations and
the Luttinger parameters are obtained,
which are also written in Table 3.

The effective masses calculated in
our case for heavy hole, split-off hole
and conduction electron are in good
agreement with Tadjer et al.’®, but the
masses for the light hole are fairly
underestimated. On the average, the
effective masses calculated by us using
LDA-Semicore potential are in good
agreement with other first principle
studies mostly performed with empir-
ical pseudopotential approach. Our
results for Luttinger parameters lie very
close to that of FPLAPW method or
by empirical method>’but good agree-
ment does not exist as far as the results
of GW-optimized effective potential
method>8 is concerned, where the band
gap has been observed to be negative.

CONCLUSIONS

The structural, thermodynamic and
electronic properties of zincblende InN
are explored in the perspective of
density functional theory (DFT) using
Local Density Approximation (LDA)
method along with Semicore pseu-
dopotential. The total energy per for-
mula unit is calculated to be 10.65¢V,
whereas the equilibrium lattice con-
stants are approximated to be 4.935 A
nearly 1.0% less than the experimen-
tal lattice parameters 4.98 A. We have
performed Mulliken population anal-
ysis for spin-polarized and non-spin-
polarized InN systems to evaluate the
effect of spin-polarization on orbital
charge density. The population analy-
sis of InN verifies the cationic nature of
Indium (In) and anionic nature of nitro-
gen atoms as shown by the net charge
acquired by In and N, where the reduc-
tion of occupation number of s, p and
d valence shells for In and N happens.
Ionicity of Indium atom reduces signif-
icantly as compared to nitrogen. The
polarization field is actually permitting
more charge to be localized within In-
N bonding region. The bond length

for In-N is calculated to be 2.137 A,
which is slightly underestimated than
the experimental value of 2.16 A as
measured by Jeff et al. through the
EXAFS measurements. The bulk mod-
ulus predicted by a semi-empirical rela-
tion as proposed by Cohen et al. is 123
GPa concurrent with the experimen-
tal value of 125.5GPa. HOMO-LUMO
energy gaps calculations are carried out
to calculate the Kohn Sham hardness
and electronegativity of InN unitcell. A
smaller HOMO-LUMO gap (0.5 eV)
depicts that the electrons can be eas-
ily ejected from the ionic bond. The
Vibrational analysis is performed to
calculate enthalpy (H), entropy (S), and
heat capacity at constant pressure (Cp)
as suggested by Hirano. Our calcu-
lated value of Cp at room temperature
and 1 atm pressure is 39.6J/(mole.K)
, which agrees well with experimen-
tal value of 38.65 J/(mole.K) calcu-
lated at 293k by Krukowski et al
.The entropy value in our case is 52
J/(mole.K), which is slightly overes-
timated as compared to the experi-
mental value of 43.5 J/9mole.K). The
standard enthalpy of formation in our
case is -96.6K cal/mole, which lies near
to the experimental values of -109.7
Kcal/mole and -129.3 Kcal/mole mea-
sured through Knudsen cell method.
Our calculated values of specific heat
capacity at constant pressure, entropy
and enthalpy are in good agreement
with theoretical results. The electronic
studies of zincblende InN show that its
energy band gap is 0.63 eV, which is
slightly overestimated than the exper-
imental value of 0.6 eV.The topology
of bandgap is same as observed in dif-
ferent well-known first principle stud-
ies. PDOS and Atomic DOS further
explores, that the lower part of InN
bandgap has only In d-states contribu-
tion, but upper part of this band con-
tains N 2-s and In 4-d hybridized states.
This s-d hybridization splits the Nitro-
gen 2-s band into two parts, one above
and other below the In d-band with
a large dispersion away from Brillion
zone centre as s-d mixing is prohib-

ited at Gamma point, which is in accor-
dance with same the previous studies
for cubic GaN. This hybridization fur-
ther splits d band into inert doublet
which is in accordance with Ding et al.
studies. Overall the pattern and distri-
bution of DOS in our case is in good
agreement with first principles study of
Tarun et al. The effective mass the-
ory has been implemented to calcu-
late the effective masses of the elec-
trons and holes. Our calculated effec-
tive masses for heavy and ligt holes
are in good agreement with those cal-
culated through empirical methods. We
have obtained the Luttinger parame-
ters based on the calculated effective
masses. By and large, our results for
Luttinger parameters are in accordance
with the existing literature.
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