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Abstract The electronic band structure of InN, InAs and
InSb has been investigated by ETB. The ETB method has
been formulated for sp°d® basis and nearest neighbor
interactions of the compounds and its energy parameters
have been derived from the results of the present first
principles calculations carried on InN, InAs and InSb. It
has been found that the present ETB parameters can
produce the band structure of the compounds successfully.

Introduction

There is currently considerable interest in compounds of In
with Nitrogen, Arsenic and Antimony, because of their
optical and high temperature device applications. Among
these compounds, InN is a highly potential material for the
fabrication of high speed heterojunction transistors [1] and
low cost solar cells with high efficiency [2]. Pure InN was
predicted to have the lowest effective mass for electrons in
all the Il-nitride semiconductors [1] which lead to high
mobility and high saturation velocity. Recently, several
groups have grown high quality hexagonal (w-InN) and
zinc-blende (c-InN) structural InN films by modern growth
techniques, such as metal organic chemical vapor deposi-
tion (MOVPE) and plasma-assisted molecular beam
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epitaxy (MBE) [3-8]. The w-InN and c-InN films have
been mostly grown on sapphire and GaAs (or Si, GaP)
substrates, respectively. In these works [3-7], a buffer
layer, particularly, AIN or InAs has been usually grown on
the substrate to improve the quality of the InN films. In a
very recent work [8], the c-InN has been grown on r-plane
sapphire successfully without the use of additional buffer
layer. The growth of w-InN and c-InN films have been
characterized by many techniques such as, X-ray diffrac-
tion, Raman spectra, reflection high-energy electron dif-
fraction (RHEED). The photoluminescence (PL) spectra of
high quality w-InN films have illustrated that the band gap
energy of InN is smaller than the commonly accepted value
of 1.9 eV [9]; it is a round 0.65-0.90 eV [3, 4]. The recent
experiment works on c-InN have mainly focused on the
characterization of the films [5-8]. The band gap energy of
c-InN films has not been reported experimentally, but it has
been found around 0.44-0.74 eV by the results of ab-initio
calculations [10, 11]. These newly reported values of
w-InN and c-InN are compatible with the wavelength of
the optical fiber. Therefore, the w-InN and c-InN films will
have very important potential to fabricate high speed laser
diodes (LDs) and photodiodes (PDs) in the optical com-
munication system.

The other two compounds of In, InAs and InSb are
interesting narrow gap semiconductors from the point of
view of optical spectroscopy and optoelectronic applica-
tions [12]. Since InAs has a high electron mobility it may
prove an important material for use in high speed elec-
tronics [13, 14]. The high quality InAs material has been
grown with certain advantages by different growth tech-
niques such as liquid phase epitaxy (LPE) [15], MBE
[15-18], and MOCVD [15, 19]. The quality of grown
doped [15] and undoped [15-19] InAs materials has been
appraised by mainly PL spectroscopy [15-23] at different
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temperatures. In the works on undoped homoepitaxial InAs
(i.e. InAs/InAs), the energy of the first PL peak which
corresponds to the band gap of InAs has been reported in
the range of 399-418 meV at low temperatures (7 = 4.2—
10 K). The band gap of undoped heteroepitaxial InAs has
been measured to be 416 and 399 meV at 4.6 K for the
GaAs and Si substrates, respectively [16]. In Ref. [19], the
energy of the first infrared-PL peak has been reported as
415 meV at 10 K. In an early work, Dixon and Ellis [24]
measured the band gap of InAs as 420 meV at 18 K by
transmission experiment. In another early work given in
Ref. [25], the band gap of InAs is measured to be 0.41 eV
at 0 K by direct interband magneto-optical transitions. The
calculated band gap value of InAs by first principles [26]
and empirical [27-33] methods are all in the rage of
0.37-0.42 eV.

The other compound of In, InSb, calls attention to have
the smallest energy gap of any of the binary III-V mate-
rials. This property often allows the fabrication of infrared
imaging systems, free space communications, and gas
phase detection systems [34, 35]. There are many reports
on the growth of InSb by MBE [36] and MOCVD [19]
techniques. In a recent work [37], good quality InSb has
been also grown by LPE technique. GaAs, Si and InSb
(bulk like) have been mostly used substrates in all growth
works. The possible lattice-mismatching between InSb and
substrate in heteroepitaxial growths has been tried to be
removed by the growth of buffer layers such as InSb and
AlSb [36] on the substrate. The quality of grown homo-
epitaxial InSb (InSb/InSb) materials has been analyzed by
mainly PL [19] and infrared spectra [37] measured at dif-
ferent temperatures. In Ref. [19] the energy of the first PL
peak which corresponds to the band gap of InSb has been
reported as 235 meV at 10 K. At the same temperature, the
energy gap of InSb corresponds to infrared spectra has
been measured to be 0.23 eV [37]. In Ref. [23], the direct
band gap of InSb was given as 0.235 and 0.23 eV at 1.8
and 77 K, respectively. Rowell [38] measured the band gap
value of InSb as 235 meV by infrared-PL at 5.1 K. In an
early work given in Ref. [25], the band gap of InSb mea-
sured to be 0.24 eV at 0 K by direct interband magneto-
optical transitions. In their experimental works, Littler and
co-workers [39] measured the band gap energy of InSb as
0.2352 eV. In a very recent work [40], the direct band gap
of InSb has been measured to be 0.18 eV. In the literature,
the band gap of InSb has been calculated to be in the range
of 0.18-0.26 eV by self-consistent pseudopotential (PP)
[41], nonlocal PP [27], empirical tight binding [28, 31],
empirical pseudopotential (EPP) [29], relativistic self-
consistent linear muffin tin orbitals (LMTO) [42], density
functional theory-local density approximation (DFT-LDA)
[26, 43] and DFT-generalized Khon Sham scheme [44]
methods.
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In the present work, the electronic band structure of InN,
InAs and InSb has been calculated by empirical tight
binding (ETB) method. The aim of this work is to derive
the energy parameters of ETB by minimal sp>d” basis,
providing well defined valence bands and energy gaps for
InN, InAs and InSb. Therefore these energy parameters can
be used for the electronic band structure calculations of
large sized systems, such as the alloys of these compounds
by consuming the computational time. The paper is orga-
nized as follows: in ‘“The electronic structure calcula-
tions’’ section, we give a brief description for the
calculational methods and the calculational steps of the
ETB energy parameters. In ‘“The results’ secion, we
report the results of the calculations for volume optimiza-
tion and band structure of compounds considered in this
work. The conclusion of the work is introduced in the
““‘Conclusion’’ section.

The electronic structure calculations

At the first stage of the present work, we have considered
the zinc-blende phase (cubic phase) of InN, InAs and InSb
and performed electronic structure calculations based on
DFT by means of the ab-initio full potential linearized
augmented plane wave (FP-LAPW) method given in
WIEN2k package [45]. The exchange correlation energy of
electrons is described in gradient generalized density
approximation (GGDA) based on Perdew and Wang
functional [46]. Basis functions are expanded in combi-
nations of spherical harmonic functions inside nonover-
lapping spheres surrounding the atomic sites (muffin-tin
(MT) spheres) and in a Fourier series in the interstitial
region. Inside the MT spheres, the angular momentum
expansion is truncated at / = (12) for the wave function of
InN, InAs and InSb compounds. In the calculations, the
generated LAPW basis functions are approximately 1,240,
2,300 and 2,799 for InN, InAs and InSb, respectively. The
value of R, Kmax 1S taken to be 8-12 (where K., is the
maximum modulus for the reciprocal lattice vector, and
R, is the average radius of the MT spheres). (1000)
Number of k points in the irreducible wedge of the Brill-
ouin zone (BZ) have been used and the iteration process
has been repeated until the calculated total energy of the
considered compound converged to less than 0.1 mRy.

In the second stage of the work, we have employed ETB
[47, 48] method in electronic band structure calculations of
InN, InAs and InSb compounds. The ETB method has been
received considerable attention because of its intuitive
simplicity and its realistic description of structural and
dielectric properties in terms of chemical bonds. Slater—
Koster model of ETB was extensively used with minimal
sp> basis and interaction only between nearest neighbor
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atoms to find out valence band energy dispersion of com-
pounds correctly. But this model fails to calculate the
indirect gap of semiconductors satisfactorily, especially at
X point. This deficiency was tried to be overcome by
including an excited s state, s*, to the interactions in Vogl’s
ETB model [49]. On the other hand, the successfully
reproduced indirect energy gaps of III-V compounds by
pseudopotential method [50] and ETB [31, 32] showed
that, the influence of the d orbitals to the lowest conduction
state is large at I', X and L points. By considering this fact,
in the present nearest neighbor ETB calculations, the
excited first and second d orbitals, d; (d2) and d; (d,2_y2)
are taken into account as well as sp>. Since all the orbitals
in sp’d® set have the same symmetry group, the first nearest
neighbor interactions between anion and cation can be
defined by only thirteen different types of ETB energy
parameters. They are Eg,, Epy, Eqas Esc, Epes Eqes Vs, Virs
Viys Vsepar Vsapes Vdapes Vaepa- Here, the d—d and s—d orbital
interaction energies (Vgq and V) between the cation and
the anion are considered to be small and neglected. In ETB
calculations of compounds, the solution of the secular
equation at I' and X symmetry points gives nine indepen-
dent equations:

Ee=T5+T]+Eq (1)

Epe =I5 + T'js + Epa (2)

w (T e
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EE
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The interaction energy parameters of ETB have been
derived from the eigenvalues of FP-LAPW studied for the
compounds at the first stage of the work. The above
equations have been solved for each compound by a sim-
ulating program which also finds the remaining four energy
parameters (Eg,, Ep,, Eqq, Eqc) by minimizing the difference
between the eigenvalues of ETB and FP-LAWP. The ETB
energy parameters of sp°d” for InN, InAs and InSb in zinc-
blende phase are listed in Table 1.

The results
InN

The zinc-blende structure of InN is characterized by the
lattice constant, a. At the first stage of the work, the
equilibrium value of a is determined by calculating total
energy of InN by FP-LAPW for a set of volumes and fitting
these to the Murnaghan equation [51]. We have adopted
the value of 0.95 A for In and 0.87 A for N as the MT radii.
The electronic configuration of InN is In:Kr (4d'%5s*5p")
and N:He (2522p3). In the calculations, the electrons of In
in (15%2s%2p®3s?3p°®3d'%4s%4p°4d'®) are defined as the core
electrons and distinguished from the valence electrons of In
in (5s25p1). Similarly, the inner shell electrons of N in (1s2)
are distinguished from the valence band electrons of N in
(2s*2p”) shell. The curve of the total energy versus the
lattice constant is shown in Fig. 1. The equilibrium lattice
constant of ¢c-InN is calculated to be 4.967 A. The present
lattice constant of c-InN is given in Table 2 together with
the experimental and other calculated lattice constant val-
ues of c-InN presented in the literature. The present lattice
constant of c-InN (4.967 10\) is found to be very close to the
experimental result of 4.97 A [5]; it is only 0.3% smaller
than the other experimental results 4.98 A [66] and
4.986 A [8]. On the other hand, our lattice constant is also
close to the lattice constant values of 4.968 A [65],
4.964 A [64],5.017 A [11], and 5.004 A [57] calculated by
DFT-Local Density Approximation (LDA).

The present lattice constant is approximately 0.34%
greater than the other value of 4.95 A calculated by
(LMTO)[52], and pseudopotential plane wave (PPPW)-GG
approximation [10, 53]. Another lattice constant value of
5.067 A [64] calculated by DFT within GGA is greater
than the present value by 2%. The present lattice constant
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Table 1 Empirical matrix elements of the sp>d® Hamiltonian in eV

InN InAs InSb
E, —11.6558 -7.9244 —5.5942
E, -2.6424 -2.8927 -3.2074
Epa 4.6235 0.0000 0.0000
Ey. 4.8241 3.7660 2.8711
Eaa 15.7403 9.3469 7.7705
Ea 12.6942 7.7964 5.9425
Vs -5.8787 -5.1076 —4.4532
Ver 5.0545 0.7172 0.2715
Vi 7.3168 3.6286 29182
Vpesa 0.8742 4.1592 4.0969
Vipase 4.8020 3.4948 2.8601
Viape 4.1776 47535 4.1220
Vdepa 0.0000 0.1638 0.2738
-11583.616
-11583.617
-11583.618
= -11583.619
)
& -11583.62
[]
[=
W _11583.621
-11583.622
-11583.623

110 115 120 125 130 135
Volume [A*3]

Fig. 1 Total energy of c-InN versus the lattice volume

is less than the value (5.03 A) [63] of FP-LAPW by 1.25%.
With respect to the lattice constant values (4.92 and 4.929 z&)
of FP-LMTO [56, 62] our result is high by (0.8—-0.95)%. The
values of a calculated by PP [54, 60] are very close to
our result; the discrepancy is about (0.06-0.32)%. But the
discrepancy is 0.7% with respect to the corrected lattice
constant value of another PP calculations [55].

At the second stage of the work, we have employed the
FP-LAPW method within the frame work of the DFT to
calculate the band structure of c-InN. Since, this work is
planned to be extended the bowing parameter calculations
of alloys correspond to InN in the near future, we have
focused mainly on the energy gaps at high symmetry
points. It is found that, the band gap of InN is direct in
zinc-blende phase, furthermore, the variation of energy
bands is in agreement with the results of previous reports
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[10, 11, 52, 57, 79]. The present band edge at I" point is non
parabolic as it was reported in these works. Since we are
unaware of reports of experimental investigations of the
electronic properties of c-InN, we couldn’t compare the
present band gap values with the experimental facts. But,
the present band gap at I' point (Eg) is found to be very
small (-0.012 eV) with respect to the values given by first
principles calculations [10, 11]. The similar negative direct
band gap energies [55, 57, 61, 63] and small positive ones
[52, 59] were reported before in the literature. In the
present work, the calculated negative direct energy gap
originated from DFT calculations has been adjusted to the
value of 0.59 eV by addition of necessary energy corre-
sponds to the effect which is not included in the calcula-
tions initially. The half of the energy difference between
0.59 eV and the present direct band gap is added to the
conduction band and subtracted from the valence band
state energies equally in the same manner defined in Ref.
[80]. Similarly, the negative value of Eg in Ref. [52] and
the small value of Eg in Ref. [10] have been corrected by
inclusion of some external potentials and quasiparticle
corrections, respectively. In the present work, the adjusted
direct band gap value of 0.59 eV is taken from Ref. [10].
The same direct band gap value has been used in a very
recent EPP calculations of InN [79]. The direct band gap
value of 0.59 eV has been decided by the feedback calcu-
lations; the adjusted direct band gap of c-InN has been tested
by electronic band structure calculations of c-In,Ga, N
alloys. The direct band gap of In,Ga,_,N alloy is calculated
to be 3.198, 3.065, 2.967 and 2.647 eV for the In concen-
trations of 0.03, 0.07, 0.10 and 0.20, respectively. These
present direct band gap values of c-In,Ga;_N alloys are
found to be very close to the direct band gap values of 3.2,
3.1, 3.0 and 2.875 eV which are measured by PL spectra of
c-In,Ga;_N films for the same concentrations of In at 2 K
[81]. In these feedback calculations, we have employed
the ETB calculations and derived the corresponding energy
parameters from the present eigenvalues of FP-LAPW with
respect to the adjusted direct band gap of InN. The ETB
energy parameters of GaN used in the present calculations
have been obtained by the same calculational steps
explained in the following paragraphs.

Since the present energy parameters of ETB in feedback
calculations produce the experimental direct band gap
energies of c-In,Ga;_,N alloys for different concentrations of
In we have surely adjusted the direct band gap value of c-InN
to 0.59 eV. The adjusted energy band structure of c-InN by
FP-LAPW is shown in Fig. 2. Table 3 gives the important
features of the present and previously reported band struc-
tures for c-InN at high symmetry points. The energy gaps at X
and L (E)g(), (Eé) which are enlarged to the values of 3.375 and
4.249 eV are in good agreement with the results reported in
Refs. [10, 11, 23] and [10, 11], respectively.
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Table 2 oThe theoretical and experimental lattice constant values (ay,,
Gexp) in A for InN, InAs and InSb in cubic phase

Compound ag exp
InN 4.967%, 4.95%¢¢ 4.98', 4.97"
(4.97, 5.05)° 4.986%

4.932%, 4.929¢2
4.953"(5.004,5.109)'
4974, 501
4.983' 5.06™
5.017", 4.92°
5.03P (4.964, 5.067)
4.968°

InAs 6.194%, 5.906", 5.85¢
(6.063,5.94)¢

InSb 6.643
6.34"" 6.36"
(6.34,6.464)"
6.42¢", 6.478"

6.058¢, 6.036"
6.06¢

6.4782"" | 6.47937"
6.49"

@ Present work, ® Ref. [52],  Ref. [10], ¢ Ref. [53], © Ref. [54], | Ref.
[55], €Ref. [56], "Ref. 20 in Ref. [55], Ref. [57], I Ref. [58],
K Ref. [59], ' Ref. [60], ™ Ref. [61], "Ref. [11], °Ref. [62], P Ref.
[63], F Ref. [64], S Ref. [65], ' Ref. [66], " Ref. [5], ¥ Ref. [8], ¥ Ref.
[67], ¢ Ref. [68], ¢ Ref. [69], ¢ Ref. [70], " Ref. [71], &€ Ref. [72],
b Ref. [73], ¢" Ref. [67], ¢" Ref. [69], ¢ Ref. [74], I Ref. [75], ™" Ref.
[76] " Ref. [77], " Ref. [78]

In the following step of the present work, the energy
parameters of ETB have been derived for c-InN from the
band structure of DFT (Fig. 2) by the fitting process
explained in ‘“The electronic structure calculations’ section.
The band structure of c-InN recalculated by ETB is shown

Energy (eV)

-10 {
14 \
16
w L X K

k Vector

Fig. 2 The energy band structure of c-InN by FP-LAPW (adjusted)
(dotted line) and ETB (solid line)

in Fig. 2. The imported features of the band structure at
high symmetry points are listed in Table 3. In view of
Fig. 2, we note that there is a close agreement between the
band structure of c-InN by ETB and DFT at I" and X points.
Hence, the derived energy parameters of ETB can be used
surely in the band structure calculations of c-InN and its
alloys. The direct band gap of c-InN recalculated by ETB is
exactly the same with the adjusted value of 0.59 eV in DFT
calculations. The present direct gap of ETB is 20% smaller
than the value of ab-initio self-consistent calculations in
which the experimental lattice constant value (4.98 A) of
c-InN was used within LDA and the Bagayoko, Zhao,
Williams (BZW) implementation of the linear combination
of atomic orbitals [11]. The present Eg is only 9.2% smaller
than the value of 0.65 eV calculated by the theoretical
lattice constant of c-InN in the same report [11]. The
present direct band gap value of c-InN is exactly the same
with its corrected value reported in Ref. [10]. The present
Eg of c-InN is approximately 16% smaller than the value
calculated by DFT-LDA [55] and LDA based semi-
empirical methods [82]. On the other hand, exactly the
same energy gap at X point is obtained for c-InN by both
ETB and DFT calculations. The present band gap values at
X and L points are closer to the corresponding values given
in Refs. [10, 11, 23] and [10, 11, 79], respectively. It is
found that the present band gap energies of c-InN by ETB
at high symmetry points (I', X, L) are in more agreement
with the results of the calculations based on DFT within
LDA-quasi particle corrections [10]. In the present ETB
calculations, the valence band width is calculated to be
14.225 eV which is very close to the value of 14.179 eV
calculated by DFT within LDA-BZW implementation [11].
The present valence band width of c-InN is also close to the
value of 14.79 eV, although, the direct band gap value was
calculated to be —0.48 eV in the same work [63].

InAs

In the present work, the equilibrium value of the lattice
constant for InAs is determined by the total energy calcu-
lations based on DFT/GGA-FPLAPW. The total energy
calculations are carried on a set of volumes and fitted to
Murnaghan equation [51]. We have adopted the value of
12 A for In and 1.15 A for As as the MT radii. The
electronic configuration of InAs is In:Kr (4d105s25p1) and
As:Ar (3d104sz4p3). In the calculations, the electrons of In
in (15%2s*2p®3s?3p°®3d'%4s%4p°4d'®) are defined as the core
electrons and distinguished from the valence electrons of In
in (5s%5p'). Similarly, the inner shell electrons of As in
(1s%25%2p®3s%3p°®3d'%) are distinguished from the valence
electrons of As in (4s%4p>). The curve of the total energy
versus the unitcell volume is shown in Fig. 3. The equi-
librium lattice constant of InAs is calculated to be 6.194 A.
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Table 3 A summary of the important features, energy gaps and valance bandwidths of the present DFT (adjusted) and ETB band structure for c-

InN compared to other experimental and theoretical calculational results

DFT* (adjusted) ETB?* Theoretical
LDA-BZW" EPP* DFT-LDF?
v -14.557 -14.557 -14.179
Vs -0.332 -0.332 0.000 0.000 0.000
¢ 0.258 0.258 0.654 0.592 0.435
%S 9.779 9.779 9.762 9.597 10.174
v -11.704 -11.704 ~11.309
X3 -5.031 -5.031 —4.750 —4.795 —4.687
XY -2.594 -2.594 -2.209 ~1.481 ~1.687
X5 3.043 3.043 4.182 4758 2.903
X5 7.012 7.012 6.898 5.102 6.322
LY -12.127 -12.608 -11.762
LY -5.969 -4.399 -5.571 -4.967 -5.229
LY -1.159 -1.718 -0.834 -0.460 -0.557
LS 3.917 1.951 4.032 3213 3.831
LS 9.683 10.173 8.434 10.040 6.954
R 0.59 0.59 (0.738, 0.65)° 0.592¢ 0.592¢
0.70°f
Is-X$ 3.375 3.375 4.182° 4.758° 2.903¢
251°
Vs—LS 4.249 3.670 4.032° 3.213¢ 3.831¢
5.82°
I-Ts 14.225 14.225 14.179° 14.798

All energies are in eV
2 Present work, ° Ref. [11],  Ref. [79], ¢ Ref. [10], © Ref. 20 in Ref.

The present lattice constant of InAs is given in Table 2
together with the experimental and other calculated lattice
constant values of InAs presented in the literature. In an
early work [70], the lattice constant of InAs was measured
to be 6.058 A at room temperature. Another experimental
lattice constant value of InAs was given as 6.036 A in Ref.
[71]. In a resent work [72], the value of 6.06 A has been
extracted from the reflectance difference spectra of the
InAs grown on InP. The present lattice constant of InAs at
0 K is about 2.2-2.6% greater than these measured values
at room temperature. The lattice constant values of both
5.906 and 5.94 A have been calculated by ab-initio pseudo
potentials [67, 69]. In another theoretical work, the lattice
constant of InAs has been calculated as 5.85 A by gener-
alized density functional theory (GDFT) within LDA
(GDFT/LDA) [68]. It is found that, the present equilibrium
lattice constant value of 6.194 A is in more agreement with
the value of (6.063 A) DFT/LDA-FPLAPW [69] than the
values of ab-initio pseudopotential [67, 69] and GDFT/
LDA calculations [68]. The difference is only 2.2%.

In the present work, the energy band structure of InAs
has been calculated by DFT/GGA-FP-LAPW for the
present equilibrium lattice constant value of InAs. We have
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concentrated mainly on the energy gaps at high symmetry
points. It is found that, band gap of InAs is direct. The
variation of energy bands is in agreement with the results
of nonlocal PP calculations [27]. The present band struc-
ture of InAs is also very close to the band structure of ETB
[32, 49] except along I'-X direction. The band structure has
a maximum point along I'-X direction in both present and
nonlocal PP calculations [27], but in ETB calculational
results [32, 49] it approaches to X point constantly by
passing through a point of inflection. In the present cal-
culations, the energy values of the main features at high
symmetry points (T'], X7, X3, X5, L3) are in good agreement
with the corresponding values measured by PL spectra
[20]. But, the direct band gap of InAs (0.277 eV) is found
to be smaller than its experimental values reported in Refs.
[16, 19, 21-25]. The present narrow direct band gap of
InAs has been adjusted to the value of 417 meV which is
recommended in Ref. [83], with respect to the available
experimental values. The half of the energy difference
between 417 meV and the present direct band gap is added
to the conduction and subtracted from the valence band
state energies equally in the same manner defined in
Ref. [80]. The adjusted energy band structure of InAs by
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Fig. 3 Total energy of InAs versus the lattice volume

DFT/GGA-FP-LAPW is shown in Fig. 4. Table 4 gives the
important features of the present and previously reported
band structures for InAs at high symmetry points. The
present energy gaps at X and L points are enlarged to 1.787
and 1.461 eV, respectively by adjustment.

In the following stage of the work, the energy parame-
ters of ETB have been derived for InAs from the band
structure of DFT (Fig. 4) by the fitting process explained in
the ‘“The electronic structure calculations’” section. The
recalculated band structure of InAs by ETB is shown in
Fig. 4. The important features of the band structure at high
symmetry points are listed in Table 4. As it is observed in
Fig. 4, the valence band structure of InAs by ETB follows

Energy (eV)

T~

w L r X K
k Vector

Fig. 4 The energy band structure of InAs by FP-LAPW/(adjusted)
(dotted line) and ETB (solid line)

the that of DFT along both I'-X and I'-L directions closely.
The variation of the first conduction band energy of InAs is
similar in both ETB and DFT results along I'-L direction.
The first state energies of the conduction band by ETB
deviate from the present results of DFT along I'-X direc-
tion and approach to the X point constantly. The similar
variation was plotted by ETB calculations for both sp>s”
and sp3s*d5 interactions of InAs in Refs. [49] and [32],
respectively. The energy gaps of InAs at I" and X points are
found to be exactly the same by both present ETB and DFT
calculations. The present Eg value of 0.417 eV is very
close to the corresponding values of EPP [29] and ETB [30,
31] calculations. The present Eg is only 0.71% smaller than
the value of 0.42 eV calculated by DFT within LDA [26].
The present direct band gap of InAs is about 12.7% greater
than the value reported by both tight binding calculations
within Green’s functional approach [28] and nonlocal EPP
calculations [27]. The present Eg is found to be 18%
smaller than that of the ETB calculations based on sp’s d’
basis and spin-orbit interactions [31]. But the present Eg is
still in the range (1.394-2.33 eV) of the values calculated
by different methods [16, 26-29]. The Eé of present ETB
calculations is found to be closer to the corresponding
values given by empirical tight binding [28, 31] and EPP
[27] calculations than the values of DFT-LDA [26] and
EPP [29] calculations. The width of the valence band is
found to be the same by both present ETB and DFT/GG-
FP-LAPW calculations; it is about (4.77-13.55)% smaller
than the values reported in Refs. [26-28, 31].

In the present work, the effective mass of the electrons
and holes are calculated by least square fitting method by
following the curvature of the corresponding band structure
of InAs around T point. The calculated effective mass
values of InAs are 0.0221my, 0.4344mg, and 0.0283m for
electrons, heavy and light holes, respectively. The present
electron and light hole effective masses are very close to
the corresponding experimental (0.023mg, 0.026my) and
calculational values (0.023m4(0.02353mg), 0.02811my)
reported in Ref. [23] and Refs. [32], respectively. But the
present effective mass of the heavy holes at I" point is
found to be 24% greater than its experimental value of
0.35mg [23].

InSb

The equilibrium lattice constant value of InSb is deter-
mined by total energy calculations based on DFT within
GG approximation. The total energy for a set of volumes
has been calculated by FP-LAPW method and fitted to the
Murnaghan equation [51]. We have adopted the value of
1.058 A for In and 1.058 A for Sb as the MT radii. The
electronic configuration of InSb is In:Kr (4d'°5s*5p') and
Sb:Kr (4d105s25p3). In the calculations, the electrons of In
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Table 4 A summary of the important features, energy gaps and valance bandwidths of the present DFT (adjusted) and ETB band structure for
InAs compared to other experimental and theoretical calculational results

DFT? (adjusted) ETB?* Theoretical Experimental
DFT® ETB® EPP¢ ETB® pLf
Y -11.102 -11.102 -11.52 -12.69 -12.69 -12.188 -123
Vs -0.132 -0.132 0.00 0.00 0.0 0.0
S 0.285 0.285 0.42 0.37 0.37 0.418
S5 3.898 3.898 3.68 439 439 4252 439"
v -9.419 -9.419 -9.39 -10.20 -10.20 9.8
X3 -5.230 -5.230 -6.16 —6.64 —6.64 -6.3
X¢ -2.205 -2.205 —2.41 247 —2.47 —2.654 24
X5 1.655 1.655 233 2.28 228 2.176
X5 2331 2331 277 2.66 2.26
LY -9.875 -9.924 -10.03 -10.99 -10.92 —10.6"
LY -5.237 -5.237 -6.03 -6.87 -6.23
Ly -1.003 -1.418 -1.01 -1.05 -1.26 -1.124 -0.9
LS 1.329 1.425 1.13 1.50 1.53 1.691
L5 4.601 3.614 5.20 5.84 5.42 4723
I}s-I 0.417 0.417 0.42° 0.37%¢ 0.418%¢ 0417 0.418"% 0.416"™
0.419° 0.420", 0.415°
Is-X$ 1.787 1.787 2.33° 2.28%4 1.433! 1.398!
2.176°
| P 1.461 1.587 1.13%% 1.50° 1.53¢ 1.110*
1.691°
I-Ts 10.970 10.970 11.52° 12.69%¢ 12.188°

All energies are in eV

2 Present work, ® Ref. [26], € Ref. [28], ¢ Ref. [27], © Ref. [31], f Ref. [20], P Ref. [23], & Ref. [30], " Ref. [83],  Ref. [29],7 Ref. [23], ¥ Ref. [20],

' Ref. [16], ™ Ref. [21], " Ref. [24], ° Ref. [25]

in (1s%25%2p®3s?3p®3d'%4s?4p°4d'®) are defined as the core
electrons and distinguished from the valence electrons of In
in (5s%5p'). Similarly, the inner shell electrons of Sb in
(15%25%2p°®3s*3p®3d'%4s%4p®4d'®) are distinguished from
the valence band electrons of Sb in (5s*5p?) shell. The total
energy of InSb as a function of unit cell volume is shown in
Fig. 5. The calculated total energy of InSb is found to be
minimum with the lattice constant value of 6.643 A. The
present lattice constant of InSb is given in Table 2 together
with the experimental and the other calculated lattice
constant values of InSb presented in the literature. In a very
early work [76], the lattice constant of InSb was measured
as 6.4782 A at room temperature by electron diffraction
method. The similar experimental value (6.47937 A) was
given in Ref. [77]. Besides, the temperature dependence of
the lattice constant of InSb was given also in Ref. [77] in
the range of 10-60 °C. Another experimental lattice con-
stant value of 6.49 A was tabulated in Ref. [78] for InSb.
The present lattice constant of InSb is about (2.3-2.5)%
greater than these measured values. In the literature, the
first theoretical lattice constant values for InSb were given
by ab-initio pseudopotential calculations [67, 69, 73]; they
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were 6.36 and 6.34 A, respectively. The present lattice
constant value of InSb is about (4.4-4.7)% greater than
these pseudopotential calculational results. The first full
potential calculations for InSb was also studied by Massi-
dda et al. [69]. They found that, the lattice constant of InSb
by DFT/LDA-FP-LAPW calculations had better agreement
with the experimental results than those of ab-initio pseudo
potential calculations [67, 69, 73]. The following two lat-
tice constant values (6.42 and 6.478 A) in Table 2 were
again calculated by full potential calculations [74, 75]. The
present equilibrium lattice constant value of 6.643 A is
found to be about (2.5-3.4)% greater then these first
principles calculational results [74, 75].

In the present work, the energy band structure of InSb
has been calculated by DFT/GGA-FP-LAPW for the
present lattice constant of InSb. In the present first prin-
ciples calculations, the energy gap of InSb is found to be
direct. The present order between the energy gaps, Eg < Elé;
< E}g(, is the same as it was reported in all previous theo-
retical works [26-29, 32, 41-43, 74]. Besides, the variation
of the bands is found to be similar with the results given in
these works [26-29, 32, 41-43, 74]. In both present and
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Fig. 5 Total energy of InSb versus the lattice volume

previously reported results [29, 41, 43, 74] the energy
variation of the highest valance band and the lowest con-
duction band can be characterized by a very sharp slope at
I" point. The present energy of the first conduction band
state has a maximum along I'-X and I'-L directions. This
variation is exactly the same with the DFT/LDA-
FP-LAPW results of Guo et al. [74]. But in the other cal-
culations [29, 32, 41, 43], the energy of the first conduction
band state approaches to L point with an approximately
constant slope. In the present work, the Eg of InSb is found
to be small (0.08 eV) as the uncorrected direct band gap
values reported in the previous works [42, 43, 74]. The
present semimetallic band structure of InSb at I" point is
corrected; the Eg is enlarged to its experimental value of
0.235 eV empirically as it is done for the band gap values
of InN and InAs [19, 23, 38]. The ETB interaction
parameters of sp’s d’ basis in Ref. [31] were also fitted to
the experimental band gap value of 0.235 eV at I' point.
The adjusted energy band structure of InSb by DFT/GGA-
FP-LAPW is shown in Fig. 6. Table 5 gives the important
features of the present and previously reported band
structures for InSb at high symmetry points. The enlarged
energy gaps at L and X points are very close to the values
of 0.82 and 1.55 eV, respectively which were calculated by
DFT/LDA-FP-LAPW [43].

In the present work, we have employed a fitting process
to obtain the ETB energy parameters of InSb from the
present eigenvalues of DFT (Fig. 6). The recalculated band
structure of InSb by ETB is shown in Fig. 6. The important
features of the ETB band structure at high symmetry points
are listed in Table 5. The valence band structure of InSb is
found to be exactly the same by both present ETB and DFT

calculations. The sharp and smooth variations of the band
structure of InSb around I" and X points, respectively have
been produced successfully by the present ETB energy
parameters. The energy gaps of InSb at I and X points are
found to be exactly the same by both ETB and DFT cal-
culations. The present Eg value of 0.235 eV is very close to
the values calculated by EPP [29], DFT-LDA [26] and
relativistic self-consistent LMTO scheme [42]. The present
Eg is about (6-9.6)% smaller than the corresponding value
calculated by nonlocal PP [27], tight binding Green’s
functional approach [28] and self-consistent PP [41]. The
corrected band gap energy values reported in Refs. [43, 44]
are about (12-30)% smaller than the present Eg. The cal-
culated band gap at X point is very close to the value of
1.55 eV which was obtained by the corrected results of
DFT/LDA calculations [43]. On the other hand, the present
Eif is found to be 13% smaller than that of ETB calcula-
tions based on sp3s*d5 basis interactions [31]. In their ETB
calculations [31], the inclusion of all d orbital interactions
as well as sp” and s and the determination of the lattice by
the experimental lattice constant of InSb were all effective
to obtain the available experimental energy gap of InSb at
point X [25]. The present band gap value of InSb at point L
is in the range (0.70—1.227) of values given in the literature
[26-29, 31, 43, 44]. On the other hand, the width of the
valence band is the same for both present ETB and DFT
calculations, but it is about (13-22)% smaller than the
available experimental [84, 85] and theoretical results
[26-28, 31, 43, 74, 75].

In the present work, the effective mass of the electrons
and holes of InSb are calculated at I" point. The calculated
effective mass values of InSb are 0.0152my, 0.371m,, and

Energy (eV)

k Vector

Fig. 6 The energy band structure of InSb by FP-LAPW/(adjusted)
(dotted line) and ETB (solid line)
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Table 5 A summary of the important features, energy gaps and valance bandwidths of the present DFT (adjusted) and ETB band structure for

InSb compared to other experimental and theoretical calculational results

DFT? (adjusted) ETB?* Theoretical Experimental
Non. PP DFT® ETB‘ ETB® pLf
v -9.167 -9.167 -11.71 -10.52 -11.71 ~11.435 -11.71
Vs -0.029 -0.029 0.00 0.00 0.0
¢ 0.206 0.206 0.25 0.24 0.25
< 2.822 2.822 3.16 2.66 3.16 3.503 337"
v —7.530 —7.530 -9.20 -8.54 -9.20 9.0
X3 —4.950 —4.950 —6.43 -5.84 —-6.43 64
X¢ -1.859 -1.859 225 252 245 2722 24
X5 1.493 1.493 1.71 1.71 1.71 1.756 1.79"
X5 1.564 1.564 1.83 223 1.81
LY -8.040 ~7.986 -9.95 -9.13 -10.03
LY —4.691 -4.315 -5.92 -5.79 -6.81
LY -0.836 -1.398 -1.44 -1.08 -1.06 -1.30 —1.05,—1.4"
LS 0.810 1.401 1.03 0.70 0.99 1.227
L5 3.608 2.799 430 413 5.46 4.059
P 0.235 0.235 0.25¢ 0.24%¢ 0.2351" 0.18 0.2354m10.2352°
0.21 0.26% 0.235° 0.24°, 0.18", 0.23°
Is-X$ 1.522 1.522 1.715e4 0.6618" 1.55 1.821 1.756° 1.79°
| P 0.839 1.430 1.03° 0.70° 0.99¢
0.9743" 0.82 1.02 1.227°
S 9.138 9.138 11.71>4 10.52¢ 11.57 11.7%
10.9' (10.83, 11.05)" 11.435° 11.2%

All energies are in eV

2 Present work, ® Ref. [27], © Ref. [26], 9 Ref. [28], ¢ Ref. [31], T Ref. [20], "Ref. [23], & Ref. [42], " Ref. [29], | Ref. [43], Ref. [44], * Ref. [41],
'Ref. [19], ™ Ref. [38], " Ref. [23], ° Ref. [39], P Ref. [25], " Ref. [40], ® Ref. [37], ' Ref. [74], " Ref. [75], ¥ Ref. [84], * Ref. [85]

0.028my,, for electrons, heavy and light holes, respectively.
The present electron, heavy and light hole effective masses
are very close to the -corresponding experimental
(0.0136my, 0.34mq and 0.0158my) values reported in Ref.
[23].

Conclusion

In the present work, the electronic band structure of InN,
InAs and InSb has been investigated by ETB method. The
energy parameters of ETB for sp°d® basis and nearest
neighbor interactions have been derived from the eigen-
values of the present DFT/GGA-FP-LAPW calculations
carried on InN, InAs and InSb compounds. Since the band
gap values of the compounds are responsible for the band
gap engineering of their ternary and quaternary alloys, we
have concentrated to have well defined band gaps for InN,
InAs and InSb at high symmetry points especially at I
point. The present DFT/GGA-FP-LAPW calculations show
that InN, InAs and InSb have direct band gap structures in
zinc-blende phase. The band structure of the compounds is
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found to be similar with the calculational results reported in
the literature. However, the band gap values of the com-
pounds are found to be small with respect to the corre-
sponding available experimental data. In the present work,
the direct band gap values of FP-LAPW/GGA calculations
have been adjusted to the available experimental gaps for
both InAs and InSb compounds. Since we are unaware of
reports of experimental investigations of the electronic
properties of c-InN, we have adjusted the direct band gap
of it to the corrected value given in the literature by DFT-
LDA calculations. In the present total energy calculations
for volume optimization, the lattice constant of InAs and
InSb has been calculated by about 2% discrepancy with
respect to the corresponding experimental values. In the
same calculations, we have obtained an excellent agree-
ment between the present calculated and available experi-
mental lattice constant values of InN.

The ETB energy parameters obtained from the present
first principles calculations have been tested by recalcu-
lating the energy band structure of the compounds. It is
found that, the ETB energy parameters can reproduce the
valence band structure of InN, InAs and InSb satisfactorily.
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The ETB valence band structure of compounds follows the
valence band structure of DFT/GGA-FP-LAPW closely.
The valence band width of the compounds is exactly the
same for both present ETB and DFT calculations. The
energy variation of the first conduction band state of the
compounds does not follow the corresponding energy
variation of the present DFT calculations closely, along
I'-X and I'-L directions, like in all PP and ETB results.
However, the ETB energy band gap values of the com-
pounds are exactly the same with those of DFT/GGA-FP-
LAPW at I' and X points. Furthermore, the present ETB
parameters of InAs and InSb obtained from DFT calcula-
tional results give reasonable effective electron and hole
masses by reproducing the curvature of the band structure
of the compounds correctly around I point. The present Eg
of ETB is also very close to that of DFT for InAs. But for
the other compounds, InN and InSb, the ETB energy
parameters seem to be insufficient to give the present en-
ergy gap of DFT at L point. Although the present ETB
parameters of sp>d” give exactly the same E)g( of the present
DFT calculations, they are not normally as strong as the
ETB parameters of sp’s d° to give the available experi-
mental band gap value of InSb at X point. Since all the
compounds considered in this work are direct band gap
structures, we can conclude that the present ETB energy
parameters of minimal sp>d” basis are reliable and consume
the computational time for the fundamental band gap
engineering calculations of ternary and quaternary alloys of
InN, InAs and InSb with respect to total concentration
range of the constituents.
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