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Abstract

The electronic properties of group Il — Nitrides semiconductor are investigated by performing first principles

calculations using Density Functional Theory (DFT). The exchange correlation potentials were treated within
the Local Density Approximation (LDA) and the Generalized Gradient Approximation (GGA) with the Abinit
(Pseudopotential) and Bandlab (Full Potential Linear Muffin-Tin Orbital) have been used to investigate the
electronic band structure. From these band structures, the necessary band gaps have been deduced. The
present calculations have shown direct band gap energy in the zincblende phase for AIN, InN, GaN, and
indirect band gap energy for BN. Here, the conduction band minima of AIN, InN and GaN are located at I'-
point, while that of BN is at a position lying along the "-X direction of the Brillouin zone.

1.0

INTRODUCTION
In the last few years no other class of semiconductors has attracted so much scientific and
commercial attention like the group Il - nitrides (AIN, BN, GaN and InN). The increasing

interest is due to their extraordinary physical properties, which have been found to be
useful in many new electronic and optoelectronic devices. The development of group-lil
nitrides in the late 1990’s has been motivated by the realization of efficient light emitting
diodes (LED), which are now an industrial standard for solid state lighting [1,2]. Other
significant applications of group-Ill nitrides are high-frequency/high-power electronics using
high-electron-mobility transistors (HEMT) and photodetectors [3,4]. Photodetectors based
on group-lll nitrides take advantage of their inherent spectral selectivity to allow for the
tuning of the detection edge from about 200 nm (AIN) to about 1770 nm (InN). Some
potential benefits added by the use of these materials are their radiation hardness and the
expected lower intrinsic noise and dark current in comparison with narrow-band-gap
materials (e.g., Si) [5, 6]. In addition, the devised applications comprise, for example, solar-
blind detection [7,8], non-line-of-sight ultraviolet UV) communications [9], combustion
monitoring [10], space communications [11], high-resolution photolithography together with
emitters [and missile plume detection [11]. Similarly, solar cells fabricated with (In,Ga)N
compounds operating in the 2.4 eV range, as photodetectorlike devices, are a promising
technology to increase the conversion efficiency of current photovoltaic cells [12-13]. The
increasing commercial attention has equally led to increasing theoretical interest. However,
theoretical band structure calculations of the binary compounds AIN, BN, GaN and InN in
the zincblende structure have failed to predict the band gaps experimentally observed in
them.

In this work, the Pseudopotential and Full Potential Linear Muffin-Tin Orbital method(FP-
LMTO) in the Density functional theory(DFT) of the Local density approximation(LDA) and
generalized gradient approximation(GGA) have been used to investigate the electronic
band structure of binary compounds AIN, BN, GaN and InN in zincblende structure. From
these band structures, the necessary band gaps have been deduced. The band structure
calculations have been implemented with two computer codes, namely, Abinit
(Pseudopotential) and Bandlab (Full Potential Linear Muffin-Tin Orbital).
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METHOD OF CALCULATION
Total Energy and Functional

Solving the many-body Schrédinger equation allows to obtained many properties of a
system of N interacting electrons in the external potential of the nuclei. The Hamiltonian
eqguation is given as:

Hy (o) = B (1 T 211

While the Schrédinger is state below:
H =—Z7% 1 2MA% + 2V, (r) +e2 /25, 1/ | —r, | 2.1.2

Where r; is the position of electron i, A? ; indicates the Laplacian taken with respect to the
coordinate r;, while Vey (1) is the external potential acting on the electrons and depends
parametrically on the nuclear positions. In finding a numerical solution for the Schrodinger
equation (2.1.1), an efficient method is required. Density Functional Theory (DFT)
introduced by Hohenberg and Kohn [14] provides a one-to-one correspondence between
the round-state electronic charge density p(r) and the external potential Ve (r). Therefore,
since the external potential determines also the many-body wave-function of the ground
state, every physical quantity of the system in its ground state can be expressed as a
functional of the electronic charge density. The ground-state total energy of the system
plays a prominent role in determining properties of a system, this can be expressed as the
expectation value of the Hamiltonian on the ground-state wave-function W,. If we express
the total energy as a functional of the electronic density then [14, 15],

E[p(N] = <Wo |H|Wo>=FIp(r) 1+ ]y Vex (Np(r) d® r 2.13

Where the integral is performed over the whole volume V of the system. In this equation
(2.1.3), F [p(n)] is a universal functional of the density and it is given by the expectation
value of the kinetic energy and of electrostatic election repulsion terms on the ground state.
The minimization of the functional E[p(r)] with respect to the electronic density, with the
constraint that the number of electrons N is fixed,

[vp(r) d®r=Ng 214

Gives the ground-state total energy and the electronic density. Kohn and Sham (KS) [15]
introduced a new functional by mapping the many-body problem into a non-interacting
electrons problem with the same ground-state electronic density because, the exact form of
the universal functional F [p(r)] is not known. The new functional can be obtained by
recasting the second term in eq. (2.1.3) to the form [14,15]:

FIp(N] = To [P(N] + En + Exc [P(N)] 2.1.5

Where the first term is the kinetic energy of a non-interacting electrons system, the second
term is the Hartree-like energy term, which accounts for the classical Coulomb interaction
of a spatial charge distribution p(r) and the third term represents the exchange-correlation
energy [14,15]. The only really unknown quantity is the exchange-correlation energy
functional and, in principle, the quality of the solution of the full many-body problem will be
only limited by the quality of the approximation. With this new expression for the functional
then, the total energy in eq. (2.1.3) becomes:

E[p(r)] = <Wo | H| Wo > =To [P(N)] + Ex + Exc[P(N] + v Vexe (NP(NA* 1 2.16
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In order to account for the exchange-correlation energy functional in the above equation,
we applied a Local Density Approximation (LDA) and Generalized Gradient Approximation
(GGA) [14,15].

First-principles methods

In this work, all calculations were done using the Pseudopotential method as implemented
by Abinit code[16-18] (which is based on the density functional theory in the local density
approximation and generalized gradient approximation is used) and also the full potential-
linear muffin-tin orbital (FP-LMTO) method as implemented in the Bandlab code[19,20].
Bloch wave functions of electrons are expanded in terms of plane waves with a cut-off
energy of 60 Hartree, and are sampled on an 8x8x8 grid of k-points in the first Brillouin
zone. We use different choices of exchange correlation energy functionals. For LDA
calculations, we use the one parametrized by Teter [21] along with Teter's extended norm-
conserving pseudopotentials [22]. For GGA calculations, we use “PBE” [23]

The band structure of the binary compounds (AIN, BN, GaN and InN) were obtained. The
zincblende structure of the binary compounds (AIN, BN, GaN and InN) is characterized by
the lattice constant, a. In this work the experimental lattice constants used are shown in
Table 1.

RESULTS AND DISCUSSION

Figures 3.1 to 3.16 show the calculated band structures. The energy band gap for AIN is
found to be (3.341 and 3.208) eV for LMTO and ABINIT respectively, using LDA method,
and (3.3986 and 3.261) eV respectively, using GGA method.

We notice that the ZB-AIN is indirect band gap from the I' point, at the X point for the
ABINIT code while the ZB-AIN is direct band gap at the ' point for the FP-LMTO.
Comparing LDA and GGA calculations in the ZB-AIN we see that the band structures are
similar, except that the band gap at I' point for the LDA is smaller than the GGA results.
Furthermore, the band structure form ABINIT code is in close agreement with the FP-
LAPW results of previous reports of [24, 25].

The Figures 3.5 - 3.5 showed the result of band structure calculations of GaN from Abinit
(LDA) and Bandlab (LDA and GGA) respectively, plotted along line of high symmetry. GaN
has a direct band gap at the I'- point, that is the valence maximum and the conduction
minimum are at I'. The value of the calculated band gap is found to be 2.625 eV, 3.577 eV
and 1.3207 and 1.7733 eV for Abinit(LDA) and Bandlab(LDA and GGA) respectively.
Previously, [26] in their calculation obtained a band gap of 2.3 eV and 3.5 eV for LDA and
GW respectively. Zhao et al [27] in their LDA BZW calculation observed a band gap of 3.2
eV, The experimental value is 3.5 eV [28]

It can be seen from Figures 3.7 and 3.8 that the results from the calculations from Bandlab
(LDA and GGA) and that of [29] are in qualitative agreement (i.e the shapes of the band
structure compared are the same). Also, Figures 3.5 and 3.6 show that the present results
are in good agreement with [26] in their calculation, where they obtained a band gap of 2.3
eV and 3.5 eV for LDA and GW.

Figures 3.9 - 3.12 show the energy band gap for ZB-BN. It is found to be 4.21eV and 4.49
eV for Abinit (LDA and GGA) methods respectively while the LMTO (LDA and GGA)
methods give 4.843 eV and 4.80eV. We notice that the energy band gap for ZB-BN is
indirect (I'-X). The energy band gap for ZB -BN in GGA method is in close agreement with
other calculations. The conduction bands in LDA calculations are shifted a little down with
respect to those of the GGA which is leading to a reduction of the band within the ZB-BN
structure. As it is observed in Fig. 3.9 and 3.10, the valence band structure of c-BN by
DFT-GGA and DFT-LDA from Abinit code gave approximately the similar result which was
obtained using DFT/FP-LAPW-(GGA) [24,30] and the Bandlab FP-LMTO (GGA and LDA)
4.803 and 4.843eV of c-BN is slightly greater than the previously reported values of



orthogonalized-plane wave OPW and plane-wave-gaussian PWG [30]. The present DFT
calculations within GGA do not give any new feature on the band structure of DFT-LDA.
This is an accepted result that the DFT-GGA electronic band structure are qualitatively in
good agreement with the experiments in what concerns the energy levels and the shape of
the bands.

In table 2, we notice that the energy band gap for InN compound is small. The energy band
gap for INN compound in LDA and GGA calculations seem to be in a good agreement
compared to the other calculations. The ABINIT and LMTO methods within the Frame work
of the DFT-LDA and GGA has been employed to calculate the band structure of InN. It is
found that, the band gap of InN is direct in zincblende phase, furthermore, the energy
bands is in agreement with the results of previous reports by Stampfi and Van de Walle
[30] 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 could not compare the present band gap values with the experimental results.
But, the present band gap at point Egr is found to be close -0.516 eV with respect to the
values -0.48 eV it is only 6.98% smaller than the above magnitude given by ETB [31]. The
similar negative and positive direct band gap energies were reported before in the
literature.

The energy band gap for INN compound in LDA calculation is overestimated than the
energy band gap in GGA calculation. Figures 3.13 - 3.16 show the calculated band
structure of InN from Abinit (LDA and GGA) and LMTO respectively.

Table 1: Lattice constants adopted in this work.

Compound Lattice (nm)
a
BN 0.369[31]
AIN 0.437[32]
GaN 0.450[31]
InN 0.498[33]

Table 2.0: A summary of energy gap (p. Cal) compared to other theoretical calculations and experimental results.

AIN GaN BN InN
METHOD

P. Cal Th/Ex P. Cal Th/Ex P. Cal Th/Ex P. Cal Th/Ex

ABINIT LDA 3.208 2.630 1.490' 4.210 4.200% -0.389 -0.200"
2.700* 1.800f 4.430%k -0.400"
3.200° 3.500-° 4.350
GGA 3.261 3.270° 2.920 2.000" 4.490 4.450' 0.000 ~0.550"
3.300° 1.7209 6.000¢ -0.480™
6.300°

1.820 2.300° a.800 | 2:200! -0.406 -0.517m
5.940° 3.200° 6.400¢
4.940¢
GGA 3.399 4.5009 1.770 4.840 -0.180

LMTO LDA 3.341

2[24], °[25], <[38][39]9[34], °[40]f[29]5[28]*[36]'[30], ™[31]"[37] °[26] P[35]
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Fig.3.1: The band structure of AIN from ABINIT (LDA).
Indirect Band gap is 3.208eV
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Fig.3.3: The band structure of AIN from Bandlab (LDA).
Indirect Band gap is3.314eV
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Fig.3.2: The band structure of AIN from ABINIT (GGA).
Indirect Band gap is 3.261eV
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Fig.3.4: The band structure of AIN from Bandlab
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Fig.3.5: The band structure of GaN from Abinit (LDA).
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Fig.3.7: The band structure of GaN from
Bandlab(LDA). Direct Band gap is 1.821eV.
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Fig.3.6: The band structure of GaN from Abinit
(GGA).Direct Band gap is 3.398eV
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Fig.3.8: The band structure of GaN from
Bandlab(LDA). Direct Band gap is 1.773eV.
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Fig.3.9: The band structure of BN from Abinit (LDA).
Indirect Band gap is 4.21 eV.

o
I~/

EF

<
\

N

\

o {S%

Wave Vector (K)
Fig.3.11: The band structure of BN from Bandlab
(LDA). Indirect Band gap is 4.803 eV.
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Fig.3.10 The band structure of BN from Abinit (GGA).
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Fig.3.12: The band structure of BN from Bandlab
(GGA). Indirect Band gap is 4.843 eV.
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Fig.3.13: The band structure of InN from Abinit (LDA).

Direct Band gap is -0.389 eV.
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Fig.3.15: The band structure of InN from Bandlab
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4.0 CONCLUSION

The results from Abinit code and LMTO, in this study, predicted AIN under LDA and GGA
calculations, in this study, predicted AIN to be a semiconductor with a band gap ranging
from 3.20 — 3.40ev. While this disagrees with the experimental band gap value, the band
gap range is in agreement with the theoretical results of [24, 25, and 34].
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Fig.3.14: The band structure of BN from Bandlab
(GGA). Direct Band gap is 0.000 eV.
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Fig.3.16: The band structure of InN from Bandlab
(GGA). Direct Band gap is -0.187 eV.

The results from LMTO and Abinit codes predicted GaN to be a semiconductor with a band
gap ranging from 1.77 — 3.57eV. This is in agreement with both experimental result [28]
and theoretical results of [26, 29,31,35]. The results from LMTO and the Abinit code under
LDA and GGA calculations predicted BN to be a semiconductor with a band gap ranging



from 4.02 — 4.80ev. While this disagrees with the experimental band gap value, the band
gap range is in agreement with the theoretical results of [24.30, 36].

The results from LMTO and Abinit codes under LDA and GGA calculation predicted InN to
be a semimetal with a band gap ranging from -0.41 — 0.38eV. This is in agreement with the
theoretical results of [24, 30, 31, and 37].

The calculations have shown direct band gap energy for InN, GaN, and indirect band gap
energy for AIN and BN in the Abinit code. This is in agreement with the theoretical results
of [24, 37]. While AIN, InN and GaN are predicted to be direct band gap materials, BN is
predicted to be indirect under the LMTO code in agreement with the theoretical results of
[30, 31].
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