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Abstract

The electronic properties of the wurtzite I1I-nitride compound semiconductors GaN, InN and AIN are studied within the empirical
pseudopotential approach. An analytical function for both symmetric and antisymmetric parts of the pseudopotential with adjustable
coefficients has been reported. Using this model the selected features of these materials such as energy gap, bandwidth, crystal-field
splitting energy, Luttinger-like parameters, and effective masses are calculated and compared to experimental and recently published

theoretical results and the comparisons show a good agreement.
© 2005 Published by Elsevier B.V.
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1. Introduction

The great interest in III-nitride material system can be
attributed to the promising electrical and optical properties
of the binary compounds GaN, InN and AIN and their
alloys. These binary compounds usually crystallize in the
wurtzite structure [1,2]. Because of some prominent
properties like strong piezoelectric polarization effect, wide
band gap, high saturate electron drift velocity, high
breakdown electric-field strength, and thermodynamically
more stable, these materials are ideal for construction of
blue/green light-emitting devices. Also they are attractive
for use in field effect transistors indicated to operate at high
power and/or temperature [3,4].

So, for II-nitride-based device design and optimization,
one has to know exact band structure details and transport
parameters. Presently, there are a number of band
structure calculations ranging from phenomenological
methods such as the k.p theory to atomistic ab initio
methods, such as the self-consistent full-potential linear-
augmented plane-wave method (FPLAPW) within local-
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density approximation (LDA), first-principles total-energy
calculation, and pseudopotential methods, or more em-
pirical methods such as the empirical pseudopotential
method (EPM) [5-15].

In this theoretical study, the detailed electronic band
structure calculation for wurtzite III-nitride materials by
EPM method has been reported, and an analytical function
was constructed using fitting procedure for both symmetric
and antisymmetric parts of potential in Section 2. In
Section 3 the most important band structure parameters
such as effective mass parameters, 4;, describing the heavy-
hole (hh), the light-hole (Ih) and the crystal-field split-hole
(ch) bands, were obtained from our calculations and they
agree with last experimental data and recent theoretical
results.

2. Model description

The binary compounds GaN, InN and AIN have been
the subject of extensive theoretical studies in the last years.
Their electronic structures have been studied with several
different methods [5-8]. All of these methods give reliable
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valence band structure but the band gaps are significantly
underestimated.

Some electronic structure computations have also used
the local EPM [9-15]. Obviously the EPM method cannot
replace ab initio techniques, but it is simpler, computa-
tionally efficient, and the electronic structures obtained
from the EPM can be optimized in order to closely match
experimental and/or ab initio results.

At the present work the EPM electronic band structure
as well as corresponding set of k.p parameters for (Ga, In
and Al) N wurtzite crystals have been studied. The
pseudopotential Hamiltonian used for our calculation is
given by

and antisymmetric, V?, depends on a set of adjustable
parameters that are determined by suitable fitting proce-
dure and is given by

SA _ 611(612 — ) (&)
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where ¢ is the wave vector and a; (i=1,...,4) are the

fitting parameters.

Using the lattice constants and internal structural
parameters listed in Table 1, the fitting parameters for
GaN, InN and AIN have been obtained and are listed in
Table 2.
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Fig. 2. Band structure of wurtzite InN.
Table 2
Fitting parameters of the analytical form factors of I1I-nitrides as defined in Eq. (4)
Vs yA
a) ar as ag ay [75] as ag
GaN 0.04312 13.07859 0.28287 20.39298 0.51135 —20.12182 0.08350 —41.55743
InN 0.05310 11.50511 0.36895 16.44795 0.0167 —31.78 0.05278 —18.19
AIN 0.03695 11.95985 0.23356 22.23273 0.03225 —145.212 0.0947 —19.16
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3. Results and discussions

The spin-free pseudopotentials obtained from the above
fitting procedure were then used to predict the full band
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Fig. 3. Band structure of wurtzite AIN.

structure. The calculated full band structures for GaN, InN
and AIN are shown in Figs. 1-3. To ensure the semi-
empirical results accuracy in comparison with experimental
data and other theoretical works, the band gaps and other
known energy gaps for Ill-nitrides are shown in Table 3.
Also, spin—orbit interaction is considered with the addition
of the following spin—orbit matrix eclements to the
pseudopotential Hamiltonian as [14]

H.,(k) = (R x K).3.,{-i1°5%G - @)
+ASMNG - G)), (5)

where K = k + @, K = k+ @I, ando,y = %1 are the Pauli
spin states. 25 and A are the symmetric and antisymmetric
contributions to the spin—orbit Hamiltonian which are
treated as adjustable parameters to give the correct spin
splitting of valence band, Asp, at the I'-point [30]. The
calculated values of 25, 2 and also 4so together with other
published results are shown in Table 4 for wurtzite GaN,
InN and AIN.

Table 3
Comparison of eigenenergies of GaN, InN and AIN with experimental and theoretical results (in eV)
GaN InN AIN
Current work  Exp. [10] [15] Current work  Exp. [10] [15] Current work  Exp. [10] [15]
r{—rg 3.5036 3.6 [20], 3.5 3.47 2.0431 1.89 [25], 2.0527 2.59 6.2196 6.2 [27], 5.8369 6.11
3.44 [21], 2.05 [26], 6.28[28]
3.5[22] 2.11 [18]
rg—ry  0.021 0.022 [23] 0.042 0.023 0.0214 0.0355 0.084 —0.1255 —0.1989  —0.16
Irg—r5 6816 7 [24] 8 6.94 5.8306 59719  5.50 6.2136 6 [29] 7.0061 6.41
Table 4
Comparison of spin-orbit splitting with other theoretical results
5@eV) A eV) 4s0(eV)
Current work [12] [31]
GaN 0.0002 0.00019 0.0096 0.011 0.013
InN 0.00025 0.00017 0.0139 0.011 0.001
AIN 0.00023 0.000191 0.018 0.011 0.019
Table 5
Valence band effective-mass parameters of GaN, InN and AIN
Current work GaN Current work InN Current work AIN
[12] [14] [15] [12] [14] [15] [12] [15]
Ay —-7.22 —6.90 —7.24 —7.698 —9.64 —8.21 —9.28 —7.298 —4.38 —4.17 —4.794
A> —0.51 —0.73 —0.51 —0.6 —0.59 —0.68 —0.6 —0.441 —0.472 —0.58 —0.571
As 6.53 6.11 6.73 7.2 8.922 7.57 8.68 6.896 3.87 3.68 4.374
Ay -2.8 —4.19 —3.36 —2.816 -3.92 —5.23 —4.34 —3.064 —1.62 -2.17 —1.484
As —2.65 —-3.94 —3.35 —-2.971 —-3.8 =5.11 —4.32 -3.12 —-1.72 -2.27 —1.726
Ag —3.54 —5.96 —4.72 —3.312 -53 —5.96 —6.08 —3.948 —2.16 —2.21 —1.788
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Table 6

The electron and heavy (hh), light (Ih) and crystal-field split (ch) hole effective masses for GaN, InN and AIN
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Current work GaN Current work InN Current work AIN

[12] [14] [15] [12] [14] [15] [12] [15]
ml 0.16 0.16 0.19 0.138 0.12 0.14 0.11 0.137 0.28 0.27 0.232
ml‘]h 1.45 1.27 1.96 2.007 1.39 1.56 1.67 2.493 1.96 2.04 2.382
ml”h 1.45 1.27 1.96 2.007 1.39 1.56 1.67 2.493 1.96 2.04 2.382
mﬂh 0.14 0.14 0.14 0.13 0.1 0.12 0.1 0.137 0.23 0.24 0.209
mt 0.13 0.12 0.17 0.151 0.11 0.1 0.1 0.14 0.27 0.18 0.242
mik, 1.52 1.02 1.87 2.249 1.41 1.25 1.61 2.599 2.68 2.08 3.04
mi, 0.168 0.11 0.14 0.261 0.12 0.09 0.11 0.157 0.26 0.2 0.287
m, 1.96 1.36 1.96 0.317 1.69 1.46 1.67 1.446 2.12 1.71 1.157

Energy (eV)

Fig. 4. The k.p (solid line) and EPM (dotted line) band structures for (a) GaN, (b) InN and (c) AIN at the I'-point.
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As the Luttinger-like parameters (4,), and the valence
and conduction band effective masses of wurtzite phase II1-
nitrides are useful for modeling the electronic structure and
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optical properties of simple heterostructure and devices, we
make use of the effective-mass Hamiltonian in the cubic
approximation to obtain these parameters [5].

In this
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approximation the valence band effective masses are
related to 4; as in the following:

1
— = —(41 + 43),
Myy
1
— = —(41 + 43),
myy,
1
—” _A13
mch
1
— = —(42+ A4 — 4s),
My
1 242
— = —(dy+ A4+ A5) — —F,
i, |Aerl?
1 247
—=—Ar+—7>, (6)
mg, | Aer]?

where indices hh, lh and ch denote the heavy-hole, light-
hole and crystal-field split-hole effective masses in units of
the free electron mass, respectively. The quantity A4, is the
crystal-field splitting energy and the symbols 1 and |
denote the I' — M and I' — A directions, respectively. The
values of A; are determined by fitting the band edge
dispersion by the k.p theory to that calculated by the EPM.
To obtain the electron effective masses, a parabolic line fit
has been used to the lowermost conduction band disper-
sion.

The values obtained for the A4; parameters and the
effective masses of III-nitride semiconductors are shown in
Tables 5 and 6, respectively. The value of A; for all
structures has been assumed to be 0, as in previous works
[5,32]. As it known from these tables, the results of our
calculations are in good agreement with other published
theoretical results.

The valence band structures using the parameters in
Table 5 have been plotted for each of IlI-nitride materials
using solid lines against the corresponding EPM results as
dotted lines (Fig. 4). For each of material, there is generally
good agreement between the k.p and semi-empirical band
structures.

4. Conclusion

This work presents a detailed study of the electronic
band structures of wurtzite GaN, InN and AIN by the
EPM method. An analytical function for symmetric and
antisymmetric parts of the pseudopotential with adjustable
coefficients has been reported. The form of this potential is
optimized through a fitting procedure in which we
recursively calculate the band structures by comparing
the calculated values of the energy gap, bandwidth, crystal-

field splitting and effective masses with the experimental
and recently published theoretical results.
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