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Abstract
We present valence band-structure calculations for undoped and p-doped cubic
AlxGa1−xN/GaN superlattices (SLs), in which the coupling between the heavy-
hole, light-hole, and spin–orbit-split-hole bands and strain effects due to lattice
mismatch are taken into account. The calculations are performed within a self-
consistent approach to the k · p theory by means of a full six-band Luttinger–
Kohn Hamiltonian. Exchange–correlation effects within the two-dimensional
hole gas are included in the calculations in the local density approximation.
Results for hole minibands and potential profiles are shown as functions of the
SL period. It is shown that exchange and correlation play an important role in
the correct description of the systems.

1. Introduction

The III–V nitride semiconductors GaN, AlN, and AlGaN exhibit interesting physical properties
such as high thermal conductivity, large band-gap energies, and both conduction and valence
band offsets for carrier confinement. They are attractive for optoelectronic device applications
in the blue–ultraviolet spectral region, as well as at high power and high temperature [1, 2].
Although most of the progress achieved so far is based on the hexagonal (wurtzite) phase
of the materials, the cubic (c) metastable phase is seen as an advantageous and promising
alternative for similar applications [3, 4]. For devices, the production of highly conductive
p-type GaN and AlGaN layers is of crucial importance. However, controlled doping and its
efficiency, especially in AlGaN alloys, have been limited by the level of the acceptor (usually
Mg, C, or Be) being deep: it lies at around 0.2 eV [5, 6]. Recently, several attempts have
been made to enhance the acceptor doping efficiency by using multiple quantum wells and
superlattices (SLs) made up of alternate layers of AlGaN and GaN. It has been demonstrated
that p-doping of AlxGa1−xN/GaN SLs increases the free-hole concentration as compared to
that of bulk p-type GaN [7, 8]. It has been proposed that piezoelectric (PZ) field effects cause
free-carrier enhancement in AlxGa1−xN/GaN SLs [9–12]. Contrary to the case for wurtzite
structures, in p-doped c-AlGaN/GaN the free-hole concentration can be higher, even in the
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absence of PZ fields. Despite the potentiality recently suggested for cubic-structure-derived
AlGaN heterostructures, very little is known about their hole sub-band structure and potential
profiles, particularly for p-doped systems [13].

In this work we study the valence band structure and the two-dimensional hole gas (2DHG)
in p-doped c-AlxGa1−xN/GaN SLs by carrying out self-consistent band-structure calculations
within the k · p model in a plane-wave representation. The 6 × 6 Luttinger–Kohn (LK)
effective-mass and Poisson equations are solved self-consistently, including many-body effects
such as exchange and correlation within the local density approximation. The role played by
strain effects on the hole sub-bands and minibands is analysed. We discuss particularly the
effects of exchange and correlation on the band structure and potential profiles.

2. The method applied to heterostructures

We adopt an approach using a super-cell model that comprises the barrier (thickness d1) and
the well (thickness d2) regions of the SL. The method is an extension of a previous version
developed to study p–delta-doping layers in GaAs and Si [14–16]. We assume an infinite SL of
square wells along the [001] direction. Figure 1 shows schematically one superlattice period.
The multiband effective-mass equation (EME) is represented with respect to plane waves with
wavevectors K = (2π/d)l (l an integer and d the SL period) equal to reciprocal SL vectors.
The rows and columns of the 6 × 6 LK Hamiltonian relate to the Bloch-type eigenfunctions
|jmjk) of the �8 heavy- and light-hole bands, and the �7 spin–orbit-split-hole band; k denotes
a vector of the first SL Brillouin zone (BZ) shown schematically in figure 2. Expanding the
EME with respect to plane waves (z|K) means representing this equation in terms of the Bloch
functions (x|jmjk + Kez). For a Bloch-type eigenfunction (z|Ek) of the SL of energy E and

d1 d2

d

Barrier Well

Figure 1. A schematic representation
of a superlattice emphasizing one period
d, with barrier thickness d1 and well
thickness d2.

�

�
�

ky
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Figure 2. The first Brillouin zone
of the superlattice. �–Z represents
a symmetry line along the growth
direction and �–� represents a
symmetry line along the direction
kx , perpendicular to the SL axis.
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wavevector k, the EME takes the form∑
j ′m′

j K
′
(jmjkK|T + HS + VHET + VC + Vxc|j ′m′

jkK ′)(j ′m′
jkK ′|Ek) = E(k)(j ′m′

jkK ′) (1)

where T is the unperturbed kinetic energy term, generalized for a heterostructure [17], HS is
the strain energy term originating from the lattice mismatch, VHET is the square potential due to
the difference between the energy gaps, Vxc is the exchange–correlation potential, and VC is the
Coulomb potential given by the sum of the Hartree potential and the ionized acceptor potential.
The self-consistent potentials and charge densities are obtained by solving the multiband EME
(equation (1)) and the Poisson equation given by

(jmjkK|VC|j ′m′
jkK ′) = 4πe2

κ

1

|K − K ′|2 (K|p − NA|K ′)δjj ′ δmj m
′
j

(2)

where κ is the dielectric constant (κ = 9.5 for GaN [2]), and where NA is the acceptor
doping concentration and p is the hole charge distribution, both expressed in the plane-wave
representation. Details of the theoretical model can be found elsewhere [14].

The Luttinger parameters and other parameters used in the calculations are taken for each
epitaxial layer of the SL. A biaxial compressive strain is considered which is decomposed into
two parts: a hydrostatic strain and a uniaxial strain. The former shifts the gap energy; thus
it does not influence the confined hole levels. The latter changes the valence band potential
depth and may be calculated assuming that the strain, ε(z), is zero in the barrier, and is given
inside the well by the Fourier coefficients of [13, 17]:

ε(z) = −(2/3)Duε‖(1 + 2C12/C11) (3)

where −(2/3)Du is the shear deformation potential, C11 and C12 are the elastic constants, and
ε‖ = (ab − aw)/aw is the lattice mismatch, with ab and aw being the lattice parameters of
the unstrained barrier and the well, respectively. We can then express the strain term of the
Hamiltonian, HS, as follows:

(jmjkK|HS|j ′m′
jkK ′) = (K|ε(z)|K ′)M

j ′m′
j

jmj
(4)

where M
j ′m′

j

jmj
is defined as

M
j ′m′

j

jmj
=




−1 0 0 0 0 0

0 1 0 0 −i
√

2 0

0 0 1 0 0 −i
√

2

0 0 0 −1 0 0

0 i
√

2 0 0 0 0

0 0 i
√

2 0 0 0




. (5)

The square potential (VHET) is diagonal with respect to jmj , j ′m′
j , and is defined by

(jmjkK|VHET|j ′m′
jkK ′) = (K|VHET|K ′)δjj ′δmj m

′
j

(6)

where (K|VHET|K ′) are the Fourier coefficients of VHET.
The exchange–correlation effects were taken into account in the local density approx-

imation (LDA), by adopting a parametrized expression for an inhomogeneous hole gas of
heavy, light, and spin–orbit-split-off holes. The expressions for the exchange–correlation term
may be found in our previous works [15, 16]; thus no further details will be provided here.

In table 1 we show the bulk parameters used in the calculations, obtained from ab initio
full-potential linear augmented-plane-wave (FLAPW) band-structure calculations performed
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Table 1. Bulk parameters as obtained from ab initio FLAPW calculations performed by us
(reference [18]) and extracted from the literature. The effective masses along [001] are in units of
the free-electron mass.

AlN GaN

γ1 1.57 2.83

γ2 0.36 0.85

γ3 0.60 1.14

� (meV) 19 14

a (Å) 4.40 4.55

m∗
HH 1.29 0.85

m∗
LH 0.41 0.22

m∗
SO 0.60 0.34

E�
g (meV) [2] 6.0 3.2

(2/3)Du (eV) 1.5 [19] 1.6 [20]

C11 (GPa) [21] 304 293

C12 (GPa) [21] 160 159

by us [18] or extracted from the literature. For the alloys, all of the parameters were interpolated
linearly. We adopted 40% for the valence band offset and we assumed in the calculations that
the acceptor level is located at about 0.2 eV above the top of the valence band in bulk GaN and
AlGaN [5].

3. Results and discussion

First we will discuss the results for undoped AlGaN/GaN SLs. Figure 3 shows the miniband
dispersions along the growth direction �–Z for undoped and unstrained Al0.1Ga0.9N/GaN
SLs as a function of the well width d2 (barrier width d1 = d2). The hole levels are labelled
according to their main character at �. The notation SOi–LHi (LHi–SOi) means that the
mixing character of band i is dominated by the SO (LH). Since the spin–orbit splitting in the
nitrides is very small (� ≈ 14 meV for GaN) [2], the LH and SO levels are already coupled
at the � point. In figure 3, the SL period is varied from d1 = d2 = 30 to 60 Å. When the
SL period increases, the interaction between the wells decreases, so the miniband dispersion
becomes smaller and the levels are deeper in the well, as expected. Only for very short periods
(�40 Å) do the minibands appear significantly broader, mainly for SO- and LH-derived bands.
This is due to the high values of the effective masses in the nitrides—especially the heavy-hole
mass (see table 1).

Similar results are depicted in figure 4, now for strained AlxGa1−xN/GaN SLs (with
x = 0.3). In the systems of figure 3 we assumed that the strain in the barrier and the well
were compensated, due to the small value of x. On the other hand, in figure 4 the layers
are compressively strained inside the well. However, it is worth pointing out that the critical
thickness in these nitrides is still under discussion in the literature [22, 23]. In figure 4 the
hole levels are deeper in energy due to the higher value of the barrier height, which places
more hole bands as confined within the well. Minibands occur only for higher-lying levels,
and for d1 = d2 � 45 Å. The compressive strain affects the potential felt by the holes in the
following way: the heavy- and split-off-hole potentials become deeper while the light-hole
potential becomes shallower. As a consequence, the lower levels are HH and SO–LH ones.
Here, once again the high effective-mass values also contribute to this behaviour.
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Figure 3. Confined hole energies as a function of the well width d2 (barrier width d1 = d2) for
undoped and unstrained Al0.1Ga0.9N/GaN SLs. The well depth equals 109.6 meV. The shaded
areas correspond to the miniband dispersions along �–Z. The energy zero was taken to be at the
top of the AlGaN barrier.
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Figure 4. Confined hole energies as a function of the well width d2 (barrier width d1 = d2) for
strained Al0.3Ga0.7N/GaN SLs. The strain energy is 33 meV. The well depth equals 328.8 meV.
The shaded areas and energy zero are as in figure 3.

We will discuss now the effects of p-doping in AlGaN/GaN SLs. In figure 5 we show
the self-consistent hole sub-bands and potential profiles obtained for a fully p-doped-barrier
AlxGa1−xN/GaN SL (x = 0.3), with NA = 1 × 1018 cm−3, well width (d2) of 30 Å, and
barrier width (d1) of 60 Å. An unstrained SL was assumed. The hole sub-band levels (left-
hand panel in figure 5) for an equivalent situation but neglecting exchange–correlation effects
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Figure 5. The fully p-doped-barrier Al0.3Ga0.7N/GaN SL (unstrained), with d1 = 60 Å,
d2 = 30 Å, and NA = 1 × 1018 cm−3 (the equivalent two-dimensional hole concentration is
N2D = 6 × 1011 cm−2). Left-hand panel: hole sub-bands along (solid lines) the SL symmetry
lines �–Z (growth axis) and � (perpendicular to the growth axis). Hole levels for which exchange–
correlation effects have been neglected (dashed lines) are also shown for comparison. Right-hand
panel: VHH (solid line), VLH (dotted line), and VSO (dashed line) are the heavy-, light- and split-
off-hole potentials, respectively. EF (dash–dotted line) indicates the Fermi level. Vnoxc (thick solid
line) and Enoxc

F (dash–dotted line) are the heavy-hole potential and the Fermi level, respectively,
without exchange–correlation effects. Note that VSO is shifted by the spin–orbit splitting, 14 meV,
relative to VHH. The energy zero was placed at the top of the Coulomb potential at the AlGaN
barrier.

are also shown (dashed lines) for comparison. It is clearly seen that for this short-period SL no
miniband dispersion of the low-lying levels occurs (a small dispersion may be observed only
for very high hole bands which appear close to the top of the AlGaN barrier). It is interesting to
note that the exchange–correlation effects drastically modify the behaviour of the valence band
structure, as well as the potential bending (right-hand panel in figure 5) which has its shape
completely changed. The contributions for the total potential due to the Coulomb potential
Vnoxc and due to the exchange–correlation potential are very important, since their sum will
determine the shape of the bending of the total potential inside the well. This is a consequence
of the charge-density localization, which in these short-period SLs is mostly concentrated at
the centre of the well. Once the exchange–correlation potential depends on the local charge
density, it dominates over the Coulomb potential, thus determining the self-consistent total
potential. It is found that only one heavy-hole level, HH1, is occupied. This is also due to the
high value of the heavy-hole effective mass for the nitrides. In spite of the occupation of only
the first heavy-hole state, the light- and split-off-hole bands cannot be neglected. Moreover,
while the splitting between the HH1 and the LH1–SO1 levels is of ≈10 meV in the calculation
which neglects exchange–correlation effects, it reaches a value of ≈25 meV when these effects
are taken into account. The Fermi level also changes by approximately 30 meV. These findings
will certainly have important implications for optical measurements, such as in luminescence
or absorption experiments.
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In summary, our investigations show that the effects of strain and of the inclusion of the
spin–orbit interaction play an important role in the description of the valence band structure in
undoped and p-doped AlGaN/GaN SLs. Hole minibands with significant dispersion occur only
for small well widths (�40 Å). The exchange–correlation effects within the 2DHG are crucial
for explaining the different behaviour observed in the potential bending. As in other systems
involving confined hole gases [14,15], the present results show that also in modulation-p-doped
AlGaN/GaN heterostructures, the many-body effects, such as exchange and correlation, must
be taken into account for a realistic description of the hole bands and potentials in these systems.
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