
PHYSICAL REVIEW B 83, 195301 (2011)

Band offsets in cubic GaN/AlN superlattices
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The presently unknown band offset in nonpolar cubic GaN/AlN superlattices is investigated by inter-sub-band
and interband spectroscopies as well as ab initio calculations. On one hand, the conduction-band offset (CBO)
has been determined from the comparison of the measured transition energies with model calculations within
the effective mass approximation. On the other hand, the valence-band offset (VBO) and the CBO are accurately
simulated by calculating many-body corrections within the GW approximation on top of hybrid-functional
density functional theory calculations. Thus, a CBO of (1.4 ± 0.1) eV and a VBO of (0.5 ± 0.1) eV is obtained
as a result of both approaches.
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I. INTRODUCTION

One of the most crucial parameters that determines the
physics in heterostructures and for the optimization and
design of optoelectronic devices, based on, e.g., quantum
wells (QWs), is the electronic band alignment at the interface
between two semiconductors. More precisely, one is interested
in the valence-band offset (VBO) and the conduction-band
offset (CBO), which reflect how the band-gap difference of
the involved semiconductor materials is portioned between
the discontinuities of the occupied and unoccupied energy
bands. Due to their technological importance, the band offsets
between various semiconductor alloys have been subjected
to extensive experimental and computational studies. Today,
group-III nitrides are the materials of choice for manifold
device applications, such as light-emitting diodes (LEDs),
laser diodes, or field-effect transistors. Based on the large
band discontinuity between AlN, GaN, and InN, novel nitride
devices based on inter-sub-band transitions (ISBTs), such as
quantum well infrared photodetectors (QWIPs) or quantum
cascade lasers operating at telecommunication wavelengths
are proposed.1

State-of-the-art group-III nitrides crystallize in the stable
wurtzite structure. This hexagonal phase is characterized by
strong internal piezoelectric and pyroelectric fields along
the c axis, which are undesirable for many optoelectronic
applications. In multi-QWs or superlattices (SLs), these
internal fields complicate the design and limit the tunability of
ISBT energies. In polar group-III nitride QWs, the transition
energy is observed to be almost independent of the well
width for thick wells due to the confinement of carriers in a
triangular potential caused by the internal field. The growth of
nonpolar and semipolar nitrides has found increasing interest
in the past years to avoid these strong internal fields. In
these nonpolar (semipolar) nitrides, the c axis is orthogonal
(inclined) to the growth direction, eliminating the field effects
in the growth direction. The absence of these internal fields
leads to an increased transition probability and, therefore, to
enhanced luminescence intensity and reduced shift in emission
wavelength in LEDs. However, the electrical, optical, and
structural properties show strong lateral anisotropy since the

polarization field is now in the plane of growth. Furthermore,
due to the large anisotropic biaxial stress, relaxation and
cracking of AlGaN in one direction are observed.

An alternative way to fabricate group-III nitrides without
spontaneous polarization fields is the growth of metastable
nonpolar cubic (c) group-III nitrides.2 Zinc-blende GaN,
InN, and AlN epilayers and just recently, free-standing GaN
substrates have been successfully synthesized using plasma-
assisted molecular-beam epitaxy (PA-MBE).2,3 Especially,
the determination of optimal growth conditions for nonpolar
c-GaN (Ref. 4) and c-AlN (Ref. 5) has pushed the development
of electronic and optoelectronic devices, such as heterojunc-
tion field-effect transistors,6 resonant tunneling diodes,7 and
QWIPs8 based on zinc-blende group-III nitrides. Furthermore,
the tunability of ISBTs from mid- to far-infrared regions in
cubic GaN/AlN SLs has been shown.9

ISBTs give direct access to the CBO. The ISBT energy for
a fixed QW structure depends only on the barrier height or the
CBO between well and barrier material. Hence, the CBO can
be used as a fitting parameter in model calculations of ISBT
energies based on an effective mass model.

The ab initio access to the band alignment at heterostructure
interfaces is directly related to referring the calculated energy
levels in an extended solid to a well-defined energy reference.
The average electrostatic potential of an infinite bulk crystal
is an ill-defined constant,10,11 but it is a well-defined quantity
for the interface of two semi-infinite solids. This property was
used by Baldereschi et al.10 to split the VBO �E(A,B)

v of two
semiconductors A and B into two terms according to

�E(A,B)
v = �V

(A/B)

el + �E
(A,B)
vbm . (1)

Here, �V
(A/B)

el is the shift in the macroscopic average of the
electrostatic potential across the interface of a semiconductor-
alloy heterostructure. Usually, it is obtained from ab initio
calculations of periodic SLs within the supercell approach.
Thus, all effects of strain due to the epitaxial growth on a
substrate and electronic relaxations and/or redistributions at
the heterostructure’s interface are included in the first term.
The second contribution, �E

(A,B)
vbm , is the difference between
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the valence-band maxima of the bulk materials calculated
separately for both semiconductors A and B. Based on
Eq. (1), the CBO �E(A,B)

c may be obtained by adding the
difference �E(A,B)

g of the fundamental bulk band gaps of the
semiconductor materials A and B,

�E(A,B)
c = −�E(A,B)

v + �E(A,B)
g . (2)

In this paper, we report on the optical characterization of
nonpolar c-GaN/AlN SL structures by inter-sub-band absorp-
tion and photoluminescence (PL) measurements. Ab initio
calculations are performed to accurately determine the VBO.
Combining the results of the ab initio calculations with the
experimental data of the ISBT and interband transition, a
CBO-to-VBO ratio of 74(±5):26(±5) is obtained.

This paper is organized as follows: Sec. II describes the
methodological approaches of the underlying experimental
and computational frameworks. In Sec. III, we present
and discuss the results of the particular methods. Finally,
Sec. IV is used for a summary and a comparative discussion
of experimental and theoretical results.

II. METHODOLOGY

A. Experiment and model calculations

Our samples were grown by PA-MBE on 10-μm-thick
3C-SiC substrates on top of Si (100) (NovaSiC). Two series
of samples were fabricated. Samples of series A consist of a
100-nm c-GaN buffer followed by a 20-period GaN/AlN SL.
The active region is capped by a 100-nm GaN layer. The AlN
thickness varied between 1.3 and 1.7 nm, and the GaN QW
thickness varied between 2.0 and 2.5 nm. In the second series
of samples (series B), the number of SL periods was extended
to 40. The AlN barrier thickness was 3.0 nm, and GaN QW
thickness was varied from 1.8 to 5.0 nm. The cap layer was
7-nm thick. Growth rates of the different layers were observed
in situ by reflection high-energy electron diffraction intensity
oscillations. The strain of the samples was determined using
high-resolution x-ray diffraction (HRXRD). A modification
of the band gap due to strain can be calculated using Eqs. (3)
and (4),

Egap,strained = Egap,0 + 2ac

(
1 − c12

c11

)
εxx, (3)

εxx = aGaN

aAlN
− 1. (4)

Here, Egap,strained is the band-gap energy of the strained layer,
Egap,0 is the band-gap energy of the bulk material, ac is
the deformation potential, and c11 and c12 are the elastic
constants. εxx is the misfit between GaN and AlN with the
lattice parameters aAlN and aGaN. The thicknesses of the single
layers were verified by simulations of HRXRD data based on
dynamical scattering theory.12

Inter-sub-band spectroscopy is performed with a Fourier
transform infrared spectrometer. Two opposite facets of the
samples were optically polished at an angle of 30◦ in order
to allow multiple passes in the active layers when irradiating
the input facet at normal incidence. Interband spectroscopy
is performed using a HeCd laser (325 nm) as the excitation

TABLE I. Parameters used for transition energy calculations.

Parameter c-AlN c-GaN

Egap,300 K (eV) 5.3a 3.2b

a (Å) 4.38c 4.52c

m∗
hh/m0 1.2d 0.8d

m∗
lh/m0 0.33d 0.18d

me/m0 0.19d 0.13d

ac (eV) −6.8e −2.77e

c11 (GPa) 304e 296e

c12 (GPa) 152e 156e

Ep (eV) 23.84f 16.86f

F 0.6
� (eV) 0.017g

aReference 19.
bReference 20.
cReferences 21 and 22.
dReferences 23 and 24.
eReferences 25 and 26.
fReference 27.
gReference 28.

source. A Spex 270M monochromator combined with a GaAs
photomultiplier and a Hamamatsu C3866 photon counter were
used to detect emitted light from the SL samples.

Model calculations based on a single-band effective mass
model with periodic boundary conditions using nextnano3

(Ref. 13) are performed to obtain theoretical ISBT energies.
More detailed information on nextnano3 can be found in
Refs. 14 and 15. For all QW samples, an enhancement of
effective masses due to nonparabolicity effects is also taken
into account. In thin GaAs/AlAs QWs, it has been shown
that the effective electron masses increase with decreasing
well width.16 For all samples, the energy dependency of the
effective electron mass is calculated using a modified Kane
formula,17,18

m0

m∗(ε)
= 1 + 2F + Ep

3

(
2

Eg + ε
+ 1

Eg + � + ε

)
. (5)

Here, ε is the confinement energy of the lowest sub-band, Ep

is the interband matrix element, F accounts for coupling to
remote bands, and � is the spin-orbit splitting of the valence
band. The value of F was assumed to be 0.6 so that the
effective mass for zero confinement energy results in the bulk
value. The parameters of c-GaN and c-AlN used for these
calculations are given in Table I. Then, the CBO is used
as a fitting parameter to achieve optimal agreement between
calculated and measured ISBT energies.

B. Ab initio calculations

We have performed density functional theory (DFT)
calculations29,30 using the projector-augmented wave (PAW)
method31,32 as implemented in the Vienna Ab initio Simulation
Package (VASP).33 An energy cutoff of 400 eV was used
throughout this paper to expand the Kohn-Sham orbitals
into plane-wave basis sets. Within the DFT approach, the
electronic band structure of semiconductors, and, therefore, the
band gap, depends on the choice of the exchange correlation
(XC) functional. Therefore, we applied both the local-density
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approximation (LDA) 34,35 and the nonlocal screened Coulomb
potential hybrid density functionals [Heyd-Scuseria-Ernzerhof
(HSE)].36–39 The LDA functional is well known to signif-
icantly underestimate semiconductor band gaps or even to
predict zero band gaps for small-gap semiconductors in some
cases.38,40 This is among other reasons due to a missing
derivative discontinuity41,42 and an incomplete self-interaction
cancellation35,43 in the LDA XC potential.

The mixing of a notable amount of nonlocal Hartree-Fock
(HF) exchange interaction in so-called hybrid functionals [e.g.,
PBE0 (Refs. 44–47)] has proven to improve the description
of the electronic structure (i.e., band gaps). Most of the
computational difficulties of this approach arise from the
evaluation of the slowly decaying Fock exchange EHF

X (also
called exact exchange) with distance, which is why the use of
traditional hybrid functionals is avoided for large systems.36,37

In consideration of this problem, Heyd et al.36 proposed a more
tractable hybrid-functional scheme for extended systems.

In general, the HSE-type functional exhibits the form

EHSE
XC = αE

HF,SR
X (μ) + (1 − α)EPBE,SR

X (μ)

+E
PBE,LR
X (μ) + EPBE

C . (6)

Here, α defines the percentage of Fock exchange included,
and μ is the actual controlling parameter for the range
separation of the exchange interaction into short-range (SR)
and long-range (LR) components. The correlation energy
Ec remains unchanged with respect to the Perdew-Burke-
Ernzerhof (PBE)48 functional. In agreement with the original
definitions,36,37,39,49 we refer to the parameter values α = 0.25,
μ = 0.3 Å

−1
as HSE03 and to α = 0.25, μ = 0.2 Å

−1
as

HSE06, respectively. In some calculations, we changed the
amount of exact exchange in Eq. (6) from its standard value
α = 0.25. In these cases, the applied functional is labeled
by mod (α)HSE03/06. So far, DFT HSE-functional calcula-
tions with similar settings have been successfully applied to
molecules,36 extended crystals,50,51 and defect levels.52

Besides the hybrid-functional approach, which basically
developed from the observation of reverse errors in the elec-
tronic structure in classic DFT and HF calculations,53 many-
body perturbation theory (MBPT) offers a way to include many
particle interactions beyond the single-particle mean-field
theories. A successful approximation within MBPT54,55 is
Hedin’s GW approximation56,57 for independent quasiparti-
cles (QPs). Within the GW approximation,58 QP energies
E

QP
nk , as measured in photoabsorption and photoemission

spectroscopies, are solutions to a set of nonlinear equations
containing the nonlocal energy-dependent self-energy operator
�(r,r ′,EQP

nk ) instead of the Kohn-Sham XC functional,

(
T + Vext + VH − E

QP
nk

)
�nk(r)

+
∫

d3r′ �
(
r,r ′,EQP

nk

)
�nk(r′) = 0. (7)

The self-energy is obtained as a convolution of the single-
particle Green’s function G and the dynamically screened

Coulomb interaction W , which is constructed from the
polarization propagator in random-phase approximation,55

�(r,r ′,ω) = i

4π

∫ ∞

−∞
dω′ eiω′δG(r,r′,ω + ω′)W (r,r′,ω′).

(8)

In principle, these QP equations should be solved self-
consistently by updating QP wave functions and QP energies.

In practice, the lowest-order non-self-consistent GW re-
sults are obtained from application of first-order perturbation
theory to the results of computationally less demanding DFT
calculations. The first-order energy corrections (so-called QP
shifts) �E

QP
nk are given by

�E
QP
nk = 〈nk|� − V DFT

xc |nk〉, (9)

where the perturbation is given by the difference between the
self-energy and the DFT XC functional.

Generally, this single shot GW strategy is known as the
G0W0 approach. G0W0 systematically improves band gaps
with a remaining underestimation tendency of experimen-
tal values.59 Besides non-self-consistent G0W0 calculations,
partially self-consistent schemes for G or W and fully self-
consistent schemes for G and W have been applied to selected
problems.60,63 However, especially for the full update of G

and W , a significant overestimation of electronic band gaps
is observed for some materials (e.g., GaAs, GaN).60 We
calculated QP corrections for the bulk materials by various
frequency-dependent GW schemes on top of LDA and HSE
calculations.

The GW calculations for primitive bulk unit cells were car-
ried out with 240 electronic bands, 200 frequency grid points
for sampling the dielectric function, and a regular 
-centered
8 × 8 × 8 k-point mesh. The Brillouin-zone integration of
heterostructure-unit cells was performed using a 12 × 12 × 2
Monkhorst-Pack k-point sampling64 in LDA-PBE calculations
and a regular 
-centered 8 × 8 × 2 k-point mesh in HSE
calculations. The k-point grid was down-sampled by a factor
of 2 to evaluate the Fock exchange in the HSE heterostructure
calculation.

All calculations treated the 3d electrons of Ga as valence
states within the PAW potentials.

The heterostructure-unit cell (cf. Fig. 1) represents a peri-
odic array of 1.8-nm (eight layers) c-GaN and 1.6-nm (eight
layers) c-AlN slabs. In detail, the unit cell has been constructed
to match the experimental structure of the pseudomorphically
grown SL with a strained c-AlN lattice matched to the
c-GaN substrate system. Therefore, the experimental value
aGaN

exp = 4.52 Å (Ref. 22) has been chosen for the in-plane and
out-of-plane lattice constants of the GaN part as well as for
the in-plane lattice constant of AlN. The out-of-plane lattice
constant of the AlN slab az,GaN = 4.12 Å has been determined
with respect to volume conservation of the strained material. A
structural relaxation of the AlN out-of-plane lattice constant on
the LDA level results in exactly the same value. Additionally,
we performed calculations with a fully optimized out-of-plane
lattice constant in the whole unit cell and in-plane lattice
constants fixed to the optimized DFT (LDA, PBE) lattice
constants of GaN and AlN (aLDA

GaN = 4.46 Å, aPBE
GaN = 4.54 Å,

aLDA
AlN = 4.35 Å, aPBE

AlN = 4.40 Å) to estimate the influence of
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FIG. 1. (Color online) Unit cell of the pseudomorphically strained
(GaN)8(AlN)8(001) heterostructure.

lattice relaxations on the potential steps and band offsets
(cf. Table IV). For the bulk-unit cells, the experimental lattice
constants aGaN = 4.52 Å and aAlN = 4.38 Å were used.22,65,66

The potential shifts �V el(z) across the growth direction
z of the SL have been estimated by performing a two-step
averaging procedure on the local electrostatic potential. First, a
microscopic planar average over the lattice periodic directions
x and y (i.e., [110], [110], cf. Fig. 1) has been calculated
according to

V el(z) = 1

Acell

∫
dx dy Vel(x,y,z). (10)

In a second step, the remaining rapid bulklike oscillations
(cf. Fig. 2) have been averaged out by

V el(z) =
∫

dz′ dz′′ ωGaN(z − z′)

×ωAlN(z − z′)Vel(x,y,z′′), (11)

with

ωGaN,AlN(z) = 1

2dGaN,AlN
�(dGaN,AlN − |z|). (12)

Here, dGaN,AlN are the growth-direction interlayer distances of
the c-GaN and strained c-AlN bulk materials, and � is the
Heaviside function.

FIG. 2. (Color online) Microscopic planar average V el(z) and

macroscopic average V el(z) of the local electrostatic potential of
the pseudomorphic GaN/AlN heterostructure. The local electrostatic
potential was determined from a DFT-LDA calculation with PAW
pseudopotentials and Ga d electrons treated as valence states.

FIG. 3. (Color online) RSMs of samples A3 (left) and B2 (right)
revealing strain in the SL structures. The SL in sample A3 is
pseudomorphically strained to the GaN buffer while sample B2 shows
partial relaxation.

III. RESULTS AND DISCUSSION

A. Experiment and model calculations

In the following paragraphs, the results of structural and op-
tical characterizations and model calculations are summarized.
The structural properties are characterized in Sec. III A 1.
In Sec. III A 2, the results of inter-sub-band and interband
spectroscopies are depicted. A detailed description of the
model calculation results is given in Sec. III A 3.

1. Structural properties

The HRXRD reciprocal space maps (RSMs) of the asym-
metric (113) reflection of samples A3 (left) and B2 (right) are
shown in Fig. 3.

Both RSMs reveal two SL satellites, the reflexes of the
substrate and the buffer and cap layers. As can be seen in
the left-side diagram, the SL satellites have the same q‖ like
the c-GaN. We conclude that the SLs are pseudomorphically
grown on the c-GaN buffer for series A, resulting in strained
AlN barriers. The AlN layers are tensile strained to the GaN
buffer due to the smaller lattice parameter of AlN with respect
to GaN. As a result of the tensile strain, we find a reduction
of the band-gap energy of the AlN of about 0.2–5.1 eV [see
Eq. (3)]. The right diagram shows that the SL satellites do not
have the same q‖ as the c-GaN. Thus, we conclude that the
SL is partially relaxed (maximum 30%) due to the higher total
volume of AlN for series B. This partial relaxation results
in an additional modification of the band gaps of well and
barrier. The modified band gaps are 3.23 eV for GaN and
5.15 eV for AlN. These small modifications result in a change
in ISBT energy, for example, less than 10 meV for sample
B3 and, therefore, are neglected for further considerations.
The structural properties of the samples are summarized in
Table II.

2. Optical properties

Figure 4 shows normalized inter-sub-band absorption spec-
tra of all samples under TM-polarized light.The spectra are
fitted by Gaussian functions. The absorption spectra for series
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TABLE II. Structural properties of the SLs obtained from
HRXRD measurements and simulations.

Sample dGaN [nm] dAlN [nm]

A1 2.0 1.3
A2 2.2 1.3
A3 2.5 1.7
B1 5.0 3.0
B2 3.0 3.0
B3 1.8 3.0

A are taken from Ref. 67. Most of the spectra show oscillations
from Fabry-Pérot interferences in the 10-μm-thick 3C-SiC
layer. The absence of these oscillations for samples A1 and A3
is explained by larger interface roughnesses between 3C-SiC
and Si. As shown in Fig. 4, all samples exhibit inter-sub-band
absorption with a peak energy in the range of 0.3–0.9 eV.
Furthermore, the absorption spectra of series B show a smaller
full width at half maximum (FWHM) than series A. This may
be explained by the thicker AlN barriers. AlN shows a tendency
to smaller roughness and smooth interfaces.5

The measured PL spectra of our samples are plotted in
Fig. 5.

From these, spectra transition energies of interband tran-
sitions from the lowest conduction-band level to the highest
valence-band level are obtained. The FWHM of the PL lines
is increasing with increasing PL transition energy, since the
effect of monolayer (ML) thickness fluctuations is increasing
with decreasing well width.

3. Model calculations

The ISBT and interband transition energies in our SLs
are calculated with an effective mass model using nextnano.3

From Eq. (5), we obtain a maximum effective electron mass of
0.15 m0 for the largest confinement energy.

FIG. 4. (Color online) Normalized room-temperature inter-sub-
band absorption spectra (symbols) fitted with Gaussian functions
(lines).

FIG. 5. (Color online) Normalized room-temperature PL spectra.

Figure 6 shows a comparison between measured and calcu-
lated ISBT energies.The symbols represent the experimental
data. For fixed well and barrier widths, the CBO is one
parameter that influences the ISBT energy. For our samples,
we varied the CBO between 1.0 and 1.7 eV, which corresponds
to a ratio of �Ec:�Ev between 50:50 and 90:10, respectively.
The curves in Fig. 6 are calculated ISBT energies and are
plotted versus the CBO. First, we see that the transition
energy dependency on the CBO is increasing with decreasing
well width and higher confinement energies consequently.
Therefore, the samples with higher ISBT energies provide
higher reliability of the determined CBO. We find good
agreement for all samples assuming a CBO of 1.4 ± 0.1 eV

CBO (eV)

IS
B

T
 (

eV
)

FIG. 6. (Color online) Calculated ISBT energy for different
CBOs (lines) in comparison to experimental values (symbols). The
bars indicate the calculated variation of the transition energy for a
variation of the well width of ±1 ML.
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CBO (eV)

I

FIG. 7. (Color online) Calculated interband transition energy
for different CBOs (lines) in comparison to experimental values
(symbols). The bars indicate the calculated variation of the transition
energy for a variation of the well width of ±1 ML.

resulting in (74 ± 5)% of the band-gap differences �Egap

between GaN and AlN.
In Fig. 7, we compare calculated and measured interband

transition energies.These studies verify the results of the
ISBT investigations. All samples show good agreement within
the uncertainty resulting from a variation of the calculated
transition energy for a variation of the well width of ±1 ML.
The band-offset dependency of the interband transition energy
is larger for thinner QWs, e.g., samples A1, A2, A3, and
B3. This results in smaller slopes of the calculated curves
for thick QWs (B1, B2) than in thin QWs. Furthermore, we
find that a 1-ML fluctuation in QW thickness results in a larger
change of transition energy for thinner QWs. All experimental
data show good agreement with our calculations based on the
preliminarily determined band offsets and effective masses
from inter-sub-band spectroscopy. In addition, a fluctuation in
layer thickness of more than 1 ML cannot be excluded for
larger well widths.

In summary, comparison of experimental ISBT and in-
terband transition energies with model calculations gives
evidence for a CBO in the range of 1.4 ± 0.1 eV. This value
differs from experimental values for the hexagonal system
where a CBO of 1.7 eV is found.68 Although the local
structure and bonding are very similar for both systems, there
are significant differences. In contrast to our indirect c-AlN,
the wurtzite AlN is a direct semiconductor with a 0.7-eV
larger band gap.69 Furthermore, the band gap of c-GaN is
0.19-eV smaller than in hexagonal GaN.20 This may explain
the differences in band offsets, although the local structure is
very similar.

B. Ab initio calculations

In this section, we report and discuss the results of our
ab initio calculations with the focus on band gaps, potential
shifts, and band offsets.

TABLE III. Calculated band gaps of c-GaN and c-AlN. Approx-
imations for the XC functional in the DFT calculation and the used
GW methods are given in the first and second columns. For c-AlN,
the direct and indirect band gaps are listed. Reported experimental
values are EGaN

gap (
 − 
) = 3.3 eV, EAlN
gap (
 − 
) = 5.9 eV, and

EAlN
gap (
 − X) = 5.3 eV.

Method GaN AlN

XC GW (
 − 
) (
 − 
) (
 − X)

LDA 1.67 4.15 3.22
LDA G0W0 2.95 5.71 4.83
LDA GW0 3.13 6.00 5.13
LDA GW 3.46 6.48 5.61
PBE 1.66 4.12 3.31
HSE03 2.70 5.25 4.32
HSE03 G0W0 3.45 6.28 5.31
HSE03 GW0 3.55 6.44 5.47
HSE03 GW 3.73 6.70 5.73
HSE06 2.92 5.50 4.56
HSE06 G0W0 3.54 6.37 5.40
mod (30)HSE06 - 3.19 5.78 4.82
mod (30)HSE06 G0W0 3.65 6.50 5.52

1. Band gaps

The results of our band-gap calculations for c-GaN and c-
AlN bulk materials carried out on the different levels of theory
are summarized in Table III. Reported experimental reference
values are EGaN

gap (
 − 
) = 3.3 eV (Ref. 66), EAlN
gap (
 − 
)

= 5.9 eV (Ref. 19), and EAlN
gap (
 − X) = 5.3 eV (Ref. 19).

The (semi)local XC functionals, LDA and PBE, perform
equally bad and underestimate the band gaps of GaN by
almost a factor of 2 and the indirect gap of AlN by 2 eV.
We should note that the similarity of LDA and PBE values
is due to the usage of experimental lattice constants in the
bulk calculations. Differences in other calculations70,71 are
mainly due to different equilibrium lattice constants, obtained
from an optimization of the supercell volume using LDA or
PBE functionals. A significant improvement of band gaps on
the DFT level is obtained by inclusion of exact exchange
in the form of HSE-type functionals for both materials. For
HSE03/HSE06, the GaN-gap underestimation is reduced to
0.6 eV/0.38 eV, and in the case of a modified exact-exchange
percentage of 30% [cf. Eq. (6)], the underestimation of
the experimental value is minimized to 0.11 eV. For AlN,
the HSE functionals still underestimate the indirect band
gap significantly. The best value for the indirect gap of
4.82 eV again, is obtained for an increased amount of Fock
exchange but is still approximately half an eV too small. This
behavior of HSE-type functionals exemplarily demonstrates
the characteristics of this approach. Medium-sized band-gap
materials (such as GaN) are reasonably described in HSE03
and HSE06. Especially, the band gap may be tuned to match
the experiment by slight modifications of the exact-exchange
fraction. In addition, the HSE06 functional tends to describe
the midgap semiconductors slightly better than HSE03. In
contrast to medium band-gap materials, band gaps of wide-gap
semiconductors (such as AlN) cannot be described accurately
by HSE-type functionals using a reasonable (i.e., universally
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applicable) amount of exact exchange. The description of
wide-gap materials should rather tend to the HF limit instead
of showing significant screening properties that are described
by HSE. Accordingly, a general HSE-DFT problem arises if,
as in this study, midgap and wide-gap semiconductor-material
properties are mixed up in a single system. In this case, the
constant amount of Fock exchange cannot be changed in a way
that both subsystems are described equally well.

The band-gap results for the various GW approaches
exhibit a rather heterogeneous picture. Starting from
DFT-LDA wave functions, the midgap material GaN is best
described in a partially (LDA + GW0) or fully (LDA + GW )
self-consistent GW approach. In LDA + GW0, W is fixed
to its initial DFT value W0, and G is repeatedly iterated a
fixed number of steps or until self-consistency. In this paper,
G is iterated four times with respect to the QP eigenvalues,
which has proven to produce reliable QP energies.72,73

The LDA + GW0 band gap of 3.13 eV underestimates
the measured value by 0.17 eV, which is comparable to the
mod (30)HSE06 result without QP corrections. In LDA + GW

calculations, W is iterated in the same way as G (i.e., four
times). Since the iteration of G and W increases the band gap,
the GaN band-gap underestimation is turned into almost the
same overestimation of 0.16 eV. A single shot G0W0 correction
to the LDA eigenvalues still suffers from an significant
band-gap underestimation by 0.35 eV. These trends change
by going to the HSE functional. Starting from HSE03 wave
functions, an almost identical to LDA + GW GaN band
gap is obtained in HSE03 + G0W0. HSE06 + G0W0 and
mod (30)HSE06 + G0W0 tend to increase this overestimation.
The GW0 and GW calculations on top of the HSE03
calculation lead to an even stronger overestimation of the
band gap by 0.25 and 0.43 eV.

For the wide-gap semiconductor AlN, the HSE + G0W0

approach gives reliable indirect band gaps that are within
±0.2 eV of the experimental value. In HSE03 + G0W0, the
calculated band gap of 5.31 eV is almost identical to the
experimental value. On the LDA + G0W0 level, the DFT
underestimation is not completely compensated by G0W0 QP
shifts. In the partially self-consistent GW0 scheme, the LDA
result is significantly improved. The HSE03 GW0 result shows
a slight band-gap overestimation that becomes significantly
worse in the self-consistent GW procedure with updated G

and W . This self-consistency problem has been traced back
to be mainly due to the neglect of vertex corrections60 (i.e.,
electron-hole interaction) in the self-consistent independent
QP (GW ) approaches.

In conclusion, the best description of the common GaN/AlN
system may be obtained by performing single shot G0W0

calculations on top of a HSE-type calculation obtained with
a screening parameter and an exact-exchange percentage that
represent the best compromise for describing both materials.
In general, one could expect that the original HSE03/HSE06
parameters are the best choice in preparation of a G0W0

calculation. The conceptual and pragmatical advantages of
this approach are that the best DFT wave functions (i.e.,
the wave functions closest to the QP wave functions) are
used in a traditional first-order perturbation theory approach,
thereby avoiding the necessity to think about corrections to
the self-consistent GW cycle. Nevertheless, if self-consistency

TABLE IV. Calculated shifts of the macroscopically averaged

electrostatic potential V el(z) [cf. Eq. (11)] of pseudomorphi-
cally strained and various DFT-optimized (GaN)8(AlN)8(001)
heterostructure-unit cells (cf. Fig. 1).

Electrostatic potential V el(z)
[eV]

In-plane lattice
constant aGaN

exp aGaN
DFT aAlN

DFT

LDA 3.12 2.82 2.84
PBE 2.71 2.81 2.83
HSE03 2.69
HSE06 2.66

is desirable (as for QP corrections to LDA results), the
combination of an iterated G and screening on the DFT
level via W0 leads to quite accurate results. This is due to
a surprisingly good description of screening properties on the
DFT level. Finally, we have to note that there is a significant
overestimation of the reported experimental value for the
direct AlN (
 − 
) gap, despite the accurate description of
the indirect (
 − X) gap.

2. Potential shifts

In Table IV, the shifts in the macroscopically averaged
electrostatic potential across the heterostructure interface

V el(z), as defined in Eq. (11), are summarized. Obviously, the
potential shifts across the pseudomorphic (GaN)8(AlN)8(001)
unit cells are very similar for PBE- and HSE-type functionals.
The actual difference between the PBE and the HSE potential
shifts is <0.1 eV. These results indicate a similar description
of structural properties of the c-group-III nitrides by PBE and
HSE (i.e., the PBE equilibrium lattice constant is aPBE

GaN =
4.54 Å and the HSE value is aHSE

GaN = 4.52 Å as reported
in Ref. 38). Since HSE-type calculations on the extended
heterostructure-unit cells are computationally extremely de-
manding, therefore, it is a well-justified practice to use the
DFT-PBE result to align the energy levels of the separate bulk
calculations. Moreover, the self-consistent computation of the
local electrostatic potential on the HSE level demonstrates one
eminent advantage of the HSE approach. The HSE functionals
allow a self-consistent calculation of the electronic structure
in contrast to the perturbative GW implementations. Relaxing
the heterostructure-unit cells in the growth direction yields
a potential shift of 2.82 ± 0.02 eV. This potential shift is
almost independent of the XC functional (LDA or PBE)
and the particular supercell’s in-plane lattice constant. The
typical potential-step differences between growth-direction-
optimized and pseudomorphic unit cells are about 0.2 eV with
the exception of the LDA result. The larger deviation of the
LDA value is due to the fact that the experimental lattice
constant aGaN = 4.52 Å , used to construct the pseudomorphic
unit cell, leads to an atomic structure that is closer to the PBE
energy minimum than to the LDA minimum (aLDA

GaN = 4.46 Å).

3. Band offsets

Our QP VBOs and QP CBOs calculated from the fun-
damental band gaps in Table III, the potential shifts in
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TABLE V. DFT and QP VBOs [Eq. (1)] and CBOs of the
pseudomorphic (GaN)8(AlN)8(001) heterostructure (cf. Fig. 1). The
last column lists the �Ec:�Ev ratios.

Band offsets [eV]

XC functional GW method �Ev �Ec Ratio

LDA 0.73 0.82 53:47
LDA G0W0 0.91 0.98 52:48
PBE 0.37 1.28 78:22
PBE G0W0 0.54 1.32 71:29
HSE03 0.43 1.20 74:26
HSE03 G0W0 0.58 1.29 69:31
HSE06 0.42 1.22 74:26
HSE06 G0W0 0.56 1.31 70:30

Experimentala 0.5 ± 0.1 1.4 ± 0.1 74(±5):26(±5)

aThis paper.

Table IV, and the corresponding valence-band maxima are
listed in Table V. As discussed for the band gaps, we
focus on the G0W0 approach to QP energies. The QP-band
alignment, on the LDA + G0W0, HSE06, and HSE06 + G0W0

levels of theory, is additionally depicted in Fig. 8. All our
calculations unambiguously predict, in agreement with the
experiment, a type-I SL-band alignment between the c phases
of the III-V semiconductor materials GaN and AlN. Most
obviously, the obtained HSE and HSE + G0W0 VBOs are
significantly smaller than the LDA values. The main reason
for this difference is, as described in Sec. III B 2, the larger
potential shift at the interface in LDA calculations, which is
mainly due to the pseudomorphically strained SL unit used
in our calculations. Taking a fully structural relaxation of the
GaN/AlN SL into account, with an in-plane lattice constant
fixed to the optimized LDA lattice constant of GaN (see
Table IV), the resulting VBO/CBO is 0.43 eV/1.12 eV and
0.61 eV/1.28 eV by inclusion of G0W0 QP corrections. By
doing the same for the PBE functional, we obtain a VBO/CBO
of 0.47 eV/1.18 eV and 0.64 eV/1.22 eV with QP corrections.
Therefore, the LDA and PBE functionals lead to very similar
results for SLs that are not artificially strained. In the same
way, these values are closer to the HSE results. Analyzing the
G0W0 results, a general trend for calculated QP energies is
observable. Besides the band gaps, the single shot G0W0 QP

shifts also affect the valence-band maxima of GaN and AlN
differently. In agreement with previous studies,74 this leads to
a slight increase (�0.2 eV) of the VBOs. For LDA, the VBO
increases by 0.18 eV, for HSE functionals, the VBOs increase
by about 0.15 eV.

We note that our LDA and LDA + G0W0 band offsets of
the pseudomorphic structure are comparable to other reported
values by various authors for zinc-blende GaN/AlN SLs.
Albanesi et al.75 obtained a VBO of 0.85 eV using a linear
muffin-tin orbital method. Wei and Zunger76 obtained a similar
value of 0.84 eV using a DFT-LDA method. A larger DFT-LDA
result of 0.98 eV has been reported by Binggeli et al.77 for a
GaN/AlN SL pseudomorphically strained to the AlN lattice
constant. Cociorva et al.74 calculated G0W0 corrections on
top of a DFT-LDA approach and obtained a VBO/CBO of
0.76 eV/0.78 eV for an optimized SL unit cell with a GaN
in-plane lattice constant. Altogether, the LDA-based results
are, compared to our experimental results, clearly inferior
to the HSE-based calculations with and without many-body
corrections. Besides the VBOs, the remarkable quality of
the HSE-functional calculations is evident by looking at the
band-offset ratio �Ec:�Ev . The experimental band-offset
ratio of 74(±5):26(±5) is well reproduced by the HSE-type
XC functionals. Moreover, calculated QP-band offsets tend to
predict a very similar 70:30 ratio. The most accurate VBO and
CBO (�Ev = 0.56 eV and �Ec = 1.31 eV) are obtained by
HSE06 + G0W0 calculations.

One concluding comment on CBOs and the predictive
capability of ab initio band-offset calculations: Calculated by
DFT-related methods, the CBOs always reflect the methods
ability to describe unoccupied electronic states. Therefore,
results on the LDA/PBE-DFT level, suffering from the serious
band-gap underestimation, are not reliable for predicting
CBOs. For the considered material system, our hybrid-
functional DFT calculations, especially with the inclusion
of many-body corrections, allow the calculation of CBOs,
with relevant predictive power (i.e., within a relative error of
∼0.1 eV for the band offsets and an absolute error of ∼0.2 eV
for the band gaps). The present calculations further indicate
that standard DFT results using the LDA or PBE functionals
are less reliable for predicting VBOs than hybrid functionals.
Nevertheless, to establish general trends in the description
of semiconductor band offsets by hybrid functionals with

FIG. 8. Schematic of the calculated type-I QP-band alignment for (a) LDA + G0W0, (b) HSE06, (c) HSE06 + G0W0, and (d) experimental
results.
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and without QP corrections within the GW approach, a
further analysis of band offsets in heterostructures composed
of different technologically relevant semiconductor materials
remains necessary.

IV. SUMMARY

High-quality c-GaN/AlN SLs were fabricated using PA-
MBE. We determined the ratio of CBO to VBO between
c-GaN and c-AlN in our structures by the analysis of ISBT and
interband transition energies. For the calculation of ISBT and
interband transition energies, the CBO was varied using the
structural properties known from HRXRD. Optimal agreement
between calculated and experimental data was achieved for a
CBO-to-VBO ratio of (74:26)% within an accuracy of ±5%
of the band-gap difference �Egap.

For all QWs, an energy dependency of effective masses was
taken into account to fit the experimental values. These values
were verified by the analysis of interband transition energies
of our samples in comparison to calculated values using the
CBO obtained from inter-sub-band spectroscopy and model
calculations.

Furthermore, we have demonstrated that state-of-the-art
hybrid-functional DFT calculations and the inclusion of
many-body corrections on the G0W0 level are able to re-
produce the experimental VBO and CBO within 0.1-eV
accuracy.

Finally, we conclude that our comprehensive experimental
and theoretical results give strong evidence for a CBO of
(1.4 ± 0.1) eV and a VBO of (0.5 ± 0.1) eV in c-GaN/AlN
SL structures.
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