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Polarization anisotropy and valence band ordering in semipolar (1122) AlInN/GaN heterostructures
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Semipolar (112̄2) AlInN/GaN heterostructures on GaN templates were studied using photoluminescence (PL)
spectroscopy both at 15 K and at room temperature. The polarization-resolved PL measurements revealed a
dominant polarization along the [112̄3̄] c′ and a weaker signal along the [11̄00] m-direction, i.e., the two in-
plane directions of the semipolar (112̄2) growth plane. We observed slightly different polarization degrees of
0.34 ± 0.01, 0.25 ± 0.02, and 0.20 ± 0.01 at room temperature, respectively, depending on the degree of strain
relaxation in the [11̄00] direction. From a theoretical model based on a k · p calculation, we find that the transition
from the conduction band (CB) to the uppermost valence band (VB) is C for AlInN similar to AlN, followed by
the transition A from the CB to the second VB, for a wide range of compositions. Thus, the in-plane transition
matrix elements from the CB to the two topmost VBs near the � point of the Brillouin zone are dominated
by M[112̄3̄] for the C transition and by M[11̄00] for the A transition. For the samples under consideration with an
energy splitting of about 18 ± 1 meV, there is sizable thermal occupation of the second VB at room temperature,
reasonably explaining the experimental results. The results show that AlInN possesses a band structure similar
to AlN, which might explain the strong Stokes shift and the large variation in the band-gap values reported
previously.
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I. INTRODUCTION

AlInN/GaN heterostructures have drawn considerable at-
tention recently as promising candidates for high-power
electronics [1,2] as well as for improving the performance of
optoelectronic devices [3,4]. The use of AlInN structures is
of particular interest, since it can be grown lattice-matched
to GaN on a c-plane with an indium composition of approx-
imately 18% according to Vegard’s rule [5]. For non- and
semipolar crystal orientations, AlInN can be grown lattice-
matched only in one of the in-plane directions of non-c-polar
growth planes due to the difference in a/c ratios of GaN
and AlInN. Buss et al. [6,7] have recently demonstrated an
intentional one-directional relaxation of the AlInN lattice in
a non-lattice-matched direction for semipolar AlInN struc-
tures by controlling the indium composition and thickness.
Application of AlInN as a strain-reducing buffer layer in
semipolar green-emitting GaInN/GaN quantum wells (QWs)
has recently been successfully demonstrated [8]. Although the
structural properties of AlInN have been studied extensively,
fundamental optical properties of the AlInN, such as the band
gap and bowing parameter, are not well known. Moreover,
there is significant scattering in the band-gap energy and the
bowing parameter reported previously [9–14]. The large span
of the reported values may be attributed to a number of factors,
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including poor sample quality, the details of the experiments,
and more likely, a lack of knowledge about the polarization se-
lection rules that are associated with the valence band ordering
near the � point (k = 0) in the Brillouin zone for AlInN.

The valence band (VB) maximum of wurtzite materials is
split into three bands of symmetry �V

9 , �V
7 , and �V

7− [15], the
splitting being described by the spin-orbit interaction �so and
the crystal-field splitting �cr. Usually, the ordering of valence
bands is determined by the sign of �cr, which is positive in
the case of GaN (where the �V

9 band is the uppermost valence
band). For AlN, �cr is negative with a large value of around
−217 meV [15,16], thus the valence bands have �V

7−, �V
9 , and

�V
7 symmetries with the �V

7− band being the uppermost one.
It is worth mentioning that the interband transitions between
the conduction band (CB) and these bands are usually labeled
as A (transition from CB to �V

9 ), B (transition from CB to
�V

7 ), and C (transition from CB to �V
7−) in the order of in-

creasing transition energy in the case of GaN [17–19]. For
the selection rules for electric dipole transitions in AlN, the
C interband transition is allowed for an electric field parallel
to the c-axis (E ‖ c) but strictly forbidden for polarization
perpendicular to the c-axis (E ⊥ c). The opposite applies for
the A and B transitions, thus only E ⊥ c is allowed. As a
result, the C transition is strongly polarized for E ‖ c. This
indicates that the C transition, which determines the band gap
energy, is hardly detectable for optical characterization with
light normal to the c-plane such as absorption, transmission,
and reflectance. However, the situation is expected to be quite
different for non- or semipolar structures. Unlike polar c-plane
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TABLE I. Overview of the samples under investigation, with the thickness (dAlInN), indium composition (xIn), as well as the degree of
strain relaxation in the m-direction (Rm). The emission energy at 300 K (E300 K), the full width at half-maximum at 300 K (w300 K), and the
polarization degrees both at 300 K (ρ300 K) and 15 K (ρ15 K) are listed.

Sample dAlInN (nm) xIn (%) Rm (%) E300 K (eV) w300 K (meV) ρ300 K ρ15 K

S1 ≈290 26.9 ± 0.3 31 ± 2 3.12 304 0.34 ± 0.01 0.48 ± 0.01
S2 ≈140 28.5 ± 0.2 39 ± 10 3.05 370 0.25 ± 0.02
S3 ≈400 28.8 ± 0.3 94 ± 6 2.99 303 0.20 ± 0.01 0.22 ± 0.01

structures, non- and semipolar planes have reduced crystal
symmetries, which give rise to optical polarization anisotropy.
Therefore, access to this polarization anisotropy by growing
AlN-based ternary compounds on non-c-plane orientations
opens up a new way to gain a better understanding of the
fundamental optical properties of those structures. So far there
have been a number of publications [9–14] reporting the band-
gap energy and bowing parameters of AlInN structures. The
strong dependence of excitonic transitions on the polarization
selection rules is often neglected, which might be a reason
for the large variation of those reported values. To our knowl-
edge, no attempt has been made to study the polarization
anisotropy of non-c-plane AlInN layers. Recently, however,
Laskar et al. [20] reported the successful growth of a-plane
(112̄0) AlInN/GaN epitaxial layers, and a strong polarization
anisotropy with a dominant polarization along the [0001] (E ‖
c) is observed. Although the luminescence properties of m-
plane AlInN grown on free-standing GaN templates have been
investigated under steady-state conditions using both optical
reflectance and cathodoluminescence (CL) measurements, the
m-plane AlInN epilayers do not show distinguishable polar-
ization anisotropy in the measured spectra, which gives rise to
concerns regarding the origin of the emission lines observed
in AlInN layers by Chichibu et al. [13].

In this present work, we analyze the polarization
anisotropy of semipolar (112̄2) AlInN/GaN heterostructures
grown on GaN templates using polarization-resolved photo-
luminescence (PL) spectroscopy. Polarization-dependent PL
measurements reveal a dominant polarization along the [112̄3̄]
direction and a weaker signal along the [11̄00] direction. We
observe a gradual decrease of the polarization degree with
increasing strain relaxation along [11̄00] in AlInN layers. The
VB structure and the in-plane transition matrix elements were
calculated by a theoretical model based on a k · p calculation.
The simulation results show that AlInN layers possess a VB
ordering similar to AlN, where the C transition from the CB
to the uppermost valence �V

7− is strongly polarized along the
[112̄3̄](E ‖ c′), followed by the transition A from the CB to
the second valence �V

9 band, which shows a dominant polar-
ization along the m-direction (E ⊥ c′), and this holds for a
wide range of indium contents. Our model predicts a small
energy difference �E of about 23 meV between the two top-
most VBs for the samples under investigation, which results
in a sizable thermal population of the second �V

9 band at room
temperature. This could reasonably explain the experimen-
tally observed energy difference �E of about 18 ± 1 meV at
300 K between the two in-plane polarization components. In
addition, our understanding of the AlInN VB structure may
be helpful to explain some scattering of experimental data for

AlInN layers reported earlier, such as a large variation of the
band gap and bowing parameters.

II. EXPERIMENTAL DETAILS

The samples under investigation (labeled S1, S2, and S3)
have been prepared using low-pressure metalorganic vapor
phase epitaxy (MOVPE) in a commercial Aixtron AIX200RF
reactor. High-resolution x-ray diffraction (XRD) has been
employed for structural characterization. The AlInN/GaN
structures are grown on semipolar (112̄2) oriented GaN
templates on a prestructured r-plane sapphire substrate. The
details on the template growth can be found elsewhere [21].
The growth on the template starts with a GaN buffer layer
of about 100 nm thickness, followed by the AlInN layer.
The AlInN layers were grown for 70–200 min at tempera-
tures between 760 and 810 ◦C, resulting in layer thicknesses
of 140–400 nm and an indium concentration of about 28%.
(112̄2) AlInN can be grown lattice-matched to GaN along the
[112̄3̄] direction at an indium composition of around 26%,
and it is compressively strained (εm ≈ −1.04%) along [11̄00].
By controlling the AlInN layer thickness, an intentional one-
directional strain relaxation of the AlInN lattice along the
m-direction has been realized [6], and an enhancement of in-
dium incorporation in QWs has been observed with increasing
strain relaxation in the AlInN layers. With an indium content
of 18%, on the other hand, lattice-matching in [11̄00] leaves
the AlInN lattice under tensile strain (εc′ ≈ +1.03%) along
[112̄3̄], and the in-plane c′-lattice parameter would be forced
to take even a smaller value due to strain relaxation, thus lead-
ing to even larger lattice-mismatch between the AlInN and
the underlying GaN template. For further details regarding the
strain relaxation in AlInN layers, see Refs. [6,7]. As the initial
aim of growing the semipolar (112̄2) AlInN/GaN layers was
to achieve lattice-matching along the c′-direction, the indium
concentrations in AlInN layers in the present study are limited
to around 28%, as confirmed by XRD. A summary of the
structural analysis and of the PL characteristics of samples
is given in Table I.

The PL measurements were carried out using a cw
frequency-doubled diode-pumped 532 nm laser with an ex-
citation wavelength of 266 nm and an argon-ion laser with
a 335 nm excitation wavelength both at 15 and 300 K. For
PL measurements, the laser beam is focused to a spot size of
about 100 μm on the sample, and the PL signal is collected
from the surface-normal with a lens with a numerical aperture
(NA) of 0.35. This NA corresponds to a collection angle of 21◦

in air (8◦ in AlInN) around the optical axis. The polarization
dependence of the PL signal is measured by the combination
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FIG. 1. Photoluminescence spectra measured at 300 K with an
excitation wavelength of 266 nm for semipolar (112̄2) AlInN layers
(S1, S2, and S3). Each spectrum is normalized to the respective
maximum peak intensity, and the spectra are shifted vertically for
clarity.

of a Glan-Thompson polarizer at a fixed angle and a half-wave
plate (λ/2) to rotate the polarization. In addition, we observe
a dependence of the polarization degree on the radial distance
from the cryostat vacuum window center, e.g., generally a
distortion of polarization is induced by stress-induced bire-
fringence in the vacuum window [22].

III. EXPERIMENTAL RESULTS

Figure 1 shows the PL spectra of the AlInN epitaxial lay-
ers with indium compositions of 26.9 ± 0.3%, 28.5 ± 0.3%,
and 28.8 ± 0.3% for samples S1, S2, and S3, respectively.
The spectra were measured at 300 K with laser excitation
at 266 nm. Generally, a broadband emission is commonly
observed for all three samples with peak emissions appearing
at 3.12, 3.05, and 2.99 eV for samples S1, S2, and S3. A
clear redshift of the main emission peak is observed as indium
composition increases, which is an expected response of the
band-gap energy with increasing indium content. Apart from
sample S2, the linewidths of samples S1 and S3 are com-
parable to the previously reported values of about 290 meV
measured at 300 K [11,12]; see Table I. In addition, the
absence of the band-edge emission of the underlying GaN
layer is evidence that the penetration depth of the 266 nm
laser line is likely limited only to the AlInN layers. Thus,
this provides additional evidence that the broadband emission
can be assigned to the band-to-band transition from the AlInN
epilayers.

Unlike the c-plane, due to the broken hexagonal radial
symmetry around the c-axis for non-c-plane orientations,
the emitted light from structures grown on these planes ex-
hibits a polarization anisotropy, which can be accessed by
polarization-resolved PL measurements. Figure 2 shows the
polarization anisotropy of the semipolar (112̄2) AlInN epi-
layer (sample S3) both at 15 and 300 K together with the
dependence of the integrated PL intensities on the polarization
angle φ in polar plots. As can be clearly seen in Fig. 2(a), a
strong PL signal is observed with polarization perpendicular
to the [11̄00], i.e., along the [112̄3̄] direction, and a weaker PL
intensity is observed along the [11̄00] direction. This provides
strong evidence that the luminescence is polarized strongly
along the [112̄3̄] direction for semipolar (112̄2) AlInN layers.
This can be intuitively understood by taking the properties of
the (112̄2) growth plane into consideration, since the growth
plane is constituted by [11̄00] m and [112̄3̄]c′ directions, and
the latter corresponds to the projection of the c-axis onto the
plane of growth. Generally, the polarization in a semipolar
plane is mainly determined by the tilt of the c-axis with respect
to the growth plane. Thus, the observed large polarization
along the [112̄3̄] direction is, in turn, equivalent to a strong po-
larization along the c-axis in the usual (0001) plane case, i.e.,
the E -field parallel to the c-axis (E ‖ c). Furthermore, a com-
parison of the polarization anisotropies of a semipolar (112̄2)
AlInN/GaN epilayer and a semipolar (112̄2) GaInN/GaN
quantum well with an indium content of about 19% reveals
that the polarization in AlInN/GaN is just the opposite case
to the GaInN/GaN structure, where the dominant polarization
is along [11̄00] (not shown here). This corresponds to the E -
field perpendicular to the c-axis (E ⊥ c), which is consistent
with the results reported in the literature [23,24]. Nonethe-
less, this does not hold true for GaInN/GaN structures with
indium compositions greater than ∼30%, where the dominant
polarization was observed to switch from the [11̄00] to the
[112̄3̄] direction. The effects of quantum confinement and
in-plane strain are commonly assigned as the cause of the
polarization changes [25–27]. From the experimental results,
we can derive a solid conclusion that AlInN layers possess
a valence band structure similar to that of AlN. Therefore,
the dominant polarization (E ‖ c′) corresponds to an interband
transition from the CB to the topmost valence band �V

7−, and
the weaker one (E ‖ m) results from a transition between the
CB and the second uppermost �V

9 band, and followed by the
transition B.

To gain further insight into the polarization properties, the
normalized integrated PL intensity is plotted against the polar-
ization angle φ with respect to the [11̄00] direction, as shown
in Figs. 2(c) and 2(d). The general polarization property of
linearly polarized light can be described by Malus’ law [28],
which is given as

I (φ) = I⊥[11̄00] sin2(φ) + I‖[11̄00] cos2(φ), (1)

where I⊥[11̄00] and I‖[11̄00] denote the integrated intensities of
the emitted light polarized perpendicular and parallel to the
[11̄00] direction, respectively. It can be easily seen from the
polar plots in Figs. 2(c) and 2(d) that the model reproduces
very well the measured data points, indicating very good
agreement between the theory and experimental data mea-
sured both at 15 and 300 K. By fitting the angular-dependent
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FIG. 2. (a), (b) Normalized PL spectra of the semipolar (112̄2) AlInN layer (sample S3) for the collected light polarized parallel (dashed
line) and perpendicular (solid line) to the [11̄00] m-direction of the (112̄2) plane both at 15 and 300 K. PL was excited using the 335 nm line
of an argon-ion laser in the measurements in this case. The band-edge emission of the underlying GaN appears at around 3.4 eV. Note that
the contribution of the GaN band emission is deducted from the total integrated PL intensity in the analysis. An energy separation of about
�E ≈ 18 ± 1 meV is observed between the two in-plane polarization components for the sample S3 at 300 K. In contrast, the low-temperature
spectra were modulated by the Fabry-Pérot fringes, which makes it difficult to determine the actual energy separation, but there is a clear
blueshift of the emission energy with decreasing temperature. (c), (d) Polar plots of the normalized integrated PL signal as a function of the
in-plane polarization angle φ of the emitted light with respect to the the m-direction both at 15 and 300 K. The open circles represent the
integrated measured PL intensities, and the red solid lines denote calculated curves given in Eq. (1).

PL intensities, a polarization ratio of 0.20 ± 0.01 is estimated
for sample S3 at 300 K. Here the polarization degree is defined
as ρ = (I⊥[11̄00] − I‖[11̄00])/(I⊥[11̄00] + I‖[11̄00]). It is interest-
ing to note that an increase of the polarization degrees is
observed for samples S1 and S2 as being 0.34 ± 0.01 and
0.25 ± 0.02, respectively; see Table I. At first glance, this can
be explained qualitatively by considering the strain relaxation
in semipolar (112̄2) AlInN/GaN layers. As demonstrated in
earlier work [6], the in-plane lattice parameters of the AlInN
layers in the [11̄00] direction take somewhat larger lattice
parameter values with respect to the underlying GaN template
when lattice-matching is intended in the [112̄3̄] direction with
an indium composition of about 28%. The strain relaxation
becomes more significant when the AlInN layer thickness
increases. Accordingly, (94 ± 6)% strain relaxation in the
AlInN layer is estimated for sample S3 with a layer thickness
of around 400 nm, while the AlInN layers in samples S1 and
S2 exhibit partial relaxation in the [11̄00] direction with relax-
ation degrees of (31 ± 2)% and (39 ± 10)%, respectively; see
Table I. The optical polarization anisotropy directly reflects
the valence band ordering of emitting structures. Thus the po-
larization degree could be affected by the change in the band
character of the two topmost VBs, which might be caused by
the band crossing due to strain. Anisotropic in-plane strain
as well as shear strain in the (112̄2) plane have been shown

to have a significant impact on the modification of the VB
through deformation potentials [27,29]. Yan et al. [27] found
that the relative energy separation between the two topmost
VBs becomes smaller when strain relaxation in the [11̄00]
direction is larger than that along the [1̄1̄23] direction in
a semipolar (112̄2) GaInN layer, which corresponds to an
increase of strain along [112̄3̄]. Thus, one could expect a
decrease of the polarization degree with increasing in-plane
strain in the [1̄1̄23] direction. A theoretical model based on
multiband effective-mass theory predicted a similar trend of
a decreasing polarization degree when the strain relaxation
in the [11̄00] direction becomes larger in semipolar (112̄2)
GaInN/GaN quantum wells [30]. So it is not surprising to see
the decrease of the polarization degree with increasing strain
relaxation in the [112̄3̄] direction due to the modification of
the VB structure induced by anisotropic strain.

In addition, the emitted light polarized parallel to [11̄00]
shows an energy of about �E ≈ 18 ± 1 meV higher than
that of the polarization perpendicular to [11̄00] at 300 K.
The effective energy difference depends essentially on the
anisotropic in-plane strain in the semipolar growth plane,
which might be subject to the choice of the band parameters,
e.g., deformation potentials. As demonstrated in the follow-
ing, the observed energy splitting of about �E ≈ 18 ± 1 meV
is explained reasonably well with a theoretical model based
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on k · p perturbation theory. The model predicts an energy
separation of 23 meV between the two topmost VBs for S3,
which results in a sizable thermal population of the second
topmost valence band at 300 K. In contrast, the other two
samples (S1 and S2) do not show energy splittings between
the two in-plane polarization components in the measurement,
despite the fact that the model predicts energy splittings of
about 33 and 27 meV between the two uppermost VBs for
samples S1 and S2, respectively. This might be due to the large
widths of the observed PL bands, and their energy splittings
are likely buried by the large linewidth.

The low-temperature PL spectra of the sample S3 for the
two polarization directions are shown in Fig. 2(b). It can eas-
ily be seen that the low-temperature polarization anisotropy
is similar to that measured at room temperature [Fig. 2(a)],
exhibiting strong polarization along [112̄3̄]. Additionally, the
mean emission peak shifts to higher energy at low temper-
ature, which is a typical behavior due to the temperature
dependence of the band gap. However, the PL spectra show
features of multiple peaks around the main emission line
centered at 3.211 eV. This is likely due to the Fabry-Pérot
(FP) cavity formed by the GaN/air and GaN/sapphire in-
terfaces. A model consisting of a Gaussian function together
with three phonon replicas and a FP filter function reasonably
represents the observed PL spectra (not shown here), and it
yields a GaN thickness of about 3 μm in agreement with the
intended thickness of GaN during template preparation [21].
The polarization degrees are found to increase slightly at low
temperature, which can be explained in terms of the thermal
distribution of holes in the higher-energy bands at elevated
temperature. In the low-temperature limit, on the other hand,
there is almost no thermal population of holes in the second
uppermost valence �V

9 band, which results in a higher degree
of polarization.

IV. VALENCE BAND ORDERING
AND STRAIN RELAXATION

To further investigate the polarization properties of
semipolar AlInN/GaN structures in a quantitative manner, the
k · p perturbation approach proposed by Bir and Pikus [31]
was employed to theoretically estimate the optical properties
of AlInN near the � point of the Brillouin zone. Due to the
relatively large band gap of AlInN, the interaction between
the conduction and valence bands can be treated as a weak
perturbation, which allows us to express explicitly the VB
Hamiltonian (Hv) via a 6 × 6 matrix [29]:

Hv =

⎡
⎢⎢⎢⎢⎢⎢⎣

F −K∗ −H∗ 0 0 0
−K G H 0 0 �

−H H∗ � 0 � 0
0 0 0 F −K H
0 0 � −K∗ G −H∗
0 � 0 H∗ −H �

⎤
⎥⎥⎥⎥⎥⎥⎦

, (2)

where

F = �1 + �2 + � + 	, G = �1 − �2 + � + 	,

� = h̄2

2m0

[
A1k2

z + A2
(
k2

x + k2
y

)] + D1εzz + D2(εxx + εyy),

	 = h̄2

2m0

[
A3k2

z + A4
(
k2

x + k2
y

)] + D3εzz + D4(εxx + εyy),

K = h̄2

2m0
A5(kx + iky)2 + D5(εxx − εyy),

H = h̄2

2m0
A6(kx + iky)kz + D6εzx,

� =
√

2

3
�so. (3)

The Hamiltonian includes the spin-orbit (�1 = �cr) and
crystal-field splitting (�2 = 1

3�so) energies, the deformation
potentials Di (i = 1, . . . , 6), which describe the shift of the
valence band maxima due to strain, and the inverse effective-
mass parameters Ai (i = 1, . . . , 6) as well as the wave vectors
and strain components ki, εij ∈ {x, y, z}. Almost all band pa-
rameters are linearly interpolated between AlN and InN band
parameters proposed by Vurgaftman et al. [16]. The basis
functions for the Hv are defined as follows:

|u1〉 = − 1√
2
|(X + iY ) ↑〉, |u2〉 = − 1√

2
|(X − iY ) ↑〉,

|u3〉 = |(Z ) ↑〉, |u4〉 = − 1√
2
|(X − iY ) ↓〉,

|u5〉 = − 1√
2
|(X + iY ) ↓〉, |u6〉 = |(Z ) ↓〉, (4)

Here |X 〉, |Y 〉, and |Z〉 have the symmetry of the atomic px-,
py-, and pz-orbital wave functions. |↑〉 and |↓〉 denote the
wave functions with spin-up and spin-down states, respec-
tively. These basis functions represent the hole wave functions
in the valence bands, and their linear combinations will be the
solutions to the Schrödinger equation, e.g., the eigenfunctions
of the Hamiltonian in Eq. (2). This can be written as

|�v(k)〉 =
6∑

i=1

bi (k)|ui〉. (5)

Using diagonalization algorithms, the eigenfunctions and
energies of the Hamiltonian can be found, which yields
three distinct VB maxima energies and the prefactors bi (i =
1, 2, . . . , 6) for the basis functions defined in Eq. (4).

The Hamiltonian for the strain-dependent modification of
the conduction band is described by a 2 × 2 matrix with basis
functions |S ↑〉 and |S ↓〉. Its eigenvalue is written as

Ec = Es + h̄2

2me
⊥

(
k2

x + k2
y

) + h̄2

2me
‖

k2
z + ac1 εzz

+ ac2 (εxx + εyy), (6)

where me
‖ and me

⊥ denote the anisotropic effective masses of
the electron parallel and perpendicular to the c-axis. ac1 and
ac2 are conduction band deformation potentials along the c-
axis and perpendicular to the c-axis, which can be related to
the deformation potentials D1,2 of the valence bands:

ac1 = a1 + D1, ac2 = a2 + D2, (7)

where a1,2 describe the energetic shift of the total band gap
with strain.
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To set up the Hamiltonian for any growth orientation with
an inclination angle θ with respect to the crystal c-axis, several
quantities in the Hamiltonian have to be transformed to the
growth coordinate system (x′, y′, z′) using the transformation
matrix U(ϕ, θ ). Due to a radial symmetry of the wurtzite
crystal in the c-plane, one expects an isotropic behavior in
the c-plane, thus ϕ = 0, indicating that rotation around the x-
and y-axes is equivalent. Therefore, it is sufficient to transform
physical quantities only dependent on the inclination angle θ .
This can be applied to the wave vectors as well,⎛

⎝k′
x

k′
y

k′
z

⎞
⎠ = U(θ )

⎛
⎝kx

ky

kz

⎞
⎠ (8)

with

U(θ ) =
⎛
⎝cos θ 0 − sin θ

0 1 0
sin θ 0 cos

⎞
⎠. (9)

In addition, to calculate the strain components of semipolar
(112̄2) AlInN/GaN layers, particularly for the shear strain
(εxz) and the out-of-plane strain (εzz), the models described
in Refs. [29,32] are used, respectively, with the parameter sets
suggested by Vurgaftmann et al. [16]. As mentioned earlier,
the large negative crystal-field splitting in AlN inverts the
valence band order near the � point, thus the symmetry of
the valence band states in AlInN is fundamentally different
from GaN-based systems, which in turn could change the
optical selection rules. Thus, it is essential to consider the VB
structure of AlInN near the zone center (k = 0).

Figure 3(a) shows the VB structure for a biaxially strained
AlInN/GaN on c-plane orientation. Due to the large negative
crystal-field energy in AlN, the band character of the upper-
most VB changes from �V

9 for the case of GaN [15] to �V
7−

in AlInN, followed by the �V
9 band and the �V

7 band in the
order of increasing VB edge energy. Under biaxial compres-
sive strain εxx = εyy = −0.1%, the band dispersion exhibits
an isotropic behavior in the kx-ky plane, i.e., the effective
masses remain the same along the kx- and ky-directions. This
suggests that the radial symmetry of the c-plane is preserved
under isotropic in-plane strain. On the other hand, the semipo-
lar (112̄2) AlInN/GaN layer (sample S3) exhibits strongly
anisotropic band dispersions in the kc′ -km plane, as shown
in Fig. 3(b). The effective mass of the �V

7− band along km

remains nearly constant after changing the crystal orienta-
tion, but the effective mass along the kc′-direction reduces
significantly in the semipolar plane. For the �V

9 band, the
effective masses reduce near the � point. In principle, the
effective masses can be obtained from the calculated band
structure by fitting the dispersion curves with a parabolic
function. The obtained anisotropic effective masses along the
k′

c- and km-directions for the two uppermost VBs are listed
in Table II. The effective mass reflects the curvature of the
band, and thus the optical transition near the � point could be
directly influenced by the change of the band curvature with
the k-vector, e.g., the crossing of bands near the vicinity of
the � point. The effects of the effective mass on the optical
transition can easily be taken into account by calculating the
overlap integral of the wave functions of the electron in the
conduction band and of the holes in the VBs, as will be

FIG. 3. The calculated valence band structures (a) for a c-
plane AlInN/GaN layer under biaxial strain εxx = εyy = −0.1%,
and (b) for the (112̄2) AlInN/GaN layer, sample S3. Due to the
anisotropic in-plane strain as well as the reduced crystal symmetry
in semipolar layers, the in-plane effective masses exhibit a strong
anisotropy in the kc′ -km plane. The strain values for the band calcula-
tion are extracted from the XRD analysis, as listed in Table II. Note
that the band gaps of AlN = 6.02 eV [33] and InN = 0.68 eV [34], as
well as a bowing value of 6.0 eV [12], were used for the calculation.

TABLE II. Strain values extracted from the XRD analysis, the
anisotropic hole effective masses for �V

9 and �V
7− bands in units of

m0 in the kc′ -km plane, the band splitting �E�7−−�9 between these
two bands at k = 0, as well as both the experimentally (ρExpt.) and
theoretically (ρCalc.) estimated polarization degrees are listed.

Sample S1 S2 S3

εxx (%) −0.015 0.121 0.037
εyy (%) −0.817 −0.904 −0.009
εzz (%) −0.109 −0.005 −0.326
εxz (%) 0.3 0.2 −0.1

m�7−
kc′ 0.22 0.22 0.22

m�7−
km 2.17 1.93 1.74

m�9
kc′ 2.21 1.95 1.75

m�9
km 0.19 0.19 0.20

�E�7−−�9 (meV) 33.33 26.55 23.03
ρExpt. 0.34 ± 0.01 0.25 ± 0.02 0.20 ± 0.01
ρCalc. 0.61 0.57 0.42
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discussed in the following. In addition, the model predicts a
small energy splitting of 23 meV between the two uppermost
VBs for sample S3, indicating a considerable hole occupation
in the second �V

9 band at room temperature. This theoretically
predicted value is consistent with the experimentally observed
emission energy separation of around �E ≈ 18 ± 1 meV be-
tween the two in-plane polarization directions, as shown in
Fig. 2(a). Besides, a general trend of the decrease of the energy
separation is observed with increasing strain relaxation along
the m-direction for (112̄2) AlInN/GaN layers, see Table II,
suggesting that a reduction of the polarization degree can be
expected with strain relaxation.

From the above discussions, it should be pointed out that
the band crossing occurs between the valence �V

7− band and
the �V

9 band along the kc′-direction with increasing of the
k-vector in the semipolar plane, as evidenced from Fig. 3(b).
It suggests that the band crossing in the vicinity of the zone
center (k = 0) could result in the formation of new band states
from mixing of the former VB basis functions defined for the
c-plane case in Eq. (5). This is indeed a strong indication that
the intermixing characteristics of the valence �V

7− band and
�V

9 band states between |X 〉, |Y 〉, |Z〉 orbital wave functions
could be responsible for the polarized light emission from
semipolar AlInN structures. Therefore, it becomes necessary
to consider the wave-function overlap of those states to get
some insight into the observed polarization anisotropy in
semipolar (112̄2) AlInN/GaN layers.

V. TRANSITION MATRIX ELEMENTS

The change in the band dispersion and thereby the effective
mass has a direct impact on the optical transition matrix ele-
ments between the electron wave function and the hole wave
function near the � point in the Brillouin zone. The general
form of the optical transition matrix |M|2 between these states
is given by [29]

|êiMi|2 = |〈�c|êip|�v〉|2, (10)

where êi denotes a unit vector in different polarization di-
rections in the growth coordinate, e.g., i = x′, y′, z′, and p
represents the momentum operator. |�c〉 denotes the electron
wave function in the CB, which has the symmetry of the
atomic s-orbital wave function, while |�v〉 represents the hole
wave functions in the VBs. Therefore, three matrix elements
for each VB can be obtained, considering the spin-up and
spin-down states. For semipolar orientation with θ = 58◦, the
in-plane transition matrix elements |M[112̄3̄]|2 and |M[11̄00]|2, as
well as the out-of-plane transition matrix elements |M[112̄2]|2,
are given as follows [29]:

|M[112̄3̄]|2 =
∣∣∣∣ − 1√

2
(b2v − b1v ) cos(θ )〈S ↑ |px|X ↑〉

− b3v sin(θ )〈S ↑ |pz|Z ↑〉
∣∣∣∣
2

+
∣∣∣∣ − 1√

2
(b5v − b4v ) cos(θ )〈S ↓ |px|X ↓〉

− b6v sin(θ )〈S ↓ |pz|Z ↓〉
∣∣∣∣
2

, (11)

|M[11̄00]|2 =
∣∣∣∣ 1√

2
(b1v + b2v ) cos(θ )〈S ↑ |py|Y ↑〉

∣∣∣∣
2

+
∣∣∣∣ 1√

2
(b4v + b5v ) cos(θ )〈S ↓ |py|Y ↓〉

∣∣∣∣
2

,

(12)

and the out-of-plane transition matrix element (êi = [112̄2])

|M[112̄2]|2 =
∣∣∣∣− 1√

2
(b2v − b1v ) sin(θ )〈S ↑ |px|X ↑〉

+ b3v cos(θ )〈S ↑ |pz|Z ↑〉
∣∣∣∣
2

+
∣∣∣∣ − 1√

2
(b5v − b4v ) sin(θ )〈S ↓ |px|X ↓〉

+ b6v cos(θ )〈S ↓ |pz|Z ↓〉
∣∣∣∣
2

, (13)

where biv (i = 1, 2, 3, . . . , 6) are the coefficients of the va-
lence band wave functions |�v〉 defined in Eq. (5), and
v (v = �V

7−, �V
9 , and �V

7 ) are the three valence bands in
the case for AlInN. As the conduction band wave function
|�c〉 has radial symmetry like the atomic s-orbital function,
the anisotropic polarization properties are mostly determined
by the hole states associated with |X 〉, |Y 〉, and |Z〉 orbital
functions.

Figure 4 shows the obtained optical transition matrix el-
ements as a function of the wave vector kc′ for the [112̄3̄],
[11̄00], and [112̄2] polarizations of semipolar (112̄2) AlInN,
sample S3. It is obvious that the optical matrix element for the
C transition from the CB to the �V

7− valence band is strongly
polarized along the [112̄3̄] direction near the zone center
(k = 0), as depicted in Fig. 4(a), but the contribution of the
�V

7− band for the [112̄3̄] polarization becomes less dominant
with increasing wave vector, while the contribution from the
�V

9 band starts to become significant. On the other hand, the
optical matrix element between the �V

9 band and the CB states
near the zone center indicates partial polarization along the
[11̄00] direction, as shown in Fig. 4(b). However, due to the
intermixing of the states between the �V

7− and �V
9 bands upon

increasing the wave vector in the kc′-direction, as shown in
Fig. 3(b), the contribution of the �V

7− band to the polarization
along the [11̄00] direction starts to come into play. Addition-
ally, the lowest �V

7 band does not contribute to the polarization
either in the [112̄3̄] or [11̄00] direction, but the optical matrix
element for the transition between the �V

7 band and the CB is
strongly dominated by the polarization in the [112̄2] direction,
as shown in Fig. 4(c). Thus, we consider only the two upper-
most �V

7− and �V
9 bands in the following discussion. Further,

to quantify the contribution of the transition matrix elements
of the two uppermost VBs to the polarized PL emission in a
certain direction, we need to consider the thermal distribution
of carriers (holes) to the second VB �V

9 at room temperature
since the energy difference between the �V

7− and �V
9 bands is

of the same order or lower than that of the typical thermal en-
ergy (≈26 meV); see Table II. These small energy separations
cause larger hole occupation in the second uppermost band,
which can be estimated using a Boltzmann distribution. This
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FIG. 4. k-dependent optical transition matrix elements at the band edges for the (a) [112̄3̄], (b) [11̄00], and (c) [112̄2] polarizations of the
semipolar (112̄2) AlInN (sample S3).

can be applied because the PL measurements are conducted
under a low-excitation power regime, i.e., the nondegenerate
limit where the quasi-Fermi-level lies far above the VB edge.
Therefore, it is sufficient to take the relative energy difference
between the valence �V

7− and �V
9 bands to estimate the thermal

occupation of the valence �V
9 band as follows:

f�9

f�7−
= exp

(
−�E�7−−�9

kBT

)
, (14)

where �E�7−−�9 represents the energy separation between
the two uppermost valence bands. For example, an energy
splitting of 23 meV at the zone center (k = 0) results in a
sizable population of f�9/ f�7− = 41% of the �V

9 band for the
sample S3. As seen earlier in Fig. 3(b), the energy difference
becomes smaller upon increasing the wave vector in the di-
rection where the band crossing occurs, which results in an
even higher population. Consequently, these occupied states
will contribute to light emission in both in-plane directions.
Therefore, the effective degree of polarization can be esti-
mated by combining the transition matrix elements together
with the thermal occupation of the �V

9 band.
The polarization degree of the transition matrix elements

is obtained by the two in-plane transition matrix elements
|M[112̄3̄]|2 and |M[11̄00]|2 as follows [35]:

ρm = |M[112̄3̄]|2 − |M[11̄00]|2
|M[112̄3̄]|2 + |M[11̄00]|2

, (15)

where ρm = 1 can be expected for total [112̄3̄] polarization
when the [11̄00] polarization completely vanishes. But we ex-
pect to see partial polarization of the transitions for semipolar
(112̄2) AlInN, since both band to band transitions from the
valence �V

7− and �V
9 bands to the CB can contribute to the po-

larization either along the [112̄3̄] direction or along the [11̄00]
direction. Each matrix element in Eq. (15) represents the sum
of the transition matrix elements associated with the two up-
permost VBs for a given polarization direction due to the band
crossing, as discussed previously. Again, to correlate the cal-
culated transition matrix elements together with the thermal
population of the second VB �V

9 to the measured PL intensity

(IPL), i.e., IPL ∝ f�V
9
/ f�V

7−
|Mi|2, one needs to consider all pos-

sible transitions in k-space and integrate over all directions,
according to Fermi’s golden rule. For this, transition matrix
elements are calculated for the two orthogonal directions for
the k-vector maximum up to 1.5/ nm in the kc′ -km plane, and
they are averaged over in the kc′ -km plane [36]. It is worth
mentioning that the choice of such a high k-value here is
not arbitrary, but it is a meaningful maximum k-value for
states occupied by carriers when we take the energy range up
to around 2kBT from the zone center. Interestingly enough,
the theoretical model predicts a polarization ratio ρm of 0.42
for sample S3, which is somewhat higher than the measured
effective polarization ratio ρ = 0.20 ± 0.01 at room tempera-
ture; see Table II. Of course, there are several possible aspects
that need to be considered to explain the discrepancy between
the model prediction and the experiment.

The band parameters, especially the deformation potentials
D1–D6, are obtained by a linear interpolation between the
corresponding values of AlN and InN for the given indium
composition. The deformation potentials D5 and D6, which
are associated with the off-diagonal entries of the VB matrix
in Eq. (2), have a direct influence on the VB splittings of
semipolar (112̄2) structure through anisotropic strain (D5) and
shear strain (D6) [27]. According to Ref. [16], the values
of D6 = −3.4 eV for AlN and D6 = −5.5 eV for InN were
derived from another existing deformation potential using
the quasicubic approximation and not from the experiment.
Furthermore, it is likely that it is challenging to accurately
determine those values from the experiment due to the fact
that most of the investigated samples in the literature were
grown on c-plane structures where isotropic and shear strain
components become zero. Ultimately, this could lead to a lack
of accurate band parameter sets, as several available parameter
sets in the literature are mainly obtained from theoretical cal-
culations [37,38]. Also, the difficulty in growing high-quality
InN makes the determination of the band parameters for InN
a persistent problem. In addition, the anisotropic strain com-
ponents εxx, εyy, εzz as well as the shear component εxz for
semipolar (112̄2) AlInN layers are directly determined from
the XRD analysis; see Table II. However, as demonstrated in
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Ref. [6], semipolar (112̄2) AlInN layers do not have well-
defined strain states, e.g., the upper part of the layers exhibits
partial relaxation along the m-direction while the lower part
of the AlInN layer is grown pseudomorphically on GaN. It
is also shown that the thickness of the relaxed part depends
on the thickness of the AlInN, and the strain relaxation takes
place in a thickness of about 140 nm for the 400-nm-thick
AlInN (sample S3). For the strained part, the strain values can
be determined within some accuracy, but the relaxed part can
only be determined by estimated values from the reciprocal
space maps, which come with large uncertainties. Thus, the
mixture of strain states in the AlInN layers close to the surface
makes it more challenging to evaluate more reliable strain
values. Therefore, the inconsistent band parameter sets of AlN
and InN as well as the large uncertainty in the strain values of
semipolar (112̄2) AlInN layers are likely responsible for the
difference in the absolute values of the polarization degrees
obtained experimentally and theoretically.

After all, it is worthwhile to point out that the model cal-
culation predicts very well the dependence of the polarization
degree on strain relaxation, as discussed in Sec. III. The abso-
lute values of the polarization degree (ρm) are not in perfect
agreement with the experimental values (ρ). From the model,
polarization degrees of 0.61 and 0.57 are obtained for sam-
ples S1 and S2, corresponding to strain relaxation degrees of
31 ± 2% and 39 ± 10% in the m-direction, respectively; see
Table II. The observed dependence of the polarization ratio
on strain relaxation is indeed confirmed by the current model,
supporting earlier theoretical predictions as well [27,29].

VI. TRANSITION ENERGY AND LARGE STOKES SHIFT

The bowing parameter b describes a nonlinear dependence
of the band gap on composition in semiconductor alloys.
As a result, it becomes essential to know a reliable bowing
value to determine the variation of the band gap with indium
mole fraction. However, the bowing values of Al1−xInxN re-
ported in the literature vary strongly, which could be due to
several reasons, as mentioned in the Introduction. The liter-
ature values of the band gap as well as bowing parameters
are summarized in Fig. 5. Sakalauskas et al. [9] have re-
ported a composition-dependent bowing of 5.36 eV extracted
from the band-edge absorption for MOVPE-grown Al1−xInxN
layers with indium composition between 0.143 and 0.242.
In contrast, Aschenbrenner et al. [14] have reported a large
bowing parameter of 10.3 eV for Al1−xInxN films grown on
c-plane sapphire using MOVPE. Besides, Wang et al. [12]
have studied c-plane Al1−xInxN epilayers with indium content
ranging from 0.13 to 0.24 using both PL and PL excitation
spectroscopies. A bowing parameter of about 6 eV is derived
from the indium composition dependencies of PL emission
and absorption. Interestingly, large Stokes shifts between 0.4
and 0.8 eV are observed between luminescence emissions and
absorption edges. Thus, it can be concluded that we cannot
completely exclude the effects of the different growth meth-
ods on the crystalline quality of AlInN layers, which in turn
could give rise to slight differences in the emission energy
due to different strain status in the layers, e.g., the strain-
related shift of the band. But this could not be of significant
importance when we compare the optical properties of AlInN

FIG. 5. The experimental dependence of the band gap of
Al1−xInxN on indium composition x. The reported values of the band
gap and the bowing parameter b are depicted. The two fit curves with
bowing values of 5.36 eV [9] and 10.3 eV [14] are plotted using
an empirical expression as Eg(x) = (1 − x) Eg(AlN) + x Eg(InN) −
b x(1 − x). The area between them is filled with color. In addition,
the band gaps of AlN = 6.02 eV [33] and InN = 0.68 eV [34] are
used for reproducing the fit curves.

layers grown under the same conditions but characterized with
different optical techniques. For example, a large Stokes shift
of ∼ 0.6 eV in Ref. [12] is not likely due to strain, but rather
the interband transition matrix elements, which in turn obey
the polarization selection rules arising from the VB ordering
near the � point (k = 0) for AlInN. From the study of the
polarization properties of semipolar (112̄2) AlInN, we found
that AlInN possesses a valence band ordering similar to AlN,
where the C interband transition is allowed for an electric
field parallel to the c-axis (E ‖ c) but strictly forbidden for
polarization perpendicular to the c-axis (E ⊥ c), whereas the
interband transitions from the valence �V

9 and �V
7 bands to

the CB are only allowed for an electric field perpendicular to
the c-axis (E ⊥ c), as depicted in Fig. 6.

To link the strong variation of the band gap of AlInN with
the observed optical selection rules, the indium composition
dependence of the interband transition energies at the Bril-
louin zone center (k = 0) between the lowest CB edge and

FIG. 6. Schematic representation of the valence band structure
and the polarization selection rules for AlInN.
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FIG. 7. Calculated interband transition energies at k = 0 between the lowest CB and the three uppermost �V
7−, �V

9 , and �V
7 bands in order

of increasing transition energy for pseudomorphically grown c-plane AlInN (a), free-standing c-plane AlInN (b), and pseudomorphically
grown semipolar (112̄2) AlInN (c) as a function of indium composition at 300 K. Also, a Stokes shift of about 0.2 eV for the lattice-matched
case (18%) is indicated (a), and the calculated transition energy of around 3.1 eV at an indium composition of about 28% is marked for
coherently grown semipolar (112̄2) AlInN (c), indicating the calculated value is consistent with the measured PL emission for the samples
under consideration, as shown in Fig. 1.

the three uppermost �V
7−, �V

9 , and �V
7 bands is calculated as

follows [39]:

Ei = Es + Ecb − Evb
j − Eex, (16)

where Es is given as

Es = Eg + �cr + �so

3
, (17)

where Eg, �cr, and �so are the composition-dependent band
gap, crystal-field splitting, and spin-orbit splitting of AlInN,
which are linearly interpolated between the corresponding
values of AlN and InN, given in Refs. [16,33,34]. Ecb de-
notes the CB energy introduced in Eq. (6). Evb

j represents
the VB edge energies of the three uppermost valence bands at
k = 0. Eex denotes the composition dependent exciton binding
energy, and it is linearly interpolated between the values of
51 meV [33] and 3 meV [34] for AlN and InN, respectively,
for all the transitions.

Figure 7(a) shows the change of the calculated transition
energies Ei as a function of indium composition for pseu-
domorphically grown AlInN on c-plane GaN. The interband
transition C from the lowest CB to the uppermost valence
�V

7− band (dashed blue) spans an emission energy from about
4.6–2.8 eV for the given indium content up to x = 0.35. The
transition energies of the CB to the second and third VBs
are almost overlapped up to an indium composition of about
25%, and then there occurs a crossing of bands between
the valence �V

7− and �V
7 bands due to the change of band

characters with strain. As mentioned earlier, the interband
transition C is only allowed for the polarization parallel to
the c-axis (E ‖ c). This provides strong evidence that this
transition, which determines the fundamental band gap for c-
plane AlInN, is hardly detectable for optical characterization
with light normal to the c-plane for c-plane structures such
as absorption, transmission, and reflectance measurements,
whereas the luminescence can be observable, which most
likely stems from light scattered from the interband transition

C between the CB and the uppermost �V
7− band. On the other

hand, the band to band A and B transitions are allowed for
the polarization perpendicular to the c-axis (E ⊥ c), which
should be easily detectable by optical measurements with
light incidence normal to the sample surface. As a result,
the large variation in the band gap and thereby the bowing
parameters, as well as the large Stokes shift, seem to originate
from the lack of clarity regarding the optical selection rules
for c-plane AlInN. For example, Wang et al. [12] observed a
large Stokes shift of around 0.4 eV between the luminescence
and absorption edge for a c-plane AlInN layer with an indium
content of 15.3%. As can be seen in Fig. 7(a), the energy
difference between the interband transitions C and A (or B)
amounts to about 0.3 eV for the case of 15% and 0.2 eV for
the lattice-matched (18%) case, which is closer to the 0.4 eV
found experimentally (15.3%) [12]. Of course, the absolute
value of the Stokes shift in the calculation depends strongly on
the choice of the band parameters as well, as discussed in the
previous section. Additionally, localization of the excitons at
certain potential minima due to inhomogeneity is considered
as an additional cause of the Stokes shift in AlInN layers
[12,13,40].

Figure 7(b) shows the three interband transition energies
for c-plane AlInN under full relaxation. From the parallel
decreases of the energies of the transitions C and A (or B)
with increasing indium composition, it can be concluded that
the band order of AlInN is preserved for a wide range of com-
positions, thereby providing strong evidence that strain plays
a significant rule in band mixing and consequently polariza-
tion switching. Further, Fig. 7(c) depicts the three transition
energies for the case of pseudomorphically grown semipo-
lar (112̄2) AlInN. Unlike polar c-plane structures, semipolar
structures exhibit an optical polarization anisotropy due to
the reduced crystal symmetry as well as anisotropic in-plane
strain. This is indeed confirmed by both the experiment and
theoretical model in the previous sections. There, the C transi-
tion from the topmost �V

7− band to the CB is strongly polarized
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along the [112̄3̄] (E ‖ c′), whereas the �V
9 band shows a dom-

inant polarization along the m-direction (E ⊥ c′), as shown in
Fig. 4. In principle, an additional weakening of the strict opti-
cal selection rules can be expected for the case of a semipolar
plane, since the projection of the crystal c-axis lies in the
semipolar growth plane. As a result, it could be possible to
detect the polarized light emission in either in-plane directions
by using absorption (reflectance) or PL measurements for
semipolar AlInN. As can be seen in Fig. 4(c), the calculated
transition energy of around 3.1 eV between the valence �V

7−
band and the CB at k = 0 with indium composition of about
28% is in agreement with the measured PL emission energy of
≈3.1 eV for samples (S1, S2, and S3); see Fig. 1. Nonetheless,
to confirm the results regarding the polarization selection rules
for AlInN presented in this work, further optical measure-
ments such as absorption (reflectance) need to be performed to
examine the polarization properties of semipolar AlInN, and
the results should be compared with those obtained with PL
measurements.

VII. CONCLUSIONS

The valence band ordering in AlInN is investigated by
studying the optical polarization anisotropy of semipolar
(112̄2) AlInN/GaN layers. On the one hand, the polariza-
tion resolved PL measurements reveal a strong polarization
along the [112̄3̄] direction and a weaker signal along
the [11̄00] direction in the (112̄2) plane. The polarization
degree is found to be dependent on strain relaxation along
the [11̄00] direction, where a decrease of the polarization
degree is observed with increasing strain relaxation. On the

other hand, the k · p approach was employed to evaluate the
optical properties (e.g., the band dispersion, transition matrix,
and transition energy) of AlInN near the zone center (k = 0).
Interestingly, AlInN exhibits a valence band ordering similar
to AlN due to the large negative crystal-field splitting, where
the uppermost VB is �V

7−, following by the �V
9 and �V

7 bands.
Further, the in-plane transition matrix elements from the CB
to the two uppermost bands near the � point are dominated
by M[112̄3̄] for the �V

7− band and by M[11̄00] for the �V
9 band.

By combining the transition matrix elements together with
the thermal occupation of the second uppermost �V

9 band,
reasonable agreement between the experiment and the model
is obtained in regard to both the polarization degree and the
strain-dependent polarization, indicating the reliability of the
model. Furthermore, the obtained polarization selection rules
are used to explain the large variation of the band gap and the
strong Stokes shift observed previously in AlInN [9–14] by
calculating the transition energy, suggesting that the lack of
clarity regarding the polarization selection rules is more likely
responsible for the large scattering of the band-gap values.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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