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In this paper we present a detailed study of the electronic band structure of a series of nonpolar a-plane
GaN/AlGaN multiple quantum wells �QWs� of varying well width using complementary results from x-ray
diffraction, polarization-dependent photoluminescence excitation spectroscopy, and k ·p theory. When excited
with unpolarized light, excitonic transitions involving different electron subbands are resolved in the excitation
spectra. For linearly polarized �E�c ,E �c� excitation, these are shown to consist of overlapping transitions
involving different hole subbands. These results are then analyzed in detail using strain data determined by the
x-ray diffraction measurements in combination with the k ·p theory to calculate the bulk band structure and the
relative oscillator strength of an a-plane GaN film under strain. The results are compared with those of an
unstrained c-plane film. This analysis reveals that the experimentally observed polarization anisotropy can be
attributed to anisotropic strain in the c plane. Based on the k ·p Hamiltonian, we apply an effective mass
approximation, taking into account strain and nonparabolicity effects, to calculate the single-particle states and
energies for the different quantum wells. The possible influence of the weak spin-orbit coupling on the results
is studied in detail. Starting from the single-particle energies and including excitonic binding energies, the band
edge optical transitions are calculated and successfully compared to the experimental data. Our analysis gives
an estimate for the conduction- to valence-band offset ratio of 45:55 for nonpolar GaN/AlGaN QW structures.
Additionally, our study also allows us to investigate the magnitude of the crystal-field splitting and spin-orbit
coupling in GaN systems.

DOI: 10.1103/PhysRevB.82.125318 PACS number�s�: 73.21.Fg, 71.35.�y, 71.70.Fk, 78.67.De

I. INTRODUCTION

The rapid progress in the growth of nitride semiconduc-
tors has enabled the development of high power/temperature
optoelectronic devices.1 Since the zinc-blende crystal phase
of group-III nitrides is metastable,2 the vast majority of cur-
rent state-of-the-art nitride-based optoelectronic devices uti-
lize c-plane wurtzite heterostructures, even though the per-
formance of these devices suffers from strong electrostatic
built-in fields arising from the growth along the c
direction.3,4 As a consequence of the quantum confined Stark
effect, the oscillator strength of the radiative transitions is
strongly reduced and is accompanied by a redshift of the
emission.5 To overcome these problems associated with
growth along the c axis, the growth of low-dimensional sys-
tems along nonpolar directions �e.g., a- and m-plane direc-
tions� has been proposed.6,7 From a theoretical point of view
the elimination of the built-in field in nonpolar quantum
wells �QWs� is obvious since the heterostructure has no fac-
ets along the c direction.8 In recent years, several groups
have experimentally confirmed the absence of polarization
fields in nonpolar nitride-based heterostructures. Waltereit
et al.6 first successfully demonstrated polarization-field-free
m-plane GaN/AlGaN multiple QWs in 2000. Driven by the
progress in the epitaxial growth techniques, high perfor-
mance m-plane light emitting devices,9 m-plane violet laser
diodes,10 and m-plane blue laser diodes11 have been reported.
In addition to the benefits of the absence of the electrostatic
built-in fields in nonpolar nitride-based QWs, the change in

crystal symmetry from wurtzite to orthorhombic in nonpolar
GaN films has been demonstrated to induce in-plane optical
polarization anisotropy,12 a characteristic potentially useful
in polarization sensitive devices.7 Therefore, a detailed char-
acterization of these structures both theoretically and experi-
mentally is of great interest.

To the best of our knowledge, a comprehensive analysis
of structural measurements and optical investigations in
combination with electronic-structure calculations has been
restricted to nonpolar GaN nitride films.13–16 In this paper we
present a detailed investigation of a series of nonpolar
a-plane GaN/AlGaN QWs, grown on r-plane sapphire, of
varying QW width using results from x-ray diffraction
�XRD�, polarization-dependent photoluminescence excita-
tion �PLE� spectroscopy, and k ·p theory, to analyze the ma-
terial properties.

The structures studied contained ten periods of
GaN /Al0.18Ga0.82N QWs deposited on 5 �m thick a-plane
GaN templates on r-plane sapphire substrates. The samples
were grown in a 6�2 inch Thomas Swan metal organic
vapor-phase epitaxy close-coupled showerhead reactor. Five
QW samples were grown, containing GaN QWs of thick-
nesses ranging from 24 to 72 Å in the different samples,
with each containing 108 Å thick Al0.18Ga0.82N barriers.
Further details of the growth and structural characterization
of the samples are published elsewhere.17

To begin with we apply XRD measurements to determine
the strain state of the system. For nonpolar a-plane GaN
grown on r-plane sapphire, there is considerable in-plane an-
isotropy in the lattice parameters, thermal expansion coeffi-
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cients, and elastic constants of both the GaN film and the
sapphire substrate. This will lead to an in-plane anisotropic
strain in the GaN epilayer, which is expected to affect the
optical properties of the films. In addition, a wide range of
“unstrained” GaN reference lattice parameters are reported in
the literature,18 attributable to variations in the impurity and
electronic doping levels produced by different film growth
conditions. There is also considerable uncertainty in the ther-
mal expansion coefficients and elastic constants of the III
nitrides18 since high densities of defects are typically present
in nonpolar GaN. As a result, the strain state of the nonpolar
GaN film cannot be predicted accurately, so experimental
determination of the strain state is required.

Using the measured strain data, we then perform
k ·p-based electronic-structure calculations of nonpolar
a-plane GaN/AlGaN QWs as a function of the QW width. To
achieve a detailed analysis of the differences between polar
and nonpolar systems we start with the investigation of the
band structure of c- and a-plane systems under strain and
compare the results. We also study the relative oscillator
strength along orthogonal directions of the lowest energy in-
terband transition at the Brillouin-zone center in c-plane and
a-plane GaN as a function of the in-plane strain. These re-
sults are then compared to PL data acquired from the bulk
a-plane GaN template characterized previously by XRD. The
observed polarization anisotropy is very different from the
polarization isotropy observed in “conventional” c-plane sys-
tems. After this discussion of the bulk system we will turn
our attention to the electronic structure of the a-plane
GaN /Al0.18Ga0.82N QWs. Our analysis reveals that the opti-
cal properties of these structures are determined by the wave-
function character of the highest valence-band �VB� states,
which are made predominately of p states oriented in the
growth plane. The QW width dependencies of the single-
particle energies are then determined, including the effects of
conduction-band nonparabolicity, spin-orbit �SO� coupling,
and strain contributions.

We then report on the low-temperature PLE spectroscopy
of the nonpolar a-plane GaN /Al0.18Ga0.82N multiple QWs.
From the PLE data, details of the band structure of the QWs
are revealed. Excitation with unpolarized light resulted in the
observation of exciton transitions associated with different
electron subbands. However, when using linearly polarized
excitation �E�c ,E �c�, these transitions were shown to con-
sist of overlapping transitions involving different valence
subbands. Allowing for a QW width-dependent exciton bind-
ing energy, determined using a fractional dimensional space
approach,19,20 the energies of the band-edge transitions are
calculated and successfully compared to the experimental
data.

The paper is organized in the following way. Section II is
dedicated to the XRD analysis of the strain state for the
system under consideration. In Sec. III the electronic-
structure calculation is described in detail. Section IV pre-
sents the results of the polarized PLE measurements and a
comparison with the theoretical predictions. Finally, we con-
clude with a short summary of the obtained results in Sec. V.

II. X-RAY ANALYSIS

High-resolution XRD �HRXRD� analysis was carried out
using a PANalytical X-Pert Pro MRD diffractometer with a

mirror, a four-bounce asymmetric Ge�220� monochromator
and a triple-bounce analyzer. Cu K�1 radiation of wave-
length 1.5405974�15� Å was used.18 HRXRD reciprocal
space maps obtained in the asymmetric geometry were used
to characterize the lattice parameters and hence the strain
state of the sample. All measurements were performed at
room temperature.

In nonpolar GaN films, the presence of anisotropic in-
plane strain will produce a distortion of the hexagonal unit
cell. As a result, the crystal structure can be described better
using an orthorhombic unit cell, in which the x axis is per-
pendicular to the film surface and the y and z axes lie in the
plane of the film, with z along the wurtzite c axis as illus-
trated in Fig. 1. This permits the strains in each direction to
be quantified conveniently by measuring the departure of the
measured orthorhombic lattice parameters from appropri-
ately chosen reference values and by looking at any devia-
tions of the proportions of the unit cell from their ideal val-
ues. Suitable reference unstrained hexagonal lattice
parameter values and unit-cell proportions were determined
from c-plane GaN grown in the same metal-organic vapor-
phase epitaxy reactor.21 The reference lattice parameters used
were ah=3.1884�0.0002 Å and ch=5.1850�0.0002 Å
and the reference c /a ratio used was 1.6265�0.0002. The
corresponding reference lattice parameters of the
orthorhombic unit cell illustrated in Fig. 1 were
ao=3.1884�0.0002 Å, bo=5.5225�0.0002 Å, and
co=5.1850�0.0002 Å, leading to a reference b /a ratio of
1.7321�0.0002, a reference c /a ratio of 1.6262�0.0002,
and a reference c /b ratio of 0.9389�0.0002.

In order to achieve the greatest precision and accuracy in
determining the strain state of the nonpolar GaN film, errors
in the lattice parameter measurement needed to be mini-
mized. This required investigation of geometrically acces-
sible reflections occurring at high 2� angles, which also had
relatively narrow and intense diffraction peaks, allowing the
greatest precision in locating the peak maximum. The pres-
ence of crystalline defects �such as basal plane stacking
faults and partial dislocations� caused peak broadening; how-
ever in some cases it was possible to select reflections which
are not broadened by a particular type of defect or to collect
reciprocal space maps in a geometry where the reflection is
not broadened so strongly.22 The hexagonal 220, 300, and

FIG. 1. Illustration of the relative orientation of the unit cells
used to describe the crystal structure of nonpolar a-plane films. The
original hexagonal unit cell is shown in black; the related ortho-
rhombic unit cell is shown in gray. The y and z axes lie in the plane
of the film, with z parallel to the wurtzite c axis.
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302 reflections �occurring at 2� angles in the region of
149.8°, 113.5°, and 125.2°, respectively� were selected for
lattice parameter measurements as they represented the best
compromise between these requirements and also helped to
minimize cumulative errors in lattice parameter calculations.
These reflections could alternatively be indexed as −400,
−330, and −332 with respect to the orthorhombic unit cell
illustrated in Fig. 1. Where possible, multiple equivalent re-
flections were measured to assess the reproducibility of the
measurement for error analysis purposes. The 2� values ob-
tained from the asymmetric reciprocal space maps were also
corrected for refraction effects;18 however, the peak width
was found to be the main source of error. More accurate
lattice parameter measurements could be made for samples
with lower defect densities. The resulting lattice parameters
of the orthorhombic unit cell were ao=3.1914�0.0002 Å,
bo=5.5170�0.0002 Å, and co=5.1826�0.0003 Å,
with lattice parameter ratios of b /a=1.7287�0.0003,
c /a=1.6239�0.0003, and c /b=0.9394�0.0002. These
measurements confirm a significant departure from the hex-
agonal symmetry expected of the GaN unit cell. With refer-
ence to the orthorhombic unit cell defined in Fig. 1, there is
a high in-plane compressive strain of �0.1% along the b axis
and a significantly lower in-plane compressive strain of
�0.05% along the c axis, accompanied by an out-of-plane
tensile strain of �0.1% along the a axis.

III. THEORY

In this part we outline our approach to calculate the elec-
tronic and optical properties of nonpolar a-plane
GaN /Al0.18Ga0.82N QWs. In Sec. III A we analyze the
strained bulk band structure of wurtzite GaN by means of an
k ·p approach and compare the results for c-plane and
a-plane GaN.

Using these results we also calculate the relative oscillator
strength of the lowest energy interband transition as a func-
tion of the strain and compare this to the optical polarization
anisotropy observed in emission. Section III B is dedicated
to the calculation of the single-particle states and energies in
a-plane GaN /Al0.18Ga0.82N QWs, with special attention paid
to the possible influence of the weak spin-orbit coupling in
the system.

A. Bulk systems

For a detailed description of the bulk band structure
around the Brillouin-zone center, and, in particular, to study
the influence of the strain and the growth direction, it is
useful to apply a multiband approach such as a k ·p model,23

a tight-binding approach,24 or an empirical pseudopotential
ansatz.25

In order to investigate the influence of the strain on the
valence-band structure, we use the k ·p Hamiltonian given in
Ref. 26, including spin-orbit terms introduced following
Refs. 27 and 28. Following Ref. 26 the valence-band Hamil-
tonian of an axially strained III-V material is expanded using
basis states with symmetry:

��X↑�, �Y↑�, �Z↑�, �X↓�, �Y↓�, �Z↓��T. �1�

The Hamiltonian can then be written in the matrix form

H = �M11�k� M12

− M12
† M11

† �k�
� , �2�

where M11�k� and M12 are 3�3 matrices and the dagger
denotes complex conjugation. The matrix M11�k� can be de-
composed in the following way:

M11�k� = Hkp�k� + Hso + Hstr. �3�

Hkp�k� describes the k dependence of the different energy
bands around the Brillouin-zone center,

Hkp = 	H+ Hxy Hxz

Hxy H− Hyz

Hxz Hyz Hzz

 , �4�

where

H� = �A1 + A3�kz
2 + �A2 + A4��kx

2 + ky
2� � A5�kx

2 − ky
2� ,

Hzz = − �cf + �A1�kz
2 + �A2��kx

2 + ky
2� ,

Hxy = 2A5kxky ,

Hiz = �2A6kikz.

The parameters Ai play a similar role as the Luttinger param-
eters �i in a zinc-blende material and are taken from Ref. 29.
The crystal-field splitting energy is given by �cf.

30 It is due
to the wurtzite crystal structure because the �Z�-like valence-
band state �oriented along the c axis� sees a different envi-
ronment compared to the �X�- and �Y�-like valence-band
states.

The spin-orbit splitting is introduced through the matrices
Hso and M12, with

Hso =
�so

3 	0 − i 0

i 0 0

0 0 0

 �5�

and

M12 =
�so

3 	 0 0 1

0 0 − i

− 1 i 0

 , �6�

where �so is the spin-orbit splitting energy. The strain-
dependent part of the Hamiltonian matrix H, Eq. �2�, for a
system under axial strain is given by Hstr,

Hstr = 	Sx 0 0

0 Sy 0

0 0 Sz

 . �7�

The different components S� explicitly read

Sx = �D2 + D4��	xx + 	yy� + D5�	xx − 	yy� + �D1 + D3�	zz,

�8�

Sy = �D2 + D4��	xx + 	yy� − D5�	xx − 	yy� + �D1 + D3�	zz,

�9�
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Sz = D2�	xx + 	yy� + D1	zz, �10�

where the Di’s denote the valence-band deformation poten-
tials.

To understand the general behavior and the trends in the
bulk band structure, initially we neglect the weak spin-orbit
coupling in GaN. Doing so, the valence-band structure of the
system is described by Hkp, Eq. �4�, and Hstr, Eq. �7�. For
each of the diagonal terms in Hkp, the energy dispersion has
a light-hole mass along the direction of the given valence-
band state and a heavy-hole mass along the orthogonal di-
rections. The valence-band dispersion along the kx and kz
directions of an unstrained wurtzite c-plane bulk GaN system
is shown in Fig. 2�a�. The energy bands associated with the
�X�- and �Z�-like state have a light-hole mass along the kx and
kz directions, respectively. The �Y�-like state has a heavy
mass along all directions in the kx-kz plane. The crystal-field
splitting �cf, shifts the �Z�-like valence-band state to lower
energy than the �X�- and �Y�-like states in GaN, as shown in
Fig. 2�a�.

For a heterostructure grown along the c direction �z direc-
tion�, quantum confinement and strain further split the
valence-band states in a compressively strained QW. The
first �Z�-like state is shifted to lower energies relative to the
�X�- and �Y�-like states. Due to the symmetry of the system in
the x-y plane, the strain tensor components 	xx and 	yy are
equal and therefore Sx=Sy in Eq. �7�. Furthermore, when
looking at Fig. 2�a�, the �X�- and �Y�-like valence-band states
have the same effective mass along the kz direction. From
this we can conclude that �X�- and �Y�-like valence-band
states in the absence of the weak spin-orbit coupling gener-
ally remain degenerate in a QW heterostructure grown along
the c direction.

The situation is different in a nonpolar heterostructure,
such as an a-plane QW system. Here, the strain field is dif-
ferent along all three Cartesian axis directions and therefore
the relation 	xx=	yy is no longer valid. If we assume growth
along the x direction, the system exhibits a net tensile strain
along this direction �Sx
0� and thus the highest �X�-like
state is shifted to lower energies relative to the energetically
highest �Y�- and �Z�-like states. The splitting between the �X�-
and �Y�-like zone center states is proportional to the term

D5�	xx−	yy� in Sx and Sy, Eqs. �8� and �9�, respectively, as
illustrated in Fig. 2�b�. A schematic illustration is shown in
Fig. 2�c�. Due to the positive crystal-field splitting �cf in
GaN,31 the highest �Z�-like state lies below the highest
�Y�-like state. Therefore, the ground state in a nonpolar QW
or quantum dot �QD� is then dominated by �Y�-like states �cf.
Figs. 2�b� and 2�c�.

To achieve a more detailed understanding of the polariza-
tion properties of the optical transitions in polar and nonpolar
nitride-based materials with a wurtzite structure, we next
analyze the relative oscillator strength of the lowest energy
interband transitions along the x, y, and z directions. These
oscillator strengths are directly related to the recombination
of electrons in the conduction band with holes in the valence
band and therefore to the band structure. Since the strain
modifies the band structure of the material and also changes
the symmetry of the system, the relative oscillator strength
will also be affected. For instance in a nonpolar system, the
in-plane strain breaks the symmetry in the basal plane and
reduces the symmetry from C6v to C2v,32 hence a strong
modification of the interband transition rules is expected.

Therefore, we calculate the relative oscillator strength for
c-plane and a-plane GaN at the Brillouin-zone center
�k=0� as a function of the strain. A similar analysis has been
carried out for a GaN m-plane system.14,33 To perform this
analysis we start from the full Hamiltonian given in Eq. �2�.
Here, the ith valence-band wave function is given as a linear
combination of �X�-, �Y�-, and �Z�-like states: ��i

VB�
=c+,i

x �X↑�+c−,i
x �X↓�+c+,i

y �Y↑�+c−,i
y �Y↓�+c+,i

z �Z↑�+c−,i
z �Z↓�. The

expansion coefficients c�,i
x , c�,i

y , and c�,i
z are calculated as

functions of the strain from the eigenvectors of the valence-
band Hamiltonian H �Eq. �2�. The optical polarization selec-
tion rules are determined by the dipole matrix elements
dij

2 = ���i
CB�e ·p�� j

VB��2, where p is the momentum operator
and e the unit vector of the light polarization. The
conduction- and valence-band states involved in the transi-
tions are denoted by ��i

CB� and �� j
VB�, respectively. Here, we

assume that we have one s-like conduction band. According
to the results in Ref. 34, the values of ��S�p�����2 with
�� �X ,Y ,Z� are taken to be equal. Consequently, the relative
oscillator strength of the different transitions is then only
proportional to the relative contributions of the valence �X�-,
�Y�-, and �Z�-like states. For the local strain in the c-plane
system we assume the following:
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FIG. 2. �Color online� Bulk band structures of �a� c-plane and �b� a-plane wurtzite GaN; �c� a schematic illustration of the valence-band
structure of wurtzite and orthorhombic GaN at k=0. The growth direction is set along z in the c-plane system and along x in the a-plane
system.
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	xx = 	yy, 	zz = − 2
C13

C33
	xx, �11�

where the elastic constants are denoted by Cij. The relative
oscillator strength for the interband transition between the
conduction band and the topmost valence band in a strained
c-plane GaN system is shown in Fig. 3�a�. From this we can
conclude that the relative oscillator strength of �X�- and
�Y�-like states is equal in the topmost valence band, and
hence light emitted through the top surface will be isotropi-
cally polarized in the x-y plane. For compressive strain
�	xx
0�, the topmost valence band is dominated by these
contributions and has no �Z�-like component for k=0. Under
tensile strain, the relative oscillator strength of the top most
valence band becomes predominantly �Z�-like, which is char-
acteristic of the crystal-field split-off band.

For the local strain in the a-plane system we apply8

	xx = −
C12

C11
	yy −

C13

C11
	zz. �12�

For the sake of a simplified discussion we assume here a
biaxial strain �	yy =	zz�. This ansatz is already sufficient to
study the influence of anisotropic strain in the c plane �x-y
plane�. Due to the anisotropic strain in the c plane, we expect
that the changes in the relative oscillator strength are very
different from those in a c-plane system. The relative oscil-
lator strength for the topmost valence band is shown in Fig.
3�b�. In contrast to the c-plane system where one observes a
superposition of �X�- and �Y�-like contributions, the a-plane
system exhibits a strong difference between �X�- and �Y�-like
oscillator strengths. Figure 3�b� shows that light emission
arising from the �Y� state would increase more rapidly with
compressive strain �	yy 
0� than that contributed by the
�Z�-like state. Thus, since the topmost valence band in an
a-plane system is dominated by the �Y�-like state, it is ex-
pected that the system exhibits nearly linearly polarized
emission, for optical emission perpendicular to the top sur-
face. This point is consistent with the experimental findings
shown in Fig. 4, which displays the T=6 K near band-edge
polarized PL spectra of the a-plane template that was char-
acterized by HRXRD. Although the material is anisotropi-
cally strained in the y-z plane, if we take an average value for

the strain, i.e., assume 	yy =	zz=−0.075%, it is evident that
the relative oscillator strength predicted in Fig. 3�b� agrees
well with the degree of anisotropy observed experimentally
��1:8�. We note that at the temperature used for the optical
measurements, there will be a negligible thermal population
of holes occupying the higher lying valence states and so it is
reasonable to assume that the degree of anisotropy observed
experimentally will reflect the wave-function character of
only the topmost valence-band state. The linearly polarized
emission of these systems is of significant potential benefit
for a range of applications. For instance, by using light-
emitting diodes which emit polarized light, the efficiency of
liquid crystal displays could be dramatically increased.35

B. a-plane quantum well

As detailed in Sec. III A, the anisotropic strain within the
a plane lowers the crystal symmetry from C6v to C2v, and
therefore lifts the degeneracy of the �X�-, �Y�- and �Z�-like
valence-band states �cf. Fig. 2�b�. To calculate the single-
particle states in an a-plane GaN /Al0.18Ga0.82N QW system
we proceed in the following way. We assume that the QW is
grown along the x direction. Since GaN is a direct band-gap
material, it can be expected that excitonic transitions in
a-plane GaN/AlGaN QWs involve mainly band-edge states
with k� = �ky ,kz�T�0. According to Eq. �2�, band-mixing ef-
fects will be of minor importance for these states, arising
only from the weak spin-orbit interaction. To study the influ-
ence of this contribution on the single-particle energies and
states separately from the effects arising from strain and
quantum confinement, we neglect the spin-orbit contribution
at first. With this approach, we can now study the single-
particle states and energies in an a-plane GaN /Al0.18Ga0.82N
QW system by means of an effective-mass approximation.
This approach should already be sufficient to investigate the
influence of confinement and strain effects on the topmost
�X�-, �Y�-, and �Z�-like band-edge states. The effective masses
along different directions are obtained from the Hamiltonian
Hkp given in Eq. �4�. Using the material parameters listed in
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FIG. 4. �Color online� Polarised PL spectra covering the near
band-edge region of the template measured at a temperature of
T=6 K.
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Table I, the resultant GaN relative effective mass values are
given in Table II. Whilst the �X�-like state has a light effec-
tive mass along the x direction, and the �Y�- and �Z�-like
states have a heavy mass along this direction. Furthermore,
the calculated effective masses of the �Y�- and �Z�-like states
are almost equal along the x direction and therefore the in-
fluence of quantum confinement along this direction on these
states will be nearly the same. The QW single-particle states

and energies are obtained by solving the one-dimensional
Schrödinger equation

�−
�2

2

�

�x

1

m�i

,x�E�i

 �
�

�x
+ U�

�x����i

 �x� = E�i

 ��i

 �x� ,

�13�

where the potential

U�
�x� = U�

0,�x� + S�
�x� , �14�

consists of the bare confinement potential in the x direction,
U�

0,�x�, as well as a strain-dependent part, S�
�x�, with the

index =e ,h for electrons and holes. The index � indicates
�S�-, �X�-, �Y�-, and �Z�-like states. The conduction-band non-
parabolicity is accounted for by allowing the effective mass
to have an energy dependence,

1

mSi

e,x�ESi

e �
=

1

mSi

e,x�0�
�1 − ��ESi

e − US
e�x�� , �15�

where the parameter � is given by37

� =
1

Eg
�1 −

m�i

,x�0�

m0
�2

. �16�

Eg denotes the semiconductor energy gap. More details on
the numerical solution of Eq. �13� are given in the Appendix.
In the case of the electron states we assume only an �S�-like
basis state S�

e for which the strain-dependent term S�
e can

then be expressed as38

Se = a1	zz + a2�	xx + 	yy� . �17�

Here, a1 and a2 denote the conduction-band deformation po-
tentials. For the hole states the terms S�

�x� are defined in
Eqs. �8�–�10� for �X�-, �Y�-, and �Z�-like states. The diagonal
terms of the strain tensor 	ii are determined from the XRD
data discussed in Sec. II. Here, we have to take in principle
into account that the XRD analysis was performed at room
temperature while the PLE measurements were carried out at
6 K. Therefore, the lattice parameters would be expected to
change slightly as a function of temperature. The anisotropy
at 6 K should therefore be greater than that at 300 K, as there
is a greater difference between the lattice parameters at 6 K
�compared to growth temperature� than at 300 K �compared
to growth temperature�. However, we expect that the error
associated with using the room-temperature strain values to
be not much greater than the overall uncertainties associated
with the x-ray analysis and therefore to have minimal impact
on the calculated energy levels.

According to the experimental findings we consider
GaN /Al0.18Ga82N QWs using the material parameters listed
in Table I. For the barrier material we use a linear interpola-
tion to obtain all parameters except for the band gap where
we apply Eg

Al0.18Ga0.82N=3.85 eV based on the experimental
data given in Ref. 17. The bulk energy gap Eg

GaN of GaN �at
zero temperature� is chosen to fit the calculated excitonic
ground-state energy in the a-plane GaN /Al0.18Ga0.82N QWs
to the experimental data. The PLE experiments are per-
formed at 6 K, for which the energy gap using the Varshni
formula31

TABLE I. Material parameters for AlN and GaN. If not indi-
cated otherwise all parameters are taken from Ref. 31.

AlN GaN

�so �eV� 0.019 0.017

�cf �eV� −0.169 0.010

me �m0� 0.329a 0.209a

A1 −3.991a −5.947a

A2 −0.311a −0.528a

A3 3.671a 5.414a

A4 −1.147a −2.512a

A5 −1.329a −2.510a

A6 −1.952a −3.202a

a1 �eV� −4.08b −4.08b

a2 �eV� −4.08b −4.08b

�a1−D1� �eV� −4.31c −5.81c

�a2−D2� �eV� −12.11c −8.92c

D3 �eV� 9.12c 5.47c

D4 �eV� −3.79c −2.98c

D5 �eV� −3.23c −2.82c

C11 �GPa� 396 390

C12 �GPa� 137 145

C13 �GPa� 108 106

C33 �GPa� 373 398

� �meV/K� 1.799 0.909

� �K� 1462 830

aReference 29.
bReference 23.
cReference 36.

TABLE II. Relative effective masses of the �X�, �Y�, and �Z�
valence bands �VB� along x, y and z �c� directions. The explicit
numbers for the inverse effective masses in GaN are given in the
lower half of the table using the parameters from Ref. 29.

VB mx /m0 my /m0 mz /m0

�X� 1 / �A2+A4+A5� 1 / �A2+A4−A5� 1 / �A1+A3�
�Y� 1 / �A2+A4−A5� 1 / �A2+A4+A5� 1 / �A1+A3�
�Z� 1 /A2 1 /A2 1 /A1

Using the data from Ref. 29

�X� −0.180 −1.887 −1.876

�Y� −1.887 −0.180 −1.876

�Z� −1.894 −1.894 −0.1682
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Eg
GaN�T� = Eg

GaN�T = 0 K� −
�T2

T + �
�18�

can be assumed identical to the 0 K values. The parameters �
and � are given in Table I. We find that Eg

GaN�T=0 K�
=3.525 eV gives the best fit to the full range of experimental
data. This value is close to the recommended energy gap of
3.51 eV �at zero temperature� by Vurgaftman and Meyer.31

Additionally, for electronic-structure calculations of QW or
QD systems, one has to introduce the conduction-band �EC

and valence-band offset �EV, which enter Eq. �13� via
U�

0,�x�. The discussion of �EV and the conduction-band to
valence-band offset ratio given by Vurgaftman and Meyer in
Ref. 31 is restricted to polar c-plane systems. To the best of
our knowledge there are no calculations or measurements of
the valence-band �EV or conduction-band offset �EC in the
case of a nonpolar system. Here, we treat the conduction-
band offset as a free parameter. The valence-band offset �EV
is then determined by the gap energy difference between
bulk GaN and the barrier material. Doing so, one is able to
give a first estimate of the conduction-band to valence-band
offset ratio in a nonpolar GaN/AlGaN system. It is worth
noting that �EC and the electron effective mass cannot be
determined independently. Since the effective electron
masses observed in the literature scatter around me=0.2m0
�Ref. 31� and to use a consistent set of parameters for the
electron and hole masses around the � point, we apply a
value of me=0.209m0, taken from Ref. 29. Therefore, we are
left with one primary adjustable parameter in our model, the
conduction-band offset �EC. As discussed, for example, in
Ref. 39, the conduction-band offset �EC can be determined
if more than one QW-related transition is observed, by com-
parison between the experimental data and a series of theo-
retical calculations performed for different values of
�EC. Since the optical spectra discussed in Sec. IV
exhibit more than one QW-related transition, this approach
enables us to give an estimate of the conduction-band offset
�EC, and therefore also an estimate for the conduction-band
to valence-band offset ratio �EC:�EV. Our analysis suggests
a conduction-band to valence-band offset ratio of
�EC:�EV�45:55.

We also introduce the SO coupling into our calculations.
The SO coupling is included as outlined by Chadi in Ref. 27
and discussed in more detail in Ref. 28. In this approach, the
SO interaction acts on the basis states like the atomic SO
operator on atomic orbitals. Here we take only �Yl�-like
��Yl

h �x� and �Zl�-like ��Zl

h �x� states into account since the
energetic separation 	l between these states is relatively
small while the �Xl�-like ��Xl

h �x� states are clearly separated
from the �Yl�- and �Zl�-like states due to quantum confine-
ment and strain effects. The relevant SO-coupling matrix el-
ement is therefore given by �Yl��Hso�Zl��=−i and its com-
plex conjugate. According to Eq. �5�, the parameter  is
given by =�so /3. To achieve a compact notation, we de-
note the state �↑ � and �↓ � by �+� and �−�, respectively. Hence,
the Hamiltonian matrix Hso

l for the lth �Yl�- and �Zl�-like
states reads

Hso
l = 	 �Yl�� �Zl��

�Yl�� El
AV + 	l − i

�Zl�� i El
AV − 	l


 , �19�

where El
AV is the averaged energy of the lth �Yl��- and

�Z��-like states. 	l describes the splitting between these
states introduced by �i� the crystal-field splitting; �ii� the dif-
ference between Sy and Sz in Eqs. �9� and �10�, and �iii� any
small contribution due to differences in quantum confine-
ment effects in the QW. The modified eigenenergies includ-
ing the SO splitting are then given by

EYl

so =
1

2
�EYl

+ EZl
� + �2 + 	l

2, �20�

EZl

so =
1

2
�EYl

+ EZl
� − �2 + 	l

2. �21�

The influence of the SO coupling on the splitting
�YZ=EY1

so −EZ1

so between the hole ground state �Y1

h �x� and the
first excited state �Z1

h �x� is shown in Fig. 5 as a function of
	l=1 and for different values of �so. Since in the following we
are discussing the splitting between the first two hole states
only, we drop the index l. Without the spin-orbit coupling
�solid line� the splitting �YZ is then given by 2	. For larger
values of 	 the splitting �YZ is only slightly modified by the
SO coupling while for small values of 	, �YZ is dominated
by the SO coupling. Additionally, from this analysis we can
conclude that if the energetic separation of the different
single-particle states is large compared to the SO coupling
term , the influence of this contribution is of minor impor-
tance. Therefore, our approach to take the SO coupling into
account between �Y�- and �Z�-like states only is well justified.

The corresponding eigenstates uYl,Zl
= �uY

l ,uZ
l �T can be ob-

tained from

0 1 2 3 4 5 6 7
0

5

10

15

20

25

∆
Y

Z

ε (meV)

∆so = 0 meV
∆so = 11 meV
∆so = 17 meV

FIG. 5. �Color online� Splitting �YZ between hole ground state
and first excited hole hole state as a function of 	 which is related to
strain and confinement effects. Additionally, the influence of the
spin-orbit coupling on the splitting �YZ is shown for different val-
ues of the spin-orbit energy �so.
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��El
AV + 	l − EYl,Zl

so �uY
l − iuZ

l = 0

iuY
l + �El

AV − 	l − EYl,Zl

so �uZ
l = 0

� . �22�

The components uY
1 and uZ

1 of the hole ground state can be
written in the following form:

uY
1 =�1 + �

2
, uZ

1 = i�1 − �

2
, �23�

where � reads

� =
	

�	2 + 2
. �24�

To analyze the influence of the SO coupling on the single-
particle states, Figs. 6�a� and 6�b� show the relative contri-
butions of the �Y�- and �Z�-like states, respectively, to the
hole ground state as a function of 	. In the absence of the SO
interaction, the ground-state hole wave function is purely �Y�
like since �uY

1 �2=1 and �uZ
1�2=0 independent of 	. In the pres-

ence of the SO coupling ��0� we observe a mixing of the
�Y�- and �Z�-like components. This mixing is tightly linked to
the energetic splitting 	 of the ground state and the first ex-
cited state: with 	=0 the hole ground state �Y1

h �x� and the
first excited hole state �Z1

h �x� are degenerate in the absence
of the SO coupling. Therefore, the splitting between the
ground state and first excited state is determined by the SO
coupling in the case of 	=0 �cf. Eq. �19�; cf. Fig. 5, and the
fraction of �Y�- and �Z�-like components to the ground state is
equal ��uY

1 �2=0.5, �uZ
1�2=0.5; cf. Fig. 6�. With increasing 	 the

influence of the SO coupling on the mixing of the different
valence-band states is reduced. For instance as depicted in
Fig. 6�a�, with �so=17 meV �dashed red line�, the contribu-
tion from the �Z�-like state to hole ground state �Y1

h �x� varies
from 50% �	=0 meV� to 11% �	=7 meV�. This behavior is
only slightly modified when changing �so from 17 to 11 meV
�blue dotted line�. However, this analysis reveals that even
though the SO splitting is relatively weak in GaN compared,
for example, to InAs ��so=390 meV�,40 it can still have a
considerable influence on the intermixing of the different

valence-band states in the highest hole states.
To compare the theoretical results with PLE data from

different a-plane GaN QWs, we have to calculate the exci-
tonic transition energies as a function of the QW width Lw.
Here, the transition energies are calculated according to

Ei,j
X = Eg

GaN + Ei
e − Ej

h − EX
b . �25�

The electron and hole single-particle energies calculated
from Eqs. �13� and �19� are denoted by Ei

e and Ej
h, respec-

tively. EX
b refers to the excitonic binding energy. For a real-

istic treatment of the excitonic binding energy Eb in a QW
system neither a two-dimensional model nor a three-
dimensional model is suitable since the motion of the carriers
is somewhere in between these two limiting cases. Therefore,
we apply the approach developed in Refs. 19 and 41 using a
fractional-dimensional space. Doing so, the excitonic prob-
lem in �D space in a QW reduces to the one of an hydro-
genlike atom. More details on these calculations are given in
Ref. 20.

IV. PLE SPECTROSCOPY AND COMPARISON WITH
THEORY

For the optical measurements, the samples were mounted
on the finger of a variable temperature closed cycle He cry-
ostat. Light from a 300 W Xenon lamp, dispersed by a 0.25
m spectrometer, was used to provide a tunable wavelength
excitation source for the PLE measurements. The lumines-
cence was focused into a 0.85 m double grating spectrometer
and detected by a Peltier-cooled GaAs photomultiplier tube,
and then processed using standard lock-in techniques. For
the polarization-dependent PLE studies, a Nicol prism was
used to select the appropriate plane of linearly polarized ex-
citation light in the backscattering geometry k�c where c is
the polar axis of the samples. The PLE spectra have been
corrected for the spectral response of the Xenon lamp and the
0.25 m spectrometer. The numerical values quoted for the
features in the PLE spectra were obtained by measuring the
wavelength of the scattered light using the double spectrom-
eter.

We now discuss the low-temperature PLE spectroscopy of
the nonpolar a-plane GaN/AlGaN multiple QW structures.
Shown in Fig. 7 are PLE spectra of the five QW samples,
containing GaN QWs of thicknesses ranging from 24 to
72 Å. For each structure the excitation spectrum is detected
on the low-energy side of the photoluminescence emission
peak.17 The ground-state �n=1� exciton, associated with the
creation of excitons bound to the n=1 electron subband, is
clearly resolved as the lowest energy peak in each of the
spectra and is seen to redshift with increasing QW width. In
structures with QWs wider than 24 Å, another higher energy
excitonic feature is observed with an energy separation from
the n=1 exciton that decreases with increasing QW width.
We assign this feature to the creation of excitons bound to
the n=2 electron subband. However, when linearly polarized
excitation is used �E�c ,E �c�, both of the exciton transitions
observed with unpolarized light are shown to consist of two
overlapping peaks, which we attributed previously to transi-
tions involving different valence subbands.42 The polarized
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FIG. 6. �Color online� The squared �a� �Y�-like ��uY
1 �2� and �b�

�Z�-like ��uZ
1�2� contributions to the hole ground state as function of

	, which describes the splitting between hole ground state and first
excited state due to strain and confinement effects. The influence of
spin-orbit splitting energy �so is studied separately.
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PLE spectra for the 50 Å QW are shown in Fig. 8. For the
transitions associated with the n=1 electron subband, the
peaks occur at 3.540 and 3.557 eV; for those associated with
the n=2 electron subband, the peaks are at 3.644 and 3.657
eV. The same general behavior was observed in the PLE
spectra for all samples in the series. Also observed in Fig. 8,
between 3.58 and 3.60 eV for the E�c, E �c polarized light,
respectively, is a feature which we have assigned to the onset
of the n=1 continuum.42

This analysis of the excitonic transitions is supported by
the calculated single-particle states and the subsequently
evaluated transition energies. A schematic illustration of the
electronic structure of the 50 Å QW is displayed in Fig. 9.
According to Table II, the �X�-like state has a light-hole mass
along the growth direction �x direction� while the �Y�- and
�Z�-like states have heavy masses along the growth direction.

Here, the hole ground state is a �Y�-like state ��Y1

h �x� while
the first excited state is a �Z�-like state ��Z1

h �x�. The second
and third excited hole states are �Y�-like ��Y2

h �x� and �Z�-like
��Z2

h �x� states, respectively. According to the analysis of the
bulk system, the peaks P1

� and P1
� can be attributed to a

transition from the �Y1

h �x� and �Z1

h �x� hole states, respec-
tively, to the electron ground state �1

e�x� �cf. Fig. 9�. Like-
wise, the peaks labeled P2

� and P2
� in Fig. 8 are attributed to

transitions from holes in the second �Y2

h �x� and third �Z2

h �x�
excited states, respectively, to the first excited electron state
�2

e�x� �n=2�.
Based on the results for the single-particle energies in-

cluding strain effects, SO coupling and nonparabolicity con-
tributions we calculate the energetic position of the P1

�,� and
P2

�,� peaks as a function of the QW width according to Eq.
�25�. Importantly, the influence of the SO coupling on the
polarization properties of the exciton transitions, as dis-
cussed in Sec. III B, is also revealed in the PLE spectra: the
pronounced low-energy shoulder on the P1

� peak shown in
Fig. 8 is evidence of the band mixing between �Y�- and
�Z�-like states for the ground-state transition. The same be-
havior is seen for all QW widths, but is particularly clear in
the 35 A QW structure, as is shown in Fig. 10.

The energies of the � and � polarized transitions are av-
eraged for the n=1 and n=2 subbands and are denoted in the
following by P1 and P2, respectively. For the exciton transi-
tions associated with the n=1 electron state the values for the
calculated exciton binding energy Eb were found to lie in the
range of �32 to �26 meV for 24 to 72 Å wide QWs. The
theoretical results and the experimental data for P1, P2, and
the energetic separation �1,2= P2− P1 are shown in
Figs. 11–13, respectively. We consider here three different
band offset ratios, �EC:�EV=25:75 �dashed line�,
�EC:�EV=45:55 �solid line�, and �EC:�EV=65:35
�dashed-dotted line�. As we will show in the following, the
best agreement for P1, P2, and �1,2= P2− P1 is obtained for
the �EC:�EV=45:55 offset.

FIG. 7. �Color online� PLE spectra of the series of QW struc-
tures, measured using unpolarised light at a temperature of 6 K.
Excitonic transitions involving n=1 and n=2 subbands are indi-
cated in the figure.

FIG. 8. �Color online� Polarized PLE spectra of the 50 Å QW
structure, with the wave vector k of the exciting light parallel to the
growth direction �x direction�.
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FIG. 9. �Color online� Schematic illustration of the electronic
structure of an 50 Å a-plane GaN QW. The transitions between the
electron states and the hole levels are indicated by the vertical lines.
Here, we use the notation introduced in Sec. IV. The gray-shaded
area denotes energetically higher lying states.
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Looking at P1 shown in Fig. 11, a very good agreement
between experiment and theory is observed when using
�EC:�EV=65:35. However, for Lw�30 Å we also find that
the transitions energies for �EC:�EV=45:55 agree within
�6 meV. It should be mentioned at this point that the QW
width values have been determined previously by XRD,17

however a subsequent transmission electron microscopy in-
vestigation of the 72 Å structure has revealed that there is a
�6 Å ��2 ML� width fluctuation of both the barriers and
QWs throughout the stack. Although this thickness variation
is very reasonable, considering the relatively low crystalline
quality of the a-plane template, it necessarily reduces the
degree of certainty able to be achieved in the comparison of
the theoretical and experimental values. While the influence
of the well width fluctuations on the single-particle states
become less important for the thicker QWs �Lw�30 Å� it
will become more important for the transition energies of the
thinner QW structures �Lw�30 Å�. Therefore, the discrep-
ancy between theory and experiment observed especially for
the well width Lw=24 Å might arise from the well width
fluctuations. However, since the transmission electron mi-

croscopy results are available for the 72 Å structure only,
and the theoretical results are in very good agreement with
the experimental results for the thicker QWs, we proceed
with the QW width values obtained in Ref. 17 by XRD mea-
surements.

As disccussed by Duggan43 in detail, the ground-state
transition in QW structure shows only a weak dependence on
the band offset ratio. Therefore, the comparison of the theo-
retical results and the experimental data for P1 on its own is
not sufficient to determine the band offset ratio. The sensi-
tivity on this quantity is increased by studying transitions
between excited electron and hole states.

The peaks P2
�,� shown in Fig. 8 involve the first excited

electron state �2
e �n=2�. For the transitions associated with

this electron state, we have approximated the excitonic bind-
ing energy in the following way: due to the low effective
electron mass, compared to the hole effective masses, the
first excited electron state �2

e is not very strongly bound in
the QW, especially for narrower well widths. Consequently,
the electron wave functions spread considerably into the bar-
rier material. Therefore, one could expect that the excitonic
binding energy of the transitions associated with the n=2

FIG. 10. �Color online� Polarized PLE spectra of the 35 Å QW
structure measured at a temperature of T=6 K.

20 30 40 50 60 70 80
3.52

3.54

3.56

3.58

3.6

3.62

3.64

3.66

E
ne

rg
y

(e
V

)

Lw (Å)
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FIG. 11. �Color online� Energetic position of the low-energy
peak P1 as a function of the QW width. The energies of the � and
� polarized transitions P1
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�, shown in Fig. 8, are averaged.
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FIG. 12. �Color online� Energetic position of the high-energy
peak P2 as a function of the QW width Lw. The energies of the �-
and �-polarized transitions P2

� and P2
�, shown in Fig. 8, are

averaged.
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Experiment
Theory (∆Ec : ∆Ev = 45 : 55)
Theory (∆Ec : ∆Ev = 25 : 75)
Theory (∆Ec : ∆Ev = 65 : 35)

FIG. 13. �Color online� Calculated splitting �1,2 between the
peaks P1 and P2 as a function of the QW width Lw.
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electron state would be close to that of the binding energy in
the bulk system of the barrier material. To obtain the exciton
binding energy of the bulk barrier material we apply a linear
interpolation between the bulk exciton binding energies of
AlN and GaN. The measured bulk AlN excitonic binding
energies scatter around 48 meV.44–46 For GaN, values of
25–26 meV �Refs. 13, 47, and 48� are experimentally ob-
served. The linear interpolation of these experimental values
gives an excitonic binding of Eb

exp�29 meV for the
Al0.18Ga0.82N barrier material. When using the bulk GaN ex-
citon binding energy determined from our model
�Eb�20 meV�, we obtain a binding energy of
Eb�25 meV for the Al0.18Ga0.82N barrier material. Since
the transition energies P2

�,� are on the order of a few electron
volts, a difference of 4 meV between Eb

exp and Eb is only of
minor importance for the theory experiment comparison of
the P2 transition energies. In the following we use
Eb=25 meV for the Al0.18Ga0.82N barrier material.

By using a conduction-band to valence-band offset ratio
of �EC:�EV�65:35, the theoretical and experimental re-
sults for Lw=35 Å differ by �50 meV while with
�EC:�EV�45:55 we find an excellent agreement between
the theoretical results and the experimental data, as shown by
the solid line in Fig. 12. As expected, the close agreement
between the experimentally observed and theoretically pre-
dicted values of P1 and P2 shown in Figs. 11 and 12 is
extended to the QW width dependence of their energetic
separation �1,2= P2− P1, as shown by the solid line in Fig.
13. Therefore, from this detailed analysis we can conclude
that the band offset ratio �EC:�EV�45:55 gives the most
consistent agreement between the results presented in Figs.
11–13.

To gain further insight into the electronic structure of the
a-plane GaN /Al0.18Ga0.82N QWs, we now analyze the split-
ting �1

�,� between the two peaks associated with n=1 elec-
tron state �P1

� and P1
��. A closer inspection of the PLE mea-

surements reveals that the splitting �1
�,� between the two

peaks P1
� and P1

� is seen to be essentially independent of QW
width Lw ��15�3 meV� within the accuracy of the mea-
surement ��5 meV�. The same is true for the energetic
separation of the peaks P2

� and P2
�. This behavior can be

explained by looking at the effective masses of the �Y�- and
�Z�-like hole states, given in Table II. Since the effective
masses of the �Y�- and �Z�-like hole states are almost equal
along the growth direction, the effect of the change in Lw and
therefore in the confinement potential on the single-particle
states will be very similar. The calculated splitting �1

�,�

��2
�,�� is shown in Fig. 14 as a function of the QW width Lw.

From this we can conclude that the variation in the splittings
�1

�,� ��2
�,�� for the P1

� �P2
�� and P1

� �P2
�� peaks is less than

0.5 meV and therefore is almost unaffected by the change in
the QW width Lw. Furthermore, since the splittings �i

�,� are
very sensitive to the values of the SO splitting energy �so
and the crystal-field splitting �cf, our analysis of �i

�,� allows
us to give further insight in the magnitude of these param-
eters. Of course the splittings �i

�,� also depend on the strain
state of the system. To study the influence of the strain on the
splittings �i

�,� we have artificially switched off crystal-field
and SO splitting. Since 	zz=−0.05 and 	yy =−0.1 are rela-

tively small, the splitting introduced by the strain is only on
the order of 3 meV, and yields therefore only a small contri-
bution to �1

�,� and �2
�,�. So far we have used �so=17 meV

and �cf=10 meV as recommended by Vurgaftman and
Meyer.31 However, the SO splitting energies �so in wurtzite
GaN discussed by Vurgaftman and Meyer31 range from 11 to
20 meV. The values for the crystal-field splitting �cf in GaN
scatter between 9 and 42 meV.31 A recent first-principle cal-
culation of �cf gave a value of �cf=33 meV.29 From our
analysis in Sec. III B, one finds that for the smallest spin-
orbit coupling of �so=11 meV reported in Ref. 31, the
crystal-field splitting �cf has than to be in the region of
10–18 meV to match the experimental data. Therefore, our
investigation in comparison with the experimental data sup-
ports the recommended values of Vurgaftman and Meyer31

for crystal-field splitting and SO coupling energies.

V. CONCLUSION

In conclusion, we have performed a comprehensive char-
acterization of the optical properties of a series of nonpolar
GaN/AlGaN QWs, grown on a-plane GaN templates, using
HRXRD, excitation spectroscopy, and k ·p theory. From the
HRXRD data, the in-plane strain state of the film was deter-
mined to be compressive and anisotropic. With this informa-
tion, the band structure and polarization properties of bulk
a-plane material was then calculated using a k ·p-based
theory. The anisotropic strain in the basal �c� plane is shown
to result in a lifting of the degeneracy of the �X�- and �Y�-like
valence bands. Here, we find that the lowest energy valence
band, including quantum confinement effects, is predomi-
nantly �Y�-like and the next lowest is �Z�-like. The relative
oscillator strength of the lowest energy transition was also
determined and compared to the polarization ratio of low-
temperature PL data, where close agreement was seen. The
single-particle state energies were then determined as a func-
tion of QW width and successfully compared with the results
of polarized excitation spectroscopy. The observation of ex-
citon transitions bound to the n=2 subband allowed an esti-
mate of the conduction to valence-band offset ratio to be
made, which was found to be �45:55. Due to the similarity
of the effective masses of the �Y�- and �Z�-like states, the
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valence subband structure of the QWs was shown to be ap-
proximately independent of QW width over the range of
widths investigated. From this analysis we were also able to
gain further insight in the magnitude of the crystal-field split-
ting and SO coupling energies. Our theoretical results in
comparison with the experiments of the valence subband
structure indicates values for the SO coupling and the
crystal-field splitting energies which are close to the values
recommended by Vurgaftman and Meyer.31 The effect of
valence-band mixing induced by spin-orbit coupling is also
studied and qualitatively verified on the basis of comparisons
with the spectral form of the exciton peaks.
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APPENDIX

Band nonparabolicity effects are accounted for in our ap-
proach by allowing the effective mass to have an energy
dependence given by Eq. �15�. As discussed by Harrison,37

the Schrödinger equation given in Eq. �13� can be solved by
using an iterative shooting method with the additional fea-
ture of adjusting the effective mass for each energy E. Here,
we present a noniterative approach, based on the finite dif-
ference method. To begin with we neglect the energy depen-
dence of the effective mass. In general the Schrödinger equa-
tion given in Eq. �13� is of the form

�−
�2

2

�

�x

1

m�x�
�

�x
+ U�x����x� = E��x� . �A1�

Using the finite-difference formulas given in Ref. 49, the
differential operators can be written in matrix form �D�.
Therefore, the matrix representation of the Schrödinger equa-
tion is then given by

�D + U�� = E� . �A2�

Doing so, we are left with the well-known eigenvalue
problem. The new contribution is now the explicit inclusion
of the nonparabolicity effects by taking into account the
energy dependence of the effective mass. By using50

E= �2k2

2m�x� �1−�k2� and 1 /m�x�= 1
�2

�2E
�k2 the energy dependence

of the effective mass reads

1

m�E,x�
=

1

m�0,x�
�1 − ��E − U�x�� , �A3�

where � is defined according to Eq. �16�. By substituting this
expression into Eq. �A1� and using again the finite-difference
expression for the differential operators A�x��2 /�x2 and
B�x�� /�x given in Ref. 49, the matrix representation of the
Schrödinger equation becomes

�D − ED��� + D�U� + U� = E� , �A4�

where D��� and D�U� take into account the position depen-
dence of � and the confinement potential U, respectively.
Therefore, we are left with

�D + D�U� + U� = E�1 + D�����

⇔�1 + D���−1�D + D�U� + U� = E� . �A5�

Here, the single-particle states and energies are obtained
from the eigenvalue problem given by Eq. �A5�.
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