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Abstract
Taking M-plane oriented GaN quantum wells (QW) as an example, it is shown that the finite
out-of-plane crystal momentum arising from quantum confinement modifies valence band
mixing in a way that can significantly alter the emission polarization properties of strained
non-polar oriented wurtzite group III-nitride QWs. For certain values of strain, the emission
polarization direction can rotate by 90◦ either within the QW plane, or from being out-of-plane
to being in-plane which is desirable for light emission applications. The study based on a k · p

type perturbation theory simultaneously accounts for the influence of anisotropic in-plane
strain which arises in such QWs and also affects the optical polarization properties. An
important practical implication of these results is that M-plane oriented AlxGa1−xN QWs
under anisotropic in-plane tensile strain can work as efficient ultra-violet light emitters, unlike
bulk AlxGa1−xN films with identical composition and strain. After including the influence of
the out-of-plane crystal momentum, the emission polarization criterion allows for larger
concentration of Al in such QW active layers if the well width is kept sufficiently small. These
results are also applicable to A-plane oriented QWs.
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1. Introduction

Interest in non-polar M-plane (1 1̄ 0 0) and A-plane (1 1 2̄ 0)
oriented wurtzite group III-nitride semiconductor quantum
wells (QWs) is driven by the fact that large piezo-/pyro-
electric fields are absent in such heterostructures. This leads to
improved radiative recombination rates [1] and consequently
more efficient light emitters can be made. Growing good-
quality non-polar films had been a challenge due to the lack
of suitable substrates. After non-polar GaN substrates made
using ammono-thermal technique and hydride vapour phase
epitaxy became available, growth of high- quality non-polar
III-nitride films with virtually no threading dislocations [2]
has been reported and devices made using them. These
include light-emitting diodes (LEDs) [3, 4], edge-emitting
lasers (EELs) [2], some with high output power [5] at 410 nm
and also vertical cavity surface emitting lasers (VCSEL) [6].

One challenge now is to achieve shorter emission wavelengths
which would require the use of AlxGa1−xN alloys in the active
region.

Polarization of emission is an inherent property of non-
polar wurtzite group-III nitride films and it has important
consequences for the functioning of opto-electronic devices.
For instance if the emission from a film is polarized out-of-
plane (along the normal to the film surface), then such light
can only propagate within the film plane and will eventually
get reabsorbed. If LEDs are made with such a material it
would be difficult to extract the light. Similarly, it would be
impossible to use them in VCSELs or get efficient transverse-
electric mode emission if used in EELs. In contrast, a strong
in-plane polarization of emission will favour both LEDs and
lasers. A strongly polarized emission is by itself useful for
applications such as liquid crystal display lighting and fixing
of emission polarization in VCSELs. Since the c-axis of
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the wurtzite crystal lies in the plane of an M-plane film,
these films typically experience anisotropic in-plane strains
which differ along directions parallel and perpendicular to
the c-axis. Such strains further influence the electronic band
structure and can strongly modify the optical polarization
properties of inter-band transitions [7]. In fact, it has been
shown both theoretically [8] and experimentally [9] that there
is a predominant out-of-plane polarization of the ground state
emission in M-/A-plane oriented bulk AlxGa1−xN films on
GaN substrates even with moderate Al content, which therefore
does not favour their use as UV emitters.

Quantum confinement of carriers can also lead to polarized
emission. In the case of cubic group III–V semiconductors
the degenerate heavy-hole and light-hole valence bands (VBs)
at the Brillouin zone centre have different wavefunction
symmetry defined with respect to the crystal momentum
direction. However there is no polarized emission from
bulk cubic crystals due to the absence of a preferred crystal
momentum direction [10]. With confinement in a QW, carriers
acquire a finite out-of-plane crystal momentum along the
confinement direction resulting in polarization anisotropy of
emission relative to it. However, a more subtle effect is
that the finite value of this out-of-plane crystal momentum
will also influence oscillator strengths. Its influence on the
spontaneous emission spectrum in unstrained C-plane InGaN
QWs has previously been identified [11]. There is also a report
on how carrier injection in A-plane InGaN QW based LEDs
leads to band filling and the resultant occupation of higher
crystal momentum states modifies the emission polarization
properties [12].

Here we present results of a perturbation theory based
study to bring out the importance of the finite out-of-plane
crystal momentum arising from quantum confinement, in
determining the polarization selection rules for emission from
anisotropically strained non-polar III-nitride QWs. We will
first describe the calculation procedure and results taking
anisotropically strained M-plane GaN QWs as an example.
We then show that this has important practical implication for
the design of UV light emitters based on M-plane oriented
AlxGa1−xN QWs on GaN substrates.

2. Electronic band structure calculations

Around the fundamental gap at the Brillouin zone centre
(wave vector k = 0) wurtzite group III-nitrides have one
conduction band (CB) �7 and three closely spaced VBs �9,
�7, �7. The CB wavefunctions are made from atomic s

orbitals and the VB from px , py and pz orbitals. The c-axis
defines the z direction as shown in figure 1. Transitions
between s and px state involve x polarized light and so
on, and this is the basic origin of the linear polarization
sensitivity of emission and absorption. Previous theoretical
and experimental studies have shown that anisotropic strain
in non-polar M-plane and A-plane bulk films mixes the
VBs which can dramatically alter the polarization selection
rules, leading to strong in-plane polarization anisotropy
of inter-band transition strengths [7, 9, 13, 14]. There are
experimental studies on non-polar QWs where the emission

Figure 1. A schematic of the wurtzite GaN unit cell showing the
relevant crystal planes and the choice of coordinates.

shows significant in-plane polarization anisotropy. However,
the emission polarization characteristics of these QWs are
explained on the basis of oscillator strength values obtained for
bulk inter-band transitions under strain [4, 15–20]. Quantum
confinement played a role in terms of how the bands moved
in energy and crossed each other due to the effective masses
in the bands being different, which were obtained by taking
strain into consideration [21, 22].

When there is quantum confinement, an additional point
needs to be considered which is that electrons and holes even
in the lowest confined energy state will have a finite out-of-
plane crystal momentum. In the case of M-plane QWs it
implies that while we may have kx, kz = 0, the ky value
will be non-zero and quantized. A conventional approach
to theoretically study such a system would be to begin by
solving the 1D Schrödinger equation, under the effective-mass
envelope-wavefunction approximation, with a finite height
potential. In the above step the required parameters such as
effective masses would have to be those for the given strain
condition and effective crystal momentum ky , and need to be
determined separately, for example through a k·p perturbation
theory calculation. Initially, one could take ky = π/Lw for
the lowest energy confined state (ground state), where Lw

is the well width. Then by fitting a sinusoidal function to
the calculated envelope wavefunction re-estimate the effective
ky and repeat the calculation with this ky , continuing this
process till the energy eigen value converges. The oscillator
strengths of the transitions, which will determine the light
polarization selection rules, are obtained from a product [10]
of the overlap of the electron and hole envelope wavefunctions
and the momentum matrix elements involving the cell-periodic
part of the wavefunctions for this ky . To a good approximation,
the overlap of the electron and hole ground state envelope
wavefunctions is �1 for a symmetric QW. Therefore, the
oscillator strength components of the ground state transition
are essentially determined by the momentum matrix elements
which are also obtained through the k · p perturbation theory
calculation.

Since we want to highlight the influence of the finite crystal
momentum on the emission polarization properties, which
involves predominantly the lowest confined electron and hole
states, we take a simpler approach in this study. In a practical
situation the well/barrier combinations would be of the type
GaN/AlxGa1−xN or AlxGa1−xN/AlyGa1−yN withy > x. Here
we assume the barrier AlyGa1−yN material to have sufficiently
large bandgap so that for the ground state transition energy one
may consider an infinite barrier height. Therefore, as the main
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contribution of quantum confinement to the problem, we will
consider an effective ky and use this in a k · p formalism band
structure calculation. In practice for the ground state with
confinement quantum number n = 1 one expects ky, n=1 <

π/Lw for a finite height well. A previous study [23] on
GaAs/AlxGa1−xAs QWs found ky, n=1 ∼ π/(1.2 Lw) to be
a good approximation. This finite effective ky value will also
shift the energies depending on the effective mass parameters.
This is equivalent to the quantum confinement-related blue
shift of energies. We shall verify this subsequently by actually
solving the 1D Schrödinger equation for a particular case.

For the k · p formalism calculation we use the Bir–
Pikus Hamiltonian [24, 25] which includes the influence of
strain on the electronic band structure. For wide bandgap
semiconductors like GaN and AlN one can neglect the
interaction between the CB and VB and consider only the
mixing between the three VB states. Taking into account the
spin degeneracy factor of 2, the Hamiltoninan is represented
by a 6 × 6 matrix of the form




F 0 −H ∗ 0 K∗ 0
0 G � −H ∗ 0 K∗

−H � λ 0 I ∗ 0
0 −H 0 λ � I ∗

K 0 I � G 0
0 K 0 I 0 F




,

where

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

H = i

(
h̄2

2mo

A6kzk+ + A7k+ + D6εz+

)
,

I = i

(
h̄2

2mo

A6kzk+ − A7k+ + D6εz+

)
,

K = h̄2

2mo

A5k
2
+ + D5ε+, � =

√
2�3,

λ = h̄2

2mo

(A1k
2
z + A2k

2
⊥) + D1εzz + D2(εxx + εyy),

θ = h̄2

2mo

(A3k
2
z + A4k

2
⊥) + D3εzz + D4(εxx + εyy),

ε+ = εxx − εyy + 2iεxy, εz+ = εxz + iεyz,

k+ = kx + iky, k2
⊥ = k2

x + k2
y. (1)

The parameters Dj (j = 1 to 6) denote the deformation
potentials for the VB, Aj (j = 1 to 7) determine the hole
effective masses. mo and h̄ are the free electron mass and
the Planck’s constant divided by 2π , respectively. εl,m and
kl (l, m = x, y, z) are the strain tensor and crystal momentum
components, respectively. �1 and 3�2 are the crystal field and
spin-orbit energy splitting parameters, respectively. The basis
functions are (1/

√
2)|X + iY, α〉, (1/

√
2)|X + iY, β〉, |Z, α〉,

|Z, β〉, (1/
√

2)|X− iY, α〉, (1/
√

2)|X− iY, β〉 for the VB and
|S, α〉 and |S, β〉 for the CB. |S〉, |X〉, |Y 〉 and |Z〉 are associated
with the atomic s, px , py and pz orbitals. |α〉 and |β〉 represent
the spin up and spin down wave functions. Diagonalization of
the above Hamiltonian yields three distinct VB energies Ev(k).

The single CB energy can be expressed as

Ec(k) = α‖ εzz + α⊥(εxx + εyy) +
h̄2k2

z

2mom
e
‖

+
h̄2(k2

x + k2
y)

2mom
e
⊥

,

(2)

where α‖,⊥ and me
‖,⊥ denote the CB deformation potential and

the electron effective mass ratio parallel (‖) and perpendicular
(⊥) to the c-axis. Anisotropic in-plane strain strongly mixes
the VBs and therefore changes the characteristics of the three
inter-band transitions involving the CB and the three VBs.
Consequently, they are no longer describable in terms of the A,
B and C excitons defined for zero strain condition. Instead a
nomenclature T1, T2 and T3 has been adopted in the literature,
where T1(T3) corresponds to the lowest(highest) transition
energy. We will do the calculation for a finite effective ky, n=1

defined earlier which arises from quantum confinement, with
kx, kz = 0. The ground state excitonic transition energy is
then obtained as

EQW(n=1) = E∗ + Ec(ky) − Ev(ky) − Eb
ex, (3)

where Eb
ex is the exciton binding energy. E∗ is adjusted to

match the experimentally determined unstrained fundamental
bulk bandgap energy at k = 0.

We note that Eb
ex in an ideal 2D system is four times

its value in 3D. In the quasi-2D case of a QW the increase
is expected to be smaller and depends on the ratio of the
well width to the 3D exciton Bohr radius. For a GaN QW
with width of the order of 5 nm this ratio is nearly 1 and
theory [26] predicts Eb

ex to increase from 26 to 52 meV, which
agrees reasonably with experiment [18]. However, strain- and
confinement-related energy shifts would typically be larger and
since the main emphasis here is on polarization properties, the
Eb

ex change was not included in the present calculations.
The components of the oscillator strengths fl (l = x, y, z)

for the transitions, which determine the polarization selection
rules, are obtained from momentum matrix elements as fl ∝
|〈	CB|pl|	VB〉|2. Here 〈	CB| = 〈S, α| and 〈S, β|, while
|	VB〉 = ∑6

i=1 ai[i th VB basis function]. The coefficients
ai are obtained by determining the eigenvectors of the VB
Hamiltonian. This calculation will lead to terms of the
type |〈S|px |X〉|2, |〈S|py |Y 〉|2 and |〈S|pz|Z〉|2, whose relative
values are nearly the same [27] in group III-nitrides and so
were taken to be equal.

Next we consider the required strain components. An
M-plane film under in-plane biaxial strain is free to expand
or contract in the out-of-plane direction. This implies that the
out-of-plane stress σyy = 0 and leads to the following relation
between the strain components εij (i, j = x, y, z)

εyy = −C12

C11
εxx − C13

C11
εzz, εxy = εyz = εzx = 0, (4)

where Cij are the elastic stiffness constants. Due to the
symmetry of the system the effect of strain in the x − z plane
is identical to the case of strain in the y−z plane and so for the
case of A-plane strain one can interchange x and y to arrive
at the required result [13]. Note that for the M-plane strain
case with the above conditions, the VB Hamiltonian matrix
has only real elements.
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Table 1. Material parameters, including lattice constants a and c, of
wurtzite GaN and AlN at 298 K used in the calculations. These
values are gathered from [7, 28–31] The parameter α is obtained
using α = a1 + D1, a1 being the hydrostatic deformation potential.

Parameter GaN AlN

Eg (eV) 3.436 6.033
Eb

ex (meV) 26 59
�1 (meV) 9.2 −219
3�2 (meV) 18.9 19
c (Å) 5.1851 4.982
a (Å) 3.1893 3.112
C11 (GPa) 390 396
C12 (GPa) 145 137
C13 (GPa) 106 108
C33 (GPa) 398 373
α (eV) −44.5 −20.5
me 0.2 0.31
D1 (eV) −41.4 −17.1
D2 (eV) −33.3 −8.7
D5 (eV) −3.6 −3.4
A1 −7.21 −3.86
A2 −0.44 −0.25
A5 −3.4 −1.47

The local atomic coordination of a wurtzite structure is
similar to that of a cubic zincblende structure and differs
significantly [32] only for the relative positions of the third
nearest neighbours and beyond. This justifies a quasi-cubic
approximation [24] which relates some of the parameters as
follows

�3 = �2, α‖ = α⊥ = α, D3 = D2 − D1,

D4 = −D3/2, A3 = A2 − A1,

A4 = −A3/2, A7 = 0. (5)

Also, since me
⊥ ∼ me

‖ in these materials [27], they were taken
to be equal, with value me. The parameter values used in the
calculations are given in table 1, the values for AlxGa1−xN
alloys were obtained through linear interpolation [9]. For the
alloy bandgap magnitude parameter E∗ an additional bowing
of 0.7 eV was considered [28]. Due to the large negative crystal
field splitting in AlN, the alignment of the VBs in AlN is
quite different [29] from that in GaN. Our parameter value
interpolation procedure naturally results in this VB alignment
change as one goes from GaN to AlN.

We note here that the exact values of some of these material
parameters, especially those for AlN, are still a matter of
debate [33]. It has also been suggested that the quasi-cubic
approximation used here, actually breaks down [34, 35]. In
GaN it can result in changes in some of the above parameter
values by as much as 50%. The deformation potentials [34]
themselves may also change with strain. Some parameter
value changes may not affect the polarization characteristics
significantly. For instance, there is range of values suggested
[28] for �1, however it would need a change in its sign to
change the ground state emission polarization from being ⊥c

(‖c) in GaN (AlN) to being ‖c (⊥c). There is no dispute about
the sign of �1. The overall scenario that will subsequently
come out of this study is that for certain values of in-plane
strain, the inclusion of quantum confinement can significantly

Figure 2. (a)–(c) Exciton transition energies (in eV) involving the
three VBs and the CB in bulk M-plane GaN films as a function of
in-plane strain. T1(T3) is the lowest (highest) energy transition for a
given strain. (d)–(f ) Similar plots for a 4.5 nm thick M-plane GaN
QW involving the lowest energy confined (n = 1) states in the three
VBs and the CB, arranged according to increasing transition energy.
The plots in (a) and (d) primarily determine the emission photon
energy for a given strain.

change the emission polarization properties. Therefore, in
general for a different set of material parameter values, one
will have to redo these calculations to determine the exact
strain/alloy composition for which large changes in emission
polarization characteristics can occur.

3. Results and discussion

To illustrate the importance of the combined effects of
quantum confinement and anisotropic in-plane strain on the
polarization properties of emission, we will make comparison
with bulk films where only anisotropic in-plane strain plays a
role. We first consider the transition energies. Depending
on the substrate and growth conditions an M-plane GaN
film can experience a range of anisotropic in-plane strains.
Figure 2(a)–(c) shows contour plots of the calculated energies
of the three inter-band exciton transitions T1, T2 and T3 in
GaN under strain at room temperature, with in-plane strain
tensor components εxx and εzz varying in the range ±1%.
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Figure 3. Relative oscillator strength components fx , fy and fz of
inter-band transitions T1, T2 and T3 involving the three VBs and the
CB, in bulk M-plane GaN films as a function of in-plane strain. The
star, square and circle symbols in the top row plots mark the strain
coordinates (εxx = −0.8%, εzz = −0.2%), (εxx = −0.4%,
εzz = −0.3%) and (εxx = 0.3%, εzz = 0.2%), respectively.

Figures 2(d)–(f ) show the relevant transition energies for
a 4.5 nm thick GaN QW. This thickness was chosen since
the influence of the out-of-plane crystal momentum becomes
prominent around and below this value. In figure 2(d) we
have plotted energy of the ground state transition QW(n = 1)
which involves the lowest energy confined CB and VB level
in the QW for a given strain. Figures 2(e) and (f ) plot
energies of transitions involving the lowest confined level in
the CB and in the other two VBs. In the limit of very large
well widths these two transitions would tend to T2 and T3,
while QW(n = 1) would tend to T1. Although there may be
emission involving the next VB when it is nearby in energy
to the lowest VB level, nevertheless T1 and QW(n = 1) are
likely to dominate the emission process and we will therefore
focus on their characteristics. Comparing figures 2(a) and (d)
it is evident that at any value of in-plane strain the transition
energies in the latter are higher. This is essentially due to
quantum confinement-related increase in the effective bandgap
which is naturally incorporated in our calculation due to the
finite ky value. At zero strain this energy shift �E ∼ 84 meV.
For comparison, solving the 1D Schrödinger equation under
the effective-mass envelope-wavefunction approximation we
get, for a 4.5 nm thick GaN QW with AlxGa1−xN (x =
0.3) barriers and CB : VB offset ratio of 50 : 50, an effective
bandgap shift of ∼85 meV which is nearly identical to the �E

value.
Figure 3 has nine plots showing the dependence of the

relative oscillator strength components fx , fy and fz of each of

Figure 4. Relative oscillator strength components fx , fy and fz of
inter-band transitions in the case of a 4.5 nm thick M-plane GaN
QW. The transitions considered are between the first confined state
of the CB and that of the three VBs. The top row plots are for the
overall lowest energy transition QW(n = 1) for a given strain and it
mainly determines the QW emission polarization. The second and
the third row are for transitions involving the lowest confined states
of the remaining two VBs. The star, square and circle symbols in
the top row plots mark the strain coordinates (εxx = −0.8%,
εzz = −0.2%), (εxx = −0.4%, εzz = −0.3%) and (εxx = 0.3%,
εzz = 0.2%), respectively.

the three inter-band exciton transitions T1, T2 and T3 in a bulk
M-plane GaN film under in-plane strain. Figure 4 similarly
has nine relative oscillator strength plots for the 4.5 nm thick
M-plane GaN QW. In figure 4 the top row plots are for the
ground state exciton transition QW(n = 1), the second and the
third row plots are for transitions between the lowest energy
confined level in the CB and the lowest energy confined levels
of the other two VBs. The plots in figures 3 and 4 are such
that by adding three of the plots in one row or in one column
one ends up with a plot which is completely red. This verifies
the following oscillator strength sum rules:

∑
l fln = 1 and∑

n fln = 1, where l = x, y, z and the index n = 1, 2, 3
represents the three VBs for bulk film, and confined levels of
the three VBs for the QW with identical quantum numbers.
One notices that the plots in figure 4 can roughly be obtained
by shifting the plots in figure 3 by some positive value of εxx

and εzz. This indicates that so far as the oscillator strengths
are concerned, the finite out-of-plane crystal momentum ky is
equivalent to having some extra anisotropic in-plane strain in
the system. One can understand this from the fact that the
Bir–Pikus Hamiltonian treats strain and crystal momentum
dependent perturbation terms on an equal footing.

The top row plots in figure 3 for T1 and in figure 4 for
QW(n = 1) will mainly determine emission polarization.
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For many values of in-plane strain, the plots in figures 3
and 4 suggest that there will be no significant difference in
the emission polarization between a bulk film and a QW.
For example consider an overall in-plane compressive strain
defined by strain coordinates (εxx = −0.8%, εzz = −0.2%)
marked by a star symbol in one of the top row plots in
figures 3 and 4. For such strain the top row plots suggest
that the emission will be predominantly x polarized both in
the bulk film and in the QW. However, dramatic changes in
emission polarization can occur due to quantum confinement
for other strain conditions. To illustrate this we will consider
two reasonable in-plane strain conditions. In the first example
consider an overall in-plane compressive strain given by εxx =
−0.4%, εzz = −0.3% and marked by a square symbol in one
of the top row plots in figures 3 and 4. For such strain in
a bulk M-plane GaN film the emission polarization will be
predominantly x polarized. In contrast for the M-plane GaN
QW the emission for the same strain will be predominantly
z polarized. Next consider the case of an overall in-plane
tensile strain defined by εxx = 0.3%, εzz = 0.2% and marked
by a circle symbol in one of the top row plots in figures 3
and 4. For such strain the emission in the bulk film is polarized
along y which means the emission polarization is out-of-plane.
Thus, a bulk M-plane GaN film with such tensile strain will
not be useful for light-emitting device applications for reasons
explained earlier. In contrast, for the M-plane GaN QW case
the emission for such an in-plane strain will be predominantly
z polarized, which is in-plane, therefore, it is ideal for light-
emitting device applications. Thus, including a finite ky for a
QW led to switching of emission polarization within the plane
by ∼90◦ in one case. In the other case too there was a ∼90◦

change but this time the polarization switched from being out-
of-plane to being in-plane which is desirable.

The above modification of the oscillator strengths in the
QW case arises essentially due to changes in VB mixing
brought about by the finite ky . To illustrate this point we
consider a hypothetical strain trajectory satisfying εxx = εzz.
Such isotropic in-plane strains are unlikely in M-plane or
A-plane films, nevertheless it helps us understand the changes
occurring in the electronic band structure. Figure 5(a) shows
a plot of the variation in the energy of the three inter-band
excitonic transitions T1, T2 and T3 in a bulk M-plane GaN
film for in-plane strains satisfying εxx = εzz. The three lines
here represent a section cut across the body diagonal from the
bottom left corner of figures 2(a)–(c). The anti-crossing of the
three lines close to zero strain condition indicates VB mixing.
Figure 5(b) shows the variation of the energy of the ground
state transition QW(n = 1) and transitions involving the lowest
energy confined CB and the two other VB levels in the QW,
with strains which satisfy εxx = εzz. Here again the three lines
represent a section cut across the body diagonal from bottom
left corner of figures 2(d)–(f ). The marked �E ∼ 84 meV in
figure 5(b) represents the blue shift of the unstrained ground
state transition energy due to quantum confinement. More
importantly however, the plot shows that the anti-crossing
region of the lines has shifted further away from the zero
strain condition. Thus comparing the anti-crossing of the lines
in figures 5(a) and (b) it is clear that the nature of the VB

Figure 5. Exciton transition energies involving the three VBs and
the CB in M-plane GaN as a function of isotropic in-plane strain
with εxx = εzz. (a) The case of bulk films where T1(T3) is the
lowest (highest) energy transition at any given strain. (b) The case
of a 4.5 nm thick QW, where transitions involving only the lowest
energy confined states in the three VBs and the CB are shown.

mixing has been significantly modified in the case of the QW
in comparison with the bulk film.

We note here that in a previous experimental study [21]
on A-plane GaN/AlxGa1−xN QWs of width 3.5 nm/4.5 nm,
with in-plane strain εyy ∼ −0.1% and εzz ∼ −0.05%, it was
found that the lowest energy transition had higher E ⊥ c

polarization component, however a careful look at the data
reveals that this transition also has a considerable E ‖ c

polarization strength. If we do our calculation for an equivalent
strain εxx = −0.1% and εzz = −0.05% with QW width
4 nm, we get E ‖ c polarization as being dominant. This
seems to contradict the above experimental results. However
the predicted trend agrees, which is that the lowest energy
transition, which has zero E ‖ c polarization component in
bulk, acquires an increased value E ‖ c component when
quantum confinement is accounted for. The exact value of
strain for which the E ‖ c component will start to dominate
will depend on the choice of parameter values, as has been
discussed previously.

The changes in emission polarization in anisotropically
strained non-polar III-nitride QWs due to quantum confine-
ment has important implication for the design of light-emitting
devices. To illustrate this we consider AlxGa1−xN QWs
required for achieving deep UV emission. In general the strain
in the QW layer will depend on the actual device structure
and it can be either compressive or tensile. Under overall
compressive strain the VB mixing in bulk films is such that
it anyway favours in-plane polarization of emission which is
good for light-emitting devices [8, 9]. But such analysis would
suggest that even small amounts of tensile strain is harmful.
Here we highlight what can happen when such QWs are under
anisotropic in-plane tensile strain. AlxGa1−xN if grown pseu-
domorphically on a M-plane GaN substrate, will experience
anisotropic in-plane tensile strain. The strain tensor compo-
nents εxx , εzz and εyy of AlxGa1−xN films on M-plane GaN
would vary with Al concentration as given in figure 6(a). The
corresponding change in the ground state emission energy for
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Figure 6. Variation of properties of M-plane AlxGa1−xN
pseudomorphically grown on M-plane GaN substrate, as a function
of Al concentration. The barrier AlyGa1−yN material is assumed to
be of sufficiently large bandgap so that for the ground state
transition energy one may consider an infinite barrier height.
(a) in-plane (εxx , εzz) and out-of-plane (εyy) strain components,
(b) energy of the ground state transition in bulk films and in 4.5 nm
thick QWs. Relative oscillator strength components fx , fy and fz

for these transitions in (c) bulk films and in (d) QWs.

a bulk AlxGa1−xN film and a 4.5 nm thick AlxGa1−xN QW are
shown in figure 6(b). For bulk films, the oscillator strength
components of the ground state transition T1 would vary with
Al concentration as shown in figure 6(c). One finds that in bulk
films even for small Al concentration the oscillator strength
component fy rapidly reaches ∼1, which means that the emis-
sion polarization becomes predominantly out-of-plane. Such
films will not be good light emitters. However, for a 4.5 nm
thick M-plane AlxGa1−xN QW the oscillator strength variation
with Al concentration, shown in figure 6(d) looks quite differ-
ent. Here for Al concentration up to 18% the emission polariza-
tion has a strong in-plane character with fz > 0.5 and therefore
a 4.5 nm thick M-plane AlxGa1−xN QW with 18% Al is well
suited for UV light emitter applications at ∼3.8 eV (326 nm).
Thus, although increase in Al content increases in-plane tensile
strain which results in the deterioration of desirable emission
polarization characteristics in bulk films, in the case of a QW
the finite out-of-plane crystal momentum negates the adverse
influence of this in-plane tensile strain.

The above result suggests that for a given M-plane
AlxGa1−xN QW width there is a maximum Al concentration
up to which the emission polarization criterion would favour
device application. We have determined this maximum Al
concentration by requiring that either of the in-plane relative
oscillator strength components fx , fz should be greater than
0.5. This maximum permissible Al concentration for a given
well width is plotted in figure 7(a). Figure 7(b) shows
the corresponding emission energy and wavelength. These

Figure 7. (a) Well width (Lw) dependence of the maximum Al
concentration in M-plane AlxGa1−xN QWs, pseudomorphically
grown on M-plane GaN substrate, for which either of the in-plane
relative oscillator strength components fx , fz is greater than 0.5.
(b) The ground state transition energy in such QWs with the Al
concentration for a particular well width determined by the plot
in (a).

results show that it is possible to achieve shorter emission
wavelengths using M-plane AlxGa1−xN QWs with higher Al
concentration by growing thinner QWs. The UV-C band,
with wavelengths below 280 nm, is especially useful for
water purification applications. Figure 7(b) shows that it is
possible to reach the UV-C emission band using such M-plane
AlxGa1−xN QWs with Al concentration of ∼50% and well
width ∼3 nm. One must however keep in mind that when
one exceeds the pseudomorphic limit for film thickness in a
practical multilayered device structure, the strain for a given Al
concentration will not follow the plots given in figure 6(a). For
such situations the analysis needs to be done directly in terms
of the actual strain. The significance of the present results
is that they show that M-plane AlxGa1−xN QWs when under
tensile strain can still work as efficient light emitters if the well
width is kept small enough.

We note here that previous studies [36, 37] on polar
C-plane AlxGa1−xN QWs have reported emission polarization
switching from E ⊥ c (in-plane) to E ‖ c (out-of-plane). The
origin of this switching was suggested to be primarily due to
crossing of the confined VB ground states in narrow wells.
In such polar QWs large piezo- and pyro-electric polarization
fields induced these narrow triangular wells. In non-polar films
discussed in the present study, such piezo- and pyro-electric
polarization fields are absent.

4. Conclusion

In conclusion we have shown that the finite out-of-plane
crystal momentum due to confinement of carriers in QWs
modifies valance band mixing in anisotropically strained non-
polar group III-nitride QWs. For certain values of in-plane
strain this can result in oscillator strength values which are
quite different from those for identically strained bulk films
obtained for zero crystal momentum. Through the example
of M-plane GaN QWs we showed that the modification of
the ground state oscillator strength components can lead to
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emission polarization switching by 90◦ for certain values
of anisotropic in-plane strain. As a practical implication
of this phenomenon we showed that the modified emission
polarization characteristics in the case of AlxGa1−xN QWs
under in-plane tensile strain are such that they can work
as efficient light emitters, unlike identically strained bulk
AlxGa1−xN films. Our results indicate that from emission
polarization considerations it is possible to incorporate more
Al into such AlxGa1−xN QWs, for reaching shorter emission
wavelengths, if narrower well widths are used.
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