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Abstract Polarization effects are studied within nitride
light-emitting diodes (LEDs) manufactured on standard po-
lar and semipolar substrates. A new theoretical approach,
somewhat different than standard ones, is proposed to this
end. It is well known that when regular polar GaN substrates
are used, strong piezoelectric and spontaneous polariza-
tions create built-in electric fields leading to the quantum-
confined Stark effects (QCSEs). These effects may be com-
pletely avoided in nonpolar crystallographic orientations,
but then there are problems with manufacturing InGaN lay-
ers of relatively high Indium contents necessary for the
green emission. Hence, a procedure leading to partly over-
coming these polarization problems in semi-polar LEDs
emitting green radiation is proposed. The (1122) crystal-
lographic substrate orientation (inclination angle of 58◦ to c

plane) seems to be the most promising because it is char-
acterized by low Miller–Bravais indices leading to high-
quality and high Indium content smooth growth planes.
Besides, it makes possible an increased Indium incorpora-
tion efficiency and it is efficient in suppressing QCSE. The
In0.3Ga0.7N/GaN QW LED grown on the semipolar (1122)
substrate has been found as currently the optimal LED struc-
ture emitting green radiation.

1 Introduction

Nitride based III–V semiconductors, i.e., GaN, InN, and
AlN and their ternary and quaternary alloys, have recently
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attracted a great interest of research centers due to their pos-
sible applications in manufacturing visible and even ultravi-
olet light emitting diodes (LEDs). These materials, however,
differ significantly from most of other III–V semiconduc-
tors, which leads for example to problems with obtaining
efficient nitride sources of green radiation (“green gap” ef-
fect) [1–3]. Their special properties are connected with their
wurtzite crystal structure, distinctly different from the zinc
blende structure of most of other III–V semiconductors. In
Fig. 1, characteristic planes and axes of this crystallographic
structure are shown. Layers of most of nitride devices are
usually grown along the c polar axis. Planes parallel to this
axis, i.e., perpendicular to the c plane, are electrically neu-
tral (nonpolar), because they contain the same number of
both anions and cations, whereas planes between the polar
c and any nonpolar orientations are called semipolar ones
[5, 6]. Crystallographic plane is usually defined by its incli-
nation angle ϑ between the crystallographic direction c and
the axis perpendicular to this plane (Fig. 2).

In GaN, the c/a ratio is equal to 1.626 [8], whereas its
value for the ideal wurtzite structure equals about 1.633
[9], where c and a are the lattice constants in the c and a

crystallographic directions, respectively. Therefore, the GaN
crystal is compressed in the c direction. It results in some
shifting of positive and negative charges, which is always
directed along the c axis [10], and is called the sponta-
neous polarization [9]—an intrinsic crystal property. Pos-
sible further crystal stresses lead to an additional change of
the c/a ratio, which results in the piezoelectric polarization.
In quantum wells (QWs), it leads to strong build-in electric
fields, and consequently to the quantum-confined Stark ef-
fect (QCSE): electrons and holes are shifted in opposite di-
rections (compare peak positions of electron and heavy-hole
wave functions determined for the first QW energy levels
shown in Fig. 3). Then overlapping of their wave functions

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Crossref

https://core.ac.uk/display/193904969?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:wlodzimierz.nakwaski@p.lodz.pl


802 S. Morawiec et al.

Fig. 1 Possible growth planes and crystallographic directions in the
hexagonal unit cell (on basis of [4])

Fig. 2 Wurtzite structure in the semi-polar orientation with the local
0xyz and the global 0′x′y′z′ co-ordinate systems. ϑ—inclination an-
gle. The inclination axis is along the <1120> direction. (On the basis
of [7])

is strongly decreased, which is discussed in Sect. 5. More-
over, QW barriers are effectively reduced enabling more in-
tense escape currents from QWs, especially at higher tem-
peratures.

In most of commercially available substrates, the (0001)
c plane is used to manufacture nitride devices, which leads
to mostly unprofitable polarization effects. Recently, how-
ever, relatively thick c-oriented GaN substrates have been
reported (e.g., [11]). Then proper slicing may be used to pro-
duce nonpolar or semipolar native GaN substrates [2, 5].

Desired emission of green radiation requires in nitride de-
vices relatively high Indium contents. In nonpolar LEDs,
however, an increase in an Indium content results in de-
graded crystal quality because of required low growth tem-
peratures [2]. Efficiency of some similar semipolar LEDs
also decreases for longer wavelengths, but to much less ex-
tent. Therefore, the semipolar substrate orientation is con-
sidered (e.g., [6]) in our simulation. Quality of layers grown
on semipolar substrates has been found to be similar to that
of layers grown on nonpolar substrates [7]. However, high-
quality and high Indium content smooth growth planes may

Fig. 3 Band model of the 3-nm In0.3Ga0.7N/GaN QW presenting
wave functions of trapped carriers

be then obtained with low values of the Miller–Bravais in-
dices [7]. Besides, also partial reduction of polarization ef-
fects may be then obtained.

Typical InGaN/GaN LEDs grown on the c-oriented sub-
strate exhibit unprofitable strong polarization effects be-
cause both spontaneous and piezoelectric polarizations are
increased with an increase in the Indium content in InGaN.
They create serious problems especially in highly strained
InGaN/GaN QWs with high Indium content designed to
emit green radiation [1, 2]. However, it is shown in Sect. 4
that polarization effects are excluded not only for the total
polarization reduced to zero, but also for equal polarizations
in each layer of LED structure. Anyway, their unprofitable
impact on LEDs operation may be at least partly reduced
with the aid of a careful technology.

2 Polarization effects in the semi-polar crystal structure

A typical nitride LED structure is composed of the following
layer sequence: n-type substrate, QW barrier, QW, QW bar-
rier, electron-blocking layer, and p-type layer. Let us con-
sider its manufacturing on a semipolar substrate. The local
coordinate 0xyz system is correlated with the substrate crys-
talline structure (its z axis is directed along the c crystalline
axis—see Fig. 2), whereas the analogous global 0x′y′z′ sys-
tem has the z′ axis at the inclination ϑ angle with respect
to the z axis and x′ axis along the x axis. The depths of the
InGaN/GaN QW within the conduction and valence bands
are determined using approach of Sharma and Towe [3] and
assuming its ratio (band offset ratio) equal to 1.48.

Let us consider the semipolar wurtzite structure shown
in Fig. 2. Following the approach reported by Romanov et
al. [7], misfit parameters along the x′ and y′ axes may be
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expressed as

εx = aS − aL

aL
(1)

εy = aScS −
√

(aLcS)2 cos2 ϑ + (aScL)2 sin2 ϑ
√

(aLcS)2 cos2 ϑ + (aScL)2 sin2 ϑ
(2)

where aS and cS are hexagonal parameters of the substrate
material whereas aL and cL are analogous parameters of
the layer material. For the layer thickness below, its criti-
cal value for formation of misfit dislocations, the misfit be-
tween the substrate and the layer is accommodated by the
elastic strain within the layer. Assuming no in-plane shear
mismatch at the interface, some components of the strain
tensor may be found directly:

εx′x′ = εx εy′y′ = εy εx′y′ = 0 (3)

Besides, from the condition for the mechanical equilibrium
between the substrate and the layer, some components of the
stress tensor in the global 0x′y′z′ co-ordinate system may be
also deduced:

σz′z′ = σx′z′ = σy′z′ = 0 (4)

Determination of the remaining components of the strain
and the stress tensors requires an application of the Hook’s
law:

σij =
3∑

k,l=1

Cijklεkl (5)

where Cijkl are elements of the fourth-rank elastic stiffness
tensor, whereas σij and εkl are elements of the second-rank
stress and strain, respectively, tensors. Using the Voigt no-
tation [12] for the wurtzite III-nitrides, there exist only five
independent stiffness coefficients and twelve non-zero Cij

elements [7, 10]:

Cij =

⎡

⎢⎢⎢⎢⎢⎢
⎣

C11 C12 C13 0 0 0
C12 C11 C13 0 0 0
C13 C13 C33 0 0 0

0 0 0 C44 0 0
0 0 0 0 C44 0
0 0 0 0 0 C11−C12

2

⎤

⎥⎥⎥⎥⎥⎥
⎦

(6)

where values of the Cij elements have been given in [8]. For
a free crystal, all rotation strain and stress elements and the
stress element in the z direction become equal to zero:

εxx = εyy (7a)

εxy = εxz = εyz = 0 (7b)

σxy = σxz = σyz = 0 (7c)

σzz = 0 (7d)

whereas the nonzero strain parameters may be expressed as

εxx = εa (8a)

εzz = −2C13

C33
εxx (8b)

Generally, the polarization vector P is equal to the tensor of
piezoelectric coefficients eij multiplied by the strain tensor
εkl :

⎡

⎣
Px

Py

Pz

⎤

⎦ =
⎡

⎣
0 0 0
0 0 0

e31 e31 e33

0 e15 0
e15 0 0
0 0 0

⎤

⎦

⎡

⎢⎢⎢⎢⎢⎢
⎣

εxx

εyy

εzz

2εyz

2εxz

2εxy

⎤

⎥⎥⎥⎥⎥⎥
⎦

(9)

Then, taking advantage of the above relations (7a)–(8b), the
only nonzero component of the polarization vector may be
expressed in the following form:

Pz = 2

(
e31 − C13

C33

)
εxx (10)

3 More natural approach to stresses in nitride
structures

In the above approach proposed by Romanov et al. [7], com-
ponents of the strain and stress tensors, determined with
the aid of the stiffness tensor Cij for the local 0xyz sys-
tem, are transformed into the global 0x′y′z′ system. How-
ever, it seems to be more natural to transform first the stiff-
ness tensor Cij from the local coordinate 0xyz system to the
global 0′x′y′z′ one and next to use its transformed version
C′

ij to determine directly strain and stress phenomena. Both
approaches should give identical results, however, the latter
one seems to be more natural and may be successfully used
in various special cases.

Generally, the fourth-rank elastic stiffness tensor Ctuvw

may be transformed into C′
ijkl one with the aid of the direc-

tion cosine matrix amn:

C′
ijkl = aitajuakvalwCtuvw (11)

where for the rotation of the Cartesian system around the 0x

axis by the angle ϑ :

amn =
⎡

⎣
1 0 0
0 cosϑ − sinϑ

0 sinϑ cosϑ

⎤

⎦ (12)
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The new C′
ij tensor (in the Voigt notation) contains 20

nonzero and 13 independent elements:

C′
ij =

⎡

⎢⎢⎢⎢⎢⎢
⎣

C′
11 C′

12 C′
13 C′

14 0 0
C′

12 C′
22 C′

23 C′
24 0 0

C′
13 C′

23 C′
33 C′

34 0 0
C′

14 C′
24 C′

34 C′
44 0 0

0 0 0 0 C′
55 C′

56
0 0 0 0 C′

56 C′
66

⎤

⎥⎥⎥⎥⎥⎥
⎦

(13)

Its C′
ij elements are related to the previous Cij ones in a

following way:

C′
11 = C11 (14a)

C′
12 = C13 sin2 ϑ + C12 cos2 ϑ (14b)

C′
13 = C13 cos2 ϑ + C12 sin2 ϑ (14c)

C′
14 = C12 cosϑ sinϑ − C13 cosϑ sinϑ (14d)

C′
22 = [

(2C44 + C13)/2
]

sin2(2ϑ) + C33 sin4 ϑ

+ C11 cos4 ϑ (14e)

C′
23 = [

(C33 + C11)/4 − C44
]

sin2(2ϑ) + C13
(
sin4 ϑ

+ cos4 ϑ
)

(14f)

C′
24 = {[

(C13 − C33)/2
]

sin2 ϑ + [
(C11 − C13)/2

]

× cos2 ϑ − C44 cos(2ϑ)
}

sin(2ϑ) (14g)

C′
33 = [

(2C44 + C13)/2
]

sin2(2ϑ) + C33 cos4 ϑ

+ C11 sin4 ϑ (14h)

C′
34 = {[

(C13 − C33)/2
]

cos2 ϑ + [
(C11 − C13)/2

]

× sin2 ϑ + C44 cos(2ϑ)
}

sin(2ϑ) (14i)

C′
44 = C44 cos2(2ϑ) + [

(C33 − 2C13 + C11)/4
]

sin2(2ϑ)

(14j)

C′
55 = C44 cos2 ϑ + [

(C11 − C12)/2
]

sin2 ϑ (14k)

C′
56 = [

(C11 − 2C44 − C12)/4
]

sin(2ϑ) (14l)

C′
66 = C44 sin2 ϑ + [

(C11 − C12)/2
]

cos2 ϑ (14m)

Then the Hook’s law (5) and (4) relations lead to the fol-
lowing set of equations for the stress elements in the global
0x′y′z′ system:

σx′x′ = C′
11εx′x′ + C′

12εy′y′ + C′
13εz′z′ + 2C′

14εy′z′ (15a)

σy′y′ = C′
12εx′x′ + C′

22εy′y′ + C′
23εz′z′ + 2C′

24εy′z′ (15b)

σz′z′ = C′
13εx′x′ + C′

23εy′y′ + C′
33εz′z′ + 2C′

34εy′z′ = 0 (15c)

σy′z′ = C′
14εx′x′ + C′

24εy′y′ + C′
34εz′z′ + 2C′

44εy′z′ = 0 (15d)

σx′z′ = 2C′
55εx′z′ + 2C′

56εx′y′ = 0 (15e)

σx′y′ = 2C′
56εx′z′ + 2C′

66εx′y′ (15f)

Next, taking into account the condition (3) εx′y′ = 0, we
have, from (15e) and (15f):

εx′z′ = 0 and σx′y′ = 0 (16)

Finally, Eqs. (15c) and (15d) result in the following rela-
tions:

ε′
z′z′ = (C′

13C
′
44 − C′

14C
′
34)εx′x′ + (C′

23C
′
44 − C′

24C
′
34)εy′y′

C′2
34 − C′

33C
′
44

(17a)

ε′
y′z′ = (C′

14C
′
33 − C′

13C
′
34)εx′x′ + (C′

24C
′
33 − C′

23C
′
34)εy′y′

C′2
34 − C′

33C
′
44

(17b)

4 Piezoelectric effects in the semi-polar crystal
structure

Following the above calculations, components of the piezo-
electric polarization P PZ may be found from the following
relation:

⎡

⎣
Px′
Py′
Pz′

⎤

⎦ =
⎡

⎣
0 0 0 0 e′

15 e′
16

e′
21 e′

22 e′
23 e′

24 0 0
e′

31 e′
32 e′

33 e′
34 0 0

⎤

⎦

⎡

⎢⎢⎢⎢⎢⎢
⎣

εx′x′
εy′y′
εz′z′

2εy′z′
2εx′z′
2εx′y′

⎤

⎥⎥⎥⎥⎥⎥
⎦

(18)

where components e′
ij of the piezoelectric tensor in the

0x′y′z′ coordinate system may be written in the following
form:

e′
15 = e15 cosϑ (19a)

e′
16 = −e15 sinϑ (19b)

e′
21 = −e31 sinϑ (19c)

e′
22 = −[

e33 sin2 ϑ + (e31 + 2e15) cos2 ϑ
]

sinϑ (19d)

e′
23 = −[

e31 sin2 ϑ + (e33 − 2e15) cos2 ϑ
]

sinϑ (19e)

e′
24 = −[−e15 cos(2ϑ) + (e31 − e33) sin2 ϑ

]
cosϑ (19f)

e′
31 = e31 cosϑ (19g)

e′
32 = [

e31 cos2 ϑ + (e33 − 2e15) sin2 ϑ
]

cosϑ (19h)

e′
33 = [

e33 cos2 ϑ + (e31 + 2e15) sin2 ϑ
]

cosϑ (19i)

e′
34 = {

(e31 − e33) cos5 ϑ − e15
[
cos(2ϑ)

+ 0.5 sin2(2ϑ)
]

cosϑ
}

sinϑ (19j)
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Table 1 Values of parameters used in the calculations

Parameter GaN AlN InN Ref. In0.2Ga0.8N In0.3Ga0.7N

a (nm) 3.189 3.112 3.545 [13] 3.2602 3.2958

c (nm) 5.185 4.982 5.703 [13] 5.2886 5.3404

EG (eV) 3.4 6.0 0.8 [4] 2.65 2.32

C11 (GPa) 390 396 223 [13] 356.6 339.9

C12 (GPa) 145 137 115 [13] 139 136

C13 (GPa) 106 108 92 [13] 103.2 101.8

C33 (GPa) 398 373 224 [13] 363.2 345.8

C44 (GPa) 105 116 48 [13] 93.6 87.9

e33 (cm−2) 0.667 1.505 0.815 [8] 0.697 0.711

e31 (cm−2) −0.338 −0.533 −0.412 [8] −0.353 −0.360

e15 (cm−2) −0.167 −0.351 −0112 [8] −0.156 −0.151

PSP (cm−2) −0.034 −0.042 −0.090 [8] −0.0417 −0.0443

ε 10.4 8.5 15.3 [4] 11.38 11.87

m∗
e (m0) 0.21 0.32 0.07 [13] 0.182 0.168

m∗
hh (m0) 1.89 3.57 1.56 [13] 1.822 1.790

Then Eq. (18) leads to the following vector of the piezoelec-
tric polarization P PZ:

⎡

⎣
Px′
Py′
Pz′

⎤

⎦ =
⎡

⎣
2e′

15εx′z′ + 2e′
16εx′y′

e′
21εx′x′ + e′

22εy′y′ + 2e′
24εy′z′

e′
31εx′x′ + e′

32εy′y′ + 2e′
34εy′z′

⎤

⎦ (20)

As one can see, because from (3) εx′y′ = 0 and from (13)
εx′z′ = 0, the x′-component of the piezoelectric vector dis-
appears.

For the nitride InxGa1−xN compound, the spontaneous
polarization is expressed as [8]:

PSP
[
C/m2] = −0.042x − 0.034(1 − x) + 0.0378x(1 − x)

(21)

In the case of the semipolar crystal orientation, the polariza-
tion component perpendicular to the layer depends on the
inclination angle ϑ :

PSP,z = PSP cosϑ (22)

The total polarization is a sum of the spontaneous and piezo-
electric polarizations:

P = P SP + P PZ (23)

Polarization within a bulk material does not practically have
any impact on its properties. But in a layered structure, it is
followed by some polarization discontinuities at layer inter-
faces which lead to accumulation of electrical charges. In a
multilayered structure, the electric field within the j th layer

is reduced to zero when total polarizations Pi of these layers
fulfills the following condition:

∑

i

li

κi

(Pi − Pj ) = 0 (24)

where li and κi are thicknesses and permittivities of succes-
sive layers. It is easy to conclude from the above equation
that electric fields will be equal to zero in all layers when
polarizations within them are equal to one another. Hence
polarization-induced effects may be eliminated not only for
polarizations reduced to zero in all the layers, but also for
the same polarizations in successive structure layers.

The above equations have been derived for the semipo-
lar (110l) orientations for l = 1,2,3, . . . . Following [7], we
assume applicability of this approach also for other orienta-
tions, the (112l) orientation in particular.

5 Designing of nitride LEDs with reduced polarization
effects

The model presented in the previous sections has been
used to simulate performance characteristics of InGaN/GaN
LEDs emitting green radiation. A typical nitride LED struc-
ture is composed of the following layer sequence: n-type
substrate, QW barrier, QW, QW barrier, electron-blocking
layer, and p-type layer, all manufactured on a polar, non-
polar or semipolar substrates. In the calculations, the 3-nm
InGaN QW surrounded by 12-nm GaN barriers is assumed
as the LED active region. Used values of model parameters
are listed in Table 1.



806 S. Morawiec et al.

The main goal of this paper is to propose a method, which
may be used to overcome polarization problems in semipo-
lar nitride LEDs emitting green radiation. The method is ex-
pected to lead to such a structure of InGaN/GaN QW LEDs,
which enables efficient emission of green (λ ≈ 520 nm) ra-
diation and exhibits reduced unwanted QCSE polarization
phenomena. To this end, three conditions should be fulfilled.
First, efficient emission requires structures with a low den-
sity of defects, which may be achieved using growth planes
characterized by low values of the Miller–Bravais indices
[7]. Next, emission of green radiation may be achieved in
InGaN/GaN QWs characterized by a relative high amount of
the Indium content. And finally, reduced polarization effects
require similar values of polarizations in both QW and bar-
rier materials. Let us now consider realization of the above
conditions.

Zhao et al. [14] have presented results of a comparative
analysis of various substrate orientations used to produce
nitride emitters of long-wavelength radiation, i.e., light-
emitting diodes (LEDs) and diode lasers (DLs). Accord-
ing to their results, the highest Indium incorporation nec-
essary to obtain green radiation of longer wavelengths has
been recorded for the (1122) GaN orientation, although
the (2021) and partly the (2021) orientations also enable
reaching InGaN layers of a high Indium mole fractions.
Analogous results, i.e., the highest InN mole fraction, have
been also determined for the inclination angle 58◦ (i.e., for
the (1122) orientation) using a simplified theoretical model
[15]. The p–n junction built-in electric field has been found
to oppose the polarization-related electric field in the quan-
tum wells (QWs) on the (2021)-oriented substrate whereas
both the above fields have the same directions within the
QWs on the (1122) and the (2021) substrates. Because of
that, potential profiles within the QWs on the (2021) sub-
strate exhibit relatively flat shape whereas profitable triangu-
lar potential profiles are found in QWs on the (1122) and the
(2021) substrates. As a result, LEDs created on the (1122)
plane emit radiation of distinctly longer wavelengths [14]
than those produced on the (2021) substrate. In our model,
the current spreading is connected only with polarization
changes. Hsu et al. [16] have reported formation of misfit
dislocations (MDs) in (1122) InGaN layers grown on GaN
substrates due to stress relaxation, however, they have con-
cluded that similar mechanisms for MDs formation have
been expected for other semi-polar orientations. Besides,
(1122) oriented films appear to be mostly smooth [9]. Effec-
tive long-wavelength emission of InGaN/GaN LEDs grown
on the (2021) substrate and on the (2021) substrate has been
reported in many papers (see, e.g., [17–19] and [20–22],
respectively). However, taking into account aggregate re-
sults of the above analysis, we have decided to choose the
(1122) InGaN/GaN LEDs. Efficient long-wavelength emis-
sion of these devices has been also reported many times (see,

Fig. 4 Energy distance �E between the electron and the heavy–
hole fundamental states and corresponding wavelength λ of emit-
ted radiation plotted as a function of the inclination angle ϑ for the
In0.2Ga0.8N/GaN QW (dashed lines) and the In0.3Ga0.7N/GaN QW
(solid lines)

e.g., [23–27]) and their structures seem to have currently
more perspective advantages as green emitters [28] among
reported orientations to date. In particular, expected high-
power green (516 nm) emission has been reported by Sato
et al. [29] from the InGaN/GaN multi-quantum-well LED
manufactured on the (1122) GaN substrate.

Figure 4 shows a distance �E between energy levels
of electron and heavy-hole fundamental QW states as a
function of the inclination angle ϑ determined for both the
In0.2Ga0.8N/GaN QW and the In0.3Ga0.7N/GaN QW. Elec-
tron recombinations with both light holes and split-off holes
are neglected because of their shorter emission wavelengths
[30]. Besides, also a wavelength λ of emitted radiation is
shown in Fig. 4. As one can see, desired emission of green
radiation is possible in LEDs with the In0.3Ga0.7N/GaN
QWs. Since the heavy-hole band has the lowest energy in
the valence band, radiative transitions between electrons and
heavy holes gives the longest possible wavelength. How-
ever, it should be remembered that efficiency of semipolar
InGaN/GaN QW LEDs drastically decreases at longer wave-
lengths due to difficulties associated with a growth of InGaN
layers of high Indium composition [1]. This growth required
relatively low growth temperatures, which often results in a
degraded crystal quality [2].

Electric field generated in a quantum well is proportional
to a difference �P in total polarizations of the quantum well
material and the barrier. For the InGaN/GaN QWs, a com-
plete elimination of the QCSE, achieved for �P = 0, is pos-
sible not only for the nonpolar crystal orientation (ϑ = 90◦),
which is obvious, but also for one its orientation defined in
this case by the inclination angle about 34◦. An increase in
Indium content in QW results in shifting this angle toward
somewhat larger ϑ . For ϑ equal to about 62◦, a change �P

of the total polarization at the interface between the InGaN
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Fig. 5 Fundamental-state electron (a) and heavy-hole (b) wave func-
tions within the In0.2Ga0.8N/GaN QW plotted for various inclination
angles ϑ

quantum well and the GaN barrier exhibits some maximum,
which however is about twice lower than that in the case of
polar (ϑ = 0) orientation. It confirms anticipated suppres-
sion of polarization effects in all possible semipolar LEDs
as compared with polar ones. Besides, a change of �P from
positive to negative values for lower ϑ is followed by in-
verted slope of QW band edges. The (1122) crystal orien-
tation does not enable fulfilling the condition �P = 0, but
fortunately gives reduction of around 50 % in comparison
with the c orientation.

A change of the electron (ψe) and the heavy-hole (ψhh)
wave functions within the 3-nm In0.2Ga0.8N/GaN QW with
an increase in the inclination angle ϑ is shown in Figs. 5a
and 5b, respectively. As expected, perfect overlapping of
electron and heavy-hole wave functions, desired for en-
hanced carrier recombination, is seen for the non-polar (ϑ =
90◦) crystal orientation. For lower inclination angles ϑ , i.e.
for semi-polar orientations, the overlapping depends on a
distance of ϑ from its value (about 34◦) corresponding to

Fig. 6 Overlapping Oe-hh of the conduction-band electron Ψe and
the valence-band heavy-hole Ψhh wave functions within three various
3-nm InGaN/GaN quantum wells as a function of the inclination angle
ϑ of their substrate orientation

Fig. 7 Theoretically determined maximal shift �λ of an emission
spectrum associated with the QCSE within the 3-nm QWs as a function
of the inclination angle ϑ for the In0.1Ga0.9N/GaN QW (solid line),
the In0.2Ga0.8N/GaN QW (dashed line), and the In0.3Ga0.7N/GaN QW
(dash-dot line). The dotted line presents results determined for the
In0.3Ga0.7N/GaN QW multiplied by 1.45 to match experimental val-
ues. Points correspond to experimental values obtained for LEDs emit-
ting green light [20, 21, 23, 26, 27, 29, 31]

the same polarizations in both the quantum well and the bar-
rier (Fig. 6).

Intensity of the band-to-band recombination of electrons
and heavy holes within 3-nm InGaN/GaN QWs is propor-
tional to the overlapping Oe-hh (Fig. 6) of the conduction-
band electron Ψe and the valence-band heavy-hole Ψhh wave
functions. As one can see, the above overlapping for the con-
sidered In0.3Ga0.7N/GaN QW is increased from about 0.30
for the polar (ϑ = 0) crystal orientation to about 0.58 for the
semipolar (1122) orientation (ϑ = 58◦).
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Taking into account all the above facts, the In0.3Ga0.7N/
GaN QW LEDs grown on the semi-polar (1122) plane
seems to be the most promising LED structure emitting ef-
fectively desired green radiation.

In Fig. 7, a dependence on an inclination angle of
maximal shifts �λ of an emission spectrum as a re-
sult of the QCSE determined by the model for three
InxGa1−xN/GaN QWs is compared with some experimental
values. The above experimental shifts found for semipolar
InxGa1−xN/GaN QWs (varying slightly according to x val-
ues, QW widths as well as operation currents) are systemat-
ically larger than values determined theoretically. This can
be explained by inhomogeneity of In content [32] within
InGaN/GaN QWs which gives additional blue-shift, espe-
cially for low driving currents, due to the band-filling ef-
fect. Therefore, theoretical shifts have been used to match
experimental results. As one can see in Fig. 7, those theoret-
ical values are in a quantitative agreement with experiments,
which serves as a validation of our model.

6 Conclusions

In nitride light-emitting diodes (LEDs) manufactured on
standard polar substrates, unavoidable polarization effects
hamper in reaching their efficient long-wavelength emis-
sion. Those effects may be completely avoided in non-polar
crystallographic orientations, but then there are problems
with reaching relatively high Indium contents in InGaN ac-
tive regions necessary for the green emission. Therefore,
the semipolar crystallographic substrate orientations should
be used. Following comparative analysis given in the above
fifth section, we may conclude that, from considered crystal
orientations, the (1122) crystallographic substrate orienta-
tion (inclination angle of 58◦) seems to be the most promis-
ing because:

– it makes possible an increased Indium incorporation effi-
ciency enabling efficient green emission,

– LEDs created on the (1122) plane emit radiation of longer
green wavelengths than those produced on other sub-
strates,

– it is possible to suppress in these LEDs polarization ef-
fects, and

– (1122) oriented films appear to be mostly smooth [9].

Therefore, the In0.3Ga0.7N/GaN QW LED grown on the
semipolar (1122) substrate (inclination angle of 58◦) has
been found as currently optimal LED structure emitting a
green radiation, although similar LEDs manufactured on the
(2021) and the (2021) substrates also exhibit comparable
performance.
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