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ZUSAMMENFAS SUNG

Die vorliegende Arbeit beschä�igt sich mit der Rekombinationsdynamik in Gruppe-
III-Nitrid-Quanten�lmen, die das Herzstück jeder modernen Leuchtdiode darstellen.
Insbesondere die Rekombinationsprozesse von GaInN/GaN-Quanten�lmen ver-
schiedener Kristallorientierungen werden mithilfe von zeitaufgelöster Photolumines-
zenzspektroskopie untersucht, was Einblicke in grundlegende Materialeigenscha�en,
sowie in Verlustprozesse erlaubt.
Auf der einen Seite verdeutlichen die Ergebnisse den Ein�uss von Verzerrung

und Quanten�lmdicke auf die strahlende Rekombination in Quanten�lmen in nicht-
polarer Kristallorientierung. Verglichenmit polaren c-planaren Strukturen, bei denen
die strahlende Rekombination den internen Polarisationsfeldern, und damit dem
„Quantum-con�ned Stark-E�ekt“ unterworfen ist, zeigen nicht-polare Quanten�lme
eine deutlich erhöhte strahlende Emission. Die Kombination von verschwinden-
dem piezoelektrischem Feld, erhöhter Exzitonen-Bindungsenergie, sowie anisotro-
per Verzerrung, die die Valenzbandstruktur beein�usst und zu höheren e�ektiven
Lochmassen führt, erklären diesen Umstand. Durch eine teilweise relaxierte AlInN-
Pu�erschicht wird der Ein�uss der Verzerrung zwar verringert, die strahlende Re-
kombination ist imVergleich zu c-planaren Strukturen jedoch nach wie vor gesteigert.
Des Weiteren nimmt die strahlende Emission von nicht-polaren Quanten�lmen mit
zunehmenderQuanten�lmdicke signi�kant ab, wasmit verbotenenDipolübergängen
im feldfreien Quanten�lm zusammenhängt. Darüber hinaus wird für Quanten�lme
jeglicher Orientierungen eine drastische Abnahme der strahlenden Rate bei erhöhten
Temperaturen beobachtet, die in der Flucht von Ladungsträgern in die Barrieren,
oder in Exzitonendissoziation begründet ist.
Auf der anderen Seite hängt die Verzerrung mit der strahlungslosen Rekombinati-

on über Defektzustände zusammen, wie in semi-polaren Quanten�lmen beobachtet.
Frühere Ergebnisse zeigten einen ähnlichen E�ekt für c-planare Quanten�lme. Durch
eine verspannungsreduzierende AlInN-Pu�erschicht kann die nicht-strahlende Re-
kombination signi�kant reduziert werden, was perspektivisch die Überwindung des
„green gap“ ermöglicht.
Schließlich wird eine verlässliche Methode zur Bestimmung der internen Quan-

tene�zienz, die durch das Wechselspiel von strahlender und strahlungsloser Rekom-
bination festgelegt ist, eingeführt. Indem die charakteristische Temperaturabhängig-
keit von strahlender und strahlungsloser Rekombinationsrate über den gesamten
Temperaturbereich modelliert wird, kann ein zuverlässiger Indikator für das Fehlen
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strahlungsloser Prozesse bei kryogenen Temperaturen gefunden werden: Ein syn-
chroner Anstieg von e�ektiver und strahlender Lebensdauer der Ladungsträger mit
der Temperatur belegt eine interne Quantene�zienz von 100%. Dies ermöglicht die
Messung von absoluten internen Quantene�zienzen.
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ABSTRACT

�e present research focuses on the recombination dynamics in III-nitride quantum
wells, which represent the key structures for modern solid state lighting. In partic-
ular, the recombination processes in GaInN/GaN quantum wells of various crystal
orientations are measured by time-resolved photoluminescence spectroscopy, which
allows insight into basic material properties and loss mechanisms.
On the one hand, the results emphasize the e�ects of strain and well width on

the radiative recombination in quantum wells in nonpolar orientations. Compared
to polar c-plane structures, where the radiative recombination is dominated by the
internal polarization �elds, and the quantum-con�ned Stark e�ect, nonpolar quan-
tum wells show signi�cantly increased radiative emission.�is can be explained by a
combination of the vanishing piezoelectric polarization, an enhanced exciton binding
energy, and, beyond that, the anisotropic in-plane strain that a�ects the valence band
structure, leading to higher e�ective hole masses. Introducing a partially relaxed
AlInN bu�er layer reduces the impact of strain, but still yields enhanced radiative
recombination compared to c-plane structures. Additionally, the radiative emission
of nonpolar quantum wells is decreasing signi�cantly for larger well widths, which is
related to forbidden dipole transitions in the �eld-free quantum well. Furthermore,
a drastic reduction of the radiative rate is found towards higher temperatures for
quantumwells of all orientations, related to the loss of charge carriers into the barriers,
or even exciton dissociation.
On the other hand, strain is found to be related to defect-related nonradiative

recombination in semipolar quantum wells. Previously, a similar e�ect was observed
for c-plane quantum wells. By introducing a strain-reducing, partially relaxed AlInN
bu�er layer, the nonradiative recombination can be reduced signi�cantly, which
opens a perspective to overcome the green gap.
Finally, a reliable determination of the internal quantum e�ciency, given by the

interplay of radiative and nonradiative recombination, is introduced. Modeling the
characteristic temperature dependence of radiative and nonradiative recombination
rates over thewhole temperature range, a safe indicator for the absence of nonradiative
recombination at cryogenic temperatures is developed. Namely, a synchronous rise
of the e�ective and radiative carrier lifetimes with temperature indicates an internal
quantum e�ciency of 100%.�ereby, the measurement of absolute internal quantum
e�ciencies becomes possible.
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INTRODUCT ION

More light!
— J. W. von Goethe, 1832

In over thirty years, the research on III-nitride semiconductors has made huge
progress.�is was highlighted by the Nobel Prize in 2014, which was awarded for the
invention of e�cient blue light-emitting diodes [1]. Structures and devices based on
galliumnitride (GaN), indiumnitride (InN), and aluminumnitride (AlN) have a high
potential for applications, ranging from high-frequency and power electronics to light
emitters that cover the whole visible spectral range, extending into the ultraviolet and
infrared spectrum [2–5].�e past years have shown that these technologies become
more and more mature, and yield increasing importance in everyday life. Also, the
light-emitting devices show high e�ciencies, close to unity, nowadays.
�is marks a huge technological progress, especially when visualizing the major

drawbacks that the III-nitride material system brings along. First and foremost, the
fabrication of material with high crystalline quality is extremely challenging, and
usually relies on the epitaxial growth on foreign substrates [6, 7]. Also high-quality
material exhibits relatively large defect densities, as compared to other semiconduc-
tors like gallium arsenide or even silicon. Additionally, large internal polarization
�elds that occur especially in heterostructures, or quantumwells, complicate their uti-
lization for light emission, particularly on the basal c-plane, where the manufacturing
methods are most mature [8].
At the same time, issues regarding the basic physical properties of the III-nitride

material system itself are not yet fully explored.�is includes the e�ect of strain on
the crystalline material, which a�ects not only basic semiconductor properties like
band gap or e�ective carrier mass, but is also involved in material degradation by
formation of crystal defects [9].�erefore, strain and related e�ects are considered
to be of tremendous importance in the III-nitride material system. Also, the under-
standing of processes on other crystal orientations than the basal c-plane is o�en
meeting its limits.�ese fundamental issues come along with application-related
problems, which remain unsolved up to now.�is includes the so-called green gap,
i.e. the drastically reduced e�ciency of light emitters in the green spectral range and
beyond, or the e�ciency droop for large driving currents of such devices [2, 10]. Also
the details of charge carrier recombination dynamics are not fully understood in
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introduction

III-nitride structures, since the well-known ABC model, usually used to describe
recombination in semiconductors, is found to be invalid in the III-nitrides [11–13].
Furthermore, a reliable determination of quantum e�ciencies in III-nitride structures
is challenging [14].
�e present thesis focuses on recombination dynamics in III-nitride quantum

wells, measured by time-resolved photoluminescence spectroscopy, which provides
a powerful tool to determine the recombination behavior of charge carriers.�ereby,
insight into the basic material properties is gained, which in turn determine the radia-
tive emission, as well as the nonradiative loss processes in quantum well structures.
�e investigated structures consist of GaInN/GaN quantum wells on various crystal
orientations. Further, the in�uence of the structural parameters like composition
and quantum well width are examined, as well as the impact of underlayers on the
recombination dynamics.
�is work is divided into three parts, covering the theoretical and experimental

background (part I), the experimental results (part II), and �nally, the summary and
outlook (part III). In Ch. 1, the theoretical background of the III-nitride material
system in general, and GaInN/GaN quantum wells in particular, is introduced. Ch. 2
covers the background of radiative and nonradiative recombination processes, while
Ch. 3 describes the experimental details, including the measurement setups and
evaluation methods. In Ch. 4, results on the radiative recombination, especially in
nonpolar quantum wells, are presented.�is includes the dependence of the radiative
emission on strain and quantumwell width, complemented by band structure calcula-
tions, as well as the identi�cation of loss mechanisms at elevated temperatures. Ch. 5
covers the reduction of nonradiative recombination in semipolar quantum wells,
making use of strain-reducing bu�er layers.�ere, possible origins and approaches to
overcome the green gap are discussed. At last, using the distinct temperature behavior
of radiative and nonradiative lifetime, a method to determine absolute values of the
internal quantum e�ciency is developed in Ch. 6. Finally, the results are summarized
in Ch. 7. Note that the appendix contains information about the investigated samples,
and the used notation.
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Part I

THEORET ICAL AND EXPER IMENTAL
BACKGROUND





1
I I I -N I TR IDE SEM ICONDUCTORS

�e class of III-nitride semiconductors can be reduced to the prominent compounds
gallium nitride (GaN), indium nitride (InN) and aluminum nitride (AlN). Among
those, GaN is probably the most important one and, regarding the basic mate-
rial properties, exemplary for the group as a whole. Together with the binaries
InN and AlN, ternary or even quaternary alloys can be formed. In the �rst part
of this chapter, the most important bulk properties of the III-nitrides are intro-
duced.�e advantages and peculiarities of quantum wells, i.e. two-dimensional
heterostructures, are discussed in the second part, where the focus is on GaInN-
based structures.

1.1 iii-nitride material properties

Generally, the three most important bulk properties of a semiconductor are the band
gap, the lattice parameter, and the e�ective carrier mass. First of all, the band gap,
probably most fundamental for the optical properties, is introduced in Sec. 1.1.1.�e
lattice parameters, together with the underlying crystal structure and its characteristic
properties, are treated in Sec. 1.1.2. Additional considerations on the elastic properties
and internal polarization �elds follow in Sec. 1.1.3 and Sec. 1.1.4. Finally, the band
structure of III-nitrides, which determines the e�ective carrier masses, is discussed
in Sec. 1.1.5.

Table 1.1: Band gap values at room temperature (300K) and low temperature (0K) for
wurtzitic GaN, InN and AlN, taken from Ref. [15].

Band gap GaN InN AlN

Eg,300K (eV) 3.437 0.608 6.00
Eg,0K (eV) 3.510 0.69 6.10
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Figure 1.1: Band gaps and lattice parameters of III-nitrides in wurtzite structure, in compar-
ison to classical semiconductors like III-V compounds in zincblende structure
with with direct and indirect band gap, as well as group IV single-element
seminconductors. Adapted from Ref. [5, Ch. 1].

1.1.1 Band gap

�e III-nitrides exhibit a direct band gap, i.e. the conduction band minimum and the
valence band maximum are located both at the center of the Brillouin zone (Γ-point).
�e band gaps are listed in Tab. 1.1, and range from ~0.6 eV for InN, over ~3.4 eV
for GaN, up to ~6 eV for AlN.�e band gap in the corresponding ternary alloys can
be tuned to match light emission from the infrared to the deep ultraviolet spectral
region. Especially GaInN, which can in principle cover the whole visible spectrum, is
of interest for optoelectronics in general, and in particular also in this thesis.�e band
gap of a Ga1−xInxN alloy, where x denotes the InN mole fraction, can be estimated
by [5, Ch. 1]

Eg,GaInN(x) = Eg,GaN (1− x)+ Eg,InN x − b x(1− x) . (1.1)

Here, Eg,GaN/InN denotes the band gap of the binary constituents, and the bowing
parameter b is necessary to account for a nonlinear behavior of the band gapwith com-
position.�e values of b di�er considerably, depending on the applied measurement
6



1.1 iii-nitride material properties

Table 1.2: Lattice parameters a and c for free-standing wurtzitic GaN, InN and AlN at room
temperature. All III-nitride compounds show deviations from the ideal c/a ratio of
√

8/3 ≈ 1.633 of the undistorted wurtzitic crystal.

Lattice parameter GaN InN AlN

a (Å) 3.189 a 3.538b 3.112 c

c (Å) 5.185 a 5.704b 4.981 c

c/a 1.626 1.612 1.601
a Ref. [19] b Ref. [20] c Ref. [21]

method. Wu et al. �nd a value of b = 1.43 eV from absorption measurements [16],
while Davydov et al. report on b = 2.5 eV, which is obtained by photoluminescence
measurements [17].�e di�erence between those values is usually attributed to inho-
mogeneously distributed indium atoms in the material. While in photoluminescence,
the transitions with lowest energy are dominant, the transition energy in absorption
measurements represents a mean value of the material. Although it may underesti-
mate the band gap of GaInN slightly, a bowing parameter of b = 2.5 eV is used here,
which seems more appropriate to describe PL measurements that are analyzed. In a
�rst approximation, the band gap de�nes the energy of photons that are emitted via
radiative recombination in a semiconductor. In the following sections, however, it
will be shown that the photon energy depends not only on the band gap, but also on
quantization e�ects in low-dimensional structures, on the presence of internal polar-
ization �elds, and on the binding energy of excitons (electron-hole quasiparticles).
More details on the properties of two-dimensional heterostructures (quantum wells)
based on GaInN are discussed in Sec. 1.2.4.

1.1.2 Crystal structure and orientation

�e native crystal structure of all III-nitride compounds is the wurtzite structure,
which consists of hexagonally close packed nitrogen atoms, where half of the tetrahe-
dral sites are �lled with group III metal atoms [18, Ch. 1],[5, Ch. 1]. In the resulting
crystal the atoms of one type are tetrahedrally surrounded by atoms of the other type
with a III/N ratio of 1:1.�e wurtzite structure can be characterized by a hexagonal
unit cell, where atoms of one type have distance a in the basal plane, while the unit cell
has height c. Fig. 1.2(a) shows a ball-and-stick model of a wurtzite GaN crystal.�e
a and c lattice parameters for wurtzitic GaN, InN and AlN can be found in Tab. 1.2.
To estimate the lattice parameters of a ternary compound, the values are linearly

7
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a

c

(a) (b)

a2a1

c

Ga N
Figure 1.2: Ball-stick-model of the wurtzite structure (a) with gallium and nitrogen atoms

as red and blue balls.�e lattice parameters c and a are indicated, as well as the
tetrahedral coordination in the structure. Solid lines mark the hexagonal unit
cell, while dahsed lines indicate the interatomic bonds. Hexagonal unit cell (b)
with real-space lattice vectors a1 , a2 and c. Adapted from Ref. [18, Ch. 1].

interpolated between the binary constituents.�is relation is known as Vegard’s
law [22], and is given here exemplary for Ga1−xInxN:

aGaInN(x) = (1− x) aGaN + x aInN , (1.2)

where x, the InN mole fraction, determines the composition. Along the c-direction,
i.e. perpendicular to the basal c-plane, the wurtzite crystal has a stacking sequence of
ABAB . . . with alternating layers of nitrogen and metal atoms. Contrary, the similar
zinc blende structure has a cubic unit cell and a stacking sequence of ABCABC . . .
along the ⟨111⟩ direction. While this is the native structure for other III-V compounds
like GaAs, III-nitrides in zinc blende structure can be stabilized only by epitaxial
growth on cubic substrates. Furthermore, the rock salt modi�cation (simple cubic) is
only found under extremely high pressures, e.g. ~52GPa for GaN [23], [5, Ch. 1].
Due to the strong di�erence in electronegativity between group III atoms and

nitrogen, the inter-atomic bond has a strong covalent, or even partially ionic char-
acter [24].�e large di�erence in electronegativity also leads to deviations from
8



1.1 iii-nitride material properties

a2
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a

real space reciprocal space
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[1100] am

a2
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*
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m-plane(1100)
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a

Figure 1.3: Real space (a) and reciprocal space (b) crystal lattice projected onto the basal
c-plane. Using Eq. 1.4, the basis vectors a1/2 and a

∗
1/2 in real and reciprocal

space can be used to denote crystal planes and directions. In this projection,
the out-of-plane vector c points upwards in real and reciprocal space. Here, the
(11̄00) m-plane, as well as the (112̄0) a-plane are indicated in real space, which
are perpendicular to the corresponding reciprocal lattice vector by de�nition.
Adapted from Refs. [25, Ch. 5] and [5, Ch. 1].

the ideal bonding lengths in the wurtzite crystal. In an ideal wurtzite structure, the
tetrahedral arrangement of atoms leads to a lattice parameter ratio of c/a =

√
8/3.

Since the electron density is higher around the nitrogen atoms in the crystal, the
tetrahedrons are slightly distorted, which causes deviations from the ideal c/a ratio
(Tab. 1.2) [5, Ch. 1]. Together with the lack of inversion symmetry in the wurtzite
crystal, this gives rise to a permanent non-zero polarization, pointing along the c-axis,
see Sec. 1.1.4.

Polar, semipolar and nonpolar crystal orientations

As shown in Fig. 1.2(b), the primitive wurtzite unit cell in real space is spanned by the
basis vectors a1, a2 and c.�e projection onto the basal c-plane is shown in Fig. 1.3,
where also the in-plane basis vectors a∗1 and a∗2 of reciprocal spcae are given. In this

9



iii-nitride semiconductors

projection, the out-of-plane reciprocal vector c∗ points upwards.�e basis vectors
are linearly independent, and obey the relation aia∗j = 2πδij. Using Bravais-Miller
indices h, k, i, l , the crystal planes and directions can be described by vectors

Rhkl = h a1 + k a2 + l c for direction [hkil] (1.3)

Ghkl = h a∗1 + k a∗2 + l c∗ for plane (hkil) . (1.4)

�e index i ≡ −(h + k) is redundant, but useful to �nd all symmetrically equivalent
planes {hkil} and directions ⟨hkil⟩ by permutation of h, k, i. In this notation, the
plane (hkil) is characterized by a reciprocal lattice vector, which is perpendicular
to the plane in real space.�is is obvious for the basal c-plane, or (0001) in Bravais-
Miller notation. Since the internal polarization in the III-nitride crystal structure
points along the [0001] c-direction, this plane is under strong in�uence of those �elds,
and thus referred to as polar plane. Furthermore, Fig. 1.3 shows the construction
of the crystallographic [112̄0] a-direction, and the a-plane, which is perpendicular
to the (112̄0) vector in reciprocal space.�e same is shown for the (11̄00) m-plane,
whose equivalent planes form the side facets of the hexagonal unit cell.�e internal
polarization has no component in a- or m-direction, and thus, those planes are
referred to as nonpolar [26]. In Sec. 1.1.4, the magnitude of internal polarization
�elds is treated.�e in�uence of internal polarization �elds becomes lower for crystal
planes that are inclined with respect to the polar c-plane, and between the polar and
nonpolar orientations there exists a variety of semipolar planes. Most important for
this thesis is the semipolar (112̄2) plane at an inclination angle of approximately 58°.
Fig. 1.4 shows the polar c-plane, the nonpolar m-plane, and the semipolar (112̄2)
plane schematically in the hexagonal unit cell.�e crystal directions de�ned above
form a Cartesian coordinate system:

⎛
⎜⎜⎜
⎝

a
m
c

⎞
⎟⎟⎟
⎠
z→

⎛
⎜⎜⎜
⎝

x
y
z

⎞
⎟⎟⎟
⎠

(1.5)

which is referred to as the crystal coordinate system. In the case that crystal growth
proceeds not along z, i.e. in c-direction, the use of a rotated (primed) growth coordi-
nate system is useful, where the growth direction points along z′.�is is achieved by
applying a unitary matrix U(ϕ, θ), which rotates the crystal coordinate system about
an angle ϕ around the x-axis, and about an angle θ around the y-axis [28]:

⎛
⎜⎜⎜
⎝

x′

y′

z′

⎞
⎟⎟⎟
⎠
= U(ϕ, θ)

⎛
⎜⎜⎜
⎝

x
y
z

⎞
⎟⎟⎟
⎠
=
⎛
⎜⎜⎜
⎝

cos ϕ cos θ sin ϕ cos θ − sin θ
− sin ϕ cos ϕ 0
cos ϕ sin θ sin ϕ sin θ cos θ

⎞
⎟⎟⎟
⎠

⎛
⎜⎜⎜
⎝

x
y
z

⎞
⎟⎟⎟
⎠

(1.6)
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(1122)
semipolar

(1010)
m-plane

(0001)
c-plane

a2a1

c m

c'
c

a

Figure 1.4: Schematic of the polar c-plane, the nonpolarm-plane, and the semipolar (112̄2)-
plane in the hexagonal unit cell, together with the respective in-plane directions.
Adapted from Ref. [27].

With ϕ = 0, and θ ≈ 58°, the growth direction points along z′ = [112̄2], with in-plane
directions [11̄00] (m) and [112̄3̄], referred to as c′.�e exact value of θ depends also
on the c/a ratio, and thus on composition. For growth along the m-direction, θ = 0,
ϕ = 90° is used, and the resulting in-plane directions are a and c.

1.1.3 Stress and strain

In this section, the elasticity theory needed to describe the deformation of wurtzite
crystals is introduced brie�y.�e strain relations are given for the speci�c cases
of polar c-plane and nonpolar m-plane orientation.�e strain that is present in
heterostructures is an important source of internal polarization �elds (Sec. 1.1.4),
while the strain anisotropy in III-nitrides has strong in�uence on the band structure
(Sec. 1.1.5).
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Table 1.3: Elastic constants for wurtzite GaN, InN and AlN used in this thesis.

Elastic constant GaN InN AlN

C11 (GPa) 374 a 237 a 395 b

C12 (GPa) 138 a 106 a 137 b

C13 (GPa) 101 a 85 a 107 b

C33 (GPa) 395 a 236 a 404 b

C44 (GPa) 98 a 53 a 117 b

a Ref. [30] b Ref. [31]

�eory of elasticity

�e e�ect of a force, or stress (σ), that is applied to a crystal is deformation, or
strain (ε). Both are linearly related according to Hooke’s law [29, Ch. 8]:

σij =∑
k,l

Cijklεkl with i, j, k, l ∈ {x, y, z} , (1.7)

where σij are elements of the second-order stress tensor, εkl are elements of the
second-order strain tensor, and Cijkl are elements of the fourth-order elastic tensor.
Instead of x, y, z, the equivalent indices 1, 2, 3 can be used. Considering a wurtzitic
III-nitride crystal with hexagonal symmetry, the elastic tensor can be reduced to a
6× 6 matrix Cij, which simpli�es Eq. 1.7 to :

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜
⎝

σxx
σyy
σzz
σzy
σzx
σxy

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟
⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜
⎝

C11 C12 C13 0 0 0
C12 C22 C13 0 0 0
C13 C13 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 C55 0
0 0 0 0 0 C66

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟
⎠

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜
⎝

εxx
εyy
εzz
εyz
εzx
εxy

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟
⎠

(1.8)

Here, the Voigt notation is used to simplify the indices: xx → 1, yy → 2, zz → 3,
yz, zy → 4, xz, zx → 5, xy, yx → 6 [5, Ch. 2], [29, Ch. 8]. Elastic constants for GaN,
InN and AlN can be found in Tab. 1.3.

Lattice mismatch

Typically, crystalline III-N layers are prepared by epitaxial methods on a foreign
substrate. At the interface, the lattice parameter of the substrate (a) is adopted by
12
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the epitaxial layer, whose relaxed lattice parameter is described by a0.�e lattice
mismatch between substrate and layer (a ≠ a0) results in a strain ε = a−a0

a0 in the
growth plane.
Considering the polar c-plane as growth surface, the epitaxial layer is isotropically

strained in-plane (εxx = εyy), which can be compensated only by distortion in the
c-direction.�erefore, the stress in c-direction (σzz), as well as all components εij
with i ≠ j, i.e. shear components, vanish. Using Eq. 1.8, and noting that C11 = C22,
this leads to

εxx = εyy =
a − a0
a0

, εzz = −2
C13
C33

εxx . (1.9)

For compressive strain in the growth plane (εxx < 0), the crystal will expand in
c-direction (c > c0), as indicated by the negative sign.
For growth along other crystal directions, the strain, stress and elastic tensors have

to be transformed to the growth coordinate system, which is covered in Refs. [32]
and [29, Ch. 9] in detail. Here, only the case of the (11̄00) m-plane as growth surface
is considered explicitly, for which the in-plane strain becomes anisotropic (εxx ≠ εzz).
Similar to the c-plane case, all shear components vanish, but the growth proceeds in
y-direction in the crystal coordinate system, or along z′ in the growth coordinate
system.�us, σ ′zz = σyy = 0 and the out-of-plane strain becomes

εyy = −
C12εxx +C13εzz

C11
. (1.10)

Using the above relations, the out-of-plane strain in a heterostructure can be es-
timated for a thin layer, where the in-plane lattice parameters are determined by
the underlying substrate. For semipolar growth orientations, the shear components
are not vanishing, which allows more possibilities for the crystal to accomodate for
epitaxial stress. Ref. [32] covers the strain relations for semipolar growth orientations.

Relaxation in heterostructures

With increasing thickness, the lattice parameters of a strained layer will show the
tendency to relax towards the bulk value.�is is the necessary consequence of the
built-up strain energy that needs to be reduced to approach the thermodynamic
equilibrium.�e strain energy density per unit volume is given by [29, Ch. 8]

u = 1
2

σ ⋅ ε = 1
2 ∑i,j

Cijεiεj . (1.11)

With increasing strain it becomes thermodynamically preferable for the crystal to
incorporate mis�t dislocations, i.e. extended crystallographic defects, in order to
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reduce the strain energy in the layer.�e Matthews-Blakeslee limit provides an
estimate of the critical layer thickness at which the formation of dislocations starts to
take place [33]. Layers that do not exceed this thickness limit are likely to withstand
the accumulated strain energy without additional formation of mis�t dislocations.
For III-nitrides, the critical thickness for a GaInN layer deposited on a GaN substrate
is only 3.6 nm for an InN mole fraction of 20% [34]. Although this provides only a
rough estimate, such a thin layer can be expected to adopt the substrate’s in-plane
lattice parameter, and will not show relaxation until the critical thickness is reached.
For thicker layers, formation of crystallographic defects will reduce the strain

energy. Mis�t dislocations can be present at the interface between substrate and
epitaxial layer, and accomodate for the lattice mismatch between both. Classical
examples of extended defects are dislocations of either screw- or edge-type. An
ideal mis�t dislocation is neither propagating in growth direction, nor penetrating
subsequent layers, which makes them desirable for strain reduction in heteroepitaxy.
Nevertheless, threading dislocations, which run through the layer in growth direction,
play an important role in III-nitride structures.�ey can have screw-, edge- or mixed
character, and are o�en formed at the interface during heteroepitaxial growth. Since
they propagate in growth direction and can penetrate the subsequent layers, they a�ect
the optical and electronic properties of the material. In typical III-nitride structures
prepared by heteroepitaxy, threading dislocation densities of 1× 108 − 1× 1010/cm2
are found. Furthermore, they can be transformed or linked to mis�t dislocations at
interfaces [35, 36].
Other examples of defects are inversion domain boundaries, where a change in

crystal structure, e.g. from Ga-polar to N-polar, forms an interface that is considered
a planar defect. Related to those are stacking faults, where the stacking order of
atomic layers changes from AB. . . to ABC. . . , which is characteristic for the cubic
zincblende structure.�is defect type results in (monolayer-thick) cubic insertions
in the hexagonal host crystal [5, Ch. 4].
Apart from extended crystallographic defects, there are point defects in III-nitride

crystals.�ose can be impurity atoms, interstitials, or vacancies and related com-
plexes [5, Ch. 4]. Point defects, as well as extended crystallographic defects, can act
as nonradiative recombination centers.

1.1.4 Internal polarization �elds

All III-nitrides in wurtzite structure show internal polarization �elds.�e polariza-
tion vectors are pointing from nitrogen to metal atoms, as depicted in Fig. 1.5(a). For
the tetrahedrally coordinated atoms in an ideal and in�nite crystal, the polarization
vectors cancel each other out, and the net polarization vanishes. Contrary, the pres-
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[0001] NGa

(b) compressive strain(a) strain-free (c) tensile strain

P PP = Σ P = 0~

P~

P~

P~

P~

Figure 1.5: Ball-and-stickmodel of tetrahedrally coordinated atoms in awurtzite III-nitride
crystal.�e polarization vectors P̃ point from the nitrogen to the metal atom,
and cancel out within the tetrahedron for the strain-free case (a). Distortion
of the tetrahedron induces a piezoelectric polarization that points in [0001]-
direction for compressive strain (b), and in [0001̄]-direction for tensile strain
(c) in the basal plane. Adapted from Ref. [5, Ch. 1].

ence of interfaces gives rise to a permanent spontaneous polarization in the crystal,
denoted by P0. Deviations from the ideal c/a ratio in a wurtzite crystal can have the
same e�ect. In general, the spontaneous component points in [0001̄]-direction. Any
additional strain, i.e. distortion of tetrahedrons, induces a piezoelectric polarization
(Ppz), as illustrated in Fig. 1.5(b) and (c). For biaxial strain in the basal plane, the
induced piezoelectric polarization points in [0001]-direction for compressive, and in
[0001̄]-direction for tensile strain [37].�us, both components can have parallel or
antiparallel orientation, and the resulting net polarization becomes

P = P0 +Ppz(ε) . (1.12)

�e piezoelectric polarization depends on strain according to

Ppz(ε) = e ε =
⎛
⎜⎜⎜
⎝

0 0 0 0 e15 0
0 0 0 e15 0 0
e31 e31 e33 0 0 0

⎞
⎟⎟⎟
⎠

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜
⎝

εxx
εyy
εzz
εyz
εzx
εxy

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟
⎠

, (1.13)
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Table 1.4: Piezoelectric moduli and spontaneous polarization for GaN, InN and AlN, taken
from Ref. [15].

GaN InN AlN

d15 (pm/V) 3.1 5.5 3.6
d31 (pm/V) −1.0 −3.5 −2.1
d33 (pm/V) 1.9 7.6 5.4

P0 (C/m2) −0.034 −0.042 −0.090

where ε denotes the strain tensor, see Sec. 1.1.3.�e piezoelectric tensor e is already
simpli�ed due to the symmetry of the hexagonal wurtzite structure, and thus con-
tains only three independent components [29, Ch. 5], [5, Ch. 2].�ereby, the single
components of the piezoelectric polarization become

⎛
⎜⎜⎜
⎝

Ppz,x
Ppz,y
Ppz,z

⎞
⎟⎟⎟
⎠
=
⎛
⎜⎜⎜
⎝

e15 εzx
e15 εyz

e31(εxx + εyy)+ e33εzz

⎞
⎟⎟⎟
⎠
. (1.14)

Alternatively, piezoelectric moduli dij instead of piezoelectric constants eij can be
used to describe the relation between strain and piezoelectric polarization:

Ppz,i =∑
j
dijσj =∑

j
eijεj with i ∈ {1, 2, 3} , (1.15)

where x, y, z are replaced by 1, 2, 3 for convenience, and σj and εj denote the stress
and strain components according to Eq. 1.8.�e piezoelectric moduli and constants
are related by

e31 = (C11 +C12)d31 +C13d33 , (1.16)

e33 = 2C13d31 +C33d33 , (1.17)

e15 = −C44d15 . (1.18)

In the absence of shear strain, which can be assumed for III-N layers grown in
c- or m-plane orientation, the x- and y-components vanish (Ppz,x = Ppz,y = 0),
and the piezoelectric polarization points in z-direction, namely along [0001].�e
piezoelectric moduli and the spontaneous polarizations are given in Tab. 1.4. In
heterostructures, the net polarization at the interface (∆P) is determined only by
16
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Γ

Γ7  ( C )

Γ7  ( B )

Γ9  ( A )

Γ7  ( C B )
E ( k )

k z k x  /  k y

Figure 1.6: Schematic of the band structure of wurtzitic bulk GaN near the Γ-point, show-
ing one conduction band (CB, Γ7) and three valence bands, labeled as A (Γ9),
B (upper Γ7), and C (lower Γ7). Due to spin-orbit and crystal-�eld splitting, the
valence bands are non-degenerate, and the strong anisotropy along kz and kx/y
becomes obvious. Adapted from Ref. [5, Ch. 2].

di�erences between the net polarizations of the two adjacent materials. For a c-plane-
oriented GaInN layer grown epitaxially on a GaN substrate, the �eld induced by the
piezoelectric component amounts to ~2.7MV/cm for an InN mole fraction of 20%.
For crystal growth in semipolar orientations, the shear component εzx ≠ 0 needs
to be regarded. Generally, the respective growth coordinate system in this case is
rotated around the y-axis by an angle θ.�e net polarization along z′, including the
piezoelectric and spontaneous contribution, becomes [28]

Pz′ = Px sin θ + Pz cos θ , where Pz = P0 + Ppz,z . (1.19)

1.1.5 Band structure

�e III-nitrides are direct gap semiconductors, i.e. the band extrema are located at
the Γ point in the Brillouin zone.�us, the wave functions at the band edges can be
described by atomic s-orbitals for the conduction band, and by atomic p-orbitals
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for the valence band, similar to other III-V semiconductors like GaAs [38, Ch. 2], [5,
Ch. 2]. Accordingly, a single conduction band and three valence bands (px, py, pz)
occur. In Fig. 1.6, the band structure of bulk GaN is shown schematically.�e upper
two valence bands are non-degenerate due to the spin-orbit interaction, which is
relatively low in III-nitrides [39]. Furthermore, the third valence band is shi�ed to
lower energies due to the large crystal �eld present in wurtzite III-nitrides. From top
to bottom, the valence bands are usually labeled A (Γ9), B (upper Γ7) and C (lower
Γ7).�e notation using heavy- and light-hole bands should be avoided, since the
valence band character is strongly anisotropic and may change when moving from
the center of the Brillouin zone to higher k-values.
In order to calculate the band structure, i.e. the dispersion relation E(k), within

the whole Brillouin zone, tight-binding calculations or other theoretical approaches
using pseudopotentials are available [40–43]. Here, optical transitions are investigated,
which in principle involve only states within a few kBT from the band edges. For this
purpose, the use of k ⋅ p theory is suitable, which provides a straightforward method
to calculate the dispersion relation near the Γ-point using second-order perturbation
theory.�e e�ect of strain can easily be included, and the application to quantum
well structures is described in Sec. 1.2.5.

k ⋅ p perturbation theory

�e dispersion relation E(k), plotted in Fig. 1.6 for bulkmaterial, can be derived using
single-electron theory in a �rst approximation.�e energies E(k) are eigenvalues, and
the corresponding bulk wave functions ψ(r) are eigenfunctions of the single-electron
Hamiltonian H0, which includes the periodic crystal potential V(r). Neglecting spin,
the Schrödinger equation can be written as

H0φ(r) = ( p
2

2m0
+V(r)) φ(r) = E φ(r) , (1.20)

with themomentum operator p = −iħ∇, and the free electronmassm0.�e solutions
to this equation are Bloch functions, consisting of a crystal-periodic functionUn and
a plane wave

φn(r,k) =
1√
Ṽ

Un(r,k) e ik⋅r , (1.21)

where n is the band index of the corresponding conduction or valence band, and Ṽ
denotes the crystal volume.�e Bloch functions are periodic under translation and
obey the relation

φn(r+R,k) = φn(r,k) e ik⋅R , (1.22)
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with R being a vector of the Bravais lattice. Using Eq. 1.21 in Eq. 1.20, the Schrödinger
equation for the cell-periodic functions Un is obtained [44, Ch. 4]:

( p
2

2m0
+ ħ2k2

2m0
+ ħ
m0
k ⋅ p+V(r)) Un(r,k) = En Un(r,k) . (1.23)

Around the Γ point, the periodic wave functions Un(r,k) can be described by the
atomic s- and p-wave functions ∣S⟩, ∣Px⟩, ∣Py⟩, ∣Pz⟩, or their linear combinations.
�ese cell-periodic wave functions form a complete orthonormal basis for every band
(index n) and every wave vector k.�us, the wave function ψ of an electron with
wave vector k in the n-th band can be written as

ψn(r,k) =∑
m

cmUm(r,k = 0) , (1.24)

with prefactors cm. From here on, perturbation theory can be applied to calculate
the k ⋅ p terms in Eq. 1.23. While the k ⋅ p theory was introduced by Bardeen [45]
and Seitz [46], it has been re�ned over the years to account for speci�cs of III-V
semiconductors and other material classes. In particular, degenerate bands were
included in the model of Luttinger and Kohn [47], and the spin-orbit interaction was
introduced by Kane [48]. To include the spin-orbit interaction of crystal electrons,
an additional term Hso is added to the Hamiltonian. To account for closely spaced
valence bands, perturbation theory for degenerate bands has to be applied, and thus
the inner product k ⋅ p in Eq. 1.23 is converted to k ⋅Π, where

Π = p+ ħ
4m0c2

σ ×∇V(r) , (1.25)

and σ denotes the electron spin in terms of the Pauli matrices.�us, the total Hamil-
tonian becomes

(H0 +
ħ2k2

2m0
+ ħ
m0
k ⋅Π +Hso) Un(r,k) = En Un(r,k) , (1.26)

where

Hso =
ħ

4m20c2
(∇V × p) ⋅ σ . (1.27)

Furthermore, Rashba and Sheka [49, 50] introduced the Hamiltonian for the wurtzite
structure, and Pikus and Bir [51, 52] adapted the theory for strained layers. Based
on this, there exist several similar approaches to treat III-nitride semiconductors
using k ⋅ p calculations [53–56]. Generally, the k ⋅ p terms are calculated up to the
second order by Löwdin’s perturbation method [57]. In the following, the approach
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of Chuang and Chang [53], and in particular the implementation given in Ref. [58]
are described.
Since every band has two spin components, in principle eight bands, i.e. two

conduction and six valence bands, have to be taken into account. Note that the
valence bands are nearly spin-degenerate, and thus, the two spin components are
omitted in the band structure plots. Due to the large III-nitride band gaps, the
coupling of conduction and valence bands can be neglected, which separates the
problem into �nding two conduction band and six valence band states [39]. For the
valence band, the respective Schrödinger equation can be written as

Hh(r,k)ψh(r,k) = Eh ψh(r,k) , (1.28)

with ψh(r,k) =
6
∑
m=1

cmUm(r) , (1.29)

where Hh is a 6 × 6 matrix. Accordingly, the wave function ψh is composed of six
basis wave functions Um, and can be expressed in terms of a vector. As mentioned
above, the atomic s- and p-like wave functions at the Γ-point can be employed to
de�ne a set of basis functionsUm. For the valence band, the following basis functions
are chosen:

∣U1⟩ = −
1√
2
(∣Px ↑⟩+ i ∣Py ↑⟩) , ∣U2⟩ =

1√
2
(∣Px ↑⟩− i ∣Py ↑⟩) ,

∣U3⟩ = ∣Pz ↑⟩ ,

∣U4⟩ =
1√
2
(∣Px ↓⟩− i ∣Py ↓⟩) , ∣U5⟩ = −

1√
2
(∣Px ↓⟩+ i ∣Py ↓⟩) ,

∣U6⟩ = ∣Pz ↓⟩ . (1.30)

�e spin components (up/down) are indicated by arrows (↑ / ↓). In this set of basis
functions, the valence band Hamiltonian becomes

Hh(k) =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜
⎝

F −K∗ −H∗ 0 0 0
−K G H 0 0 ∆
−H H∗ Λ 0 ∆ 0
0 0 0 F −K H
0 0 ∆ −K∗ G −H∗

0 ∆ 0 H∗ −H Λ

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟
⎠

(1.31)
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where

F = ∆cr +
∆so
3

+Λ +Θ ,

G = ∆cr −
∆so
3

+Λ +Θ ,

Λ = ħ2

2m0
(A1k2z + A2 (k2x + k2y))+D1εzz +D2 (εxx + εyy) ,

Θ = ħ2

2m0
(A3k2z + A4 (k2x + k2y))+D3εzz +D4 (εxx + εyy) ,

K = ħ2

2m0
A5 (kx + iky)

2 +D5 (εxx − εyy) ,

H = ħ2

2m0
A6 (kx + iky) kz +D6εzx ,

∆ =
√
2
3
∆so .

Here, ∆so and ∆cr denote the spin-orbit and crystal-�eld splitting energies.�e Ai pa-
rameters are related to the e�ective masses, similar to the Luttinger parameters in the
description of other semiconductors [47].�e e�ects of strain on the band structure
are included via deformation potentials Di. Note that an optional parameter A7 is
omitted here for simplicity, which leaves the valence bands nearly spin-degenerate.
A detailed description of band structure calculations including the A7 parameter is
given by Ren et al. [55].
�e eigenvalue problem (Eq. 1.28) can be solved numerically for every band in-

dex n and every wave vector k.�e eigenvalue problem may be solved for a rotated
coordinate system (x′, y′, z′) as well, in particular when dispersion relations along
arbitrary crystal directions are of interest. Considering the coordinate transformation
in Eq. 1.6, the quantities in the growth coordinate system (x′, y′, z′) can be expressed
in terms of the crystal coordinate system (x, y, z) by applying the transposed rotation
matrix UT(ϕ, θ).�e same transformation applies for the wave vectors. In the above
approach, the crystal is assumed to be isotropic in x- and y-direction.�us, it is
su�cient to consider only the rotation angle θ, and set ϕ = 0, since rotation around
the x- and y-axis are equivalent. Note that in particular for the (112̄2) orientation,
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only the shear component ε′zx is not vanishing. According to Ref. [28], the strain
components transform as follows:

ε′xx = εxx + ε′zx tan θ , ε′yy = εxx , ε′zz = εzz + ε′zx cot θ . (1.32)

Furthermore, the shear strain can be estimated by [28]

ε′zx = −
[(C11 +C12 +C13 εzz

εxx ) sin
2 θ + (2C13 +C33 εzz

εxx ) cos
2 θ] εxx cos θ sin θ

C11 sin4 θ + 2(C13 + 2C44) sin2 θ cos2 θ +C33 cos4 θ
.

(1.33)

�e above relations can be used to determine the strain components in the crystal
coordinate system.
Finally, the conduction band dispersion is discussed brie�y. Here, the s-like wave

functions ∣U ′
1⟩ = ∣iS ↑⟩ and ∣U ′

2⟩ = ∣iS ↓⟩ are used as basis.�erefore, the conduction
band Hamiltonian becomes scalar [15]:

He(k) = Ec +
ħ2

2me,∥
(k2x + k2y)+

ħ2

2me,z
k2z + ac,1 εzz + ac,2 (εxx + εyy) , (1.34)

where

Ec = Eg + ∆cr +
∆so
3
, (1.35)

ac,1 = a1 +D1 , ac,2 = a2 +D2 . (1.36)

Here, ac,1 and ac,2 denote the conduction band deformation potentials. Obviously,
the conduction band is spin degenerate, and the dispersion relation is the same for
both spin states.
All necessary parameters can be found in Tab. 1.5. Note that it in the literature, usu-

ally the interband deformation potentials a1/2 are given, which describe the change
of the whole band gap with strain.�e pure valence band deformation potentials
D1/2 can be estimated using the quasi-cubic approximation, where D1 = a1/2, and
D2 = D1 + D3 holds [15]. Although this approximation is not strictly valid for III-
nitrides [60, 61], this is the only way to determine a complete and consistent set of
valence band parameters from recent literature values.

1.2 iii-nitride quantum wells

In the following section, the properties of quantum wells based on III-nitrides are
discussed, as opposed to the bulk properties in the previous section. Making the
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1.2 iii-nitride quantum wells

Table 1.5: E�ective mass parameters (Ai), interband deformation potentials (ai), and valence
band deformation potentials (Di), as well as spin-orbit (∆so) and crystal �eld (∆cr)
splitting energies for GaN, InN and AlN.

GaN InN AlN

A1 −5.947a −15.803a −3.991 a

A2 −0.528a −0.497a −0.311 a

A3 5.141 a 15.251 a 3.671 a

A4 −2.512 a −7.151 a −1.147 a

A5 −2.510 a −7.060a −1.329a

A6 −3.202a −10.078a −1.952a

a1 (eV) −5.81 b −3.64 b −4.21 b

a2 (eV) −8.92 b −4.58 b −12.07 b

D1 (eV) −2.91 −1.82 −2.11
D2 (eV) 2.55 0.86 7.12
D3 (eV) 5.45 b 2.68 b 9.22 b

D4 (eV) −2.97 b −1.78 b −3.74 b

D5 (eV) −2.87 b −2.07 b −3.30 b

D6 (eV) −3.95 b −3.02 b −4.49 b

∆so (meV) 17c 5c 36c

∆cr (meV) 19b 24c −227c

a Ref. [59] b Ref. [60] c Ref. [15]

23



iii-nitride semiconductors

transition from a bulk crystal to a thin layer, the electronic states change considerably.
Ultimately, the layer thickness becomes comparable to the de-Broglie wavelength
of electrons, and the resulting quantization leads to discrete energy levels above the
band edge. Basically, such a thin layer with a thickness of several nanometers can be
realized as a quantum well, which is placed between thick layers of material with a
larger band gap.�e resulting double-heterostructure forms a potential well, which
is referred to as quantum well (QW).
In the following, a simple description of the electronic states in a QW using

envelope functions is presented in Secs. 1.2.1 and 1.2.2. Additionally, the density of
states is introduced in Sec. 1.2.3, followed by GaInN/GaN quantum wells in Sec. 1.2.4,
which represent most of the structures investigated in this thesis. Finally, the speci�cs
of band structure calculations applied to quantum wells are discussed in Sec. 1.2.5.

1.2.1 Idealized quantum well

Assuming a rectangular-shaped and symmetrical potential well of width L with
potential

V(z) =
⎧⎪⎪⎪⎨⎪⎪⎪⎩

0 for ∣z∣ < L/2

V0 else ,
(1.37)

the bound electron states can be derived explicitly from the one-dimensional Schrödinger
equation

(− ħ2

2me
d2

dz2
+V(z)) ϕ(z) = E ϕ(z) , (1.38)

whereme denotes the e�ective electron mass, and ϕ(z) is the electron wave function.
�e solution can be obtained easily in the limit of in�nitely high potential barriers, i.e.
V0 →∞. In this case, the wave functions are standing waves of the form [38, Ch. 1]

ϕn(z) =
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

√
2
L cos (

n π
L z) for n odd

√
2
L sin (

n π
L z) for n even ,

(1.39)

where n ∈ N is an integer, and ∣z∣ < L/2.�e corresponding energy levels are

En =
ħ2

2me
(n π

L
)
2
. (1.40)
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Figure 1.7: Scheme of an idealized potential well of width L.�e �nite potential V(z),
de�ned in Eq. 1.37, as well as the energy levels En and wave functions ϕn are
given for n = 1 . . . 4.

As soon as the potential barriers become �nite, the electron has non-zero probabil-
ity density in the barriers, where the wave function decays exponentially (∝ e−α∣z∣).
�e wave functions in the �nite quantum well can still be given as sine or cosine
functions, when substituting the well width L in Eq. 1.39 by an e�ective well width
Leff = L+ 2/α. Here, the penetration depth 1/α is added on both sides of the quantum
well.�e energy levels in Eq. 1.40 transform in the same way [44, Ch. 3].

1.2.2 Envelope functions

�e use of envelope functions allows to describe electronic states in a quantum well
as an extension of the known bulk wave functions φ(r), which are Bloch functions
and serve the Schrödinger equation

H0 φ(r) = E φ(r) , with E(k) = ħ2k2

2me
. (1.41)

�e Hamiltonian H0 is de�ned in Eq. 1.20. In the corresponding dispersion relation
E(k), the e�ective electron mass me instead of the electron rest mass m0 is used to
account for the crystal-periodic potential V(r) that is included in H0. Considering a
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iii-nitride semiconductors

quantum well potential V(z) according to Eq. 1.37, the e�ective mass Schrödinger
equation becomes [62, Ch. 11]:

⎡⎢⎢⎢⎢⎣
− ħ2

2me,∥
∂2

∂r2
∥

− ħ2

2me,z
∂2

∂z2
+V(z)

⎤⎥⎥⎥⎥⎦
ψ(r) = E ψ(r) , (1.42)

where r∥ denotes the position vector in the quantum well plane, and me,∥ is the
in-plane e�ective electron mass. Using a separation ansatz, the wave function ψ(r) is
written as

ψ(r) = Un(r∥) ϕ(z) , (1.43)

with the crystal-periodic function Un that describes the electron wave function at
the band edge.�ereby, the in-plane motion is decoupled from the motion in z-
direction.�e function ϕ(z) is the envelope function that is assumed to vary slowly
over the dimension of the crystal unit cell.�ereby, the problem is reduced to a
one-dimensional Schrödinger equation that can be solved separately for electrons
and holes:

(− ħ2

2me,z
∂2

∂z2
+Ve(z)) ϕe(z) = Ee ϕe(z) , (1.44)

(− ħ2

2mh,z
∂2

∂z2
+Vh(z)) ϕh(z) = Eh ϕh(z) , (1.45)

where me/h,z denotes the e�ective masses, Ve/h the con�ning potentials, and Ee/h
the eigenenergies for electrons (index e) and holes (index h). Using a numerical
Schrödinger solver with e�ective carrier masses and con�ning potentials as input
parameters, the wave functions and energy levels for electrons and holes can be
calculated [63].

1.2.3 Density of states

Apart from the energy levels and the wave functions, also the electronic density of
states changes in a quantum well. For bulk material, the three-dimensional density
of states (per unit volume) is given by [18, Ch. 7]

D(3D)(E) = 1
2π2

(
2me/h
ħ2

)
3/2 √

E , (1.46)
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1.2 iii-nitride quantum wells

where me/h denotes the e�ective mass of electrons or holes, and the energy E is
measured from the band edges upwards. In a quantum well, the electrons follow the
two-dimensional density of states, given per unit area [18, Ch. 7]:

D(2D)QW =
me/h
πħ2 ∑n

θ(E − En) . (1.47)

Here, the sum is taken over all subbands (index n), resulting in a step-wise constant
behavior.�e single subbands contribute to the total density of states, as soon as
their energy level En is reached, which is accounted for by the Heaviside function
θ(E − En).

1.2.4 GaInN/GaN quantum wells

For the III-nitrides, an exemplary and important quantum well structure is that of
a thin Ga1−xInxN layer embedded in a GaN host crystal.�e InN mole fraction
is denoted by x. Fig. 1.9 shows a scheme of the band pro�les in such a quantum
well structure, where Ec and Ev denote the conduction and valence band edges.�e
structure forms a quantum well of type I, where both, electrons and holes, have lower
potential energy inside the quantum well than in the barrier material.
�e di�erence in band gap energy between both materials (∆Eg = Eg,GaN −

Eg,GaInN) is split into the conduction and valence band discontinuities, ∆Ec and ∆Ev.
Following the recommendation of Martin et al. [64], the ratio of ∆Ec/∆Ev = 70/30
is used throughout this thesis.
As described in Sec. 1.1.4, the basal c-plane is subject to strong internal polarization

�elds pointing along the z-direction. Fig. 1.8 shows calculated values of the polariza-
tion discontinuity for a GaInN/GaN heterostructure with varying InN mole fraction.
�e net polarization ∆P at the interface induces an electric �eld F across the QW
region, which depends on the material composition and is given by

F = ∆P
ε0εr

, (1.48)

with ∆P = PGaN − PGaInN . (1.49)

Here, εr denotes the QW’s dielectric constant, which is linearly interpolated between
the constants of GaN (εr,GaN = 9.5) and InN (εr,InN = 15.3) [65, 66]. From the
constant electric �eld F, the electrostatic potential V ′(z) = eFz is obtained, which
adds to the QW potential Ve/h(z) in the Schrödinger equations 1.44 and 1.45. For
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Figure 1.8: Polarization discontinuity ∆P as function of the angle θ between growth ori-
entation and c-plane, and the polarization �eld F as function of the InN mole
fraction x for the c-plane case.�e important growth orientations are indicated
in the angular dependence plot: c-plane at θ = 0°, (112̄2) at θ ≈ 58°, andm-plane
at θ = 90°.�e values are calculated for a GaInN/GaN heterostructure, using
the parameters given in Tab. 1.4.�e resulting �eld points in [0001̄]-direction
(F < 0), and can be approximated quadratically using Eq. 1.50 with deviations
of only 5% for xIn = 30%.

polar Ga1−xInxN/GaN structures, the electric �eld induced by the piezoelectric
polarization may be approximately calculated by [67]:

F(x) = (221 MV
cm

x + 98 MV
cm

(1− x)) ε(x) , (1.50)

where the compressive in-plane strain ε(x) ≈ −0.112 x can be assumed to depend
nearly linear on the composition.�is quadratic approximation neglects the small
contribution of the spontaneous polarization, and slightly overestimates the �eld for
InN mole fractions above 30%, see Fig. 1.8. For xIn ≤ 30%, the results deviate by less
than 5% compared to Eq. 1.48.
An exemplary band pro�le with the electron and hole envelope functions is shown

in Fig. 1.9. Here, the spatial separation of electron and hole wave function to opposite
sides of the QW becomes clear.�is phenomenon is referred to as quantum-con�ned
Stark e�ect (QCSE), and strongly a�ects the optical properties. On the one hand,
the e�ective band gap is reduced, which leads to a drastic red-shi� of the emitted
photons. On the other hand, the electron-hole separation reduces the overlap integral.
�ereby, also the radiative emission of the QW and the binding energy of excitons
are reduced.�e issue is discussed in Sec. 2.1.3.
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Figure 1.9: Band pro�les of a GaInN/GaN quantum well (20% InN mole fraction, 3 nm
width) on the polar c-plane and the nonpolar m-plane, demonstrating the
impact of polarization �elds. Solid lines indicate the conduction band (Ec) and
valence band (Ev) edges, while dashed lines show the �rst quantized energy
levels for electrons and holes.�e envelope functions, represented by dashed
lines for electrons (violet) and holes (red), are shi�ed to opposite sites of the
c-plane quantum well due to the QCSE. For the m-plane quantum well, the
vanishing polarization �elds results in �at band edges and larger overlap of
envelope functions.

Since the QCSE is less pronounced for decreasing well width, the use of thin
QWs is common for III-nitrides, typically in the order of 1.5-3 nm. Furthermore,
the component of the internal polarization �eld in growth direction is reduced for
QWs prepared on semipolar planes, and vanishes for nonpolar planes, where the
structure is free of the QCSE [26].�erefore, QWs prepared on the semipolar (112̄2)
orientation, and the nonpolar (11̄00) orientation (m-plane) are of particular interest
in this thesis.

29
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1.2.5 Band structure calculations in quantum wells

For the case that only the energy levels at the band extrema need to be determined
for a quantum well structure, it is su�cient to solve the e�ective mass Schrödinger
equations 1.44 and 1.45 for electrons and holes.�is can be done using a Schrödinger
solver [63] that furthermore calculates wave function overlap and regards excitonic
e�ects. Note that for this purpose, the electric �eld induced by the piezoelectric
polarization is approximated by Eq. 1.50.
If the band structure, i.e. the dispersion relation E(k), is needed, the k ⋅p approach

described in Sec. 1.1.5 has to be adapted for QWs.�is is achieved by the substitution
kz → −i(∂/∂z), and by addition of the quantum well potential Ve/h to the equation.
�erefore, the following Schrödinger equations for electrons and holes have to be
solved:

[He (kx, ky,−i
∂
∂z

)+Ve(z)] ψe(z,k) = Ee ψe(z,k) (1.51)

[Hh (kx, ky,−i
∂
∂z

)+Vh(z)] ψh(z,k) = Eh ψh(z,k) , (1.52)

where the Hamiltonians He/h are de�ned in Sec. 1.1.5, and the wave function ψ is
expressed in form of a vector, as introduced in Eq. 1.29.
In case the quantum well is not grown on the basal c-plane, the growth coordi-

nate system (x′, y′, z′) is di�erent from the crystal coordinate system (x, y, z).�e
transformation is done using the rotation matrix U(θ), de�ned in Eq. 1.6.�e wave
vectors transform accordingly. In order to obtain the valence band dispersion for
deliberate GaInN/GaN quantum wells, the numerical implementation presented in
Refs. [58] and [68, Appendix A.1] can be used, which is directly applicable to the
above equations.
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2
RECOMB INAT ION PROCES SE S

Excess charge carriers in a semiconductor can be created by means of optical
excitation or carrier injection. Inevitably, recombination leads to a decay of the
excited electrons and holes. On the one hand, the responsible transition process
can be a radiative band-band recombination. On the other hand, nonradiative
processes like Auger recombination or defect-related recombination including
phonon emission can occur.

2.1 radiative recombination

Besides the radiative band-to-band transition of excited charge carriers, which is
introduced �rst, the recombination of excitons is discussed in this section. Further-
more, the case of radiative recombination inGaInN/GaNquantumwells is considered
a�erwards.

2.1.1 Basics of radiative band-to-band transitions

�e most native recombination process is the radiative band-to-band recombination
of an excited electron in the conduction band with a hole in the valence band. During
this process, a photon of energy Eph = E2 − E1 = ħω is emitted. In the following,
the recombination rate for radiative transitions in a semiconductor quantum well
is derived, according to the descriptions given in Refs. [62] and [69]. Generally, the
transition rate from an upper state (2) to a lower state (1) in terms of time-dependent
perturbation theory is given by Fermi’s Golden Rule [62, Ch. 3]:

W21 =
2π
ħ

∣⟨2 ∣H′ ∣ 1⟩∣2 , (2.1)

where H′ = (e/m0)A ⋅ p is the perturbation Hamiltonian, including the operator
representation of the electromagnetic vector potential A and momentum p. More
speci�cally, the rate of photon emission per energy interval dE can be written as [62,
Ch. 5]:

rr dE = 2π
ħ

( eA0
m0

)
2
∑
λ
∑
1,2

∣p21∣2 f2(1− f1) δ(E2 − E1 − ħω)dE , (2.2)
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Figure 2.1: Schematic of the three major recombination processes: First, radiative band-to-
band recombination, where photons of energy ħω are emitted, and only vertical
transitions corresponding to ∆k = 0 are allowed. Second, Auger recombina-
tion, here eeh, where the excess energy of the electron-hole recombination is
transferred to a third electron that is excited far up in the conduction band.
�ird, defect-assisted recombination a�er subsequent capture of electrons and
holes to a trapping state in the band gap (energy Et). Electrons and holes are
represented as blue and red circles, respectively, and the conduction (CB) and
valence bands (VB) have parabolic shape in the E(k) diagram. Energy and
momentum conservation have to be ful�lled for all the processes.

where ∣p21∣2 denotes the momentum matrix element for transition from state (2)
to (1):

p21 = ⟨2 ∣ e ikph ⋅r p ∣ 1⟩ , (2.3)

where kph is the photon wave vector and r the position vector. Moreover, f2 and f1
describe the probability that the upper and lower states are occupied.�e sum is
taken over all pairs of states whose energy di�erence is within the interval [E, E +dE].
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2.1 radiative recombination

Additionally, the sum is taken over all photon modes, resulting in an additional factor
G(ħω), which denotes the photon density of states in the solid:

G(ħω) = ñ3 (ħω)2
π2 c3ħ3

, (2.4)

where ñ is the refractive index of the crystal, and ω the photon angular frequency.
Furthermore, the factor A0 includes the crystal volume Ṽ :

A0 =
√

ħ
2ε0 ñ2Ṽω

. (2.5)

�e other symbols are physical constants with their usual meaning.
In a direct-gap semiconductor, the radiative recombination is a transition from

the conduction band (CB, state 2) to the valence band (VB, state 1), and thus subject
to strict k-conservation.�e electron and hole wave functions can be characterized
by Bloch states with wave vectors ke and kh, and together with the photon wave
vector kph, ∆k = ke − kh − kph = 0 must hold. Since the photon wave vector can be
neglected compared to the extension of the Brillouin zone, only electron and hole
wave vectors need to match (∆k = 0), and a corresponding δ-function needs to be
included in the matrix element.
Considering the case of a quantum well of width L, charge carriers are con�ned in

one direction, which leads to quantization of the energy states. Assuming con�ne-
ment in z-direction, the electron and hole wave functions can be separated into a
cell-periodic Bloch part, and an envelope function ϕ(z). Summarizing these consid-
erations, the momentum matrix element from Eq. 2.3 becomes

∣p12∣2 = ⟨∣pcv∣2⟩ ∣Mmn∣2 δ(ke − kh) , (2.6)

with

Mmn = ⟨ϕe,n ∣ ϕh,m⟩ = ∫ ϕe,nϕh,m dz (2.7)

being the overlap integral of envelope wave functions of the n-th andm-th quantized
states in the conduction and valence band.�e squared quantity ∣M∣2 is referred to
as wave function overlap from here on. Since the emitted radiation is assumed to be
randomly polarized, the momentummatrix element is averaged over all polarizations,
as indicated by angle brackets.
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Assuming that the electrons in the conduction band, as well as the holes in the
valence band, are in equilibrium with each other, their distribution can be described
by Fermi statistics using a quasi Fermi energy for electrons (EF,e) and holes (EF,h).

fe = n πħ2

mekBT
1

exp ( E−EF,e
kBT )+ 1

, (2.8)

fh = p πħ2

mhkBT
1

exp ( EF,h−E
kBT )+ 1

. (2.9)

In the above relation, n and p denote the areal densities of electrons and holes, and
the density of states me/h/(πħ2) includes the e�ective electron and hole masses. In
order to calculate the total recombination rate, Eq. 2.2 is integrated over all values
of photon energy, using the expressions from Eqs. 2.4-2.7. In the non-degenerate
limit, the term fe(1− fh) can be rewritten using the reduced e�ective mass µ, and
the two-dimensional joint density of states µ/(πħ2), with µ−1 = m−1

e +m−1
h . In total,

this yields

Rr = ∫ r(E)dE = e2 ñħωµ
π2ħ4m20ε0c3

⟨∣pcv∣2⟩ ∣Mmn∣2
(πħ2)2

memhkBT
n p , (2.10)

⇒ Rr =
e2 ñħω
m20ε0c3

1
(me +mh) kBT

⟨∣pcv∣2⟩ ∣Mmn∣2 n p . (2.11)

�e above expression describes the radiative rate per unit area for transitions between
two quantized states in the conduction and valence band. If multiple quantized states
are involved, the contributions sum up. Note that the crystal volume Ṽ cancels out
a�er integration. An additional factor 1/Lmay be included, however, to obtain the
recombination rate per unit volume, comparable to the three-dimensional case.
Using the relation Rr = Bnp, the B-coe�cient of radiative recombination can be

de�ned. Likewise, the radiative lifetime τr of excess charge carriers is de�ned by [69]

Rr ≡
δn
τr

⇒ τr =
1

B n0
, (2.12)

where δn is the density of excess carriers.�e background carrier density n0 in ther-
mal equilibrium is basically given by the electron concentration due to the uninten-
tional n-type doping present in III-nitridematerial [70, 71]. For the three-dimensional
case, the B-coe�cient shows a di�erent temperature dependence (∝ T−3/2) accord-
ing to the joint density of states [62, Ch. 10]. In general, the B-coe�cient shows
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2.1 radiative recombination

a temperature dependence according to the dimensionality d of the excess charge
carriers [72]:

B ∝ T−d/2 . (2.13)

�erefore, from the temperature dependence of the radiative lifetime, conclusions
can be drawn about the carrier con�nement.

2.1.2 Excitonic recombination

�e above relation treats the recombination of free electrons and holes that are not
interacting with each other. Even in a non-degenerate limit, i.e. at low carrier densities
(δn ≪ n0), there is an attracting Coulomb force between positively charged holes and
negatively charged electrons. Both can form a quasiparticle, the exciton, which can
be described similar to the hydrogen atom [73]. Accordingly, a characteristic exciton
binding energy Eex, and an exciton Bohr radius aB can be obtained. Charge carriers
in a QW experience an enhanced Coulomb interaction due to the con�nement,
which decreases the separation of charge carriers.�erefore, the binding energy in a
quantum well is higher compared to the intrinsic value in bulk material, and shows a
strong dependence on the QW width.
�e wave function and binding energy of an exciton can be derived in a similar

manner as for electrons and holes in a QW, see Sec. 1.2.�e Schrödinger equation for
an exciton in a QW contains a combination of the electron and hole Hamiltonian, the
con�nement potential Ve/h(z), and the attractive Coulomb force between electron
and hole [62, Ch. 13]:

(− ħ2

2me
∇2e −

ħ2

2mh
∇2h +Ve(z)+Vh(z)−

1
4πε0εr r

) ψex = E ψex (2.14)

with r = re − rh being the relative electron-hole distance. For further simpli�ca-
tion, it is convenient to separate the relative motion of electron and hole from the
center-of-mass motion of the exciton. In a quantum well, r = (r∥, z) can be de-
�ned, where r∥ is the relative electron-hole distance in the QW plane, and z is the
out-of-plane coordinate.�e center-of-mass coordinate of the exciton is de�ned as
R = (mere +mhrh)/(me +mh). In combination, the following ansatz is used for the
exciton wave function:

ψex(R, ρ, z) = χ(R) ξ(r∥) ϕe(ze) ϕh(zh) , (2.15)
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where χ(R) denotes a plane wave that depends only on the center-of-mass coordinate,
ϕe/h denote the envelope functions arising from the quantization along z, and

ξ(r∥) =
¿
ÁÁÀ 2

πa2B
e−r∥/aB (2.16)

is the wave function describing the electron-hole relativemotion in theQWplane [72].
Numerically, the exciton wave function can be calculatated by variational methods.
A�er solving the time-independent Schrödinger equation (Eq. 2.14), the energies and
envelope functions are known for single electrons and holes. To calculate the exciton
wave function, the Coulomb potential is introduced as a second order perturbation.
Using the function ξ(r∥), where aB is substituted with the parameter a, the exciton
Bohr radius is determined by a variational appraoch. By variation of a, the eigenvalue
E in Eq. 2.14 is minimized as a → aB [62, Ch. 13].
�e radiative recombination rate Rex of excitons in a QW can also be deduced in

a similar way as for free electrons and holes. Considering Eq. 2.11, the product (np),
denoting the densities of free electrons and holes, needs to be replaced by the density
of excitons (x) times the probability density of the wave function ξ(r∥) at vanishing
electron-hole distance in the QW plane [72]:

Rex = B2D ∣ξ(r∥ = 0)∣
2 x = B2D 2

πa2B
x . (2.17)

�ereby, the excitonic radiative lifetime τex can be de�ned:

Rex = Bex x ⇒ τex = 1/Bex . (2.18)

2.1.3 Radiative recombination in GaInN/GaN quantum wells

As mentioned in Sec. 1.1.4, the internal polarization �elds and the resulting quantum-
con�ned Stark e�ect (QCSE) have severe impact on the radiative recombination. On
the one hand, the electron-hole overlap, de�ned in Eq. 2.7, is reduced, since electron
and hole envelope functions are shi�ed to opposite sides of the QW. Furthermore,
the e�ective band gap is reduced, which leads to a strong redshi� of the emission
spectra. Also the exciton binding energy is reduced by the polarization �eld, which
in total leads to longer radiative lifetimes compared to a �eld-free GaInN/GaN QW.
On the other hand, these e�ects depend strongly on the QW composition and

thickness. Overlap integral and exciton binding energy are further decreasing with
increasing InN mole fraction or QW width.�us, the use of thin QWs is preferable.
Typical widths are 1.5-3 nm, as mentioned in Sec. 1.2.4. Another solution already
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proposed in Sec. 1.2.4 is the growth on semipolar or nonpolar orientations.�e
implications of the vanishing polarization �elds on the radiative recombination are
discussed in detail in Ch. 4, where also e�ective carrier masses and excitonic e�ects
are considered.

2.2 auger recombination

Auger recombination is an intrinsic process, where the excess energy of a band-
band recombination is transferred to a third charge carrier.�erefore, the Auger
recombination is a nonradiative process, and involves three charge carriers, where
the third can be either a hole in the valence band (ehh process), or an electron in
the conduction band (eeh process), which is excited to a high-energy state in the
respective band [74, Ch. 2]. Naturally, energy and momentum conservation must be
ful�lled for this recombination process, as shown schematically in Fig. 2.1.�erefore,
Auger recombination is expected to be reduced for large band gap materials like
III-nitrides [75]. Several experimental and theoretical works, however, report on an
Auger rate that is comparable to smaller band gap semiconductors [76–78].�erefore,
Auger recombination is also a possible cause of e�ciency droop in III-nitride light
emitters, i.e. the reduction of quantum e�ciency at high carrier densities [79–81].
Nevertheless, the Auger rate becomes relevant only at high carrier densities, since

the process involves three carriers and thus scales with n3. For this reason, Auger
recombination can be neglected in the experiments in this thesis, where low excitation
conditions are maintained.

2.3 defect-assisted recombination

Contrary to the band-to-band processes treated in the above sections, the defect-
assisted recombination involves intermediate levels in the band gap. Recombination
via such defect-related levels occurs in the case that both, electron and hole, are
captured into it.�e excess energy is at least partly transformed into phonons, which
makes it a nonradiative recombination process.�e recombination via defect-related
states can be described by Shockley-Read-Hall statistics, and thermally activated
carrier capture via multi-phonon emission. Finally, the process of cascade capture is
introduced brie�y.
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2.3.1 Shockley-Read-Hall statistics

Contrary to the radiative transition, where an electron and a hole directly recombine
under photon emission, the process of defect-assisted recombination includes an
intermediate level in the band gap.�e capture and emission rates associated with
such trapping centers, located at energy Et in the band gap, can be described by
Shockley-Read-Hall (SRH) statistics [82, 83]. In this context, the respective rates for
electron and hole capture to a trapping center are

Rc,e = Ce(1− ft)n −Ce ftn1 , (2.19)
Rc,h = Ch(1− ft)p −Ch ftp1 , (2.20)

where n and p are the concentrations of electrons and holes, and ft is the fraction of
trapping centers occupied by electrons. Ce and Ch denote the probabilities of electron
and hole capture per unit time. Note that the second terms in the above equations,
including n1 and p1, describe the process of carrier emission from trapping centers.
�e factors n1 and p1 are de�ned as

n1 = NC exp(
Et − EC
kBT

) , (2.21)

p1 = NV exp(
EV − Et
kBT

) , (2.22)

where NC and NV describe the e�ective density of states in the conduction and
valence band, respectively. EC and EV are the respective band edge energies.
As soon as both, electron and hole, are captured to a trapping center, recombination

occurs. To derive an expression for the rate of recombination via trapping centers,
constant excitation of electron-hole pairs is assumed. For steady-state conditions,
i.e. equal generation and recombination rates (Rc,e = Rc,h), the recombination rate
becomes

RSRH = np − n2i
τh(n + n1)+ τe(p + p1)

, (2.23)

where ni is the intrinsic carrier concentration, and τe and τh are the minority carrier
lifetimes for electrons and holes, which are related to the capture probabilities C by

τe =
1
Ce
, τh =

1
Ch
, (2.24)

with

Ce = cn Nt , Ch = ch Nt . (2.25)
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Here, Nt is the number of trapping centers per unit volume, and ce and ch describe
the capture coe�cients for electrons and holes. From Eq. 2.23, it becomes evident
that the rate of recombination via trapping centers scales linearly with carrier density
(RSRH ∝ n) [83].
As described above, the nonradiative recombination via trapping centers in the

band gap can be described by SRH statistics.�e process of carrier capture itself takes
place either via multi-phonon emission, or via cascade capture under emission of
single phonons. Which process prevails, depends on the nature of the trapping center,
its energetic position in the band gap and its charge state.�e following section
shows that the process of multi-phonon capture (MPC) is suitable to describe the
nonradiative recombination processes investigated in this thesis.�is goes along with
an Arrhenius-type temperature dependence of the nonradiative carrier lifetimes.

2.3.2 Cascade capture

Shallow trapping centers, energetically located near the band edges, are usually related
to impurity atoms or interstitials.�e process of cascade capture requires a charged
trapping center, which induces a long-range coulomb potential and attracts charge
carriers. Besides its ground state, bound carriers can populate one of the excited
states of the trapping center.�e carrier capture happens into an excited state via
emission of a single phonon, and the subsequent transition into lower states happens
likewise via emission of single phonons.�erefore, the energy di�erence between
the excited states needs to match typical phonon energies, which are in the range
< 100meV for GaN [84].�e simultaneous capture of an electron and a hole to such
a trapping center is, however, unlikely. On the one hand, the energetic position near
one of the band edges makes the capture of a carrier of the other species across
the band gap di�cult. On the other hand, the Coulomb potential arising from the
charged center is likely to be attractive for one carrier species, while being repellent
for the other.�is lowers the capture cross section considerably, and makes them
ine�cient nonradiative recombination centers. Furthermore, the reverse process of
carrier emission will become increasingly important with higher temperature.�us,
shallow trapping centers are likely to be populated at low temperatures, and may emit
carriers at increasing temperatures. Although defect states in the middle of the band
gap can be charged as well, the larger energy separation between the excited states
again lowers the cross section for cascade capture into the ground state [74, Ch. 2],
[85].
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Figure 2.2: Con�guration coordinate diagram showing the vibrational dispersion of con-
duction band (Ec), valence band (Ev), and trapping center (Et).�e total energy,
i.e. electron plus phonon energy, is given as function of the displacement Q
from equilibrium. Due to electron-phonon interaction, the energetic minima
are located at di�erent Q-values. A�er thermal activation, a charge carrier (red)
can be captured into the trap state (blue) by multi-phonon emission.

2.3.3 Multi-phonon recombination

For carrier capture into deep traps, multi-phonon processes are usually prevailing,
which has been shown for other III-V compounds like GaAs andGaP [86]. Deep traps,
near the center of the band gap, are usually related to crystal defects, e.g. dislocations,
grain boundaries, or vacancies and their complexes, whose local potential landscapes
di�er substantially from the host crystal.�ese centers and the corresponding bound
electron states are strongly localized and extend only a few lattice constants.�ey
represent e�cient nonradiative centers, since the energetic di�erence to both band
edges is comparable andmakes simultaneous electron and hole capturemore probable.
During the capture process, a large amount of electron energy is released at once
via multiple phonons.�e process is possible due to the electron-lattice interaction,
which has been theoretically described by Huang and Rhys [87].
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Figure 2.3: Schematic con�guration coordinate diagram, showing the vibrational disper-
sion and the wave functions of electrons in the trap state (at Q1) and in the
conduction band (at Q2). Although the crossing point at Q′ cannot be reached
by thermal activation, the exponentially decaying tails of the wave functions
overlap tomake quantum-mechanical tunneling possible. Adapted fromRef. [74,
Ch. 6].

�e capture process can be visualized using a con�guration coordinate diagram like
in Fig. 2.2, which is exemplary for a trap state in the band gap.�e con�guration co-
ordinate diagram shows the total energy of the system, which is the sum of electronic
and vibrational energy, as a function of the displacement Q from equilibrium.�e
vibrational dispersion is assumed quadratic, and thus the potential energy curves are
parabolae, whose equilibrium positions are shi�ed.�e shi� depends on the strength
of the electron-lattice interaction, namely the Huang-Rhys factor [87].�e resulting
parabolae cross at Q′, where the transition from the conduction band to the trap
state is possible in a semiclassical picture.�us, charge carriers need a thermal energy
larger than Eact to undergo the transition.�e excess energy ∆E = Ec(Q2)− Et(Q1)
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is transfered to the lattice via multi-phonon emission [74, Ch. 6].�e transition rate
R21 of carrier capture can be described by

R21 = γ(T) exp(− Eact
kBT

) , (2.26)

where the prefactor γ(T) itself may depend on temperature.�e reverse process
can be described accordingly, and the transition rates are related by R12/R21 =
exp(∆E/kBT). Using Eq. 2.26, the charge carrier lifetime for recombination via
trap states can be expressed by

1
τt

= nt c(T) ∝ exp(− Eact
kBT

) , (2.27)

where nt denotes the density of trapping centers, and the temperature dependent
capture coe�cient c(T) shows a characteristic Arrhenius-like behavior.�e propor-
tionality factor in the above equation, since related to γ(T) in Eq. 2.26, may depend
on temperature as well, depending on type and charge of the trapping center [88].�e
above description uses a simpli�ed picture, assuming quadratic dispersion and only
a single relevant vibrational mode. In reality, more complicated multi-dimensional
energy surfaces and more vibrational states need to be regarded [74, Ch. 6].

Multi-phonon recombination via tunneling

At low temperatures, the system’s thermal energy is considerably reduced.�erefore,
the probability of �nding carriers with thermal energy larger than Eact is small, and
the transition to the trap state would become impossible. Considering an electron in
the conduction band, its quantum character implies a non-zero probability of �nding
the electron in the trap state, which would be inaccessible within the frame of the
semiclassical picture.�erefore, the carrier capture can happen via tunneling [74,
Ch. 6], [88].�e overlap of the corresponding wave functions associated with the
conduction band and trap state is shown schematically in Fig. 2.3. It should be empha-
sized that the carrier capture via tunneling, and the temperature-activated behavior
described in the previous section, are based on the same physical process, namely
multi-phonon capture.While Eq. 2.27 describes the high-temperature limit, the multi-
phonon recombination rate approaches a constant value in the low-temperature limit.
�e corresponding constant lifetime τnr,0 can be included to extend the range of
application of Eq. 2.27 to low temperatures.
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3
EXPER IMENTAL METHODS

�is chapter describes the di�erent experimental techniques and measurement
procedures that are used throughout the thesis. First, the epitaxial growth, and the
structural characterization of the samples are introduced brie�y. A�erwards, the
two experimental setups used for time-resolved photoluminescence spectroscopy
measurements are described, and �nally, the applied evaluation procedure is
presented.

3.1 epitaxial growth

III-nitride structures are usually prepared by epitaxial methods. During the epitax-
ial growth, the deposited material forms a layer, whose lattice parameters in the
growth plane are adopted from the underlying substrate. For homoepitaxial growth,
deposited layer and substrate consist of the same material. For III-nitride structures,
the heteroepitaxial growth, which uses foreign substrates, is more common. Typically,
sapphire (α-Al2O3) in the (0001) orientation is used as substrate for the growth of
(0001)-oriented III-nitrides, especially GaN-based structures. Other possible sub-
strates are SiC or Si (111). All the foreign substrates have a relatively large lattice
mismatch to GaN (16% for sapphire [89]) and other III-nitrides.�us, heteroepitax-
ial III-nitride layers show high densities of threading dislocations, typically in the
order of 108/cm2 - 1010/cm2.
For homoepitaxy, high-quality III-nitride crystals are needed. Bulk-like GaN crys-

tals can be grown using hydride vapor phase epitaxy (HVPE), resulting in wafer-size
crystals that can even be cut to obtain substrates for non- and semipolar growth
orientations.�ese substrates are referred to as pseudo-bulk, and typical thread-
ing dislocation densities are in the order of 106/cm2 to 107/cm2. Real bulk crystals
are available from ammonothermal growth methods, where threading dislocation
densities of < 1× 105/cm2 can be achieved. Compared to the bulk and pseudo-bulk
substrates, the growth on sapphire remains the most cost-e�cient method. Alterna-
tive approaches use structuring of substrates and subsequent lateral overgrowth to
achieve high-quality substrates with reduced threading dislocation densities com-
pared to the simple heteroepitaxial growth.
�e samples investigated in this work are grown by metal-organic vapor phase

epitaxy (MOVPE) in a commercial Aixtron machine.�e sample growth was car-
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ried out by Uwe Rossow [90], in cooperation with either Philipp Horenburg [91],
Holger Jönen [92], Ernst Ronald Korn [93], or Daniel Fuhrmann [94], which is also
indicated in Appendix A. As substrates, sapphire or (pseudo-)bulk GaN are used for
c-plane, m-plane, and (112̄2)-oriented structures. In MOVPE growth, the deposited
material is supplied by metalorganic precursors: trimethylgallium, trimethylindium,
and trimethylaluminum. Ammonia is used as nitrogen source. Using nitrogen and
hydrogen as carrier gases, the precursors are carried along the substrate by a laminar
gas �ow. Due to the high temperatures in the reactor, the precursors dissociate and
supply group-III metal atoms and nitrogen atoms to the growth front. For GaN,
typical growth temperatures are above 1000 ○C, whereas for GaInN, the growth tem-
perature is around 750 ○C to prevent desorption of indium from the surface.�e
GaInN growth takes place in the desorption-limited regime, where the amount of
indium atoms that are incorporated into the crystal is controlled by the growth tem-
perature. For this growth regime, the indium precursor �ux has to be set su�ciently
high, but remains constant for all intended compositions.

3.2 structural characterization

Investigating a sample with X-ray di�raction (XRD) allows to determine the lattice
parameters, and to derive the strain state and composition of the structure.�erefore,
this is the standard method for structural characterization of nearly all samples.
In this section, the structural characterization by X-ray di�raction is introduced
brie�y. First, di�raction in terms of the reciprocal lattice is described, followed by a
description of several scanning techniques.
As described in Sec. 1.1.2, any crystal lattice can be generated by basis vectors in real

and reciprocal space. A set of planes in this crystal can be described by Bravais-Miller
indices (hkil), and the corresponding vector in reciprocal space becomes

Ghkl = h a∗1 + k a∗2 + l c∗ , (3.1)

where a∗1/2 and c
∗ are the basis vectors of the reciprocal lattice. While the reciprocal

lattice vector Ghkl is perpendicular to the corresponding planes in real space, their
distance is given by

dhkl =
2π

∣Ghkl∣
. (3.2)

Considering a crystal lattice that is irradiated by X-rays of wavelength λ, the incident
and di�racted wave vectors, ki and kf , shown in Fig. 3.1, have equal length (k = 2π/λ).
Constructive interference of theX-rays occurs, when the di�raction vectorQ = kf −ki
equals a vector Ghkl of the reciprocal lattice.�is is known as the Laue condition,
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G

kf ki
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�θ

Figure 3.1: Schematic of a reciprocal lattice irradiated by X-rays of wave vector ki = 2π/λ
under an angle ω.�e di�racted X-rays are detected under an angle θ with
respect to the sample surface.�e wave vectors of incident and di�racted beam
have equals length (ki = kf ). Constructive interference occurs if the di�raction
vectorQ = kf − ki equals a vector G of the reciprocal lattice.

which is equivalent to the Bragg condition using the interplanar spacing dhkl of the
real lattice. Alternatively, the reduced di�raction vector q = Q/2π with length 1/dhkl
can be used.�e incident and di�racted beams enclose the angles ω and θ with the
crystal surface, respectively. Employing the crystal coordinate system, it is useful to
separate the di�raction vector into the components

q∥ =
1
λ
[cos(ω)− cos(2θ − ω)] , (3.3)

q⊥ =
1
λ
[sin(2θ − ω)+ sin(ω)] , (3.4)

where q∥ denotes the component parallel to the sample surface, and q⊥ the one
perpendicular to it [95].
�e X-ray di�raction setup that is used for measurements presented in this thesis

is a Panalytical X’Pert Pro machine.�e X-ray di�raction measurements were carried
out by Heiko Bremers [96], partly in cooperation with Philipp Horenburg [97], which
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is also indicated in the respective plots and tables in Ch. 4-6.�e machine is equipped
with a copper anode, and a high precision goniometer is used to position the sample.
Several monochromators, �lters and detectors are available to perform a variety of
di�raction measurements.�e most important scan types are introduced brie�y.
�e symmetric 2θ-ω scan probes the lattice parameters in growth direction, i.e.
perpendicular to the sample surface. For this scan type ω = θ is set, and thus the
angle between incoming and di�racted beam equals 2θ.�e 2θ-ω scan in grazing-
incidence geometry (in-plane scan) uses a small incident angle (ω < θ) and is thus
sensitive to the layer close to the surface, since the X-rays penetrate only some tens of
nanometers into the crystal. Another type of scan is the reciprocal space map (RSM),
where the measured intensity is plotted versus the reciprocal coordinates q∥ and q⊥.
For this scan, the angles ω and θ are varied to measure a continuous intersection of
the reciprocal space. Probing an asymmetrical re�ex (q∥ ≠ 0), also in-plane lattice
parameters can be determined.
�e evaluation of lattice parameters and layer composition is covered in Refs. [98]

and [32], in particular for the case of semipolar growth orientation. Furthermore,
the review of Moram and Vickers [99], and the guide written by Kidd [95] provide
detailed information about the X-ray di�raction of III-nitrides.

3.3 time-resolved photoluminescence spectroscopy

A�er optical or electrical excitation of a semiconductor, the excess charge carriers
undergo radiative or nonradiative recombination, like Auger or defect-assisted re-
combination.�e radiative recombination results in photon emission, which can
be detected as luminescence signal. In the case of optical excitation, the signal is
referred to as photoluminescence. Nonradiative recombination results in the absence
of luminescence, which cannot be detected directly. A�er all, it is crucial to determine
the recombination mechanisms that are responsible for the observed photolumines-
cence behavior.�is can be achieved by measurements of the photoluminescence
intensity as function of delay time a�er an excitation pulse, which is referred to as
time-resolved photoluminescence spectroscopy [100, p. 505].
In the following, an ensemble of indistinguishable charge carriers is considered,

which can be described by the density n = n0 + δn for electrons, and p = p0 + δp for
holes. Here, n0 denotes the electron density under equilibrium conditions, and the
corresponding hole density can be neglected (p0 ≈ 0) due to the unintentional n-type
doping present in III-nitride material [70, 71]. Furthermore, the density of excess

46



3.3 time-resolved photoluminescence spectroscopy

electrons and holes is equal under optical excitation (δn = δp).�e time derivative
of n can be written as

∂n
∂t

= G − R = G − (Rr + Rnr) , (3.5)

where G is the generation rate for excess carriers, and the rates of radiative (Rr) and
nonradiative recombination (Rnr) add up to the total recombination rate (R). As
introduced in Ch. 2, a characteristic lifetime τ can be assigned to each recombination
mechanism. While τr and τnr denote the radiative and nonradiative lifetimes, the
e�ective lifetime τeff describes the recombination of the charge carrier ensemble as a
whole.

R = δn
τeff
, Rr =

δn
τr
, Rnr =

δn
τnr
, (3.6)

⇒ 1
τeff

= 1
τr
+ 1

τnr
. (3.7)

Using a short laser pulse to generate excess charge carriers, the generationG in Eq. 3.5
is turned o� for a delay of t > 0:

∂n
∂t

= −R = − δn
τeff
, (3.8)

and the resulting di�erential equation is solved by a simple mono-exponential decay,
which can be directly assigned to the detected photoluminescence intensity:

I(t) = I0 exp(−
t

τeff
) . (3.9)

Here, I0 = I(t = 0) denotes the initial intensity at zero delay time, and the e�ective
lifetime τeff describes the time at which the photoluminescence signal has decayed
to 1/e ≈ 37% of the initial value. Contrary, the initial intensity is determined only by
radiative recombination:

I0 ∝ Rr =
δn
τr
. (3.10)

�is can be further explained by emphasizing that at zero delay (t = 0), the initially
prepared excess carrier density δn has not undergone any decay, and thus the photolu-
minescence signal is only a�ected by the radiative lifetime τr.�e photoluminescence
decay a�er pulsed excitation can be measured using one of the experimental setups
introduced in the following sections.
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Figure 3.2: Schematic of the TCSPC setup, showing the pulsed laser source with cavity
dumper and second harmonic generation (SHG).�e sample is mounted in a
helium bath cryostat, and a photomultiplier with preceding monochromator is
used to detect the photoluminescence.�e detected single-photon events are
processed by the PicoHarp TCSPC system.
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3.3.1 Time-correlated single photon counting setup

�is setup contains three major components: the pulsed laser source for excitation,
the cryostat to control the sample temperature, and the photoluminescence detection.
Essentially, the pulsed laser source is a dye laser (Spectra Physics 375) using the

dye Pyridin-2 (Radiant Dyes) in an alcohol-based solution.�e laser emission can be
tuned from 680 to 770 nm.�ese wavelengths are frequency doubled using a barium
borate crystal (β-BaB2O4, BBO), which results in ultraviolet (UV) wavelengths
between 340 and 385 nm that are used to excite the samples.�e dye laser itself is
pumped by a Nd:YAG laser (Spectra Physics 3800S), which emits at 1064 nm, and is
frequency doubled to 532 nm to pump into the absorption bands of the Pyridin-2
dye. Both lasers are synchronously mode-locked to achieve pulsed operation. Using
active mode-locking, a pulse duration in the ps-range can be achieved.�e native
repetition rate of the system is 80MHz, which is reduced in the dye laser using a
cavity dumper. For most purposes, the reduction by a factor of 20 is used, resulting
in a repetition rate of 4MHz for the measurements.�is corresponds to a time slot
of 250 ns between two excitation pulses, which is usually su�cient to allow for a
complete decay of excess carriers in the sample. If the repetition rate is chosen to
high, an incomplete decay would result in residual luminescence that distorts the
measured decay behavior. In principle, also repetition rates lower than 4MHz are
possible, down to single shots. An advantage of the cavity dumper is that down-
regulation of the repetition rate takes place inside the cavity, which remains closed
between the outcoupling of subsequent pulses.�ereby, the output power can be
signi�cantly increased for every pulse.�e �nal dye laser pulses have a duration of
≈ 5 ps, and a pulse energy of < 0.5 pJ is reached in the UV.
�e samples are mounted in a helium bath cryostat that covers a temperature range

between 4.4 K and 325K.�e laser pulses are focused onto the sample surface at an
angle of 45° using a fused silica lens.�e emitted photoluminescence is collected by
another lens, and is focused into a 22.7 cm subtractive double grating spectrometer
(Jobin Yvon, Spex 1680) that is used as monochromator with a 1800 grooves/mm
grating.�e monochromated light is detected by a multi-channel plate photomulti-
plier (Hamamatsu R3809U-02), which is sensitive enough to detect single photons.
�e �rst photon to arrive at the photomultiplier will produce an electrical signal that
can be used to count the single events. Using a beamsplitter (BS1) right behind the
cavity dumper, some percent of each laser pulse are directed to a fast photodiode
and provide a reference signal.�e signals are forwarded to a time-correlated single
photon counting (TCSPC) system (PicoQuant PicoHarp 300), which determines
the time di�erence between both.�e single-photon detection is used as stop signal,
while the reference signal from the excitation beam is used as starting signal. From
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repeated collection of single photon events, which are sorted into channels of 4 ps
width by the PicoHarp, a histogram is created. Every laser pulse and the subsequent
single-photon detection represent a single event. A measurement of 10 s produces
up to 4× 107 events, which is usually su�cient to produce a smooth intensity decay
with a signal-to-noise ratio of > 100 ∶ 1.
Since the PL light is monochromated before detection, the signal can be recorded

spectrally resolved by repeating the measurement for di�erent monochromator posi-
tions.With entrance and exit slit widths between 1 and 2.5mm, the spectral bandwidth
is about 1.2-3 nm in wavelength.�e step width should be chosen accordingly to
collect the whole QW PL, i.e. the PL of the whole charge carrier ensemble.
�e sample itself is mounted in a cryostat on a heat exchanger, which is cooled

down by a liquid helium bath. A Lakeshore 330 temperature controller takes care of
temperaturemeasurement, and heating of the samplemount. Typically, a temperature
range between 5K and 300K is covered in the measurements.
Depending on the laser wavelength, the QW samples are excited resonantly or

non-resonantly. For resonant excitation, the excitation takes place only in the QW,
not in the barrier material with larger band gap.�erefore, the excitation energy of
the laser is chosen to lie between the band gap of barrier and QW. For a GaInN/GaN
QW, this setup provides wavelengths around 375 nm that are suitable for resonant
excitation. Contrary, in the non-resonant case, also the barrier material is excited
and contributes to the photoluminescence.
�e results shown in Ch. 4 and Ch. 6 rely partly on time-resolved photolumines-

cence measurements carried out by Torsten Langer [101] and Manuela Klisch [102]
using the TCSPC setup, which is also indicated in the respective plots and tables.

3.3.2 Streak camera setup

�is setup provides an extremely broad variety of excitation wavelengths and pulse
energies, combined with an increased temporal resolution compared to the TCSPC
setup.�e pulsed laser source in this setup is an ampli�ed Ti:sapphire laser sys-
tem (Coherent Astrella), consisting of a passively mode-locked oscillator (Coherent
Vitara-S), which serves as seed laser for the ampli�er cavity. Typically for Ti:sapphire
lasers, the oscillator emits at a �xed central wavelength of 810 nm with a repetition
rate of 80MHz, while the ampli�er, with 800 nm central wavelength, has a reduced
repetition rate of only 5 kHz, but considerably higher pulse energy.�e oscillator pro-
vides 7 nJ of pulse energy, the ampli�ed output reaches up to 1.2mJ.�e oscillator is
pumped by a 532 nm optically pumped semiconductor laser (Verdi-G5) that operates
in continuous-wave mode.�e ampli�er cavity contains another Ti:sapphire crystal,
which is pumped by a Q-switched Nd:YLF laser (Coherent Revolution-65), operating
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system with frequency conversion.�e sample is mounted in a helium continu-
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at 527 nm wavelength.�e additional pumping ampli�es the seed pulse a�er six to
eight round turns in the cavity to its �nal pulse energy.�e precise coupling of seed
and pump pulses at a rate of 5 kHz is maintained by a synchronous delay generator
(SDG Elite). In order to avoid too high power densities on the optical components,
the laser pulse is temporally stretched before coupling into the ampli�er cavity. A�er
the ampli�cation, the �nal pulse is compressed to reach a duration of 35 fs, which is
close to the transform limited pulse duration for the measured bandwidth of 28 nm
(FWHM). Only with such large bandwidths the generation of ultra-short pulses in
the fs-regime is possible.�is can cause di�culties, since the fs-pulses are subject
to dispersion that causes temporal broadening of the pulse when passing through
optical components or even air.
�e ampli�er output is divided by a beam splitter (BS1). One third of the output

passes on to the stage for second harmonic generation (SHG), which produces a
wavelength of 400 nm. Subsequently, wavelengths of 266 nm and even 200 nm are
generated by third and fourth harmonic generation (THG, FHG). In fact, the higher
harmonics are generated not by directly tripling or quadrupling the fundamental
of 800 nm, but rather by sum frequency generation of the second harmonic with
the fundamental to achieve the third harmonic, and accordingly mixing the third
harmonic with the fundamental to achieve the fourth harmonic.�in BBO crystals
are used for the frequency conversion throughout the setup in order to minimize the
pulse dispersion. Before entering the SHG stage, the beam diameter is reduced by a
mirror telescope.
�e remaining two-thirds of the ampli�er output are directed to an optical para-

metric ampli�er (OPA), which uses nonlinear conversion to deliberately split one
photon of the fundamental into two photons of longer wavelength, namely signal
(1150-1600 nm), and idler (1600-2500 nm). Subsequently, the signal and idler beams
can be frequency doubled (SHG). Repeating the freuquency doubling provides the
fourth harmonic (FHG).�ereby, the OPA is capable of tuning the laser wavelength
continuously between 290 and 2500 nm.�e output pulse energy depends strongly
on the generated wavelength, but is usually between 20 and 400 µJ, and even higher
for the pure signal or idler. Only near the end points of the signal or idler tuning
range, the output power decreases rapidly.
�e oscillator output (80MHz) is directed into a separate stage (APE Harmonixx)

for SHG and subsequent THG to achieve wavelengths of 405 nm and 270 nm. Owing
to the much lower input power compared to the ampli�er, the pulse energies reach
< 0.5 nJ for the SHG, and only 0.05 nJ for the THG. Alternatively, the oscillator output
can be directed into a pulse picker (APE Pulse Select) before entering the SHG/THG,
where the repetition rate is reduced from 80MHz to ≤ 4MHz. Unlike the cavity
dumper in the TCSPC setup, the pulse picker only reduces the repetition rate, which
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3.3 time-resolved photoluminescence spectroscopy

lowers the output power according to the splitting ratio. Furthermore, the pulse
picker e�ciency of 50% reduces the pulse energy further, which in turn a�ects the
SHG/THG e�ciency.�e resulting pulses have an energy of 5 pJ for the SHG.
Using a beam sampler, a small portion of the oscillator signal is directed to a fast

trigger photodiode right behind the output port. It provides the trigger signal for the
streak camera that detects the decay of the photoluminescence signal.
�e laser pulses are forwarded to the samples using several beam steering mirrors.

A periscope adjusts the height of the oscillator output.�e samples are mounted in a
continuous �ow helium cryostat with an interchangeable chamber.�e �rst chamber
provides a cube-shaped tail with four windows to access the sample from any side
(Oxford Optistat CF-V2).�e laser beam is focused using a fused silica lens (L1), and
the photoluminescence is collected using achromatic lenses (L2, L3). Excitation and
collection happen under an angle of 45° with respect to the sample surface.
�e second chamber is a microscope cryostat tail (Oxford Microstat He2), which

allows for small working distances down to 5mm. Furthermore, the chamber is
mounted on a triple-axis stage (x-y-z) that can position the cryostat with a repro-
ducibility of 1 µm. For this cryostat chamber, a confocal measurement geometry is
used.�e laser pulse passes a beam splitter (BS2) and is focused onto the sample
by a mirror objective.�e same objective collects the photoluminescence, which is
re�ected by the beam splitter and directed to the detection. An additional sample
holder for transmission experiments is available, which �ts into both cryostat cham-
bers. A temperature controller (Mercury iTC) is used to regulate the helium �ow and
heating, and the cryostat can cover a temperature range from 3.5 to 500K.
�e collected photoluminescence is dispersed by a 30 cm spectrograph (Princeton

SP-31) and detected by a streak camera (Hamamatsu C10910).�e spectrograph o�ers
gratings with 50, 150 or 600 grooves/mm. Additionally, a mirror instead of a grating
can be selected to direct the undispersed light into the streak camera.�e incoming
light hits a cathode to generate electrons, which are ampli�ed in a microchannel
plate, de�ected in vertical direction by an electric �eld, and �nally detected on a
two-dimensional CMOS array. Depending on the time of arrival, the photo-generated
electrons will be detected in di�erent positions on the vertical axis.�e horizontal
axis provides information about the wavelength of the incoming photons.�e vertical
axis can be changed to cover time scales between 1ms and 100 ps, where a temporal
resolution of < 1 ps is achieved. Otherwise, the temporal resolution depends mainly
on the stability of the trigger signal and the broadening due to dispersion at the
spectrograph’s gratings.
�e photodiode behind the oscillator output provides a trigger signal for the streak

camera, which is used to de�ne the position on the time axis. By integrating the input
signal over many repetitions, or laser pulses, the �nal streak image is acquired.
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Figure 3.4: Exemplary streak image, collected at 5 K from a c-plane GaInN/GaN quantum
well at a repetition rate of 4MHz.�e measured intensity is shown color-coded
as function of the wavelength (horizontal axis) and time (vertical axis).�e laser
pulse at ~405nm should be blocked by a �lter, but is still visible in the spectrum.
It marks the time of charge carrier excitation and the begin of the decay.�e
e�ective lifetime of the spectrally integrated luminescence is ≈ 12.5 ns.

�e samples investigated in this thesis show decay times ranging from tens of
picoseconds to tens of nanoseconds.�is has implications for the repetition rate
of the laser source. If the photoluminescence cannot decay completely before the
next excitation pulse arrives, a reduction of the repetition rate is necessary.�us, the
frequency doubled oscillator output (405 nm central wavelength) at repetition rates
of either 80MHz or 4MHz are used, corresponding to 12.5 ns or 250 ns di�erence
between two excitation pulses. �e ampli�er signal can be used to realize high-
excitation conditions with variable wavelengths, which is not of interest for the
investigations here. Furthermore, the setup is highly modular and allows not only for
the investigation of III-nitrides, but also many other material systems and purposes.

54



3.3 time-resolved photoluminescence spectroscopy

0 1 0 2 0
1

1 0

1 0 0

1 0 0 0

1 0 0 0 0
In

te
n

si
ty

 (a
rb

. u
.)

T i m e  ( t - t 0 )  ( n s )

t  =  t 0

τe f f

I 0
6 0 %  t h r e s h o l d

c - p l a n e  G a I n N / G a N  Q W

T  =  3 0 0  K

Figure 3.5: Exemplary decay curve of a c-plane GaInN/GaN QW with 17.5% InN mole
fraction, 2.1 nm QW width: Open circles represent the measured points, the
dashed line indicates the �tted decay function (Eq. 3.11), showing the initial
intensity I0 and the e�ective lifetime τeff as �t parameters.�e decay is �tted
up to a threshold of I(t)/I0 = 60% ≈ 1/

√

e, and the deviation from a mono-
exponential behavior is clearly visible for larger delay times.

3.3.3 Evaluation of measurement data

Measuring the photoluminescence intensity as function of delay time, a decay curve
comparable to Fig. 3.5 is obtained. In fact, the measurement shows deviations from
the expected mono-exponential decay in Eq. 3.9. Especially at low temperatures, a
common explanation is the recombination of localized carriers that are bound to
donors or acceptors.�e issue is treated in Ref. [100, Ch. 5], as well as in Refs. [103]
and [104]. Furthermore, the carrier-induced screening of the polarization �elds is
observed at high injection levels [105]. Finally, the dissociation of excitons becomes
more probable for higher temperatures, and can lead to deviations from the mono-
exponential decay [106].
�e decay curve can be �tted by the function given in Eq. 3.9:

I(t) = I0 exp(−
t − t0
τeff

) , (3.11)
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Figure 3.6: Exemplary decay curve of a c-plane GaInN/GaN QW (17.5% InN mole fraction,
2.1 nm QWwidth), �tted with a decay function according to Eq. 3.13, showing
the initial intensity I0 and the e�ective lifetime τeff as �t parameters.�e decay
is �tted up to a threshold of I(t)/I0 = 60%, including the initial rise and onset
of the measured curve.

where t0 is the delay time at which the decay curve reaches its maximum. An exem-
plary �t of the decay to determine τeff is shown in Fig. 3.5. Only the range between the
maximum intensity at t = 0 and a certain threshold is �tted with a mono-exponential
decay.�e standard threshold value of I(t)/I0 = 60% ≈ 1/

√
e is chosen to include as

many measurement points as possible, but also avoid distortions of the �t by non-
exponential behavior at later delay time. By extrapolation of the �tted decay back to
t = t0, where the maximum intensity is measured, the initial intensity is determined
as I0 = I(t = t0). A more detailed description of the �t routine is given in Ref. [107,
Ch. 3].
Still, this procedure includes only a very limited range of the measured decay

curve. In order to include the onset of the decay around t0, as well as the rising
edge at t < t0, the �t function from Eq. 3.11 is modi�ed. In principle, the measured
decay curve I(t) represents a convolution of the photoluminescence decay with
the instrument response function (IRF) that adds a certain broadening to the decay
curve.Mathematically, the PL decay can be described by amono-exponential function
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3.3 time-resolved photoluminescence spectroscopy

(Eq. 3.11) multiplied with a Heaviside function θ(t − t0).�e instrumental response
is described by a Gaussian function, which contains the instrumental broadening σ .
Experimentally, σ can be determined from the detector’s response function to an
in�nitely short input pulse, namely a laser pulse.�ereby, the decay curve is described
by

I(t) = [θ(t − t0) I0 exp(−
t − t0
τeff

)] ∗ [ 1√
2πσ

exp(− 1
2
( t − t0

σ
)
2
)] . (3.12)

Executing the convolution (∗), an analytical function is obtained that can be used to �t
the measured decay curve, including the rising edge and the onset of the decay [108]:

I(t) = IB +
I0
2
exp( σ 2

2τ2eff
− (t − t0)

τeff
)

⎡⎢⎢⎢⎢⎢⎣
1+ erf

⎛
⎜
⎝

(t − t0)− σ2
τeff√

2σ

⎞
⎟
⎠

⎤⎥⎥⎥⎥⎥⎦
(3.13)

where erf describes the Gauss error function.�e auxiliary parameter IB is added to
describe the background intensity, and can be determined from the intensity before
the rising edge.
�is function provides a better description of the decay curve compared to the

mono-exponential �t, as can be seen from Fig. 3.6. Especially for decay times close
to the instrumental broadening, the decay curve is distorted such that the initial
intensity I0 can easily be underestimated for two reasons: First, the top part (apex)
of the curve is extremely damped. Second, the shorter the decay time, the more the
delay time, at which the curve reaches its maximum, is shi�ed to larger values. For
the simple mono-exponential �t procedure, the parameter I0 is derived from the
aforementioned time, which distorts the determination of the initial intensity for
short decay times.
Essentially, two parameters are obtained from the �t: the e�ective lifetime τeff

at the early stage of decay, and the initial intensity I0 = I(t = t0). According to
Eq. 3.10, the initial intensity depends only on the radiative rate. Only if the laser pulse
can be considered short compared to the carrier lifetimes, recombination during
excitation can be neglected. In this case, the density of generated excess carriers
δn per laser pulse is constant, and depends only on the absorption and the pulse
energy density. In order to include the photoluminescence signal from all excited
charge carriers in the ensemble, the whole quantum well photoluminescence decay
is integrated spectrally.�e spectral integration includes all wavelengths, where the
time-integrated intensity exceeds 10% of the peak value. Furthermore, it can be
assumed that the absoprtion shows negligible temperature dependence.�erefore, a
constant density δn of charge carriers is prepared by every laser pulse, and the initial
intensity I0 is determined by the radiative lifetime (τr) only.�us, it is possible to
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Figure 3.7: Behavior of (theoretical) decay curves for di�erent lifetimes τ, following the
function I(t) from Eq. 3.13. Actually, the mono-exponential intensity decay
starts at t = 0, but is broadened and distorted by convolutionwith the instrumen-
tal response function. For short lifetimes close to the instrumental broadening
(τ ≈ σ), the maximum intensity is extremely damped. For longer lifetimes, the
maximum intensity is close to the value of I0 , but shi�ed to the right on the
time axis. Applying the �t function I(t) to describe the measured decay curves
makes it possible to regard for these distortions.

separate the e�ective lifetime (τeff ),measured experimentally, into a radiative (τr) and
nonradiative lifetime (τnr) using the initial intensity. For this purpose, the constant of
proportionality in Eq. 3.10 can be determined from a low-temperature measurement,
where nonradiative recombination is assumed to vanish. In this case, the e�ective
lifetime (τeff ) and the radiative lifetime (τr) become equal.�erefore, the factor of
proportionality is given by the measured initial intensity at low temperatures, usually
at 5 K. Finally, the complementary nonradiative lifetime (τnr) can be calculated from
Eq. 3.7. Fig. 3.8 shows an exemplary measurement with decay curves and the derived
e�ective, radiative, and nonradiative lifetimes as function of temperature.
Note that the assumption of vanishing nonradiative recombination at low temper-

ature is not necessarily true for the high-defect containing III-nitride structures. At
low temperatures, tunneling to nonradiative centers (see Sec. 2.3.3) may be present.
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Figure 3.8: Measured decay curves (a) of a c-plane GaInN/GaN quantum well (sample C29,
see Ref. [91]) emitting at 490 nm for temperatures between 5 and 300K. Tem-
perature dependence of the carrier lifetimes (b), where the e�ective lifetime
(τeff ) is obtained by �tting the measured decay, the radiative lifetime (τr) is
obtained from the initial intensities I0 and normalized to equal the e�ective
lifetime at low temperature.�e nonradiative lifetime (τnr) is calculated from
Eq. 3.7.�e error bars contain the statistical uncertainties of the experiment
and the evaluation process.

�e topic is treated further in Ch. 6, where additional indications for vanishing nonra-
diative recombination at low temperature are discussed. For this reason, the absolute
values obtained from this procedure provide only a lower limit for the radiative
lifetime, although its temperature dependence is given by the inverse of the initial
intensity.
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4
RADIAT IVE RECOMB INAT ION IN POLAR AND NONPOLAR
QUANTUM WELL S

In this chapter, the radiative recombination dynamics of polar and nonpolar quan-
tum well structures are investigated. At �rst, Sec. 4.1 describes the particularities of
radiative recombination in nonpolar quantumwells, as opposed to polar structures,
while Secs. 4.2 and 4.3 cover the impact of strain on the radiative emission and on
the valence band structure, as well as strain manipulation via bu�er layers. Second,
the well width dependence of the radiative lifetime in nonpolar quantum wells is
analyzed in Sec. 4.4. Finally, in Sec. 4.5, the temperature dependence of the radia-
tive lifetime is described, revealing causes for the limited radiative recombination
at room temperature and above.

4.1 characteristics of radiative recombination in nonpolar
quantum wells

Generally, the recombination dynamics in III-nitride quantum wells are governed
by internal polarization �elds.�e quantum-con�ned Stark e�ect (QCSE) shi�s the
envelope functions of electrons and holes to opposite sides of the quantum well,
which reduces the wave function overlap, or overlap integral, considerably.
One approach to overcome this fundamental limitation, is the use of nonpolar

orientations for quantum well growth.�e polarization �elds vanish perpendicular
to the nonpolar a- and m-planes, and thus the structures are free of the QCSE [26].
�is increases the overlap integral ∣M∣2 compared to polar quantum wells. Fig. 4.1(a)
shows the overlap integral for polar (c-plane) and nonpolar (m-plane) quantum wells
as function of well width for di�erent InN mole fractions.�e values are obtained
from a numerical Schrödinger solver that calculates energy levels, wave functions,
and takes excitonic e�ects into account [63].�e input parameters can be found
in Tabs. 1.1 and 4.2. For c-plane, the QCSE drastically reduces the wave function
overlap for larger well widths, and only for ultra-thin quantum wells around 1 nm the
overlap reaches over 50%. Contrary, for m-plane the overlap reaches nearly unity at
large well widths.�e decrease towards thinner quantum wells is due to the growing
penetration of wave functions into the barrier material, but still reaches over 70%.
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Figure 4.1: Wave function overlap (a) and exciton Bohr radius (b) for QWs with di�erent
InN mole fractions in polar c-plane and nonpolar m-plane orientation.�e
quantities are calculated by a numerical Schrödinger solver [63] with input
parameters from Tabs. 1.1 and 4.2. While the overlap is strongly reduced by the
QCSE for thick polar QWs, it approaches unity in nonpolar QWs. For small
well widths, the penetration of wave functions into the barriers reduces the
overlap again.�e same trends are evident for the exciton Bohr radius, which
behaves nearly constant for nonpolar QWs.

Considering Eq. 2.11, which describes the bimolecular radiative recombination in
a quantum well, the increased overlap integral ∣M∣2 will a�ect the radiative emission
rate:

Rr =
e2 ñħω
m20ε0c3

1
(me +mh) kBT

⟨∣pcv∣2⟩ ∣M∣2

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
B

n p , (4.1)

�us, in nonpolar structures a higher radiative rate, or a shorter radiative lifetime
(τr ∝ 1/B), is expected. Although this is in principle valid for every nonpolar plane,
the use of m-plane is preferred here, since a lower indium incorporation and the ten-
dency to the formation of stacking faults has been reported for a-plane structures [109,
Ch. 1].
For an experimental comparison of radiative lifetimes in polar and nonpolar

structures, temperature-dependent measurements of the photoluminescence decay
are performed for several c- and m-plane GaInN/GaN quantum wells prepared by
MOVPE. An overview of the sample parameters is given in Tab. 4.1.�e c-plane
quantum wells are grown on sapphire or bulk GaN substrates, while all m-plane
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4.1 radiative recombination in nonpolar quantum wells

Table 4.1: Structural data, including substrate type, InN mole fraction (xIn), and QW width
(LQW), and radiative lifetime (τr) at room temperature of all polar and nonpolar
samples under investigation.

Sample Substrate type xIn (%) LQW (nm) τr (300K)

C1d c-plane sapphire 10.8± 0.3 a 1.27 ± 0.07 a 2.3 ± 0.2 c

C2e c-plane sapphire 20.9± 0.6 a 1.07± 0.03 a 1.4 ± 0.3 c

C3f c-plane sapphire 30.0± 2.5 a 1.10 ± 0.11 a 1.3 ± 0.5 c

C4e c-plane GaN 27.2 ± 3.2 a 1.43 ± 0.04 a 10.9 ± 1.2 c

C5e c-plane GaN 27.9 ± 2.0 a 1.5 ± 0.3 a 22.4 ± 1.6 c

C6e c-plane GaN 32.2 ± 0.6 a 1.46± 0.11 a 21.7 ± 14.5 c

C7e c-plane sapphire 31.0± 1.1 a 1.45± 0.03 a 8.4 ± 4.9 c

C8e c-plane sapphire 33.3 ± 0.8 a 1.19 ± 0.07 a 6.3 ± 1.4 c

M1e m-plane GaN 29.6 ± 0.8 a 1.51 ± 0.08 a 0.28± 0.03 c

M2g m-plane GaN 13.5 ± 0.7 a 1.62± 0.09 a 0.6 ± 0.3 c

M3g m-plane GaN 23.5 ± 1.0 a 1.40± 0.07 a 0.41 ± 0.05 c

M4g m-plane GaN + AlInN 37.8 ± 0.9 a 1.67± 0.04 a 0.9 ± 0.3 c

M5h m-plane GaN + AlInN 36 ± 2 b 1.80± 0.15 b 0.9 ± 0.1
M6h m-plane GaN + AlInN 38.0± 1.1 b 1.60± 0.11 b 1.1 ± 0.3
M7h m-plane GaN + AlInN 24.5 ± 1.1 a 1.43 ± 0.09 a 0.8 ± 0.3
M8h m-plane GaN + AlInN 31.6± 1.2 b 1.44± 0.10 b 1.5 ± 0.4
M9h m-plane GaN + AlInN 34.0± 0.7 a 1.35 ± 0.03 a 0.9 ± 0.2

a Ref. [96] b Ref. [97] c Ref. [101] d Ref. [90] e Ref. [92] f Ref. [94]
g Ref. [93] h Ref. [91]

65



radiative recombination

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0
0 . 1

1

 e f f .  l i f e t i m e

 r a d .  l i f e t i m e

 n o n r a d .  l i f e t i m e

Li
fe

ti
m

e 
(n

s)

T e m p e r a t u r e  ( K )

s a m p l e  M 9

Figure 4.2: Temperature dependence of e�ective (τeff ), radiative (τr), and nonradiative
lifetimes (τnr) of sample M9. Up to ≈ 50K, the constant radiative lifetimes
indicate carrier localization, and the close-to-linear rise (τr ∝ T 1) at higher
temperatures proves that charge carriers are free to move in two dimensions.

structures are grown on bulk GaN substrates. Fig. 4.3 shows schematics of the sam-
ple structures.�e sample growth starts with an epitaxial GaN layer of several µm
thickness, followed by a �ve-fold multi-quantum well structure, where the growth
temperature for the quantumwells is varied between 700 and 800 ○C to achieve di�er-
ent InN mole fractions. As determined by XRDmeasurements, the well widths are in
the range between 1.1 and 1.8 nm, and barrier widths are approx. 10 nm. Furthermore,
InN mole fractions in the quantum wells between 10% and 38% are found. As an
exception, only sample C3 exhibits a single quantum well, which is grown under
otherwise idential conditions. A second set of m-plane quantum well structures is
prepared with an additional 100 nm thick AlInN bu�er layer (200 nm for sample M5)
underneath the MQW structure.�ose samples are discussed in Sec. 4.3.
From time-resolved measurements, the e�ective carrier lifetimes τeff and initial

intensities I0 are obtained as function of temperature. Following the procedure de-
scribed in Sec. 3.3.3, the measured carrier lifetimes τeff can be separated into radiative
(τr) and nonradiative (τnr) lifetimes, since τr ∝ 1/I0. An exemplary temperature
dependence of the carrier lifetimes is shown in Fig. 4.2 for an m-plane quantum well
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Figure 4.3: Schemes of the quantum well samples prepared in polar (c-plane) and nonpolar
(m-plane) orientations. Additional nonpolar quantum wells with an AlInN
bu�er layer underneath the QW are discussed in Sec. 4.3.

(sample M9). At low temperatures, the recombination is assumed to be una�ected by
nonradiative processes, and thus the measured lifetime can be used to estimate the
radiative recombination (τeff ≈ τr). Still, the low-temperature lifetimes are inappro-
priate for a comparison of di�erent structures, since the charge carriers are subject to
localization in this temperature regime. Localization of charge carriers at local poten-
tial minima can arise from �uctuations in width and composition of the quantum
well [110–119]. Localization corresponds to a zero-dimensional state, as opposed to the
two-dimensional states of charge carriers moving freely in the quantum well. Further-
more, the charge carrier dimensionality d can be related to the temperature behavior
of the radiative lifetime by τr ∝ Td/2 (Eq. 2.13).�e localization of charge carriers
to zero-dimensional sites (d = 0) can be observed up to about 50-100K, where the
radiative lifetimes show a constant behavior (τrad ∝ T0). At higher temperatures,
however, the carriers can escape the potential minima by thermal activation, and
consequently, the radiative lifetime starts to increase.�e temperature dependence
in the range above 100K is close to linear (τrad ∝ T 1), indicating that charge carriers
are free in two dimensions. For a comparison of the radiative properties of polar and
nonpolar quantum wells, the lifetimes of two-dimensional charge carriers are more
suitable.�us, the radiative lifetimes at room temperature (300K) are compared in
Fig. 4.4 for di�erent InN mole fractions.�e graph shows similar results as already
discussed by Langer et al. for radiative lifetimes in non- and semipolar quantum well
structures [120].
For c-plane, room temperature radiative lifetimes around 7-20 ns are found for

quantum wells with 1.5 nm width, or around 1-3 ns for 1.1 nm width. Contrary, the
m-plane samples show radiative lifetimes around 300-400 ps. It becomes evident that
there is a di�erence of nearly one order of magnitude between the room temperature
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Figure 4.4: Comparison of radiative lifetimes at room temperature (300K) from polar c-
plane and nonpolarm-planeMQWstructures with di�erent InNmole fractions.
�e graph and data are adapted from Refs. [101, 120].�e data can be found in
Tab. 4.1 as well. Between the nonpolar (LQW ≈ 1.5 nm) and the polar MQWs
(LQW ≈ 1.1 nm), the radiative lifetimes di�er by one order of magnitude. Polar
MQWs with slightly larger width (LQW ≈ 1.5 nm) show even higher lifetimes.
Dashed lines indicate the calculated lifetimes according to Eq. 4.2, which regards
for changes in wave function overlap, exciton Bohr radius, and hole e�ective
masses.

radiative lifetimes of polar and nonpolar structures. Generally, the lifetimes show
only a weak dependence on InN mole fraction, and are rather governed by the
quantum well width, which is expected due to the QCSE and the reduced overlap
integral ∣M∣2. Between the c-plane QWs with 1.5 nm and 1.1 nm width, the radiative
lifetimes di�er at least by a factor of two. Also the wave function overlap increases
nearly by a factor of two, e.g. for xIn = 30% from ∣M∣2 ≈ 30% to over 50%. To a �rst
approximation, this explains the large reduction in radiative lifetimes for the c-plane
structures with di�erent QW width. Furthermore, the increasing overlap integral
is used as a common argument to explain the lower radiative lifetimes observed in
nonpolarQWs compared to polar ones [121].�e di�erence of one order ofmagnitude
found from the comparison of polar and nonpolar structures in Fig. 4.4, however,
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is larger than the di�erence in wave function overlap. Considering the calculated
∣M∣2 values in Fig. 4.1(a), they di�er by a factor of 2-3, corresponding to roughly 30%
of the measured di�erence in radiative lifetimes. As discussed in the following, the
discrepancy can be explained to a large extent by including the excitonic binding and
the e�ects of anisotropic strain on the valence band structure.
�e vanishing polarization �elds in nonpolar structures also in�uence the exciton

binding in the quantum well. Previous work has shown that the radiative recombina-
tion in III-nitride structures is strongly in�uenced, or even dominated by excitons [11].
Hangleiter et al. showed that, even at room temperature, where excitons may be sub-
ject to thermal dissociation, the fraction of charge carriers bound into excitons
exceeds 40% [122]. Liu et al. state that the exciton fraction at room temperature is
even higher than 60% [123].�erefore, the radiative recombination is approximated
as purely excitonic, and Eq. 2.18 applies:

τex =
π a2B
2B

(4.2)

Calculations of the exciton Bohr radius aB, shown in Fig. 4.1(b) for di�erent well
widths and orientations, highlight the impact. For the nonpolar quantum wells, a
slightly lower exciton Bohr radius around 2.5 nm is found compared to the polar
QWs, where the QCSE separates electrons and holes and leads to almost 3 nm.�e
lower Bohr radius, meaning a higher exciton binding energy, can contribute up to a
factor of 1.2 in aB, or 1.5 in a2B, to the shorter radiative lifetimes in nonpolar QWs. In
the following, the change in e�ective masses due to anisotropic strain is discussed as
an additional parameter.

4.2 strain and valence band structure

Considering Eq. 4.1, the e�ective carrier mass me/h in the QW plane is another
parameter in�uencing the radiative recombination. Especially the e�ective hole mass,
related to the valence band structure, depends strongly on strain and orientation.
�is can be modeled by k ⋅ p calculations, as described in Sec. 1.1.5. Fig. 4.5 shows
the valence band dispersion in the x-y-plane, corresponding to the basal c-plane,
obtained from calculations for bulk GaN. Without strain, the valence bands are
isotropic and close in energy, as can be seen in Fig. 4.5(a). A heavy-hole character
is found up to large k-values for the uppermost valence band (A), and a light-hole
character for the second valence band (B).�e third valence band is the crystal-�eld
split-o� band (C). Applying compressive biaxial strain in the c-plane, the uppermost
valence bands are shi�ed upwards in energy, as shown in Fig. 4.5(b) for εxx = εyy =
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Figure 4.5: Calculated valence band dispersion of bulk GaN without strain (a), under
compressive biaxial strain (−3%) in the x-y-plane (b), and under compressive
uniaxial strain (−3%) in x-direction (c).�e uniaxial strain reduces the crystal
symmetry, which results in an anisotropic hole dispersion in x- and y-direction.
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−3%.�e valence band symmetry, as well as the e�ective masses remain comparable
to the unstrained case.
Contrary, the application of compressive uniaxial strain changes the crystal symme-

try, which results in an anisotropic energy splitting in the x- and y-direction [39].�is
is shown in Fig. 4.5(c) for an uniaxial strain of εxx = −3%, where the A-band (HH) in
x-direction, as well as the B-band (LH) in y-direction, are shi�ed to lower energies.
Tensile strain in the y-direction would have the same e�ect [5, Ch. 2].�e resulting
valence bands are anisotropic in the basal c-plane. Note that, contrary to the other
graphs, the energy scale is not normalized to the uppermost valence band.�us, in
Fig. 4.5, E = 0 corresponds to the valence band edge of the unstrained bulk crystal,
without spin-orbit and crystal �eld splitting.�is emphasizes the large strain-induced
shi� in energy, as can be seen in Figs. 4.5(b) and (c).
Qualitatively, this situation is comparable to the case of aGaInN/GaNquantumwell

grown on an m-oriented GaN substrate. Here, the GaInN layer is under compressive,
but anisotropic strain in the growth plane (a- and c-direction). For a GaInN quantum
well grown on c-oriented GaN, however, the compressive in-plane strain is isotropic.
Calculations of GaInN/GaN quantum well structures are shown in Fig. 4.6, where
the strain components (Tab. 4.3) and structural data (Tab. 4.1) measured by XRD
are used as input parameters. As expected, the isotropic valence band dispersion
of the c-plane QW in Fig. 4.6(a) compares well with the one of bulk GaN under
biaxial strain in Fig. 4.5(b). Since the strain causes a downshi� of the crystal-�eld
split-o� band, the A- and B-bands, together with their higher quantized states, are
dominating the valence band structure. Contrary, the valence band dispersion for the
m-plane QW in Fig. 4.6(b) is anisotropic, which compares well with the one of bulk
GaN under uniaxial strain in Fig. 4.5(c). As a result, a much lighter e�ective mass is
found in a-direction in the topmost valence band, and the energetic separation to
the second valence band is increasing.
�e e�ective masses are given by the inverse curvature of the band dispersion

E(k). Using a parabolic �t, the e�ective masses can be extracted from the calculated
valence band dispersion, as shown in Fig. 4.7.�e parabolic approximation is only
valid near the Γ point (k = 0), and the limits are chosen before a degeneracy point,
or at maximum up to k = 1/nm. For the exemplary m-plane QW, the dispersion
gives e�ective masses of 1.3m0 in c-direction, and 0.19m0 in a-direction. In order to
describe the carriers in the uppermost valence band by a single e�ective mass, the
density of states mass can be estimated by

mh =
√mh,cmh,a . (4.3)

�is results in a density of states e�ective mass of 0.5m0 for the exemplary m-plane
QW.�e values of the other m-plane QW samples are shown in Tab. 4.3, and vary
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Figure 4.6: Calculated valence band dispersion of c-plane (a), andm-plane (b) QWs, which
di�er in e�ective hole masses, and in the energy di�erence between the two
uppermost valence bands.

between 0.58 and 0.72 in units of m0. Contrary, hole e�ective masses of typical c-
plane QWs are around 1.7-2.0m0, as can be deduced by linear interpolation from
the in-plane masses mch,⊥ in Tab. 4.2.�e e�ective hole masses between m-plane and
c-plane QWs di�er by a factor of 2-3, which remains valid when adding the e�ective
electron mass, like in Eq. 4.1.
�e theoretical e�ective mass values can also be used to estimate the radiative

excitonic lifetime at room temperature (T = 300K) according to Eqs. 4.1 and 4.2.�e
values are given in Tab. 4.2, where mch,⊥ describes the in-plane e�ective hole mass
for c-plane QWs, and mmh,x′/y′ are applicable for m-plane QWs [124]. Furthermore,
a refractive index of ñ = 2.5 is used, which stays rather constant for GaInN over a
large composition range [125].�e momentum matrix element, since averaged over
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Figure 4.7: Calculated valence band dispersion of an exemplary m-plane QW structure
(xIn = 20%, LQW = 3 nm), shown as open circles.�e e�ective hole masses
are obtained from parabola �ts, indicated by solid lines, that describe the band
curvature up to large k-values, or up to the degeneracy points, where the valence
bands cross.

two orthogonal polarization directions, can be estimated by ⟨∣pcv∣2⟩ = Ep/2.�e
photon energy ħω is estimated from the band gaps given in Tab. 1.1, corrected for
quantization energies, strain-dependent band gap shi�, and exciton binding energy.
Using the InN mole fraction, the parameters for GaInN are linearly interpolated
between the binary constituents.Wave function overlap ∣M∣2 and exciton Bohr radius
aB are calculated by solving the Schrödinger equation [63].�e other parameters
are physical constants.�e theoretically estimated radiative lifetimes are shown as
dashed lines in Fig. 4.4 for polar and nonpolar QWs.�e calculated values coincide
reasonably with the measured room temperature lifetimes.�e calculated lifetimes
of the nonpolar QWs are about eight times shorter compared to those of polar QWs,
which is due to the combined e�ect of increased wave function overlap, enhanced
exciton binding, and lower hole e�ective masses. In combination, these e�ects are
su�cient to explain the di�erence of nearly one order of magnitude between radiative
lifetimes measured in c- and m-plane QWs.
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Table 4.2: Listing ofmomentummatrix element (Ep), refractive index ñ, and e�ective electron
mass (me).�e e�ective hole masses for c-plane QWs are given as in-plane (mch,⊥),
and out-of-plane (mch,∥) mass. Form-plane QWs,m

m
h,z′ is the out-of-plane e�ective

hole mass, and the in-plane masses (mmh,x′ , m
m
h,y′ ) show the anisotropic dispersion.

All e�ective masses are given in units of m0 .

Parameter GaN InN

me 0.2 a 0.07 a

mch,⊥ 2.0 b 1.25 b

mch,∥ 1.889b 1.563b

mmh,x′ 1.889b 1.563b

mmh,y′ 0.137 b 0.091b

mmh,z′ 2.0 b 1.25 b

ñ 2.5 d

Ep (eV) 11.0c 5.5c

a Ref. [15] b Ref. [124]
c Ref. [125] d Ref. [126]
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4.3 nonpolar quantum wells with metamorphic buffer layers

In the previous section, strain was found to be an important element to understand
the radiative recombination dynamics in III-nitride quantum wells, especially due to
its e�ect on the valence band structure. One possibility to manipulate, or reduce the
strain in the quantum wells is the use of a bu�er layer between the GaN substrate
and the GaInN quantum well. In the �rst place, a suitable bu�er layer should adopt
the in-plane lattice parameters of the underlying GaN during epitaxial growth. Since
GaInN has generally larger lattice parameters than GaN, the bu�er layer needs to
increase its in-plane lattice parameters during growth, thereby reducing the lattice
mismatch to the GaInN quantum well.�e increase in lattice parameters usually
happens via plastic relaxation, i.e. the formation or gliding of dislocations.�is
issue is also treated in Sec. 5.3, where the role of bu�er layers on the nonradiative
recombination in semipolar quantum wells is of interest.�e quantum well structure
that is grown on top of the relaxed bu�er layer should accumulate less strain energy
compared to the unbu�ered structure. Besides GaInN, the ternary alloy AlInN is a
suitable choice for strain-reducing bu�er layers, as introduced in the following.

4.3.1 Metamorphic AlInN bu�er layers for strain manipulation

AlInNmatches the a-lattice parameter of GaN at 18% InNmole fraction according to
Vegard’s law [22]. Furthermore, it has a higher refractive index than GaN or AlGaN,
making it a suitable material for distributed Bragg re�ectors or cladding layers in
laser structures [127–129].�ick layers tend to composition splitting[130, 131], which
makes the use as bu�er layer on c-plane di�cult, since only about 50 nm can be
grown, which is not enough to reach su�cient relaxation.
For nonpolar orientations, however, the di�erent a/c ratios of the binary III-N com-

pounds make lattice matching possible only in one in-plane direction. Considering
the m-plane orientation, the in-plane directions are along a and c.�us, AlInN with
an InN mole fraction of 28% is needed for lattice-matching along c, leaving the layer
compressively strained along the a-direction. As found by Buß et al., AlInN grown
lattice-matched along the c-direction of GaN is forced to relax to larger a lattice
parameters [132].�us, the use of such an AlInN bu�er layer is e�ectively reducing
the lattice mismatch to a GaInN-based MQW structure. Furthermore, Horenburg et
al. prepared several MQW structures on top of AlInN bu�er layers, and found not
only a largely reduced strain state of the QWs, but also a higher indium uptake in the
QWs compared to the unbu�ered case [133].
In the following, the recombination dynamics of m-plane GaInN/GaN MQWs

prepared on AlInN bu�er layers are investigated. For comparison with the results of
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Figure 4.8: Calculated valence band dispersion of anm-planeQWstructurewith additional
AlInN bu�er layer, which shows nearly isotropic dispersion.�is is comparable
to the c-plane shown in Fig. 4.6, due to the reduced strain state of the QW on
top of the bu�er layer.

the previous section, in particular the radiative lifetimes at room temperature, and
their dependence on the strain state of the QWs are of interest.�e sample parameters
are summarized in Tabs. 4.1 and 4.3.�e AlInN bu�er layer has a thickness of 100 nm
for samples M4, and M6-M9, but 200 nm for sample M5. Here, the quantum well’s
lattice parameters in epitaxial growth are determined by the underlying AlInN bu�er
layer, and not by the GaN substrate anymore.�us, the growth is referred to as
metamorphic. Contrary, the c- and m-plane QWs treated in the previous section are
considered pseudomorphic, since they grow fully strained on the GaN substrate. Just
like the pseudomorphic samples M1-M3, the metamorphic structures M4-M9 are
prepared on m-plane bulk GaN substrates.

4.3.2 Radiative recombination in strain-manipulated nonpolar quantum wells

Comparable to the analysis above, the radiative lifetimes at room temperature are
obtained from temperature-dependent time-resolved photoluminescence measure-
ments.�e results are shown in Fig. 4.9, together with the radiative lifetimes of
unbu�ered m-plane structures (M1-M3).�e radiative lifetimes for the samples with
AlInN are determined to be around 1 ns, which is considerably longer than for the
unbu�ered m-plane QWs.
One possible reason for this unexpected behaviormight be a di�erence in quantum

well width and composition. Even in the absence of polarization �elds, this would
a�ect the overlap integrals, or even slightly the exciton binding, and in turn could
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change the radiative lifetimes.�erefore, additional data from XRDmeasurements
needs to be considered.�e results are summarized in Tabs. 4.1 and 4.3, according
to which all m-plane samples show comparable QW widths around 1.5 nm.�us,
a di�erence in quantum well width can be excluded as reason for the di�erence in
radiative lifetime. Additionally, the metamorphic structures show longer radiative
lifetimes over a wide range of InN mole fractions. As additional information, the
XRD measurements reveal the strain state of each QW, as can be seen from Tab. 4.3.
�e strain components are given in the crystal coordinate system, where εxx and
εzz describe the strain in the a- and c-directions, which are the in-plane directions
for the m-plane orientation.�e component εyy describes the out-of-plane strain
in m-direction.�e measured strain components and QW data from XRD can be
used for valence band calculations.�e valence band dispersion for an exemplary
metamorphic m-plane QW is shown in Fig. 4.8. It becomes evident that the two
branches in a- and c-direction are very similar with heavy e�ective hole masses,
and the valence band dispersion becomes nearly isotropic. In fact, this is similar to
the case of a polar c-plane QW, as shown in Fig. 4.6(a). Qualitatively, this can be
explained by the AlInN bu�er layer, which e�ectively reduces the anisotropic strain
that is usually present in m-plane GaInN/GaN structures.
From parabola �ts of the valence band dispersion, the e�ective hole masses can be

determined, see Tab. 4.3.�e determined e�ective holemasses are higher, in particular
in a-direction, compared to the pseudomorphic m-plane samples.�is accounts
for the majority of the di�erence in radiative lifetimes between the two types of
m-plane QWs. Furthermore, the reduced strain in the QWs, and the resulting nearly-
isotropic dispersion reduce the energy splitting of the valence bands. As can be seen
from Figs. 4.6 and 4.8, the energetic di�erence between the two uppermost valence
bands (∆E) is < 10meV for the c-plane and the metamorphic m-plane QWs, but
already 48meV for the pseudomorphic m-plane QW due to the strain anisotropy. At
room temperature, the charge carrier’s typical thermal energy amounts to 300K kB ≈
26meV.�erefore, the occupation of the second valence band needs to be considered
in addition.�e e�ective mass to describe the ensemble of holes occupying di�erent
valence bands, is estimated by averaging over the two in-plane directions according to
Eq. 4.3, and subsequent summation over all occupied bands.More precisely, the single
valence bands should be regarded according to their actual population. For simplicity,
only the two valence bands at the top are considered, and the hole population in the
second one can be estimated from a Boltzmann factor, including the factor ∆E, when
assuming non-degeneracy.�us, the density of states e�ective hole mass is given by

mh,DOS =
√

m(1)h,cm
(1)
h,a + exp(−

∆E
300K kB

)
√

m(2)h,cm
(2)
h,a , (4.4)
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Figure 4.9: Comparison of radiative lifetimes at room temperature (300K) from nonpolar
m-plane MQW structures (LQW ≈ 1.5 nm) with and without an AlInN bu�er
layer. Dashed lines indicate the calculated lifetimes according to Eq. 4.2. Com-
pared to the unbu�ered samples, the ones with additional AlInN layer show
a signi�cantly increased radiative lifetime due to the larger density of states
e�ective hole mass that was found from k ⋅ p calculations.

where the superscript 1/2 describes the �rst and second valence bands.�e resulting
density of states e�ective hole masses are summarized in Tab. 4.3. Including the
contribution of the second valence band increases the hole masses further, and �nally
values between 1.5m0 and 1.6m0 are found from the e�ective mass �ts. Using these
e�ective hole masses, the excitonic lifetimes can be calculated theoretically by a
Schrödinger solver, just as for the pseudomorphic m-plane and c-plane QWs. While
the theoretical radiative lifetimes for the metamorhic QWs match quite well with
the measured values, it becomes evident that they are nearly comparable to lifetimes
measured on c-plane structures.�is behavior is in accordance with the calculated
valence band dispersion, which is nearly isotropic and shows heavier e�ective masses
compared to the pseudomorphic m-plane QWs.
In summary, the use of an AlInN bu�er layer reduces the strain in m-plane QWs,

and moreover eliminates the anisotropy in strain and valence band dispersion.�e
resulting density of states e�ective hole masses are higher than for pseudomorphicm-
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plane QWs without AlInN bu�er.�erefore, the metamorphic m-plane QWs behave
rather like polar c-plane structures in terms of radiative recombination dynamics, but
still show lower radiative lifetimes.�e holes in all metamorphicm-planeQWs can be
described su�ciently well by e�ective masses around 1.5m0. An exception is sample
M9, which shows a density of states e�ective hole mass of only 0.64m0.�e radiative
lifetime of (0.9± 0.2) ns, however, is comparable to the other metamorphic m-plane
QWs.�e reason for this deviation may be found in the valence band dispersion,
which is rather anisotropic due to the relatively large strain, especially in x-direction.
�is e�ectively shi�s the B-band up in energy, and the resulting e�ective hole mass
m(1)h,a in x-direction becomes lighter compared to the other metamorphic samples. At
higher k-values, however, the uppermost valence band shows heavy-hole character
a�er the crossing point. Furthermore, the energy separation ∆E to the second valence
band is considerably higher, which reduces its contribution to the density of states
hole mass. In total, the heavy-hole character of the uppermost valence band is under-
estimated for sample M9.�is exception shows that the concept of a single e�ective
hole mass, which is assigned to the ensemble of holes distributed over several valence
bands, is stretched to its limits in the present case.�is is in particular visible for
sample M9, which otherwise behaves comparable to the remaining metamorphic
m-plane QWs.
Nevertheless, also an inaccuracy in the k ⋅ p calculations cannot be excluded.

�e calculations rely on a set of parameters, which is, although chosen thoroughly,
probably not able to reproduce every possible particularity of the sample structures.
Still, the k ⋅ p calculations are a helpful tool to estimate the valence band dispersion
with su�cient accuracy for most of the samples under investigation.

4.3.3 Conclusion

In conclusion, the radiative recombination inGaInN/GaNQWswas shown to depend
strongly on strain. Besides the prominentQCSE, which reduces the radiative emission
due to polarization �elds, the strain a�ecting the valence band dispersion has major
in�uence on the radiative lifetimes.�is was shown for m-plane QWs, where the
anisotropic in-plane strain results in e�ective hole masses that are a factor of 2-3
lower than those of comparable c-plane QWs. Considering the additional in�uence
of the vanishing polarization �eld, the higher wave function overlap and increased
exciton binding energy reduce the radiative lifetimes further by a factor of 3-4.5. In
total, this makes a di�erence of up to one order of magnitude in radiative lifetimes
between m- and c-plane QWs.
Introducing an AlInN bu�er layer underneath the m-plane QW structures e�ec-

tively reduced the strain in the QWs and results in nearly isotropic valence bands
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with higher e�ective hole masses. Accordingly, these metamorphic m-plane samples
show recombination dynamics comparable to c-plane QWs. Furthermore, density of
states e�ective hole masses around 1.5-1.6m0 are found for the metamorphic QWs,
together with room temperature radiative lifetimes around 1 ns.
�ese results emphasize the e�ect of strain anisotropies on the radiative lifetimes,

and highlight the possiblities of strain manipulation using AlInN bu�er layers. In this
regard, the role of strain-reducing bu�er layers on the nonradiative recombination is
covered in Ch. 5.

4.4 wide nonpolar quantum wells

At the beginning of this chapter, the use of nonpolar crystal orientations for the
growth of GaN-based QW structures has already been motivated. By far the biggest
drawback of the conventional polar orientation is the QCSE that occurs due to the
internal polarization �elds.�us, for polar quantum wells the use of well widths of a
few nm is common. For those, the separation of electrons and holes to opposite sides
of the QW can be reduced to a minimum, and typical well widths are in the range of
1.5-3 nm.
Considering QWs on nonpolar orientations, there exist reports on a variety of well

widths, ranging from thin QWs with 2-4 nm [123, 134–137], over wider QWs with
5-10 nm [138–146]. Even up to 15 nm thick QWs are reported [147].�ese well widths
are larger compared to polar nitride QWs, but indeed comparable to common QW
widths of 10 nm in other III-V compounds like arsenides [148]. By choosing a larger
quantum well width, the active volume increases, while at the same time the charge
carrier density can be scaled down.�is can be bene�cial for the device performance,
since the impact of Auger recombination or other high-order loss mechanisms can
be reduced [76, 149]. Furthermore, the overlap integral approaches unity for wider
quantumwells on nonpolar orientations, since the wave functions are penetrating less
into the barrier material. Due to these possible advantages, the use of wide nonpolar
quantum wells could be a promising approach for device application. In fact, there
exist reports on structures with wider quantum wells that showed better performance
compared to thinner quantum wells, in particular regarding the output power at
higher current density [139] and at elevated temperatures [142]. In conclusion, a
variety of well widths can be found for nonpolar QW structures. Although some
work reports on better performance of structures with wide III-nitride quantum
wells, the fundamental origin of this observation remains unclear.
In the following, the basic dependence of the radiative emission on quantum well

width is analyzed for nonpolar m-plane structures. In general, nonpolar QWs are
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well-suited for this study, since they are free of polarization �elds perpendicular to
the QW, and thus, allow for undistorted observation of the recombination dynamics.
In order to describe the width dependence of the radiative recombination in a

nonpolar QW, several aspects need to be added to the theoretical considerations
from Sec. 4.1. To arrive at the total radiative rate Rr, in principle the contributions of
all conduction and valence band states that are populated by charge carriers need to
be regarded. In III-nitride QWs, this includes the three valence bands (A, B, C) and
all their quantized states (A1,B1,C1,A2,...). Depending on the valence band character,
the light emission a�er recombination is strongly polarized [100, Ch. 5], [150]. For
simplicity, the valence band character is omitted here, since the basic width depen-
dence should stay the same irregardless of the polarization state.�erefore, the total
radiative rate is obtained by summing over the band indices m for the valence band,
and n for the conduction band:

Rr = ∑
m,n

Rr,mn = ∑
m,n

Bmn nn pm , (4.5)

where nn and pm denote the electron and hole densities in the n-th conduction band
orm-th valence band state.�e coe�cient Bmn has already been introduced in Eq. 4.1
for m = n = 1. Up to now, also the overlap integralMmn, de�ned in Eq. 2.7, was only
discussed for envelope wave functions of the �rst quantized states with m = n = 1.
In the following, the width dependence of the overlap integral, in particular with

respect to the population of higher quantized states, will be discussed.�e derived
model will be used to estimate the dependence of the radiative recombination on the
QW width in III-nitride structures in general.

4.4.1 Overlap integral including higher quantized states

III-nitrideQWsunder in�uence of internal polarization �elds usually show triangular-
shaped band edges. Considering nonpolar growth orientations, even a III-nitride
QW can be assumed to be rectangular-shaped and symmetrical.�us, the envelope
wave functions of the di�erent quantized states can be described by sine or cosine
functions depending on their parity, i.e. odd or even, see Eq. 1.39.�e wave function
overlap ∣Mmn∣2 is a key �gure to describe the radiative transition probability between
di�erent quantized states with envelope functions ∣ϕn⟩ in the conduction band, or
∣ϕm⟩ in the valence band. For the �rst quantized states (m = n = 1), the wave function
overlap is relatively high in nonpolar quantumwells. As can be seen from Fig. 4.1(a), it
approaches unity, especially for large well widths. Besides this case, other transitions
need to be regarded. In fact, for an in�nite potential well, only the transitions with
∆n = n −m = 0 would be allowed due to symmetry considerations [38, Ch. 7].
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Although other transitions are in principle allowed in a real III-nitride QW with
�nite barriers, the transitions with ∆n = 0 are expected to show the largest wave
function overlap. Here, the wave functions penetrate the barriers, which slightly
breaks the strict symmetry that is found in the in�nite potential well. Since the
distortions are only slight, the wave function overlap should be low compared to the
transitions with ∆n = 0.�is holds true for the overlap of wave functions with equal
parity, i.e. ∆n is even. For wave functions with opposite parity, where ∆n is odd, the
overlap will vanish for symmetry reasons in any case.
In order to estimate the magnitude of the wave function overlap ∣Mmn∣2, a nu-

merical Schrödinger solver is used to calculate the envelope wave function for an
exemplary GaInN/GaN quantum well with xIn = 6% [63].�e case of ∆n = 0 is
shown in Fig. 4.10(a), where the wave function overlap ∣M11∣2 approaches 100% for
large well widths, and even ∣M22∣2 reaches over 90%. Dashed lines indicate the well
width, at which the transition becomes available, in the sense that the respective
quantization energies are lower than the band discontinuities. Fig. 4.10(b) shows the
calculations for ∆n even or odd. In the case that the wave functions have opposite
parity, i.e. ∆n odd, the wave function overlap indeed vanishes as expected. For wave
functions with equal parity, i.e. ∆n even, but m ≠ n, the overlap stays as low as 6%
and even decreases to larger well widths.�is is in accordance with the expectations,
namely that the transitions with ∆n = 0 show the highest wave function overlap, and
that other transitions show negligible overlap.�erefore, to a �rst approximation,
only the transitions with ∆n = 0 contribute to the total radiative rate:

Rr ≈∑
n
Rr,nn = Rr,11 + Rr,22 + . . . (4.6)

In the following, the higher quantized states are discussed with respect to their
population by charge carriers that can contribute to the radiative recombination.

4.4.2 Charge carrier density in higher quantized states

�e previous section showed that due to symmetry considerations, only a limited num-
ber of transitions can contribute to the radiative rate. To estimate the charge carrier
density of the higher quantized states, the distribution of carriers is assumed to obey
Boltzmann statistics.�is applies in the non-degenerate limit, which is maintained
here due to the low-excitation conditions in the time-resolved PL measurements.
At absolute zero (T = 0K), the carriers will populate only the �rst quantized state.
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Figure 4.10: Wave function overlap between di�erent quantized states for ∆n = 0 (le�), and
∆n ≠ 0 (right). Note the di�erent y-axis scaling.�e values are calculated by
a numerical Schrödinger solver, using input parameters from Tabs. 1.1 and 4.2,
and an InN mole fraction of xIn = 6%. Dashed lines indicate the width at
which the respective quantized state becomes available in the quatum well.

�e population of any higher state, occuring due to thermalization of the carriers, is
related to the one in the �rst state by

pm
p1

= exp(−∆E1m
kBT

) , (4.7)

where ∆E1m = Em − E1 is the energy di�erence between the �rst and the m-th sub-
band, here for the valence band with hole concentrations pm. In this case, the relation
between energetic separation of the subbands and the thermal energy determines the
carrier distribution and population of higher quantized states. At room temperature
(T = 300K), the thermal energy amounts to approximately 26meV.�us, consider-
able population of higher quantized occurs only if the energy di�erence to the �rst
quantized state is of the same order, or below. Considering Eq. 1.40, the quantization
energies are related to the e�ective carrier masses (here: in direction of quantization,
i.e.m-/y-direction), and the quantum well width.�is is illustrated in Fig. 4.11, where
the band scheme of two exemplary GaInN/GaN QWs with xIn = 30% are shown.
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Figure 4.11: Scheme of two exemplary GaInN/GaNQWswith xIn = 30%, and either 1.5 nm
or 6 nm well width. Solid lines indicate quantized energy levels, calculated
by a numerical Schrödinger solver, using input parameters from Tabs. 1.1
and 4.2.�e allowed transitions (∆n = 0) from the conduction band (CB)
to the valence band (VB) are indicated by blue arrows, and the transitions
that can be neglected due to symmetry reasons (∆n ≠ 0) are indicated as red
arrows.

Since Eq. 1.40 is only valid in the case of an in�nite potential well, the band schemes
are calculated by a Schrödinger solver to account for the �nite barrier height. For
the QW with a width of 1.5 nm, there is only the �rst quantized state available in the
conduction band.�e second quantization energy is already exceeding the barrier
height in the conduction band, and the resulting energy would correspond to a bulk
state. In the valence band, there exist at least two quantized states, which are separated
by approximately 135meV.�is is large enough to neglect the thermal population
of the second quantized state, which amount to ≈ 0.6% of the hole density p1 in the
�rst quantized state according to Eq. 4.7.
Additionally, the transitions with non-vanishing overlap (∆n = 0) are indicated

in Fig. 4.11 by blue arrows. Since the transition from the �rst quantized level in the
conduction band (n = 1) to the second level in the valence band (m = 2) is forbidden
due to symmetry reasons (red arrow), only the transition including the �rst quantized
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levels can contribute to the radiative rate. As the second hole level is not occupied at
all, all carriers can in principle recombine radiatively for the case of a thin QW.
For larger well widths the situation changes considerably, as shown for LQW = 6nm

in Fig. 4.11.�e quantization energies En/m are lower, and the quantized states are
shi�ed towards the band edges.�e e�ect is stronger for the valence band, where the
e�ective mass is obviously higher than in the conduction band (mh = 2.0m0 opposed
to me = 0.2m0).�us, there exist higher quantized sates in the conduction band,
but they show an energy separation of 140meV, which makes thermal population
negligible again. Contrary, the valence band shows higher quantized states that are
closely spaced in energy.�e �rst and second levels are separated by only 14meV,
which results in a population of p2/p1 = 58%.�erefore, a considerable amount of
holes populate higher quantized states, while the electrons are limited to the �rst
quantized state in the conduction band. Furthermore, only the holes occupying
the �rst quantized state will be able to recombine radiatively. Although the higher
quantized states are populated, transitions from the �rst conduction band level to
higher quantized hole levels are either forbidden (∆n = odd), or show negligible
overlap (0 ≠ ∆n = even).�is limits the transitions that can contribute to the radiative
rate to the one between the �rst quantized states, and the total radiative rate can be
approximated by Rr ≈ R11.
�is approximation is clearly most suitable for thin QWs. But even for larger well

widths, the contribution of transitions that are principally allowed (0 ≠ ∆n = even),
is further reduced, since the respective conduction band levels are only sparsely
populated. As a result of the unequally populated higher quantized states, the radiative
recombination rate will be reduced, since only the holes in the �rst quantized state
are allowed to recombine radiatively.

4.4.3 Reduced radiative rate in wide nonpolar quantum wells

�e previous sections showed that the radiative rate can be approximated by regarding
only the �rst quantized states in the conduction and valence band. Nevertheless,
higher quantized states can get thermally populated, in particular in the valence band.
In order to estimate the amount of holes in the �rst quantized state in relation to the
overall hole density, the sum is taken over all occupied states:

p1
p
= p1
∑
m
pm

= 1

∑
m
exp (− ∆E1mkBT )

≡ fh,1 ≤ 1 , (4.8)

where ∆E11 = 0meV by de�nition. Using the above relation, the density of holes (p)
that contribute to the radiative rate can be corrected by an additional factor fh,1
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in Eq. 4.1. Only at absolute zero (T = 0K), the above estimation delivers fh,1 = 1,
and p = p1, which may apply in approximation as well for thin QWs. Once the
thermal population of higher quantized states in the valence band becomes relevant,
in particular for wide QWs, the hole density in the �rst quantized state will decrease
(p1 < p), and the radiative rate is reduced accordingly:

Rr ≈ R11 = B11 n p fh,1 , (4.9)

where n1 ≈ n, since the electrons are occupying only the �rst quantized state. While
the above relation applies for the radiative recombination of free electrons and holes,
the charge carriers are likely bound into excitons, as stated already in Sec. 4.1. Since the
same arguments apply for excitons as for free charge carriers, the excitonic radiative
lifetime (compare Eqs. 4.1 and 4.2) can be expressed as

τex =
π a2B
2B11

1
fh,1

∝ T a2B
∣M11∣2

1
fh,1
. (4.10)

Finally, the excitonic lifetime, apart from a proportionality factor, will depend on
temperature, the exciton Bohr radius, the wave function overlap of the �rst quantized
states, and the ratio of holes in the �rst valence band state. Other factors included
in B11 (see Eq. 4.1) can be assumed to vary only slightly over well width, and are
considered constant for this analysis, e.g. band gap and e�ective carrier masses.�e
linear dependence on temperature can be derived from Eqs. 4.1 and 4.2, and is also
observed experimentally [72, 151]. Additionally, the excitonic lifetime will depend
on temperature via the factor fh,1.�e excitonic lifetime that is una�ected by the
thermal population of higher quantized states can be de�ned as τex,0 = fh,1 τex.
�e above considerations predict a decreasing radiative rate for increasing QW

width due to the lower quantization energies. Experimentally, this would cause an in-
creasing radiative (or excitonic) lifetimewith increasing well width, since τex ∝ 1/ fh,1.
For this reason, four GaInN/GaN three-fold MQW structures are prepared on m-
plane GaN bulk substrates [91].�e QW widths, as measured by XRD, vary between
1.3 and 6.3 nm, with a constant barrier thickness of 8 nm for all samples [96]. A low
InN mole fraction of 6-7% is chosen, and con�rmed by XRD, to avoid relaxation in
the activeMQW region with increasing thickness.�e sample details are summarized
in Tab. 4.4.
To compare the radiative emission for samples with di�erent well widths, tem-

perature-dependent time-resolved PL is performed for all samples using the TCSPC
setup. Non-resonant excitation with a laser wavelength of 350 nm is necessary, since
the PL emission of the QWs is close the one of the GaN substrate due to the low
InN mole fraction. Fig. 4.12 shows an exemplary temperature dependence of mea-
sured e�ective (τeff ), radiative (τr) and nonradiative lifetime (τnr) for sample W2.
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Table 4.4: Overview of the samples under investigation, with QW width (LQW), InN mole
fraction (xIn), emission wavelength at room temperature (λ(300K)), and energetic
di�erence (∆E12) of the �rst and second quantized valence band state.

Samplea LQW b xIn b λ(300K) ∆E12

W1 (1.3± 0.1) nm (8.4± 1.9)% 369 nm 42.4meV
W2 (2.3± 0.1) nm (7.0± 0.6)% 381 nm 42.3meV
W3 (3.8± 0.1) nm (6.2± 0.4)% 387 nm 23.9meV
W4 (6.3± 0.3) nm (6.3± 0.6)% 390 nm 10.2meV

a Ref. [91] b Ref. [96]

E�ective lifetimes around 500 ps are found at low temperatures, which is comparable
to the values obtained for other nonpolar QWs in Sec. 4.1. At low temperatures, up
to approximately 30K, the radiative lifetime shows a constant behavior, which is
indicative of carrier localization.�e other samples show a comparable behavior. As
discussed above in Sec. 4.1, localization can occur at local potential minima caused
by �uctuations in InN mole fraction and quantum well width [115–119]. Above 30K
the radiative lifetime shows a close-to-linear rise, which is characteristic for charge
carriers that are free in two dimensions. Also the e�ective lifetimes show a sharp
drop in this temperature regime, and even approach the temporal resolution limit
of 25 ps for temperatures beyond 240K. As the lifetimes measured in this regime
would not be reliable, the analysis is limited to temperatures < 210K. Already above
120K, the recombination is dominated by nonradiative processes, and the very low
lifetimes in this temperature regime are found for all samples. Probably, the low InN
mole fraction in the QW, and the related low barrier heights, cause an insu�cient
carrier con�nement.�is could make thermal escape of charge carriers into the
barrier more probable. Also other nonradiative processes, especially those related to
strain-induced formation of defects (see Ch. 5), might occur, but cannot be identi�ed
from the present measurements. At least a TEM investigation on sample W4 did not
show any structural particularities [152].

Well width dependence

To analyze the behavior with increasing well width, the radiative lifetimes of samples
W1-W4 are plotted in Fig. 4.13 for temperatures of 90, 150, and 210K. At 90K, the
lifetimes are still under in�uence of localization, and stay nearly constant with only
little variation over the well width. At 150K, the variation is already larger, and a
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Figure 4.12: Temperature dependence of e�ective (τeff ), radiative (τr), and nonradiative
lifetimes (τnr) of sample W2 (LQW = 2.3 nm, xIn = 6.3%).

minimum, although not very pronounced, becomes visible. Finally, at 210 K, the
di�erences between the samples are clearly visible.�e minimum radiative lifetime
is found at a well width around 2 nm, and a higher lifetime for smaller well widths.
Towards larger well widths, however, a nearly linear rise of the radiative lifetimes is
observed, which coincides with the predicted reduction of the radiative rate.
Besides the experimental data, calculations according to Eq. 4.10 are included in

Fig. 4.13. To estimate the radiative lifetimes, Schrödinger’s equation is solved for an
exemplary GaInN/GaN quantum well with 6% InN mole fraction and well widths
between 0.5 and 7 nm.�is yields quantization energies, wave function overlap, and
exciton Bohr radius [63].�e same input parameters as for the previous calculations
in this chapter are used, and can be found in Tabs. 4.2 and 1.1. Note that the charge
carriers experience quantization them-direction (y in the crystal coordinate system),
and thus the e�ective in-plane mass mmh,z′ has to be used for the calculation of quan-
tization energies. To estimate the factor fh,1, the di�erences ∆E1m of the calculated
quantization energies are put into Eq. 4.8, and the sum is taken up to m = 100. In
fact, the result changes by 5% when increasing the limit fromm = 50 to 100. For even
higher limits, the change becomes negligible. Using Eq. 4.10, a theoretical radiative
lifetime can be calculated for the temperatures of 90, 150 and 210K, to complement
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Figure 4.13: Rise of radiative lifetimes with quantum well width, induced by the decreasing
hole population in the �rst quantized state, as indicated by the decreasing
factor fh,1 . At higher temperatures, this results in a stronger increase of the
radiative lifetime. Solid lines indicate calculations according to Eq. 4.10, which
coincide with the experimental data.

the experimental results shown in Fig. 4.13.�e constant of proportionality that
is missing in Eq. 4.10 is chosen such that the calculated curve coincides best with
the experimental values, and remains constant for all temperatures. Overall, the
theoretically calculated curve matches quite well with the experimentally observed
behavior, which con�rms the validity of the model and its underlying assumptions. In
particular, two regimes have to be distinguished that show quite opposite behaviors
with varying QW width. For large well widths above 2 nm, the increase in radiative
lifetime follows the well width linearly. Although the trend is already visible at 90K,
the behavior is most distinct at 210 K. Also the slope of the calculated curve becomes
larger with increasing temperature, which can be assigned to the decreasing factor fh,1
due to the increased population of higher quantized valence band states. To separate
the single contributions of wave function overlap, exciton Bohr radius and thermal
population of higher states, Fig. 4.14 is considered. It shows the wave function overlap
∣M11∣2, the exciton Bohr radius aB, and the fraction fh,1 as function of well width. For
an InN mole fraction of 6%, which is comparable to the samples under investigation,

90



4.4 wide nonpolar quantum wells

there is only little variation in the exciton Bohr radius for well widths larger than
2 nm. Together with the wave function overlap, which is constantly increasing with
well width, this leads to a nearly constant excitonic radiative lifetime τex,0, which is
shown in Fig. 4.15 and disregards the factor fh,1. Only for small well widths, i.e. below
2 nm, the lifetime is increasing due to the slight reduction in overlap and the lower
exciton binding.�is is expected, since electron and hole envelope wave functions
have higher probability density in the barrier material for thinner quantum wells.
When regarding the additional factor fh,1, the rise in radiative lifetime with well width
can be reproduced by the calculations, as shown by the curve for τex = τex,0/ fh,1.
�is demonstrates the enormous e�ect of thermal population of higher quantized
states on the radiative lifetime.
For well widths below 2 nm, however, the radiative lifetime is increasing again.�is

can be observed already at 90K, where the population of higher quantized hole states
has nearly no impact. Instead, the interplay of wave function overlap and exciton
Bohr radius determines the behavior, which corresponds to the calculated τex,0. At
larger temperatures, however, the increasing radiative lifetime at small well widths
becomes stronger, and can be explained by a peculiarity of low-indium containing
QWs.�e increasing quantization energy for thinner quantum wells shi�s the �rst
quantized state to the band edge of the barrier material, where the higher quantized
states are accumulating.�is applies especially to the valence band with its lower
band discontinuity, and e�ectively reduces the energy di�erence between the �rst
and higher quantized states for very thin quantum wells.�erefore, their thermal
population becomes possible, as can be seen by a reduced fh,1 in Fig. 4.14, which
again leads to an increase in radiative lifetime.�is e�ect should be negligible for
QWs with higher InN mole fraction, e.g. 30%, as demonstrated by a calculation
shown in Fig. 4.15. Here, the radiative lifetime is not rising at small well widths, as it is
determined by exciton Bohr radius and wave function overlap. For larger well widths,
however, the increase becomes even stronger than for the low-indium containing
QW.�e population of higher quantized hole states can increase the radiative lifetime
up to a factor of 3.9 for high InN mole fractions at 300K. For low InN mole fractions
of 6%, an increase by a factor of 2 is expected from the theoretical values, and also
observed in the measurements between well widths of 2 and 6 nm.
Although only a limited temperature and width range is accessible in the presented

measurements, the signi�cant increase of radiative lifetime with well width can be
demonstrated. A two-fold increase in radiative lifetime corresponds to a reduction of
the radiative rate by 50%, as measured for wide nonpolar GaInN/GaN quantum wells.
For the above analysis, the quantization energies were calculated considering only
a single valence band instead of three (A, B, C).�e results show that the relatively
simple model with only a few assumptions is capable of describing the experimentally
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Figure 4.14: Wave function overlap ∣M11 ∣2 , exciton Bohr radius aB , and fraction fh,1 of
holes populating the �rst quantized state, calculated for low (xIn = 6%) and
high (xIn = 30%) InN mole fraction at room temperature.

observed behavior of the radiative lifetimes.�is is only expected, since the valence
band structure based on a single band should result in the same width dependence
of the quantized states that move closer together in energy. To investigate possible
deviations due to this assumption, a complementary calculation was carried out with
the 6× 6 k ⋅ pmethod, which was introduced in Sec. 1.2.5. As might be expected, the
two approaches show slight di�erences, but are overall comparable. In the vicinity of
the Γ-point (k = 0), the calculatedwave function overlaps di�er by only 1% from those
calculated with the simpler model. For wave functions with opposite parity (∆n ≠ 0),
both approaches show negligible, or even zero, wave function overlap. Slightly larger
deviations of approximately 10% are found for the calculated quantization energies
between the two methods. Still, the simpler model calculation can describe the width
dependence of the energy levels to the same extent, and neglecting transitions with
∆n ≠ 0 is found to be a good approximation for the present case. Although the k ⋅ p
calculations deliver a better description of the band structure, the simpler model is
preferred here to reduce the necessary assumptions to a minimum.

4.4.4 Conclusion

In summary, the radiative rate, measured at di�erent temperatures, is found to be
signi�cantly reduced for wide nonpolar quantumwells.�e e�ect is mainly attributed
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to a decreasing fraction of charge carriers that are populating the uppermost valence
band and lowest conduction band states. In a �rst approximation, charge carriers in
other states do not contribute to the radiative recombination, either due to forbidden
transitions between higher electron and hole states, corresponding to the selection
rule ∆n = 0, or due to their unequal population, caused by the large di�erence in
e�ective masses.�e decreasing radiative rate can be estimated by a simple model,
which additionally regards the wave function overlap and excitonic binding to calcu-
late a radiative lifetime. From the calculations, the e�ect is expected to increase with
temperature and growing InN mole fraction. Although the present experiments are
limited to GaInN/GaN QWs, the e�ect should occur in other III-nitrides structures
in nonpolar orientations. For this reason, the use of wide nonpolar quantum wells
should be avoided when large radiative rates, or high quantum e�ciencies, are of
interest. Similar results are found byGarrett et al. [121], where also thin nonpolar QWs
showed better performance. Contrary to the present analysis, Garrett et al. attribute
their �ndings only to the e�ects of wave function overlap and exciton binding energy,
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but do not consider the e�ect of unequally populated higher states or selection rules.
From the analysis shown above, a QW width in the range of 1.5-3 nm, depending
on the composition, can be considered to be the optimum value, even in nonpolar
GaInN/GaN structures.

4.5 limitations at elevated temperature

In the previous sections, structural in�uences on the radiative recombination in
III-nitride quantum wells were covered. Strain and well width were found to be
crucial parameters that have in�uence on the valence band structure. In the following
section, a more fundamental and intrinsic issue is treated, namely the temperature
dependence of the radiative lifetime, which shows a distinct behavior in di�erent
temperature regimes, as mentioned already in Secs. 2.1 and 4.1.

4.5.1 Radiative lifetime in di�erent temperature regimes

�e radiative rate Rr scales with temperature according to the charge carriers’ e�ective
density of states, which is linked to their dimensionality, or spatial con�nement, see
Eq. 2.13:

Rr ∝ T−d/2 ⇒ τr ∝ Td/2 . (4.11)

Starting at lowest temperatures, the radiative lifetime τr usually shows a constant
behavior, which indicates localization of charge carriers at local potential minima.
�e localization corresponds to a zero dimensional state (d = 0, τr,loc = const.), which
can arise from �uctuations in the quantumwell width or composition [110–119]. With
increasing temperature, meaning increasing thermal energy, the charge carriers can
escape the localization sites, and behave as two-dimensionally free (d = 2).�erefore,
the radiative lifetime is expected to increase linearly with temperature (τr,2D ∝ T 1).
When considering the contribution of both, localized and two-dimensionally free
charge carriers, the total radiative rate becomes

Rr =
δnloc
τr,loc

+ δn2D
τr,2D

= δnloc + δn2D
τr

, (4.12)

where the densities of excess charge carriers in a localized (δnloc), and a two-dimensional
state (δn2D), can be described by Boltzmann statistics in the non-degenerate limit:

δn2D
δnloc

= N2D
Nloc

exp(− Eloc
kBT

) . (4.13)
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Here, the delocalization energy Eloc describes a characteristic thermal energy needed
to escape from localization sites.�e density of localization centers is described by
Nloc, andN2D is the two-dimensional e�ective density of states, which is proportional
to temperature (N2D = N ′

2D ⋅T) [62, Ch. 11]. Combining Eqs. 4.12 and 4.13, the overall
radiative lifetime can be described by [153]

τr = τr,loc
1+ γL T exp (− Eloc

kBT )

1+ γL τL exp (− Eloc
kBT )

. (4.14)

Expressing the radiative lifetime of 2D charge carriers as τr,2D = τ′r,2D ⋅ T 1, the
constant prefactors γL and τL can be de�ned by

γL =
N ′
2D

Nloc
, τL =

τr,loc
τ′r,2D

. (4.15)

Fig. 4.16 shows an exemplary temperature dependence of the measured e�ective
lifetimes, and the radiative lifetimes of a c-plane GaInN/GaN single quantum well
(sample C11, see Tab. 4.5). In fact, the radiative lifetimes show a linear rise up to
room temperature, just a�er the transition from the localization regime at 20-30K.
Accordingly, the temperature behavior can be described by the model function in
Eq. 4.14, and yields a delocalization energy of Eloc = (0.5± 0.2)meV. Note that the
nonradiative lifetimes are omitted in this plot for convenience, but nonradiative
recombination is dominating the decay at room temperature (T = 300K).
Fig. 4.17 shows e�ective and radiative lifetimes of another GaInN/GaN QW (sam-

ple C22, see Tab. 4.5), whose QW is nominally identical to the one of sample C11.
Comparable to the data plotted in Fig. 4.16, the radiative lifetimes show a close-to-
linear rise for intermediate temperatures around 60-180K, where the behavior can
be described by the above model function (Eq. 4.14). At even higher temperatures,
however, the radiative lifetimes increase more rapidly, which is unexpected for charge
carriers con�ned to two dimensions. Towards room temperature, the increasing slope
exceeds even the T3/2 dependence, which would be characteristic for charge carriers
in bulk material (d = 3).

4.5.2 �ermally activated rise of radiative lifetime

�e extreme rise in radiative lifetimes that is observed here is indicative of a ther-
mally activated process that a�ects the recombination dynamics.�e responsible
physical process, however, cannot be identi�ed in the �rst place. As a �rst step, the
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Figure 4.16: Temperature-dependent lifetimes of an exemplary c-plane GaInN/GaN quan-
tumwell (sample C11, see Tab. 4.5) [101].�e measured radiative lifetimes scale
with temperature according to Eq. 4.11. While the constant radiative lifetime
indicates localized charge carriers at low temperatures (d = 0), the linear
increase at higher temperatures shows that the carriers are free to move in two
dimensions (d = 2). Fitting the temperature behavior with the model function
given in Eq. 4.14 reveals a delocalization energy of Eloc = (0.5± 0.2)meV.

model function in Eq. 4.14 is extended by an additional high-temperature activation
energy (EHT) to account for the thermally activated rise of radiative lifetimes:

τr = τr,loc
1+ γL T exp (− Eloc

kBT ) [1+ γHT(T) exp (− EHT
kBT )]

1+ γL τL exp (− Eloc
kBT )

, (4.16)

where the prefactor γHT(T) behaves with temperature like the e�ective density of
states of the involved two-dimensional (N2D) and thermally excited states (NHT):

γHT(T) = NHT
N2D

. (4.17)

Although a strong temperature-dependence of the prefactor γHT would lower the
corresponding activation energy, its order of magnitude would stay unchanged.
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Figure 4.17: Temperature-dependent lifetimes of an exemplary c-plane GaInN/GaN quan-
tum well (sample C22, see Tab. 4.5).�e data is comparable to Fig. 4.16 for
T < 180K, where the radiative lifetime can be described by Eq. 4.14, yielding
a delocalization energy of Eloc = (4.5± 0.5)meV. Approaching room tem-
perature (300K), the radiative lifetimes are increasing rapidly, which can be
described by an additional activation energy. Fitting the temperature behav-
ior with an extended model function (Eq. 4.16) reveals a high-temperature
activation energy of EHT = (127± 13)meV.

For this reason, γHT is assumed constant in a �rst approximation. Beyond that,
the activation energy EHT is expected to be larger than the delocalization energy
Eloc, since the super-linear increase of radiative lifetimes occurs only close to room
temperature. In fact, for sample C22, as shown in Fig. 4.17, the model function from
Eq. 4.14 reasonably describes the observed temperature behavior of the radiative
lifetimes, and reveals a high-temperature activation energy of EHT = (127± 13)meV.
As expected, the activation energy is more than one order of magnitude larger than
the delocalization energy.
�e activation energy itself is a valuable indicator to determine the responsible

physical process behind the super-linear increase of radiative lifetimes. Possible
processes should either lower the amount of charge carriers that are available to
radiative recombination, or reduce the probability of radiative recombination itself
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to induce a rise of the radiative lifetimes with temperature. One possibility might
be the dissociation of excitons, which have been shown to contribute signi�cantly
to the radiative recombination rate, even at room temperature [122, 123]. Although
the internal polarization �elds signi�cantly reduce the exciton binding energy, it
can amount up to ~43meV in comparable c-plane QWs. Since the recombination
probability for free electrons and holes would be drastically reduced, a steep increase
of the radiative lifetime with temperature would be expected.
Alternatively, the thermal excitation of charge carriers into higher quantized states,

or even into the barrier material surrounding the QW, could lower the amount of
carriers that can undergo e�cient radiative recombination, and thereby cause an in-
crease in radiative lifetimes. Although radiative recombination should be possible for
carriers populating higher quantized states, the emission is expected to be spectrally
shi�ed with respect to themain QW luminescence that is analyzed here. Furthermore,
the wave functions of charge carriers in bulk-like states would extend far beyond
the quantum well dimensions, which would result in a signi�cantly reduced, or even
vanishing overlap.�is would be comparable to the results discussed in the previous
Sec. 4.4, where the radiative recombination in nonpolar QWs was a�ected heavily
by the population of higher quantized states, in particular for large well widths.�e
energetic di�erences between quantized states, as well as the band discontinuities,
depend strongly on the QW composition and width.

4.5.3 E�ective band discontinuities

In order to estimate these quantities, a Schrödinger solver is used, which calculates
quantization energies and exciton binding energies [63]. For the GaInN/GaN QWs
under investigation, the di�erence in band gap energies (∆Eg = Eg,GaN − Eg,GaInN) is
split up into valence and conduction band discontinuities with a ratio of ∆Ec/∆Ev =
70/30. An e�ective discontinuity can be calculated by subtracting the quantization
energy of the �rst state from the total band discontinuity, see Fig. 4.18. In any case,
this estimation should serve as an upper limit for the thermal activation of charge
carriers in the QW.
�e samples shown above (C11, C22) consist of single quantumwells with nominally

identical width and composition.�erefore, information on the QW structure is
not accessible by XRD, and instead the nominal composition and well widths are
used. Usually, comparable multi-quantum well structures are used as a calibration
standard for those nominal parameters. With the nominal QW parameters (xIn =
19%, LQW = 2.1 nm), e�ective discontinuities of ∆Ev,eff = 53meV for the valence
band and ∆Ec,eff = 132meV for the conduction band can be calculated. Within
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Figure 4.18: Scheme of the conduction and valence band edges in an exemplary
GaInN/GaN quantum well (LQW = 2.5 nm, xIn = 15%).�e �rst quantized
electron and hole levels, calculated by a Schrödinger solver [63], are indicated.
�e energetic di�erence from the quantized levels to the nearest band edge
of the barrier material de�nes the e�ective discontinuity ∆Ec/v,eff , which is
considerably smaller than the band discontinuity ∆Ec/v of the potential well.

the uncertainties, the activation energy of (127± 13)meV found for sample C22 �ts
reasonably well with the conduction band value from the calculations.
Fig. 4.19 shows the temperature-dependent lifetimes of another GaInN/GaN quan-

tum well (sample C28), whose QW is nominally comparable to the samples C11 and
C22. Like in Fig. 4.17, the �tted curve according to Eq. 4.16 adequately describes
the observed behavior of the radiative lifetimes in all temperature regimes, includ-
ing the super-linear rise towards room temperature.�e �t reveals a delocaliza-
tion energy of Eloc = (4.6± 2.2)meV, and a high-temperature activation energy of
EHT = (84± 11)meV. While sample C22 showed a higher activation energy that is
comparable to the e�ective conduction band discontinuity, the activation energy
found for sample C28 is comparable to the e�ective discontinuity in the valence band.
Although signi�cantly di�erent activation energies are found for both structures,

the energies are comparable to the calculated e�ective band discontinuities, and
in addition, are too high to be related to exciton dissociation.�is indicates the
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Figure 4.19: Temperature-dependent lifetimes of an exemplary c-plane GaInN/GaN quan-
tum well (sample C28, see Tab. 4.5). Comparable to sample C22 (Fig. 4.17),
the radiative lifetimes can be described by the extended model function
(Eq. 4.16), yielding a delocalization energy of Eloc = (4.6± 2.2)meV, and
a high-temperature activation energy of EHT = (84± 11)meV.

excitation of charge carriers into the barrier material surrounding the QW.�ere, the
charge carriers populate bulk-like states, and would experience an e�ective density of
states NHT ∝ T3/2, which leads to γHT ∝

√
T . Repeating the �t with a temperature-

dependent prefactor γHT yields activation energies about 10meV lower compared to
a constant γHT.
�e above analysis is repeated for a larger sample set in the following. For this

purpose, the radiative lifetimes of GaInN/GaN (single and multi) quantum well struc-
tures are �tted with the model function from Eq. 4.16, using a temperature-dependent
prefactor (γHT ∝

√
T).�e activation energies derived from the temperature behav-

ior of the radiative lifetimes are compared to the e�ective band discontinuities found
from calculations, using the QW width and composition for every single structure.
�e results are summarized in Fig. 4.20 and Tab. 4.5. It should be emphasized that
most of the structures under investigation show the super-linear increase of radiative
lifetimes that was described above for samples C22 and C28.�e activation energies
are found to range from 60 to 400meV.
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�e investigated structures include also non- and semipolar samples, where the
polarization �eld vanishes, or is at least signi�cantly reduced. Furthermore, the
calculations are performed with and without including an n-type doping below the
QW region for all samples. More precisely, even without intended n-type doping,
a background carrier concentration of ND = 1× 1016/cm3 is assumed, which does
nearly not a�ect the output of the calculation. For the case with doping, a GaN layer
with a concentration of ND = 5× 1018/cm3 is assumed, which is separated from the
QW by 2 nm of undoped GaN.�e thicknesses and doping concentrations of the
actual n-doped layers in the samples are within these limiting cases.�is layer is
e�ectively lowering the polarization �eld F due to the screening induced by the doped
region. According to Im et al. [154], the e�ective �eld Feff can be described by

Feff = F + eNDLQW
ε0εr

(1−
√
1+ 2ε0εrF

eNDLQW
) , (4.18)

where ND is the doping concentration.�e reduced �eld results in slightly higher
e�ective band discontinuities. As can be seen from Fig. 4.20, the experimentally
determined activation energies in fact agree with the range of calculated values for
most of the structures. Within the uncertainties, most of the polar structures show
activation energies that match the e�ective discontinuity of either the valence or the
conduction band.
Only single samples are located just outside the range of calculated e�ective con-

duction band discontinuities, or show large uncertainties. Especially for the non-
and semipolar structures, the agreement between experimentally determined activa-
tion energies and the calculations is less accurate. Generally, the calculations show
relatively high e�ective discontinuities for those structures, most of them exceed
200meV. At the same time, most of the non- and semipolar samples show an ac-
tivation energy of zero, i.e. a purely linear increase of the radiative lifetimes up to
room temperature.�is may be explained by the limited temperature range that is
accessible in the experiments. Usually, the radiative lifetimes are determined only
up to room temperature, where a thermal activation in the order of 250meV or
above might not have any signi�cant e�ect.�erefore, a linearly increasing radiative
lifetimes is found in the experiment.
Nevertheless, some semi- and nonpolar structures show activation energies be-

low the calculated e�ective valence band discontinuity. Instead, those are close to
the calculated exciton binding energies for the respective structures. As mentioned
above, also the dissociation of excitons would lower the probability of radiative re-
combination, since a part of the charge carriers would have to undergo bimolecular
recombination, which has a much lower transition probability.�erefore, a steep
increase of the radiative lifetimes with temperature can be expected for this case
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Figure 4.20: Experimentally determined high-temperature activation energies EHT , deter-
mined from �ts of the temperature-dependent radiative lifetimes for the polar,
nonpolar, and semipolar QWs listed in Tab. 4.5, in comparison to calculated ef-
fective valence (VB) and conduction band (CB) discontinuities.�e solid lines
represent calculations with a background doping level of ND = 1× 1016/cm3 ,
while the dashed lines are obtained with a higher doping level of 5× 1018/cm3 ,
corresponding to an n-doped GaN layer underneath the QW. Most activation
energies fall in the range between the e�ective valence and conduction band
discontinuities, while others are close to the exciton binding energy Eexc , or
even equal zero.

as well, resulting in a similar temperature behavior as the proposed mechanism of
thermal activation into the barrier material.�e dissociation of excitons might be
more signi�cant for non- and semipolar structures. Additionally, higher quantized
states might be available in the non- and semipolar QWs. Although those states are
found at lower energetic di�erences as compared to the e�ective band discontinuities,
the carriers in higher quantized states would also be lost for radiative recombination,
as discussed in Sec. 4.4.�erefore, the e�ect would be comparable to the thermal
activation of carriers into the barriers in c-plane structures.
�e calculated energies vary depending on the presence of a doped layer (ND =

5× 1018/cm3) underneath the QW, which e�ectively reduces the piezoelectric polar-
ization �eld, and thereby increases the e�ective discontinuities.�is e�ect increases
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the range spanned by the e�ective discontinuities and shows the sensitivity to the
piezoelectric �eld. Additionally, the calculated transition energies, including the
quantization, the exciton binding energy, and the redshi� due to the QCSE, are larger
than the experimentally observed QW emissions. On average, the calculated energies
exceed the experimentally observed ones by 150meV.�is is not necessarily indicat-
ing the irreliability of the calculations, which are based on the input parameters like
InN mole fraction and QW width. When the structural parameters are not available
by XRD measurements, like for single-quantum wells, only nominal parameters can
be used.
Furthermore, it remains unclear why the activation energies agree with the e�ective

discontinuities of either the valence band, or the conduction band. From an energetic
point of view, the e�ective valence band discontinuity, which is lower in energy for
all cases, should be visible in the temperature dependence of the radiative lifetimes.
Instead, roughly half of the structures show activation energies thatmatch the e�ective
conduction band discontinuity. Several possibilities might favor the suppression of
one of the e�ective band discontinuities, depending on the type of minority charge
carriers. In the case of an n-doped layer underneath the QW, additional electrons
are present in the material. More speci�cally, those occupy states in the conduction
band, while in the valence band only the optically excited holes are present.�erefore,
su�cient electrons would be available for radiative recombination, even if thermal
activation into the conduction band barrier occurs. In that case, the e�ective valence
band discontinuity should be the dominant thermal activation energy, since holes are
the minority charge carriers. Vice versa, the e�ective conduction band discontinuity
should only be the dominant thermal activation energy, when electrons are the
minority charge carriers.�is is rather unlikely, since even nominally undoped GaN
shows slight n-doping. Only for an acceptor niveau close to the valence band edge,
as present in p-doped material, holes are expected to be the majority carrier species.
Here, instead of an acceptor, typically Mg for III-nitrides, the use of hydrogen as
carrier gas during the epitaxial growth could play a role. For quantum well structures
that use hydrogen during the GaN growth, a clear redshi� of the QW emission is
observed, when compared to structures using nitrogen as carrier gas.�e observed
redshi� is an indication that background charge carriers, i.e. electrons, are trapped.
�is is further emphasized by an increased radiative lifetimes in those structures,
especially at low temperatures. Regarding the samples with the e�ective conduction
band discontinuity as dominant activation energy, however, no relation to the use of
hydrogen as carrier gas or the doping underneath the QW is observed. In the end,
both e�ective discontinuities might be visible in the temperature dependence of the
radiatve lifetimes. Nevertheless, the limited number of data points makes it di�cult
to derive the activation energies with better accuracy.
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Furthermore, the optical excitation energy might have an in�uence. Depending
on the energy of the laser pulses used for excitation, the charge carriers are provided
with excess energy. �is could make the transition into higher quantized states
probable, and thereby distort the observed activation energies. On the contrary, the
thermalization of charge carriers, i.e. the redistribution a�er optical excitation, takes
place on a femtosecond time scale, while the recombination proceeds on a time scale
of pico- to nanoseconds.�erefore, the charge carrier distribution can be assumed
to be in quasi-thermal equilibrium during the recombination process. Nevertheless,
further experiments employing di�erent excitation wavelengths could help to exclude
this possible contribution.

4.5.4 Conclusion

A�er all, the observed increase of radiative lifetimes with temperature is exceeding
the linear behavior expected for charge carriers con�ned in a two dimensional QW.
�e comparison of experimentally determined activation energies and calculated
values indicates that this super-linear rise towards room temperature is in fact related
to the thermal activation of charge carriers into bulk-like states.�ese states are
subject to low spatial con�nement, and are extending into the barrier material over a
range of several QW widths.�erefore, these states show low spatial overlap with the
con�ned states in the quantum well itself.
It should be emphasized that the proposed thermal activation into the barriers,

since related to the QW structure itself, represents an intrinsic process.�erefore,
every quantum well structure is expected to show a super-linear increase of radiative
lifetimes, which corresponds to an increasing loss of radiative emission.�e fact
that such a behavior is not observed in several structures, is likely caused by the
limited temperature range (T ≤ 300K) that is accessible in the measurements. Since
these structures show relatively high e�ective discontinuities in the calculations, the
super-linear increase is probably visible only for much higher temperatures.�is is
in particular the case for non- and semipolar structures, which show higher band
discontinuities due to the lowered or vanishing polarization �elds.
In fact, the escape of charge carriers into the barriers is known as a thermally

activated process that is usually accompanied by nonradiative recombination.�is
has been shown for III-arsenide, as well as III-nitride QW structures [155, 156]. Since
for the recombination process, here via capture into a nonradiative recombination
center, both, electron and hole, have to be thermally activated into a barrier state,
the expected activation energy Eact = (Ec,eff + Ev,eff)/2 is given by the mean value
of the e�ective valence and conduction band discontinuities. Although the present
analysis focuses on the radiative lifetimes, the observation of a related activation
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energy for the nonradiative lifetimes would be an additional indicator to con�rm
the present results.�is approach, however, might be complicated by the fact that
for nonradiative recombination in III-nitride QWs activation energies in the range
below 100meV are found [120, 157, 158].
Further experiments, including structures that cover a broader range of InN mole

fractions and QW widths, might be helpful to con�rm the present results.�e main
sources of uncertainty in the present analysis are the structural parameters of the sin-
gle quantum wells, which are inaccessible by XRD, as well as the limited temperature
range that is covered in the measurements. Furthermore, several thermally activated
processes could interfere with each other, like exciton dissociation or excitation into
the barriers. Given the limited temperature range in the experiment, it is challenging
to determine signi�cant activation energies for these processes, especially since there
is only a factor of two between the e�ective valence band discontinuities and the
exciton binding energy in most of the polar structures. Although further experiments
are needed to clarify some issues, the thermal activation of charge carriers into bulk-
like states in the barrier material is a plausible mechanism to explain the observed
super-linear rise of radiative lifetimes, and is supported by the analysis presented
here.
Still, some structural key points can be deduced that make the thermal activation

of charge carriers into the barrier less probable. First, a high InN mole fraction, as
well as larger QW thicknesses would increase the e�ective band discontinuities.�is
approach, however, is not feasible due to the growing strain accumulation in the QW,
which provokes relaxation, and due to the growing QCSE, which drastically reduces
the overlap integral.�e strain would be likewise problematic in GaInN/AlGaN QW
structures, where the larger bandgap of AlGaN would increase the band disconti-
nuities as well. Second, the use of non- and semipolar structures is preferable, since
those showed higher activation energies, or even no super-linear increase at room
temperature at all.
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4.6 summary of results on radiative recombination

In this chapter, the radiative lifetimes at room temperature in polar c-plane and
nonpolar m-plane quantum wells are compared.�e observed di�erence of up to
one order of magnitude can be explained by a combination of several intrinsic e�ects.
On the one hand, the vanishing QCSE results in higher wave function overlap and
increased exciton binding energy. On the other hand, anisotropic in-plane strain
reduces the crystal symmetry and changes the valence band dispersion in the di�erent
in-plane directions.�us, the e�ective holemasses are reduced, which has a bene�cial
e�ect on the radiative emission.�e joint e�ect of these three factors explains the
signi�cantly shorter radiative lifetimes observed for m-plane QWs.
�ese results show that the anisotropic strain in such pseudomorphic nonpolar

QWs has a severe impact on the radiative recombination. As a next step, the strain in
the QW can be manipulated by inserting an additional AlInN bu�er layer. Lattice-
matched to the in-plane c-direction of GaN, it relaxes to larger lattice constants, and
provides a template with reduced lattice mismatch for the subsequent QW structure.
In these pseudomorphic structures, the radiative room temperature lifetimes are found
to be higher compared to the metamorphic ones. Using the strain coe�cients, ob-
tained by XRDmeasurements, makes it possible to derive the valence band dispersion
by k ⋅p calculations, and e�ective masses can be extracted by parabola �ts. Apparently,
the valence band dispersion is nearly isotropic in the metamorphic structures, since
the reduced strain state of the QW recovers the crystal symmetry to a large extent.
Furthermore, a decreased energy splitting to the second valence band is observed,
which makes its thermal population possible.�erefore, the carrier dynamics can
be described by an e�ective density of states hole mass, which increases due to the
contribution of the second valence band. A�er all, e�ective masses around 1.5-1.6m0
are found for the metamorphic m-plane structures, simply due to the strain manipu-
lation by the AlInN bu�er layer. In summary, these structures behave comparable to
conventional c-plane QWs, not only in terms of valence band dispersion, but also
regarding the radiative recombination in total, as they show longer radiative lifetimes
at room temperature. Still, the higher wave function overlap and exciton binding
energy lead to an increase in the radiative rate for the nonpolar structures, even in the
metamorphic samples, where the AlInN bu�er layer reduces the anisotropic in-plane
strain.
In further experiments, the well width dependence of the radiative lifetime in

nonpolar QWs is analyzed. Since the QCSE is not reducing the oscillator strength for
larger QW widths, literature reports on thicker QWs compared to polar orientations
are common. Although in such wide QWs, higher quantized states become available,
and can be thermally populated by charge carriers, the applicable selection rules
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reduce the possible radiative transitions to states with ∆n = 0. Furthermore, the
large di�erence in e�ective electron and hole mass results in the situation that only
higher valence band states are within the range of thermal population for holes,
while only the lowest conduction band state is populated with electrons. As a result,
only the transition from the �rst conduction band state to the �rst valence band
state can contribute to the radiative emission. Charge carriers in other states are lost
for radiative recombination.�erefore, an increasing radiative lifetime is expected
for wide nonpolar QWs, which is in fact con�rmed experimentally.�e measured
radiative lifetimes show a rise with temperature and well width, and their behavior
can be described by amodel based on the above assumptions.�e e�ect is expected to
become stronger with increasing temperature, well width, and also InNmole fraction.
�erefore, even in nonpolar QWs, well widths around 1.5-3 nm should be preferred.
�ese results emphasize that the radiative recombination is dominated by the physical
properties of the quantumwell. In particular, this includes the valence band structure,
which is not only a�ected by QW composition and width, but especially by strain
and its anisotropy.
In addition to these �ndings, the band structure, in particular the band discon-

tinuities, can be related to an unexpected temperature dependence of radiative life-
times close to room temperature. Although for charge carriers in a two-dimensional
structure, the radiative lifetime should rise linearly with temperature, a steep rise
is observed for the majority of investigated samples.�is behavior is indicative of
thermal activation of charge carriers, and in fact, characteristic activation energies
between 60 and 400meV can be �tted to the temperature-dependent radiative life-
times. For some of the analyzed structures, this is indeed close to the exciton binding
energy, which is at maximum 55meV for nonpolar QWs. For the majority of struc-
tures, however, the experimentally determined activation energies are within the
range of the e�ective discontinuities of valence and conduction band.�ose e�ective
discontinuities mark the energetic di�erence between the �rst quantized state in
the QW, and the band edge of the GaN barrier.�erefore, the thermal activation
of charge carriers into bulk-like states in the barrier material is likely the reason for
the super-linear rise of radiative lifetimes with temperature. Although the limited
temperature range that is available in the experiment complicates the exact determi-
nation of activation energies, the e�ect is observed for nearly all polar, nonpolar, and
semipolar quantum well structures.�is emphasizes the fact that the temperature
dependence is caused by an intrinsic property of the QW structures, either due to the
limited con�nement, or exciton binding. Additionally, it supports the �ndings of the
analysis of wide nonpolar quantum wells, where also a lowered radiative emission is
observed due to the thermal excitation of charge carriers.
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In summary, these results show the sensitivity of radiative recombination on the
quantumwell properties.�ose are governed by the valence band dispersion, which is
severely a�ected by strain, the built-in polarization �elds, and the carrier con�nement
in the quantum well. Only by regarding every single of those contributions, the
behavior of the radiative lifetime can be described properly.
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5
NONRADIAT IVE RECOMB INAT ION IN QUANTUM WELL S
WITH METAMORPH IC BUFFER LAYERS

While GaInN-based devices reach high e�ciencies in the violet and blue spectral
region, the e�ciency is drastically reduced at higher emission wavelengths.�is
phenomenon is referred to as the "green gap", and this chapter discusses its possi-
ble origins and presents an approach to overcome these fundamental limitations.
For this purpose, semipolar crystal orientations and strain-reducing bu�er lay-
ers are used. Finally, these results allow insights into the origin of nonradiative
recombination in the quantum well structures.

5.1 advantages of semipolar orientations

As mentioned in the beginning, optoelectronic devices based on GaInN quantum
wells can reach exceptionally high e�ciencies in the blue and violet spectral region.
In order to achieve light emission at longer wavelengths, high InN mole fractions
are required, which goes along with a drastic reduction of the device e�ciency.�e
drastic reduction in e�ciency, when moving from violet-emitting quantum wells to
the green spectral region and beyond, is referred to as the green gap [2, 10].
Several factors contribute to this phenomenon. Regarding the radiative recom-

bination processes in III-nitride quantum wells, the built-in polarization �elds on
c-plane structures and the resulting quantum-con�ned Stark e�ect (QCSE) reduce
the wave function overlap, and thus the radiative rate. For GaInN/GaN quantum
wells, this e�ect becomes more prominent at higher InN mole fractions that are
needed to push the emission wavelength to the green and beyond.�erefore, high
InN mole fractions and the resulting polarization �elds are partly responsible for the
green gap, although the QCSE is small for thin quantum wells.�ese disadvantages
of c-plane quantum wells can be overcome by choosing nonpolar orientations for
the quantum well growth, as already discussed in Sec. 2.1.3, and Ch. 4. Besides the
reduced radiative recombination, also an increasing nonradiative recombination is
observed for GaInN/GaN quantum wells with high InN mole fractions. For polar
orientations, Langer et al. found that the increasing strain that is accumulating in the
quantum wells is a key factor to understand the green gap [9], as summarized below
in Sec. 5.2.

113



nonradiative recombination

In this context, also semipolar-oriented quantum wells have several advantages.
Although the polarization �elds vanish only for nonpolar orientations, a considerable
reduction is observed for the common low-indices semipolar planes like (112̄2) (see
Fig. 1.8), or also (202̄1). In terms of nonradiative recombination, non- and semipolar
structures were reported to perform comparable, or even better, compared with
c-plane structures for InN mole fractions higher than 25% [120]. In particular, rather
constant nonradiative lifetimes were observed for the non- and semipolar structures
(around 100-300 ps), whereas the c-plane structures showed a sharp decrease towards
higher InN mole fractions. For quantum wells with lower indium contents, the polar
structures still show considerably longer nonradiative lifetimes, which leaves the
semipolar orientations as promising candidates for emission in the green and beyond.
Another advantage of semipolar over nonpolar (a-/m-plane) growth orientations

is the availability of growth templates. In order to produce inexpensive templates,
groove-like structures are etched in sapphire, which is subsequently overgrown
with GaN that forms a closed semipolar surface.�is technique of structured and
overgrown templates is used quite o�en nowadays, and the somewhat poorer quality,
especially in terms of threading dislocation density, is well compensated by the price.
�e use of semipolar templates becomes even more advantageous in combination
with AlInN bu�er layers that are used for intentional relaxation in the crystal lattice,
as described below in Section 5.3.2.

5.2 strain-induced defect formation

Langer et al. [9] found that the strain accumulated in an epitaxially grownGaInN/GaN
quantum well is the dominant source of nonradiative recombination in the analyzed
polar (c-plane) quantum well structures. Motivated by the fact that the nonradiative
recombination increased with higher InN mole fraction in the quantum well, they
combined structural characterization by XRD, and optical characterization by time-
resolved photoluminescence spectroscopy. As an outcome, the nonradiative lifetimes
showed an exponential dependence on the strain energy density u,

τnr ∝ exp(−
u

kBTgrowth
) , (5.1)

where u was derived from XRD measurements by

u = 1
2 ∑

i=x ,y ,z
σii εii , (5.2)

with ε being the strain and σ being the stress tensor. Tgrowth denotes the QW growth
temperature, and kB is Boltzmann’s constant.�e exponential dependence of the
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5.3 strain-reducing buffer layers

nonradiative lifetimes τnr on the strain energy density u was explained by a model,
where the accumulated strain is reduced by the formation of defects that act as
nonradiative recombination centers. Although the formation of defects should result
in a partial relaxation of the strained layer, no evidence for relaxation of the quantum
wells was found in the X-ray data.�erefore, Langer et al. explained their observations
by a model, where the crystal lattice experiences full relaxation only at strongly
localized defects. In this limiting case, only a small volume fraction of the layer is
e�ectively relaxed, and a fully strained, or pseudomorphic, layer is still observed
in x-ray di�raction.�e defects formed during relaxation, however, can still act as
nonradiative recombination centers.
Additionally, the in�uence of di�erent substrates was investigated.�e structures

prepared on bulk GaN and on sapphire performed comparable in their investigations.
�us, not threading dislocations originating from the substrate, but the defects formed
during strain relaxation were the dominant source of nonradiative recombination in
the investigated structures.
From these results, Langer et al. concluded that the defect formation is induced by

strain and takes place in the quantum wells itself.�ey assumed that basal stacking
faults and the related stacking mismatch boundaries that run through the quan-
tum well in c-direction are formed, as those defect types were observed by electron
microscopy in similar structures[159–162]. Furthermore, the results indicated that
defects were generated in the bottommost quantum well and penetrated the sub-
sequently grown layers, since single and multi-quantum well structures showed
comparable nonradiative lifetimes. Further details on the analysis can be found in
Ref. [9].
Whether the nonradiative recombination in other than c-plane oriented quantum

well structures is driven by strain-induced defect formation in a similar way, will be
investigated in the following, see Section 5.4.

5.3 strain-reducing buffer layers

As discussed in the section above, the accumulated strain in GaInN/GaN quantum
well structures can be a major factor for the generation of defects and nonradiative
recombination centers.�e strain, caused by the large lattice mismatch between
GaN substrate and GaInN quantum well, becomes larger with increasing InN mole
fraction. In order to reduce the nonradiative recombination in structures emitting
in the green spectral region and beyond, a strain management in the quantum well
stack becomes inevitable. As discussed in Sec. 4.3, the use of bu�er layers provides
the possibility to reduce the strain in the QW region. Besides AlInN, which can be
grown lattice-matched to GaN, also GaInN is an option.
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5.3.1 GaInN bu�er layers

�e choice of GaInN as bu�er layermaterial for a GaInN/GaN quantumwell structure
has obvious advantages. Given su�cient thickness, the bu�er layer would be fully
relaxed to provide a growth template with reduced lattice mismatch to the following
quantum well. Several attempts have proven this approach to work, especially on
semipolar growth orientations [163–165]. With this approach, however, the InN mole
fraction in the bu�er layer is limited by the quantum well composition. When the
compositions of both layers are approaching, not only the carrier con�nement in
the quantum well is reduced, but also reabsorption of the emitted light becomes
stronger. Furthermore, the surface quality usually degrades when growing thick
layers of GaInN instead of GaN.�is limits the InN mole fraction in the bu�er layer
and the possible reduction of the lattice mismatch.

5.3.2 AlInN bu�er layers

Compared to GaInN, AlInN has some unique properties that make it preferable as
bu�er layer material, as already mentioned in Sec. 4.3. Besides the high refractive
index, especially the possibility to grow AlInN lattice-matched to GaN is advanta-
geous. Furthermore, the composition splitting, which is a problem of AlInN grown
on the polar c-plane, is not observed in semipolar crystal orientations, where layer
thicknesses of several hundred nanometers can be grown without considerable sur-
face deterioration. Like in the case of the nonpolar m-plane, the di�erent a/c ratio
of the binary III-N compounds make lattice matching possible only in one in-plane
direction. Taking the (112̄2) orientation, the two in-plane directions are [11̄00] (m-
direction) and [112̄3̄] (c′-direction).�ere, AlInN can be grown lattice-matched to the
c′-direction at 25.8% InN mole fraction, leaving it compressively strained (≈ −1.04%)
in the m-direction. As found by Buß et al., AlInN grown lattice-matched along the
c′-direction of GaN is forced to relax to larger m lattice parameters with increasing
layer thickness [132, 166].�ereby, the AlInN bu�er layer in fact reduces the lattice
mismatch to the following GaInN QW structure. Opposed to that, choosing lattice-
matching along m would induce relaxation to smaller c′ lattice parameters due to
the tensile strain (≈ +1.03%), which would result in an even larger lattice mismatch
between the AlInN bu�er layer and the GaInN-based MQW.
�is shows that AlInN bu�er layers can be successfully used for strain reduction.

In the context of possible nonradiative recombination, however, also the type of
defects that induce the relaxation and their formation mechanism are of interest.�is
can be illustrated for a c-plane quantum well structure, where the in-plane strain
is distributed isotropically, and no shear stress is present.�us, the only possibility
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for the crystal lattice to relax is the formation of dislocations perpendicular to the
c-plane. When formed in the underlying bu�er layer, these threading dislocations
can penetrate through the subsequent quantumwell structure and act as nonradiative
recombination centers.
For semipolar orientations, the anisotropic in-plane strain allows for shear stress.

�us, the relaxation via formation of in-plane dislocations is possible, since gliding
and slip of already existing threading dislocations can take place.�is was shown
for the case of heteroepitaxial layers on semipolar GaN, and should apply for AlInN
as well [27, 36, 167, 168].�erefore, the kinking of existing threading dislocations at
the lower bu�er layer interface would be the preferred relaxation mechanism.�ese
dislocations should remain in the growth plane, which makes relaxation, and thereby
the reduction of strain in the quantum wells possible.

5.4 semipolar quantum wells with strain-reducing buffer lay-
ers

As described above, the use of partially relaxed AlInN bu�er layers is a promising
approach to reduce the strain state and the nonradiative recombination in semipolar
GaInN/GaN quantum wells, even at high InN mole fractions. In the following, the
preparation, as well as the structural and optical characterization of dedicated multi-
quantum well structures is described in detail. A�er this analysis, the strain-related
nonradiative recombination in the quantum wells is discussed, together with the
implications for defect formation on semipolar growth orientations.

5.4.1 Preparation and structural characterization

Five samples in (112̄2) orientation are prepared on di�erent substrate types [91]. For
samples S1-S4, semipolar GaN templates are used, where patterned r-plane sapphire is
overgrown with GaN byMOVPE and polished to get a semipolar surface for epitaxial
growth. As a consequence of the structuring process, grooves with a width of 10 µm
are etched into the sapphire surface. During the overgrowth with GaN, coalescence
regions are formed along the grooves, where threading dislocations are accumulating.
�is causes periodic stripes with a high threading dislocation density on the semipolar
GaN surface.�ese semipolar GaN templates are kindly provided by the CRHEA
institute,1 and the details of template preparation are reported in Refs. [169] and [170].
Contrary, sample S5 is grown on pseudo-bulk GaN.

1 Centre de Recherche sur l’Hétéro-Epitaxie et ses Applications (CNRS-CRHEA) in Valbonne, France
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Figure 5.1: Schemes of the samples without (S1/S2), and with AlInN (S3/S4/S5). While
sample S5 is grown on bulk GaN, while a sapphire template is used for the other
structures.

All structural details can be found in Fig. 5.1 and Tab. 5.1. On the substrate or
template, epitaxial GaN is grown at the beginning, followed by an underlayer of
low-temperature GaN (≈ 20nm), and the �ve-fold GaInN/GaN multi-quantum well
structure. High-resolution x-ray di�raction (XRD) is used for the structural char-
acterization of all samples. According to the XRD analysis, the quantum wells in
samples S1, S3, and S5 have 35-37% InN mole fraction (740 ○C growth temperature),
as opposed to the samples S2 and S4, for which 27-29% InN mole fraction (770 ○C
growth temperature) are found.�e barrier widths of approximately 8 nm are com-
parable for all samples, while the quantum well widths are similar in the range of 1.2
to 1.56 nm.
For samples S3-S5, an additional AlInN bu�er layer is inserted before the MQW,

more precisely between the epitaxial GaN and the low-temperature GaN under-
layer.�e AlInN growth takes place at 820 ○C for 100-200min, corresponding to
250-500 nm of layer thickness. Additionally, the intended InN mole fraction of ap-
proximately 26% is con�rmed by the XRD analysis.
To investigate the relaxation behavior of the AlInN bu�er layer, and the strain state

of the quantum wells, a more detailed XRD analysis of sample S4 with reciprocal
space maps (RSMs) is shown in Fig. 5.2. In the RSMs of the 022̄2 and 0006 re�ections,
besides the peak of the GaN substrate or template, also the AlInN peaks, and the
MQW superlattice (SL) peaks can be found. While the 022̄2 re�ection, which is
equivalent to 202̄2, gives information about the m-direction [11̄00], the 0006 re�ec-
tion represents information about the c- or c′-direction. Both RSMs show the GaN
and AlInN re�ections aligned along the in-plane direction q∥, and no evidence for
phase separation in the AlInN is found.�is proves coherently strained growth of
the AlInN on the GaN template, and shows that the intended lattice-matching along
the c′-direction is achieved. Contrary, an asymmetrical AlInN peak in the 022̄2 RSM
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Figure 5.2: Reciprocal spacemaps (sample S4) of the (022̄2) re�ex showing strained AlInN
growth and subsequent relaxation along m, and the (0006) re�ex showing
lattice matching in the c-direction [97].

indicates relaxation towards larger lattice parameters inm-direction, which con�rms
the observations made in earlier work by Buß et al. [132, 166].�us, the right-hand
part of the AlInN peak can be related to the partially relaxed part at the top of
the bu�er layer. Aligned with this relaxed part along the in-plane direction are the
MQW SL peaks, which indicates pseudomorphic growth of the QWs on the partially
relaxed AlInN.�e AlInN peak in the 0006 RSM, however, shows no asymmetry,
proving lattice-matching in c′-direction of GaN, which is conserved during bu�er
layer growth. Although not shown here, similar RSMs are obtained for the unbu�ered
samples S1/S2, where pseudomorphic growth of the MQW on the GaN templates can
be observed. Summarizing, pseudomorphic growth can be assumed at the interfaces
between MQWs and AlInN or GaN, as well as at the interface between GaN and
AlInN itself.
Next, the relaxation behavior of the AlInN bu�er layer is of interest, especially

the degree of relaxation at the top interface to the MQW. To measure the AlInN
relaxation state at the interface to theMQW, the the (11̄00) in-plane lattice parameters
are obtained from 2θ scans in grazing incidence geometry, as shown for samples S1,
S3, and S5 in Fig. 5.3. Without grazing incidence scans, no information about the
interface between AlInN and MQW could be obtained, since the conventional scan
would illuminate a large sample volume to obtain an average of the lattice parameters.
Contrary, the grazing-incidence scan is sensitive to some tens of nanometers beneath
the sample surface only, and the derived lattice parameters correspond to the top
layers of the MQW structure. In sample S1, the uppermost layers in the MQW show
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Figure 5.3: XRD 2θ scans in grazing-incidence geometry of the in-plane (11̄00) re�ex
show the lattice parameter of free-standing GaN for the sample S1 (proving
pseudomorphic growth on the template without bu�er layer) and increasing
relaxation to larger in-plane lattice parameters for the samples S3 and S5 with
an additional AlInN bu�er layer [97].

the same lattice parameters as free-standing GaN, indicating that the MQW is grown
pseudomorphically on the GaN template without relaxation. On closer examination,
a shoulder appears at lower di�raction angles, or larger lattice parameters, which
might be an indication for starting relaxation.
Contrary, for samples S3 and S5, larger in-plane lattice parameters are found, which

can be attributed to the partially relaxed AlInN bu�er layer. Assuming thatMQWand
AlInN bu�er have equal in-plane lattice parameters at the interface, the bu�er layers
show (51± 5)% (sample S3) and (15± 5)% (sample S5) relaxation in m-direction.
Here, the degree of relaxation is calculated according to (1−mGaN/mAlInN), where
mGaN and mAlInN are the experimentally determined lattice parameters of the sub-
strate and bu�er layer, respectively.�e di�erent degree of relaxation for both samples
can be explained by the larger layer thickness in sample S3 (≈ 500nm) compared to
sample S5 (≈ 250nm). As expected, for sample S2 (not shown) the same in-plane
lattice parameter as for sample S1 is obtained, while for the AlInN layer in sample S4
(not shown) (49± 5)% relaxation are found, close to that of sample S3.
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Table 5.1: Basic information on the investigated samples, listing the growth time of the AlInN
bu�er layer (tbuffer), its approximate thickness (Lbuffer) and degree of relaxation
in m-direction (Rm,buffer), the InN mole fraction of the AlInN (ybuffer) and of the
MQW (xQW), the QW width (LQW), the emission wavelength at 300K (λ300K),
and the e�ective lifetimes at 5 K (τ5K) and 300K (τ300K), as well as the radiative
lifetimes at 300K (τr,300K).�e barrier width is approximately 8 nm for all the
samples.

Sampleb S1 S2 S3 S4 S5

tbuffer (min) – – 200 200 100
Lbuffer (nm) – – ≈500 ≈500 ≈250
Rm,buffer (%) a – – 51± 5 49± 5 15± 5
ybuffer (%) a – – 25.7± 0.4 26.9± 0.6 26.5± 0.3
LQW (nm) a 1.56± 0.06 1.2± 0.1 1.46± 0.06 1.4± 0.1 1.48± 0.05
xQW (%) a 36± 1 29± 1 37.1± 1.1 27± 1 36± 1

λ300K (nm) 536 492 576 497 543
τ5K (ps) 108± 2 61± 2 168± 4 133± 2 191± 2
τ300K (ps) 34± 2 45± 2 74± 2 81± 2 66± 3
τr,300K (ps) 2240± 450 313± 65 1600± 250 410± 70 1720± 500
a Ref. [97] b Ref. [91]

More information can be found in Refs. [132] and [166], where the relaxation of
AlInN layers grown under identical conditions is investigated, and the structural
characterization of the AlInN layers is described in more detail. Although there, the
relaxation increases with layer thickness as well, the absolute degree of relaxation is
found to be higher and reaches nearly 100%. Summarized, the structural characteri-
zation shows that the AlInN bu�er layer reduces the lattice mismatch for the GaInN
QWs as intended.

5.4.2 Optical properties and recombination dynamics

A�er investigating the structural properties and the relaxation behavior of the AlInN
bu�er layer, next its in�uence on the optical properties and the recombination dy-
namics is analyzed. Fig. 5.4 shows room temperature PL spectra of all samples, with
rather large full widths at half maximum of 150-200meV.
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Figure 5.4: Spectra obtained at room temperature of samples S1-S5, where the peak wave-
length scales approximately with the InN mole fraction found by XRD, see
Tab. 5.1.

As discussed above, the semipolar templates used for samples S1-S4 exhibit defect-
rich trenches that are formed during the epitaxial overgrowthwithGaN.�e in�uence
of these defect-rich regions on the overall optical properties and recombination
dynamics needs to be clari�ed in the �rst place. For this purpose, the sample surface
is scanned perpendicular to the defect-rich trenches in steps of 1 µm, and with a
spot size of the exciting laser of approximately 2 µm, in a confocal geometry with a
mirror objective.�e small focal size and narrow step width ensure that di�erences
between the regions of di�erent threading dislocation density can be resolved, since
the trenches have a periodicity of 10 µm.�e scan result is shown in Fig. 5.5.While the
measured intensity varies within a 10% range, the e�ective lifetimes stay constant and
prove that the overall recombination dynamics are not in�uenced by the presence of
defect-rich regions.�e slight intensity �uctuations could be explained by variations
in the carrier density induced by the presence of dislocations, or simply by a change
in the outcoupling of the emitted light.�e actual temperature-dependent lifetime
measurements are carried out with laser spot sizes beyond 10 µm, in order to average
over a larger area on the sample surface, and to avoid stability issues.
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Figure 5.5: Room temperature line scan perpendicular to the defect-rich trenches, using
a focal size of ≈ 2 µm.�e PL intensities show slight variations of ±10% with
the same 10 µm periodicity as the grooves from the substrate preparation. Con-
trary, the e�ective lifetimes remain constant, showing that the recombination
dynamics are una�ected by the presence of defect-rich regions on the sample.

For sample S3, a measurement of the temperature-dependent lifetimes is shown
in Fig. 5.6, which is exemplary for the other samples as well. At low temperatures,
purely radiative recombination is assumed, while the lifetimes at room temperature
(300K) are clearly dominated by nonradiative recombination. As discussed before
in Ch. 4, the localization of charge carriers at low temperatures at potential minima
is possible.�ese potential minima can originate from �uctuations in QW width
or composition [110–119].�e constant low-temperature radiative lifetimes indicate
localized charge carriers, since the radiative lifetimes scales with temperature and
dimensionality of the recombining carriers according to τr ∝ Td/2 [74]. Nevertheless,
the charge carriers have to be considered free in two dimensions at elevated tempera-
tures, since the radiative lifetime shows a nearly linear rise with temperature.�e
lifetime measurements show a comparable behavior for the other samples. Tab. 5.1
shows the absolute lifetime values at 5 K and 300K. At 300K, and for a comparable
InN mole fraction, no signi�cant di�erences in radiative lifetimes are found for the
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Figure 5.6: Temperature-dependence of the e�ective, radiative and nonradiative lifetimes
for sample S3, where the nonradiative recombination is dominant at 300 K,
and transients at 300 K, where the samples without a bu�er layer (S1, S2) show
a faster decay than the samples with a partially relaxed bu�er layer (S3-S5),
indicating a signi�cant reduction of the nonradiative recombination.

samples.�us, possible strain-induced changes of the valence band structure do not
a�ect the radiative recombination.
As a major point of the analysis, the impact of an AlInN bu�er layer on the non-

radiative recombination properties is investigated. For this purpose, the e�ective
lifetimes at 300K are considered, where the recombination is dominated nonradia-
tively for all samples. By using a low temperature normalization to derive the absolute
values of radiative and nonradiative lifetimes, purely radiative recombination at low
temperatures is assumed. Especially for sample S2 that shows a lower e�ective lifetime
at 5 K compared to the other samples, it cannot be ruled out that there is remaining
nonradiative recombination, even at low temperatures.�e measured e�ective life-
times at 300K, however, are una�ected by this possible source of uncertainty, and
are still a reliable measure for the nonradiative recombination.
For a qualitative comparison, the normalized transients at 300K are shown in

Fig. 5.6. Most notably, the samples without a bu�er layer (S1, S2) show a faster nonra-
diative decay than the samples with an AlInN bu�er layer (S3, S4, S5), which can be
con�rmed by the �tted e�ective lifetime values. While all samples with an additional
AlInN bu�er layer show e�ective lifetimes between 66 ps (S5) and 81 ps (S4), the
unbu�ered samples remain at signi�cantly lower values of 34 ps (S1) and 45 ps (S2).
As described above, the e�ective lifetimes at room temperature re�ect the amount of
nonradiative recombination in the structures.�erefore, the longer lifetimes prove a
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Table 5.2: Results of the Arrhenius-type �ts according to Eq. 5.3 for samples S1, S3, and S5,
listing the prefactor γnr related to the density of nonradiative centers, i.e. defects in
theQW, the characteristic activation energy Eact for the nonradiative recombination
process, and the parameter 1/τnr,0 related to remaining nonradiative recombination
at low temperatures.

Samplea γnr (1/(ns K)) Eact (meV) 1
τnr,0 (1/ns)

S1 0.7± 0.2 46± 5 4.0± 0.4
S3 0.10± 0.01 25± 4 1.7± 0.4
S5 0.08± 0.03 29± 7 4.1± 0.3

a Ref. [91]

reduced nonradiative recombination rate in structures with a partially relaxed AlInN
bu�er layer. For samples with a comparable QW composition, the nonradiative rate
is approximately reduced by a factor of two, as can be seen from the ratio of e�ective
lifetimes. Furthermore, the bu�er layer’s degree of relaxation a�ects the the nonra-
diative recombination, since the samples S3 and S5 (≈ 50% relaxation) show lifetimes
of 74 ps and 81 ps, which is longer than sample S5 (15% relaxation) with only 66 ps.
To analyze the reduced nonradiative recombination on a quantitative base, an

Arrhenius plot (Fig. 5.7) of the nonradiative lifetimes of samples S1, S3 and S5 is
used. According to Eq. 2.27, the thermally activated nonradiative recombination is
described by

1
τnr

= γnr(T) exp(− Eact
kBT

)+ 1
τnr,0

, (5.3)

where kB is Boltzmann’s constant, and Eact is the characteristic activation energy of
the nonradiative process.�e prefactor γnr(T) scales with the density of nonradiative
centers, and is assumed to depend linearly on temperature, according to the e�ective
density of states.�e actual temperature dependencemay, however, change depending
on the charge state of the nonradiative center [88].�e temperature-independent
contribution 1/τnr,0 accounts for possible remaining nonradiative recombination at
low temperatures due to tunneling of charge carriers to nonradiative centers [120].
From the similar activation energies below 30meV (Tab. 5.2) it can be seen that

in samples S3 and S5 the same nonradiative recombination mechanism is dominant.
Contrary, the larger activation energy of 46meV for sample S1 without a bu�er layer
could indicate a change in the nonradiative mechanism. Compared to the bu�ered
samples, however, the activation energies are still in the same order of magnitude.
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Figure 5.7: Arrhenius-type graph of the nonradiative lifetimes of samples S1, S3 and S5,

where the similar slope indicates comparable activation energies. Dashed lines
represent �ts according to Eq. 5.3.�e inset shows the inverse of prefactor
1/γnr , related to the density of nonradiative centers, and the room temperature
lifetimes as a function of relaxation in m-direction. Dashed lines in the inset
serve as guide to the eye.

Interestingly, the prefactor γnr is signi�cantly higher for sample S1 compared to
sample S3 or S5, which indicates a higher defect density in the unbu�ered QWs.
�e prefactors for samples S3 and S5 show no signi�cant di�erence, but follow the
trend of the rising lifetimes with incrasing degree of bu�er layer relaxation.�is is
shown graphically in Fig. 5.7, where the room temperature e�ective lifetimes τ300K
and the inverse prefactors 1/γnr are plotted versus the degree of relaxation in the
AlInN layer.�e inverse prefactor 1/γnr is a quantity that is related to the density of
nonradiative centers, and will rise if the density of nonradiative centers, or defects,
decreases.�erefore, the rising trend of 1/γnr in Fig. 5.7 is indicative of a decreasing
defect density in the quantumwell. At the same time, the e�ective lifetimes are strictly
monotonically rising with increasing bu�er layer relaxation. In addition to the afore-
mentioned correlation of nonradiative lifetimes and bu�er layer relaxation, this
behavior indicates a dependence of the nonradiative recombination, and the density
of nonradiative centers, on the accumulated strain in the quantum well. Within the
uncertainties, the reduced nonradiative recombination and the lower defect densities
in the QWs with increasing relaxation of the AlInN bu�er layer follow the same
trend.
Considering that the parameter τnr,0 is needed to describe the nonradiative life-

times, tunneling to nonradiative centers at low temperatures cannot be excluded,
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especially for the samples S1 and S5. Moreover, the formation of additional defects
in the AlInN layer during relaxation needs to be discussed. In particular, threading
dislocations with an out-of-plane component that are formed in the AlInN could
penetrate the subsequent MQW, and act as additional nonradiative centers. Since the
overall nonradiative rate is decreased with an AlInN layer, the overall defect density
is decreased rather than increased.�is would be consistent with the formation of
in-plane mis�t dislocations during relaxation of the AlInN, as suggested in Refs. [27]
and [166]. Furthermore, the measured lifetimes show no dependence on the substrate
type, i.e. bulk or patterned sapphire, but are rather related to the reduced strain due
to the AlInN layer.

5.4.3 Strain-related nonradiative recombination

�ese results indicate that nonradiative centers, or defects, in the quantum wells are
not stemming from the threading dislocations related to the template. Instead, they
are generated during growth of the highly strained QW structure. Furthermore, the
strain-induced formation of defects acting as nonradiative recombination centers is
consistent with the observed trend of increasing AlInN bu�er layer relaxation and
decreasing defect densities in the QWs. As described in Sec. 5.2, this was already
found by Langer et al. for c-plane structures, where the strain-induced defects in the
QWare the dominant source of nonradiative recombination [9].�ere, basal stacking
faults formed by local relaxation in the QWs, and the related stacking mismatch
boundaries were proposed to explain the relation between nonradiative lifetimes and
strain energy density.�e microscopic origin of the nonradiative centers, however,
cannot be evaluated from the present optical data, but a comparable mechanism of
defect formation might apply to semipolar orientations as well. Nevertheless, the
nonradiative lifetimes remain rather low, despite the use of bu�er layers. Given the
high InN mole fractions, however, the semipolar structures are comparable to polar
structures investigated by Langer et al. as shown in Fig. 5.8. For the highest InNmole
fractions, the semipolar structures with bu�er layer show even higher lifetimes.
In the context of defect reduction, also the role of indium itself in the AlInN needs

to be discussed. Recently, Haller et al. reported on the e�ect of indium-containing
layers, including AlInN, on the nonradiative recombination in c-plane QWs [171–173].
�ey observed a reduction of the nonradiative recombination by inserting a low-
temperature indium-containing underlayer before the QW structure. As mentioned
in Sec. 5.4, a similar low-temperature GaN underlayer of approx. 20 nm thickness
is included in all samples investigated here. Earlier work has shown that internal
quantum e�ciencies of 80-90% can be achieved in c-plane QWs including such an
indium-free underlayer [14]. Furthermore, the nonradiative lifetimes observed by
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Figure 5.8: Comparison of nonradiative lifetimes at 300K for di�erent InN mole fractions
in polar and semipolar QW structures. For the highest InN mole fractions, the
semipolar structures show longer lifetimes than the polar ones.�e dashed
line serves as guide to the eye for typical c-plane structures.�e c-plane data is
taken from Refs. [9, 101].

Haller et al. saturate at AlInN layer thicknesses of approx. 50 nm[172, 173]. Contrary,
the present analysis shows a reduction of the nonradiative recombination, when the
AlInN layer thickness changes by several hundred nanometers. Additionally, the
reduced nonradiative recombination goes along with a signi�cant reduction of the
strain in the QW structure. Summarizing, the bene�cial e�ect of indium atoms on
the segregation of defects cannot be excluded in the present case, but is shown to be
not the dominant e�ect for the reduction of nonradiative recombination.

5.5 conclusion

�e presented results show a reduced nonradiative recombination for semipolar
GaInN/GaN quantum wells with strain-reducing AlInN bu�er layers.�e bu�er
layer is lattice-matched to the c′ in-plane direction of (112̄2) GaN, and partially
relaxes in m-direction to provide a template with reduced lattice mismatch for the
subsequently grown MQW.�e reduced strain in the MQW leads to a reduced
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nonradiative recombination rate.�is is observed on bulk substrates, as well as on
overgrown patterned sapphire templates.
�e observed correlation between degree of relaxation of theAlInNbu�er layer and

the nonradiative lifetimes is indicative of a strain-induced formation of nonradiative
centers, or defects, in the quantum well. Compared to the earlier results obtained for
c-plane structures by Langer et al. [9], the basic trend is the same, but no dedicated
dependence of the nonradiative lifetimes on strain is found for the present semipolar
structures. Instead, the nonradiative lifetimes and the density of nonradiative centers,
determined by an Arrhenius �t, follow the same trend with increasing bu�er layer
relaxation.
For the polar GaInN/GaN QWs investigated by Langer et al., strain-induced de-

fect formation in the QW can be considered the dominant source of nonradiative
recombination. For the present semipolar QWs, the overall lifetimes are rather short,
which, on the one hand, could be caused by another nonradiative recombination
mechanism that is dominant over the observed strain-related one. On the other hand,
the quantum wells exhibit high InNmole fractions close to 40%, and the investigated
range of quantum well strain energy is very limited here, due to the bu�er layer
relaxation. Furthermore, even if the observed nonradiative lifetimes are short for
the semipolar structures, they are still comparable to those of polar structures for
the same InN mole fraction. Still, other nonradiative centers might be important
for the semipolar structures, such as impurities like carbon, hydrogen or oxygen.
�ese impurities and related complexes, especially with gallium vacancies, are known
to act as nonradiative recombination centers in GaN [174–177].�e incorporation
of these impurities has been shown to be signi�cantly higher for non- and semipo-
lar orientations compared to c-plane [178, 179]. Especially the precursors used in
MOVPE-growth may contribute to higher impurity incorporations, and secondary
ion mass spectroscopy (SIMS) measurements could give more detailed information
about the impurity concentrations in the present samples.
�e type of strain-induced defect, however, could not be determined from the

optical investigations, neither for the polar, nor for the semipolar samples. Basal
stacking faults and related stacking mismatch boundaries proposed by Langer et
al. might be present in the semipolar structures as well. Nevertheless, a structural
characterization using transmission electron microscopy (TEM) would be necessary
to investigate the formation mechanism of nonradiative centers in detail. In combina-
tion with advanced electron microscopy techniques, e.g. electron channeling contrast
imaging (ECCI), more information about the threading dislocation densities could
be obtained [180] .
It should be emphasized once more that the described strain-induced formation

of defects takes place in the quantum well itself. At least the threading dislocations
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originating from the substrate, or template, do not seem to be the dominant source of
nonradiative recombination for both, polar and semipolar structures. Otherwise the
use of bulk, or pseudo-bulk, substrates that exhibit much lower threading dislocation
densities would change the nonradiative recombination behavior considerably. Still,
threading dislocations originating from other layers cannot be ruled out as additional
source of nonradiative recombination.
Beyond the defect formation mechanism in the quantum wells, the investigations

provide an insight into the relaxation mechanism of the AlInN bu�er layer itself.
As reported for semipolar GaInN bu�er layers, the formation of in-plane mis�t
dislocations by kinking of already existing threading dislocations is possible for
semipolar-oriented layers. Although the threading dislocation density cannot be
determined accurately without structural methods like TEM, this is most likely
also the case in the present samples. Otherwise, the relaxation of AlInN would not
reduce the total amount of nonradiative centers in the QW, but rather increase the
nonradiative recombination by the formation of additional threading dislocations. For
a more quantitative analysis of the nonradiative recombination and its dependence
on strain, a broader semipolar sample basis, covering a broader range of strain
energy densities, is needed, together with reliable XRD analysis to determine the
degree of relaxation and strain state of every layer. Due to the numerous degrees of
freedom in the semipolar crystal lattice, and the limited accessible re�ections, the
X-ray characterization is at its limits here.
Relating the room temperature lifetimes of bu�ered (sample S3) and unbu�ered

(sample S1) semipolar quantum wells, the nonradiative rate is reduced by a factor of
two. In order to reduce the nonradiative recombination even further, an improvement
of the AlInN layer might be another option. On the one hand, a reduction of the
lattice mismatch by even higher degrees of relaxation should reduce the nonradiative
recombination. In earlier experiments, Buß et al. were able to reach close to fully
relaxed AlInN layers on semipolar GaN [132, 166]. On the other hand, the lattice
matching is possible only along one of the in-plane directions of semipolar-oriented
GaN, therefore the possible reduction in lattice mismatch towards the subsequent
GaInN QW is limited in any case.
A�er all, the results emphasize the important role of strain, and strain-reducing

bu�er layers, in the context of nonradiative recombination.�erefore, the strain
manipulation by partially relaxed AlInN bu�er layers, especially on semipolar ori-
entations, can contribute to the reduction of nonradiative recombination in green-
emitting GaInN/GaN quantum wells, and to �nally overcome the green gap.
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6
INTERNAL QUANTUM EFF IC I ENCY IN THE
LOW-TEMPERATURE L IM IT

�e previous chapters were covering either radiative, or nonradiative recombina-
tion mechanisms. In this chaper, the focus shi�s to a quantity that relates both
kind of processes, namely the internal quantum e�ciency. One major problem is to
determine an absolute value of the quantum e�ciency, which is usually accessible
only as a relative measure. In the beginning of this chapter, the basic di�culties in
IQE determination, as well as some commonmeasurement principles are discussed.
Finally, using temperature-dependent lifetime measurements, an approach to deter-
mine an absolute IQE is presented, which relies on the fundamental temperature
dependence of radiative and nonradiative recombination rates.

6.1 internal quantum efficiency

From a fundamental viewpoint, the internal quantum e�ciency (IQE, or η) describes
the relation between radiative and nonradiative recombination rates:

η = Rr
Rr + Rnr

= τnr
τr + τnr

. (6.1)

�ereby, an IQE of 100% is equivalent to the absence of nonradiative recombination.
�us, the IQE has become the �gure of merit for light-emitting III-nitride structures.
In the context of device application, also the external quantum e�ciency (EQE, or
ηextern) of the complete device is of importance:

ηextern = ηinject ηextract η , (6.2)

which includes also the injection e�ciency (ηinject), and the extraction e�ciency
(ηextract). Nevertheless, the IQE (η) marks the upper e�ciency limit for an optoelec-
tronic structure at a given temperature.
As described in the following, there exist several di�erent methods to measure

the IQE [14]. A common approach is the use of temperature- and power-dependent
continuous-wave photoluminescence (cw-PL), where the spectrally integrated inten-
sity I(T , P) of a light-emitting structure serves as measure for the IQE:

η ∝ I(T , P) . (6.3)

131



internal quantum efficiency

�e constant of proportionality is obtained by normalizing the measured intensities
to a low-temperature value, where IQE = 100%, or Rnr = 0 is assumed.While this is, a
priori, only an assumption, there are several indicators that support the expectation of
absent nonradiative recombination at low temperature. First, the integrated intensity
should saturate when approaching low temperatures, indicating that nonradiative
centers are frozen out, and that radiative recombination is dominant. Likewise, a
saturation of the intensity with increasing excitation powers can be expected.�is
indicates the saturation of nonradiative centers, which have a �nite density in the
material, and the related nonradiative recombination has a �nite lifetime [100, Ch. 2].
Although structures with such a temperature and power dependence are expected
to have a high quantum e�ciency, those indicators are no proof for the absence of
nonradiative recombination at low temperatures. Furthermore, instead of a saturation
at high excitation powers, o�en a square root dependence is observed [181, 182].
While this method is convenient and applicable to basic quantum well structures,

another approach is usually chosen for processed devices like LEDs, which are electri-
cally contacted. Here, the light emission a�er current injection (electroluminescence,
or EL) is measured, o�en in an integrating sphere that collects the luminescence at
all emission angles. By comparing the collected intensities with values obtained at
low temperatures, the EQE of the device can be estimated. To obtain the IQE, the
injection e�ciency, as well as the extraction e�ciency is needed.�e latter can in
principle be calculated from the expected escape path of the emitted light. Like in the
case of temperature- and power-dependent PL, the obtained e�ciencies are a good
approximation for high-e�ciency LEDs.
Similar to EL measurements, there is the possibility to carry out PL measurements

in an integrating sphere. O�en, this method is referred to as omni-directional PL
(ODPL) [183]. Like for EL measurements, the light extraction e�ciency needs to
be considered here. Additionally, the laser light used for excitation can interfere
with the measurement, since re�ected or scattered laser light will be detected by the
integrating sphere as well. Finally, the possible reabsorption of the emitted light needs
to be taken into account [184].
All of the above methods assume an IQE of 100% at low temperatures.�is as-

sumption, however, neglects possible remaining nonradiative recombination at low
temperature. Nonradiative recombination via carrier capture to deep levels is usu-
ally thermally activated, i.e. phonon-assisted. As such, it can also take place at low
temperatures via tunneling processes [74, Ch. 6], [88].�us, the assumption of van-
ishing nonradiative recombination at low temperatures is questionable, especially for
high-defect containing III-nitrides structures.�is adds an unde�ned uncertainty to
the low-temperature normalization, and the IQE measurement as a whole, as long as
it relies on a relative method as the temperature- and power-dependent PL.
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�erefore, more sophisticated measurement methods have been developed, which
aim at measuring the heat that is dissipated by nonradiative recombination processes.
�is is achieved by comparing the photoacoustic and photoluminescence signals [185].
�is method, in principle, provides the possibility to measure absolute e�ciencies,
independent of a low-temperature normalization. Among the problems are, however,
the correct normalization that is needed to properly relate the dissipated heat and
the photoluminescence signal.�is is further complicated by the excess energy of the
laser light used for excitation. Even under resonant excitation conditions, the laser
light has su�cient energy to excite carriers into higher band states. In order to reach
thermal equilibrium, those hot carriers are emitting the excess energy as phonons,
which dissipates additional heat, and interferes with the measurement. Given those
restrictions, the e�ciencies obtained by this measurement method are usually lower
than those from plain PL measurements.
Finally, another approach uses the carrier density dependence of the measured

intensities.�ose are evaluated by the ABC model, which describes the total recombi-
nation rate according to a power law:

R(n) = An + B n2 +C n3 , (6.4)

where n is the carrier density, A describes the coe�cient for Shockley-Read-Hall
recombination, B the coe�cient for radiative recombination, and C the coe�cient for
Auger recombination. Using the relation Rrad = Bn2 for the radiative recombination,
the IQE is described by η = Rrad/R and �tted to the integrated intensities at di�erent
excitation powers, or carrier densities [186–188]. Since this analysis can be done at
a �xed temperature, this method has no need of a low-temperature measurement.
�e whole analysis, however, relies on the ABC model, which has been shown to be
invalid in the III-nitrides, at least in this simple form, and when assuming constant
recombination coe�cients. First and foremost, the contribution of excitons results
in a di�erent carrier dependence of the radiative rate, which is rather proportional
to n, instead of n2 [11]. Not only that more than 50% of the carriers are bound into
excitons, even at room temperature, the exciton ratio increases with increasing carrier
density [122, 123]. Furthermore, the determination of recombination coe�cients is
still problematic, since those quantities are not �xed material parameters, but rather
depend on the carrier density n itself [12].�e exact dependence is, however, not
yet fully understood, and possible interdependencies of the recombination coe�-
cients are complicating the determination [13]. Lately, an additional term Dn2 has
been proposed to be necessary for the description of defect-assisted Auger recombi-
nation [189].�erefore, the reliability of the obtained quantum e�ciencies by this
method is questionable, and unsuitable to determine an absolute IQE value.
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Summarizing, the IQE determination usually relies on relative methods. To de-
termine an absolute value, the assumption of vanishing nonradiative recombination
at low temperatures is needed, for which only indications exist. In the following,
an additional indicator for the absence of nonradiative recombination is presented,
which relies on the fundamental temperature dependence of the lifetimes measured
by time-resolved photoluminescence spectroscopy. Under certain circumstances, an
IQE of 100% at low temperatures can be derived, which makes the determination of
absolute IQE values possible.

6.2 temperature dependence of radiative and nonradiative life-
time

In order to determine if nonradiative recombination is present at low temperatures,
the measured e�ective lifetimes are compared with the radiative lifetimes. For this
purpose, the speci�c temperature dependencies of radiative and nonradiative life-
times are discussed �rst, followed by the introduction of an analytical model to �t
the temperature behavior of both.�ereby, it is possible to determine the amount of
nonradiative recombination at low temperatures, and �nally to obtain an absolute
value for the internal quantum e�ciency.

6.2.1 Radiative lifetime

Generally, the radiative lifetime scales with temperature according to the carrier
con�nement given by the structure’s dimension d:

τr ∝ Td/2 . (6.5)

For a two-dimensional structure like a QW, this implies a linear rise of the radiative
lifetime with temperature. Especially towards low temperatures, the radiative lifetime
deviates from the ideal behavior. Instead of τr → 0 for T → 0, the radiative lifetime
approaches a constant value, denoted τr,loc here.�is is a consequence of carrier
localization that typically occurs at low temperatures [110–119]. Charge carriers get
localized at potential minima that can arise from �uctuations in QW width and
composition. Since this localized state is zero-dimensional, the radiative lifetime
shows a constant behavior according to Eq. 6.5. At elevated temperatures, the carriers
can overcome the potential barrier by thermal activation and the transition to the
two-dimensional case is observed.�is has already been discussed in Secs. 4.1 and 4.5.
Furthermore, as described in Sec. 4.5, a characteristic delocalization energy Eloc,

as well as an additional high-temperature activation energy EHT, probably related to
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carrier escape into the barriers, can be used to describe the temperature behavior of
the radiative lifetime. In summary, this yields

τr(T) = τr,loc
1+ γL T exp (− Eloc

kBT ) [1+ γHT(T) exp (− EHT
kBT )]

1+ γL τL exp (− Eloc
kBT )

, (6.6)

with the prefactors as de�ned in Sec. 4.5. Note that γHT ∝
√
T , while γL and τL

are constant. In summary, the radiative lifetime shows a characteristic behavior
with increasing temperature: It remains constant at low temperatures, undergoes a
transition to increase linear, or even super-linear with temperature.�erefore, the
radiative lifetime shows a monotonically rising behavior with increasing temperature,
with the low-temperature value as lower bound.

6.2.2 Nonradiative lifetime

Opposed to the radiative emission, there is the case of nonradiative carrier recom-
bination via defects, where the energy is fully or partly dissipated as phonons.�is
nonradiative process usually happens a�er carrier capture to strongly localized mid-
bandgap states. Although a variety of defects, or other nonradiative centers, can be
involved in this type of recombination, the process is always thermally activated, as
described in Sec. 2.3.3. In a non-degenerate limit, the corresponding recombination
rate can be described by Boltzmann statistics:

Rnr ∝
1

τnr
= γnr(T) exp(− Eact

kBT
) , (6.7)

where γnr(T) is a temperature-dependent prefactor, and Eact is the characteristic
activation energy of the process.�e prefactor’s actual temperature dependence is
also subject to the charge state of the nonradiative center [88], while its absolute
value depends on the concentration of nonradiative centers and their speci�c capture
coe�cients.
�e capture process becomes possible, as soon as the carriers have gained suf-

�cient thermal energy, see Sec. 2.3.3. For lower temperatures, the corresponding
recombination path freezes out, and thus Rnr → 0, or τnr →∞ for T → 0.
As described in Sec. 2.3.3, the carrier capture is possible, however, even at lower

temperatures via tunneling. Since the tunneling process is independent of temper-
ature, the nonradiative recombination rate is not necessarily vanishing in the low-
temperature limit.�e remaining nonradiative recombination can be associated
with a lifetime τnr,0, which serves as upper boundary in the low-temperature limit.
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�erefore, the total nonradiative lifetime is increasing towards lower temperatures, ac-
cording to Eq. 2.26, and �nally saturates at the value τnr,0.�is behavior is described
by

τnr(T) = τnr,0
1+ γL T exp (− Eloc

kBT )

1+ γL T exp (− Eloc
kBT ) [1+ γnr exp (− Eact

kBT )]
, (6.8)

where γnr is assumed constant. Even if a possible temperature dependence of the
prefactor γnr(T) would shi� the activation energy for nonradiative recombination,
its order of magnitude would be unchanged, and the prefactor is kept constant for
simplicity.�e above relation regards the possibility of tunneling (τnr,0) for all charge
carriers, while only the delocalized charge carriers can undergo thermally activated
nonradiative recombination, characterized by Eact. If necessary, several thermally
activated processes can be considered by adding further Boltzmann terms with
additional activation energies to the above expression. Contrary to the radiative
lifetime, the thermally activated nonradiative recombination shows a monotonically
decreasing behavior with temperature, and may saturate at low temperatures when
tunneling to nonradiative centers occurs.
At this point, it is important to stress that there is no experimental evidence for

other than thermally activated nonradiative processes in III-nitride quantum wells.
Contrary, an increasing lifetime has been observed with increasing temperature in
GaN bulk material. Since nonradiative recombination was assumed dominant in this
case, the rise in nonradiative lifetimes was assigned to shallow trap levels close to the
band edges. While charge carriers are trapped in those levels at low temperatures,
they can be thermally ejected with increasing temperature, which induces a rise of
the nonradiative lifetime. As mentioned above, this behavior has not been observed
experimentally for quantum wells, where nonradiative centers are considered to be
deep traps, near the center of the bandgap.�erefore, the monotonic decrease of the
nonradiative lifetime holds true, even if several di�erent nonradiative recombination
channels occur.

6.3 synchronous rise of radiative and effective lifetime

As discussed above, the radiative and nonradiative lifetimes show a fundamentally
di�erent temperature behavior. While the radiative lifetime is monotonically rising,
the nonradiative lifetime is monotonically decreasing with temperature. Both, radia-
tive and nonradiative lifetime, approach a constant value at low temperatures.�e
e�ective lifetime, which is directly accessible in time-resolved photoluminescence
experiments, is a combination of both lifetimes and thus, behaves accordingly with
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Figure 6.1: Measured e�ective lifetime (a), and radiative lifetime (b) of sample C3 [101].
�e radiative lifetime is given in arbitrary units, and obtained from the inverse
of the measured initial intensities I0 . It approaches unity at low temperatures,
and shows a similar temperature behavior as the e�ective lifetime, at least up to
250K.�erefore, the recombination is assumed to be dominated radiatively at
low temperatures.

temperature.�erefore, a dominant radiative or nonradiative recombination in the
structure is directly resulting in a rising or falling e�ective lifetime. To demonstrate
the interplay between radiative and nonradiative lifetimes, several sample structures
are analyzed in the following. All the samples consist of GaInN/GaN single quantum
wells, prepared on c-plane sapphire substrates. Details on the sample structures can
be found in Tab. 6.1.
First, the temperature-dependent lifetimes of sample C3 are discussed. In Fig. 6.1(a),

the e�ective lifetime, as measured in the experiment, is plotted, while Fig. 6.1(b)
shows the radiative lifetime on a relative scale.�e radiative lifetimes are obtained
from the inverse of the initial intensities I0, as described in Sec. 3.3.�e values are
normalized to approach unity at low temperatures, and show a similar rise with
temperature as the e�ective lifetime. Only at temperatures above 250K, the e�ective
lifetime decreases, and deviates from the radiative lifetime, which shows the expected
monotonic rise. Since radiative and e�ective lifetimes show the same behavior with
increasing temperature, the recombination has to be dominated radiatively at low
temperatures. Otherwise, the e�ective lifetime, which is in�uenced by both, radiative
and nonradiative recombination, would not rise with temperature.�erefore, the
assumption of vanishing nonradiative recombination at low temperatures is justi�ed
in this case, and τr can be set equal to τeff at the lowest temperature of 5 K.
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Combining themodel functions fromEqs. 6.6 and 6.8, the temperature dependence
of the e�ective lifetime can be described accordingly:

τeff(T) = ( 1
τr(T) +

1
τnr(T))

−1

. (6.9)

At the same time, the inverse of the initial intensities I0 obtained from the experiment
provides a measure for the radiative lifetime, which can be described by Eq. 6.6,
including an additional normalization factor.�erefore, both model functions can
be �tted to the measured data, in order to obtain not only the activation energies
for the radiative and nonradiative lifetimes, but also the relation of the saturation
values (τr,loc, τnr,0) at low temperatures. Since the model functions have common
parameters, it is necessary to �t Eq. 6.6 to the inverted initial intensites I0, and
Eq. 6.9 to τeff at the same time. In such a simultaneous �tting procedure, contrary
to single subsequent �ts, the overall sum of squares of residuals (χ2) is minimized
accordingly [190].
�e results of the �t for sample C3 are shown in Fig. 6.2(a).�e radiative lifetimes

equal the e�ective lifetimes at low temperatures, which is expected due to the syn-
chronous rise of both with increasing temperature. At low temperatures, both saturate
at a value of τr,loc = (0.82± 0.02)ns, while the best agreement between data and
model function is obtained for τnr,0 →∞. In fact, a value of τnr,0 ≈ 7000ns is found
if the parameter is adjusted in the �tting procedure as well.�erefore, the tunneling
parameter is omitted for sample C3, which corresponds to the absence of nonradiative
recombination, i.e. ηLT = 100%, at low temperatures. Here, the nonradiative lifetimes
are calculated as the discrepancy between the e�ective and radiative lifetimes, ac-
cording to Eq. 6.9. Furthermore, a delocalization energy of Eloc = (10± 2)meV, and
an activation energy of EHT = (114± 8)meV are found for the radiative lifetime,
while an activation energy of Eact = (206± 55)meV is obtained for the nonradiative
lifetime. Summarizing, the synchronous �tting procedure reveals the ratio of radia-
tive and nonradiative lifetimes, in particular at low temperatures, and furthermore
describes the complete temperature dependence of the measured lifetimes.
�is analysis is repeated for the samples C29 and C27, as shown in Fig. 6.2(b)

and (c). Considering the e�ective lifetimes of sample C29, an increase with temper-
ature, similar to sample C3, can be observed, which indicates a dominant contribution
of radiative recombination. For temperatures above 120K, however, the e�ective life-
times decrease again, which proves dominant nonradiative recombination. Also the �t
results show that e�ective and radiative lifetime are nearly equal at low temperatures,
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Figure 6.2: Temperature-dependent lifetimes of the samples C3 (a, see Ref. [101]), C29 (b),
and C27 (c), including the results of the synchronous �t procedure (solid lines).
For each sample, the IQE at low temperatures, as determined by the �t, is
indicated.
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and a radiative lifetime of τr,loc = (17± 2)ns is obtained.�e nonradiative lifetime
saturates at τnr,0 = (99± 32)ns, and the low temperature IQE can be estimated by

ηLT =
τnr,0

τr,loc + τnr,0
, (6.10)

For sample C29, this results in ηLT = (85± 5)%, and the tunneling contribution that
is necessary to describe the measured e�ective lifetimes reduces the low-temperature
e�ciency. Moreover, the saturation of the nonradiative lifetime damps the rise of
the e�ective lifetime with temperature. Although a synchronous rise of e�ective
and radiative lifetimes is observed, deviations between both are visible already for
T < 100K.�is is indicative of nonradiative recombination, even at low temperatures,
which inevitably a�ects the temperature dependence of the e�ective lifetime.
Finally, for sample C27, the e�ective lifetime shows only a very subtle rise, which

indicates more prominent nonradiative recombination even at low temperatures.
Consequently, the simultaneous �t reveals values of τr,loc = (14± 5)ns, and τnr,0 =
(15± 6)ns, which are nearly equal.�us, the low temperature IQE amounts to only
(51± 13)%, and the large uncertainties are re�ected in the deduced radiative and
nonradiative lifetimes. Here, the IQE is less than unity, even within the large error
margins. Contrary, for sample C29, it cannot be excluded that the low-temperature
IQE equals unity due to the large uncertainty.
Summarizing the results, the simultaneous �tting proceduremakes it possible to de-

termine the low-temperature IQE, although with partly limited signi�cance. As soon
as deviations from the synchronous rise of e�ective and radiative lifetimes become
visible, a tunneling component is necessary to describe the temperature dependence
of the e�ective lifetime properly. Since in this case, the low-temperature values τr,loc
and τnr,0 show high uncertainties, it is only possible to �x the low temperature IQE
to ηLT ≤ 1, rather than to a de�nite value. Only in the absence of nonradiative re-
combination at low temperatures, i.e. when the synchronous rise of e�ective and
radiative lifetimes is visible up to high temperatures, the low temperature IQE can be
�xed to ηLT = 1. Even when no, or a strongly damped, synchronous rise of e�ective
and radiative lifetimes can be observed, ηLT can still equal unity. Considering the
case that localization of charge carriers persists up to relatively high temperatures,
the synchronous rise is likely not visible, since nonradiative processes are already
dominating when the radiative lifetime starts to rise with temperature. In such cases,
the temperature behavior of e�ective and radiative lifetime does not give further
indications to determine the IQE at low temperatures.
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6.4 absolute intensity comparison

�e above analysis, based on the synchronous rise of e�ective and radiative lifetimes,
and the simultaneous �tting procedure, is helpful to determine the low temperature
IQE of a structure. Nevertheless, there are limiting points, where a complementary
indicator is needed to con�rm the determined e�ciencies.�e emitted intensity of a
structure, measured on an absolute scale, could serve as another indicator, since it
is fundamentally related to the IQE determination via PL. As mentioned in Sec. 6.1,
the integrated intensity in cw-PL is directly proportional to the IQE.�is relation is
deduced in more detail here, to subsequently formulate an equivalent relation for
time-resolved photoluminescence.
Under cw excitation, charge carrier recombination (R) and generation (G) are

in equilibrium. For this case, the time derivative of the carrier density n in Eq. 3.5
vanishes, and the intensity I of the measured photoluminescence signal is again
proportional to the radiative rate Rr:

∂n
∂t

= 0⇒ G = R (6.11)

I ∝ Rr = ηR . (6.12)

�erefore, the integrated intensity I is a measure for the IQE, as long as the generation
rate G is constant.�e generation rate itself depends on the absorption and thickness
of the QW, which is discussed below.�is opens the possibility to compare the
intensities emitted by two samples on an absolute scale. At low temperatures, the
intensities should be equal if both samples have 100% IQE. Contrary, a di�erence
in the absolute intensities would indicate ηLT < 1 for at least one of the compared
structures. Experimentally, such a comparison can be carried out by mounting the
samples side by side in a cryostat, to maintain identical excitation and detection
conditions. Eventually, the comparison with a structure that shows ηLT = 1 (see
sample C3 from above) would allow to verify the low-temperature IQE of every other
structure.
In order to obtain a similar comparison in time-resolved PL, the initial intensity I0

and radiative lifetime τr are considered. A�er pulsed excitation, a �xed charge carrier
density δn is prepared in the structure, as long as the absorption remains unchanged.
�e absolute value of the initial intensity I0 is considered directly proportional to the
radiative rate Rr ∶

I0 ∝ Rr ≡
δn
τr
. (6.13)
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Figure 6.3: Decay curves of di�erent structures at low temperature. Although the syn-
chronous �t indicates ηLT = 1 for all of them, they show di�erent initial intensi-
ties I0 and decay times τeff .

Since the radiative lifetime τr is depending on the physical properties, such as com-
position and thickness, of the QW structure, di�erent initial intensities are expected
when comparing various sample structures. Furthermore, the initially prepared car-
rier density δn depends as well on the QW thickness and its absorption.
�is is emphasized by the decay curves shown in Fig. 6.3, where three samples

with nominally identical quantum wells are compared, instead of the samples from
the above analysis (C3, C27, C29). For all the samples shown in Fig. 6.3 (C3, C17,
C22), ηLT = 1 is found from the simultaneous �tting procedure for all samples, which
simpli�es the comparison.�e intensities are corrected for the absorption of the
QW (α × LQW), using a calculated absorption coe�cient α [191], multiplied by the
nominal QW width LQW.�e calculated absorption coe�cients and QW widths
can be found in Tab. 6.1. Furthermore, the intensities are normalized to sample C3.
Clearly, all three samples show di�erent initial intensities and di�erent decay times.
Since the initial intensity is directly related to the radiative lifetime via Eq. 6.13, the
�xed amount of charge carriers that is prepared a�er pulsed excitation can recombine
either fast, showing high initial intensity and short lifetime, or vice versa, recombine
slow and show long lifetime and low initial intensity.�erefore, the initial intensity
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I0 is not a suitable measure for the IQE, and rather the product I0 × τr should be
considered.�is compensates the changes due to the di�erent radiative lifetimes,
and provides a quantity that is comparable to the IQE determined from cw-PL
measurements. Considering Eq. 6.13, the product I0 × τr would be equivalent to δn,
or more speci�cally, the ratio of charge carriers that undergo radiative recombination.
To compare the product at low temperatures, the initial intensities I0 and e�ective
lifetimes τeff at T = 5K are considered, as shown in Fig. 6.3. Generally, the radiative
lifetime τr, instead of the e�ective lifetime τeff has to be used, or the product I0 × τrad
could be underestimated. In this particular case, the e�ective lifetime equals the
radiative lifetime, since ηLT = 1 is found.While the samples C3 (I0 × τeff = 1.00± 0.12)
and C17 (0.97± 0.08) are comparable in this sense, a signi�cantly higher value of
5.2± 0.6 is obtained for sample C22. Note that, for better comparability, the values
are normalized to sample C3.
Obviously, the structures show di�erent products I0 × τeff , although ηLT = 1 is

given for all of them. As themeasured quantities are already corrected for the di�erent
absorption, a probable reason for the observed di�erences is the outcoupling of
emitted light. Apparently, the thickness of the GaN cap layer, which is grown on top
of the QWs, is di�erent for the samples shown above.�e samples C3 and C17 have
comparable cap layers of approximately 70 nm thickness, while the one in sample
C22 has 150 nm thickness. Since the emitted light is detected from the front side
of the samples, i.e. on the epitaxial surface, it needs to pass the cap GaN cap layer
before detection. Fig. 6.4 shows the normalized quantity I0 × τeff for di�erent cap
layer thicknesses, including several other single quantum well structures. While the
values are comparable for cap layer thicknesses up to 80 nm, including samples C3
and C17 from above, the increasing trend up to sample C22 can be clearly seen.�e
data point for sample C33, which has the thickest GaN cap layer, shows a lower value
again, but belongs to a structure that has ηLT < 1, according to the simultaneous
�tting procedure. As the e�ective lifetime τeff measured at T = 5K is probably lower
than the actual radiative lifetime, the quantity I0 × τr is underestimated.�erefore,
the data point for sample C33 represents a lower limit for the actual value, which
might as well �t into the increasing trend.�is is the case for samples C31 and C32 as
well, whose values �t much better to the data points of the samples with ηLT = 1.
A�er all, the structures with larger GaN cap layer thickness show light emission

with signi�cantly higher intensities, which complicates the IQE determination by an
absolute intensity comparison. Nevertheless, the dependence of the intensity on the
cap layer thickness is unclear at this point, but could be interpreted in two di�erent
ways. For the samples shown above, a photon wavelength of about 500 nm in air
is observed. Given the high refractive index (ñ ≈ 2.5) of GaN, or even GaInN, this
would correspond to only λ/ñ ≈ 200nm in the GaN crystal.�is coincides with
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Figure 6.4: Product of initial intensity I0 and measured decay time τeff for di�erent cap
layer thicknesses. Obviously, structures with di�erent cap layer thicknesses
are not comparable, even if the synchronous �t procedure indicates ηLT = 1.
�is indicates that the measured intensities are in�uenced by additional, but
unidenti�ed parameters.

the length scale, at which the changes in intensity are observed. In particular, the
increasing trend starts at GaN cap layer thicknesses of roughly 100 nm, which is half
of the emission wavelength in the crystal.
�erefore, an optical e�ect, namely the re�ection of emitted light back into the

sample, has to be considered.�e cone of emitted light that can escape the structure
is limited by the angle of total internal re�ection. Employing Snell’s law of refraction,
this critical angle is found to be about 24°, which means that a large portion of the
emitted light is directly re�ected at the GaN/air surface back into the structure.�ere,
interference between emitted and re�ected light can occur. Depending on the optical
path di�erence of emitted and re�ected light, which is �xed by the GaN cap layer
thickness, the interference may be destructive or constructive.�is could a�ect the
emitted intensity, and a periodic behavior with a characteristic length scale of λ/2
would be expected. Furthermore, the use of very large cap layer thicknesses might
result in a damping of the e�ect, and the in�uence on the emitted intensity would
become negligible.

144



6.5 conclusion

Alternatively, an e�ect of the cap layer thickness on the recombination behavior
would be possible. With increasing cap layer thickness, the distance to the sam-
ple surface changes.�us, the refractive index within one wavelength of the PL
light (200 nm) changes, and thereby a�ects the availability of photonic states that
the light can be emitted into.�e respective quantity, the photonic density of states,
is given in Eq. 2.4 and depends on ñ3. Regarding this dependence, the change in
radiative lifetime for QW emission with parallel polarization can be estimated to

τr =
ñint
ñext

τ0r , (6.14)

where τ0r denotes the radiative lifetime that is una�ected by surface e�ects [192].
For the present case, ñint ≈ 2.5 for GaN, and ñext ≈ 1 for air can be assumed, and
increases the radiative lifetime accordingly.�e above equation applies only to low
cap layer thicknesses, where the QW is close to the surface, and the e�ect should
become negligible for growing cap layer thickness. Although an increased intensity is
found for larger cap layer thicknesses, the di�erence amounts to a factor of 5, rather
than 2.5. Furthermore, the expected di�erence in radiative lifetime is not observed.
As can be seen from Tab. 6.1, the e�ective lifetimes at T = 5K are around 1-2 ns
for the structure with thinner cap layers. Instead of a decreasing radiative lifetime
with growing cap layer thickness, the lifetimes increase. Regarding that the e�ective
lifetimes underestimate the actual radiative lifetime at low temperatures in the case
of ηLT < 1, does not change the behavior.

6.5 conclusion

In this chapter, the problem of IQE determination was addressed, especially in the
low-temperature limit. Usually, the IQE is obtained by normalization of collected
PL intensities to a low-temperature measurement, which relies on the assumption
of vanishing nonradiative recombination at cryogenic temperatures. Instead, an
experimental veri�cation for an IQE of unity is presented here, which is based on
the distinct temperature dependence of measured e�ective and radiative lifetimes,
and yields reasonable results for the GaInN/GaN quantum wells under investigation.
In particular, the synchronous rise of e�ective and radiative lifetime, ideally up
to high temperatures, provides a secure indicator for the absence of nonradiative
recombination.
While the e�ective lifetime is measured experimentally as an absolute value, the

radiative lifetime is accessible only as a relative value via the initial intensity I0.�e
monotonous rise of the radiative lifetime, combined with the monotonous decrease
of the nonradiative lifetime, represent a key property of the analysis. In addition to
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the radiative lifetime, which is governed by localization e�ects, also the nonradiative
lifetime can saturate at low temperatures due to tunneling of charge carriers to
nonradiative centers.�e relation between both, radiative and nonradiative lifetime,
at low temperatures can be obtained by employing a least-squares �t that regards
the measured decay times and initial intensities.�e simultaneous �t of the model
functions for radiative and nonradiative lifetimes to the experimental data allows
to determine the amount of remaining nonradiative recombination at cryogenic
temperatures.�ereby, the absolute values of radiative and nonradiative lifetimes
can be extracted, although the related uncertainties may become large. In fact, the
error margins depend mainly on the clear presence of a synchronous rise of e�ective
and radiative lifetime.
It should be emphasized that the synchronous rise of e�ective and radiative lifetime

provides clear evidence for an IQE of unity at low temperatures. Contrary, in the
case that the e�ective lifetime shows no rise at all, the IQE may still be close to unity,
although no evidence is found from the time-resolved measurements. Nevertheless,
discrepancies between the temperature dependence of e�ective and radiative lifetime
are probably caused by remaining nonradiative recombination, and indications for
nonradiative recombination at low temperatures were found for some of the samples
under investigation. Although the radiative lifetimes are usually normalized to the
low-temperature value of the e�ective lifetime, also in the previous chapters of this
thesis, it should be emphasized that always an appropriate uncertainty of at least 10%
is assumed, in order to account for the probable presence of tunneling at cryogenic
temperatures.
�e last part of the analysis focused on the comparison of absolute values of the

collected PL intensity. In this regard, the product I0 × τr should provide a measure
for the IQE, which can be compared between di�erent structures. Nevertheless, the
intensities and lifetimes are found to depend on the thickness of a GaN cap layer that
is deposited on top of the QW structure, and di�erences up to a factor of �ve are
observed. One of the probable reasons for this dependence is an optical e�ect, which
reduces the emitted intensity due to destructive interference of light that is re�ected
back into the structure. Although further e�ort is needed to clarify this issue, at least
the samples with GaN cap layer thicknesses up to 80 nm are found to be comparable
in the present analysis.
Concluding, the presence of a synchronous rise of e�ective and radiative lifetime

with temperature, measured by time-resolved photoluminescence, opens the possibil-
ity to determine absolute IQE values, especially when combined with the comparison
of absolute intensities of similar QW structures.
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7
SUMMARY AND OUTLOOK

�e previous chapters covered a wide range of di�erent topics on radiative and
nonradiative recombination dynamics in GaInN/GaN quantum wells, as well as on
the internal quantum e�ciency of those structures, given by the relation of both
recombination types.
In Ch. 4, treating radiative recombination in polar and nonpolar quantum wells,

the dependence of the radiative charge carrier lifetime on the intrinsic physical
properties of the quantum well was emphasized. In particular, strain was found
to play an important role in this respect, as it changes the valence band structure
considerably, which was shown by k ⋅ p calculations. As opposed to polar quantum
wells, the anisotropic strain in nonpolar m-plane quantum wells reduces the crystal
symmetry.�is results in lower e�ective hole masses, and makes a key contribution
to the increasing radiative recombination that is found in m-plane quantum wells, as
compared to c-plane. Together with the better known e�ects of vanishing polarization
�elds, which increases wave function overlap and exciton binding energy, the radiative
lifetimes in m-plane quantum wells are up to one order of magnitude faster than in
comparable c-plane structures.�is coincides with the radiative lifetimes obtained
by time-resolved photoluminescence measurements at room temperature.
In a second step, AlInN bu�er layers were used to manipulate the strain state of

m-plane quantum wells.�ese metamorphic structures exhibit reduced strain, which
results in signi�cantly higher e�ective holemasses in the k ⋅p calculations, comparable
to c-plane quantum wells. In particular, the contribution of the second valence band
state was regarded, which becomes thermally occupied at room temperature.�ereby,
also the experimentally determined radiative lifetimes could be described consistently.
A�er all, the measured radiative lifetimes prove faster radiative recombination for
all nonpolar structures, although the e�ective masses in the metamorphic m-plane
quantum wells are comparable to the ones of c-plane quantum wells.
Besides the strong dependence on strain, the radiative lifetime inm-plane quantum

wells was found to decrease signi�cantly for larger well widths.�is is a joint e�ect
of the unequally distributed charge carriers, and forbidden dipole transitions in the
�eld-free quantum well. As a result, only the transition from the lowest conduction
band to the highest valence band state contributes to the radiative emission, and
charge carriers in other states are lost for radiative recombination.�e e�ect becomes
stronger with increasing temperature and well width, where more quantized levels
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become available, in particular in the valence band with its larger e�ective mass. For
GaInN/GaN quantum wells, the optimum well width could be estimated to 1.5-3 nm.
For a 6 nm quantum well, a reduction of the radiative rate by 50% was found from
time-resolved measurements.
Furthermore, the radiative lifetime was found to increase super-linearly with

temperature, which is unexpected for a quantum well structure. Time-resolved pho-
toluminescence measurements of polar, nonpolar, and semipolar quantum wells
indicate that exciton dissociation, or rather thermal activation into barrier states are
causing this behavior, which can be described by an additional high-temperature acti-
vation energy in the temperature dependence of the radiative lifetime. Although the
e�ect is observed for quantum wells of all orientations, especially nonpolar structures
show higher activation energies, and thus, are less sensitive to higher temperatures.
Nevertheless, this is an intrinsic e�ect, which has especially impact on polar quantum
wells, where the QCSE reduces the e�ective carrier con�nement. Interestingly, these
results show that the radiative recombination is a�ected by thermal excitation of
charge carriers at elevated temperatures, which occurs not only in wide nonpolar
quantum wells, but also in polar and semipolar structures close to room temperature.
In summary, nonpolar quantumwells have been shown to have signi�cant advantages
in terms of radiative recombination, while being sensitive to the quantum well width,
and especially to the strain in the quantum well structure.
�e strain in GaInN/GaN quantum well structures is a�ecting the radiative, but in

particular the nonradiative recombination, as discussed in Ch. 5. As shown by Langer
et al., strain-induced defects are the dominant source of nonradiative recombination
in c-plane quantum wells, especially for high InN mole fractions [9]. Using partially
relaxed AlInN bu�er layers for strain reduction, the strong in�uence of strain on the
nonradiative recombination was proven also for semipolar crystal orientations. Time-
resolved photoluminescence measurements showed that the nonradiative rate can be
reduced by 50% by inserting a strain-reducing AlInN bu�er layer.�is indicates the
formation of strain-induced defects in the quantum well itself. Also in this respect,
non- and semipolar orientations are promising to overcome the green gap, i.e. the
drastically reduced e�ciency of light emitting devices beyond the violet-blue spectral
region. Furthermore, threading dislocations that originate either from the substrate,
or are formed during relaxation of the AlInN bu�er layer, seem to play a minor part
for the nonradiative recombination.�erefore, the bu�er layer relaxation presumably
takes place by formation of mis�t dislocations in the growth plane, or kinking of
pre-existent threading dislocations. In this respect, further structural characterization
is needed to clarify the relaxation mechanism in the AlInN, as well as the type of
nonradiative centers that are formed in the quantum well. Additionally, structures
that cover a broader range of quantum well composition could help to identify the
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dependence of nonradiative lifetimes for non- and semipolar crystal orientations. Still,
at room temperature, the semipolar quantum wells show comparable nonradiative
lifetimes to c-plane structures, which usually have superior substrate and interface
quality.
Finally, in Ch. 6, the characteristic temperature dependence of radiative and non-

radiative lifetime was used to determine the internal quantum e�ciency (IQE) of
III-nitride quantum wells in the low-temperature limit. Common methods of IQE
determination rely on a low-temperature normalization, where vanishing nonradia-
tive recombination is assumed, corresponding to an IQE of unity. Opposed to such a
relative measure, the method presented here allows for an absolute determination
of the IQE. Using time-resolved photoluminescence measurements, combined with
simple model functions for the temperature-dependent lifetimes, it was shown that
a synchronous rise of e�ective and radiative lifetime provides a safe indicator for
unity IQE, proving the absence of nonradiative recombination at low temperature.
In principle, also the comparison of measured photoluminescence intensities could
provide a measure for the quantum e�ciency, especially for continuous-wave photo-
luminescence.�e present results indicate that the sample geometry, and particularly
the thickness of a GaN cap layer on top of the quantum well, a�ect the collected
intensities. Although an optical e�ect, regarding interference with backscattered light,
might explain the observed di�erence in intensity, further clari�cation is needed in
this respect. At least samples with the same cap layer thickness and sample geometry
should be comparable, also on an absolute scale.
In summary, the radiative recombination was found to be dominated not only by

the internal polarization �elds, or the QCSE. Particularly in nonpolar GaInN/GaN
quantum wells, the excitonic binding, the change in e�ective mass induced by
anisotropic strain, and the well width contribute equally, which o�en remains un-
considered. Strain plays a crucial, yet ambivalent role, for radiative and nonradiative
recombination. While it can enhance the radiative rate in nonpolar structures, it is
responsible for the formation of strain-induced defects in the quantum well, which
in turn act as nonradiative recombination centers. In this sense, the present �ndings,
together with previous results on polar structures, provide a better understanding of
the origin of nonradiative recombination in quantumwells, and show the importance
of strain management. In consequence, an appropriate bu�er layer can reduce the
amount of strain, together with the nonradiative recombination, in the quantum well
structure. Furthermore, thin quantum wells should be preferred, also on non- and
semipolar crystal orientations, in order to maximize the radiative emission. Addition-
ally, a su�cient carrier con�nement is needed to avoid the loss of charge carriers into
the barrier material. Future work might concentrate on the optimization of AlInN
bu�er layers, which are not yet optimized for maximum strain reduction. At the same

153



summary and outlook

time, the structural characterization by X-ray di�raction and transmission electron
microscopy should give valuable insights into the mechanisms of strain reduction.
Finally, the temperature dependence of radiative and nonradiative lifetime was

successfully modeled, regarding di�erent regimes from cryogenic temperatures to
room temperature and beyond. Using the distinct temperature dependence of the
carrier lifetimes, it allows to exclude remaining nonradiative recombination at low
temperatures, or even to quantify it compared to the radiative recombination. Nev-
ertheless, a better comparability of absolute photoluminescence intensities would
allow to verify e�ciency measurements of arbitrary quantum well structures.�e
present results emphasize that, in many cases, remaining nonradiative recombination
at cryogenic temperatures needs to be regarded, which provides a starting point for
future growth optimization. A�er all, the presented methodmakes the determination
of the internal quantum e�ciency possible on an absolute scale.
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A
SAMPLE OVERV IEW

Listing of all GaInN/GaN quantumwell samples that are investigated in this thesis, in-
cluding nonpolarm-plane (M..., W...), a-plane (A...), and semipolar (112̄2) structures
(S...), as well as c-plane samples (C...).�e corresponding BS... number, assigned
during MOVPE growth, is listed, together with the reference for sample preparation.

Sample BS name

M1 BS1872c

M2 BS2358d

M3 BS2578d

M4 BS2665d

M5 BS2721b

M6 BS2746b

M7 BS2747b

M8 BS2854b

M9 BS2859b

W1 BS2895b

W2 BS2896b

W3 BS2898b

W4 BS2899b

A1 BS1881c

A2 BS1886c

S1 BS2716b

S2 BS2869b

S3 BS2717b

S4 BS2879b

S5 BS2719b

S6 BS2126c

S7 BS2172c

S8 BS2177c

S9 BS2356d

S10 BS2360d

C1 BS1409a

C2 BS1558c

C3 BS1319e

C4 BS2033c

C5 BS1986c

C6 BS1724c

C7 BS1723c

C8 BS1557c

C9 BS1185e

C10 BS1917c

C11 BS2242c

C12 BS2234c

C13 BS2235c

C14 BS2254c

C15 BS2261a

C16 BS2304c

C17 BS2315c

C18 BS2482d

C19 BS2498d

C20 BS2500d

C21 BS2520d

C22 BS2659d

C23 BS2658d

C24 BS2661d

C25 BS2957b

C26 BS3003b

C27 BS3012b

C28 BS3019b

C29 BS3029b

C30 BS3059b

C31 BS3053b

C32 BS3054b

C33 BS3056b

a Ref. [90]
b Ref. [91]
c Ref. [92]
d Ref. [93]
e Ref. [94]
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NOTAT ION

frequently used symbols

Ai e�ective-mass parameter
aB exciton Bohr radius
B coe�cient of radiative recombination
Cn/p capture probability for electrons/holes
C elastic tensor
cn/p capture coe�cient for electrons/holes
c0 speed of light in vacuum
D density of states
Di deformation potential
d dimension
E energy
EF,e/h quasi-Fermi energy of electrons/holes
F electric �eld
fe/h occupation probability for electrons/holes
G generation rate
Ghkl reciprocal lattice vector
H Hamiltonian
I0 initial intensity at zero delay
k wave vector
L layer thickness
M overlap integral
me/h e�ective mass of electrons/holes
n electron concentration (per volume)
ñ refractive index
ND doping level (n-type)
P polarization
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notation

p hole concentration (per volume)
p momentum operator
pcv momentum matrix element
Q, q (reduced) di�raction vector, q = Q/2π
R recombination rate
R vector of center-of-mass coordinate
r vector of spatial coordinate
T temperature
t time, delay
U crystal-periodic part of a Bloch function
u strain energy density
V potential
Ṽ crystal volume
x exciton density
x, y InN mole fraction in Ga1−xInxN and Al1−yInyN alloys
x, y, z Cartesian coordinate system, corresponding to a-, m-, c-directions in

the wurtzite structure
n, i, j non-negative integers
γ prefactor in various �t functions
εr material-speci�c dielectric constant
δij Kronecker delta
ε strain tensor
λ wavelength
θ di�raction angle (in x-ray characterization)
ξ wave function of the exciton relative motion
ρ vector of relative electron-hole distance
τ lifetime
ω angular frequency (of photons)
ϕe/h envelope function of electrons/holes
φe/h Bloch function
ψ wave function
σ stress tensor
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notation

abbreviations

CB conduction band
cw continuous wave
IQE internal quantum e�ciency
MOVPE metal-organic vapor phase epitaxy
MQW multi-quantum well
PL photoluminescence
QCSE quantum-con�ned Stark e�ect
QW quantum well
SRH Shockley-Read-Hall
TEM transmission electron microscopy
VB valence band
XRD X-ray di�raction

physical constants

c0 speed of light in vacuum c0 = 299 792 458m/s
ε0 vacuum permittivity ε0 = 8.854 188A s/(Vm)
ħ reduced Planck constant ħ = 6.582 12 eV s
kB Boltzmann constant kB = 8.617 333 eV/K
m0 electron rest mass m0 = 9.109 384 kg

(CODATA 2018 [193])
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