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Abstract

AlGaN alloys have enabled electroluminescence in the deep ultraviolet owing to
their large and direct bandgap. AlGaN is part of the III-nitride material system
and it shares several properties and technological issues with the more researched
GaN and InGaN. AlGaN layers are usually grown on lattice mismatched substrates
and contain a relatively high density of extended defects. Strong polarization �elds
are present in AlGaN-based heterostructures. The problem of low free carrier con-
centrations in the doped layers becomes more severe in AlGaN, where even the n-
type conductivity strongly decreases as the Al molar fraction is increased. All these
properties in�uence the performance of AlGaN-based light emitters. Although deep
ultraviolet light-emitting diodes are commercially available and are �nding numer-
ous applications, they still su�er from low luminous e�ciency and limited operation
lifetime.

This thesis addresses three main topics that are related to the technology of
AlGaN-based deep ultraviolet emitters: (a) the polarization �elds in AlGaN-based
quantum wells, (b) the homogeneity of the epitaxial layers and quantum well struc-
tures and (c) the aging mechanism of deep ultraviolet light-emitting diodes. AlGaN
epitaxial layers and quantum well structures grown by migration-enhanced met-
allorganic vapor phase epitaxy on sapphire have been studied by time-resolved
photoluminescence, degenerate di�erential transmission pump-probe and near-�eld
spectroscopy techniques.

It was found that the polarization charge in AlGaN-based heterostructures is
lower than the predicted value from �rst principle calculations. It was proposed that
the presence of excitons enhances the carrier con�nement within AlGaN-quantum
wells. A double-scale composition inhomogeneity was measured in epitaxial layers
by near-�eld measurements and dominant nonradiative recombination at the loca-
tion of the potential minima was observed at some compositions. Moreover, the
carrier localization in deep potential minima was measured in quantum well struc-
tures. Lastly, alloy �uctuations, dislocations and nitrogen vacancies were found
to determine the aging mechanism and operation lifetime of AlGaN-based deep
ultraviolet light-emitting diodes.

Keywords: AlGaN, deep-UV LEDs, polarization �elds, screening, exciton
binding energy, alloy �uctuations, near-�eld microscopy, carrier dynamics, LED
aging.
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Chapter 1

Introduction

The history of the light-emitting diode (LED) starts in 1907 when the �rst re-
port on electroluminescence (EL) from silicon carbide crystallites was published
[1]. 54 years later the infrared gallium arsenide LED became the �rst patented
LED design [2]. In the following decades, the semiconductor growth technology
steadily improved and LEDs emitting in the visible range were introduced in the
60s and 70s. For the initial decades after the �rst commercialization, the LEDs
remained con�ned to low emission applications as indicators on circuit boards and
dialing pads or in numeric displays. Since then, two main goals of the research
on solid state light emitters have been the increase of brightness and the widening
of the attainable wavelength range via EL. A new era in the history of the LED
opened up at the beginning of the 90s with the introduction of high-brightness de-
vices covering the whole visible spectrum: the aluminum indium gallium phosphide
(AlInGaP) LED [3] and the indium gallium nitride (InGaN) LED [4�6], emitting in
the yellow-red (590 nm<λ<625 nm) and green-blue (470 nm<λ<525 nm) spectral
range, respectively. Today, AlGaInP and InGaN LEDs are widely used in tra�c
signals and large area displays. Furthermore, white-light LEDs based on the InGaN
technology have acquired a competitive position in the lighting market [7]. Devices
emitting at even shorter wavelengths, in the deep-ultraviolet (UV) spectral range,
are the topic of one of the latest chapters in the history of the LED. These new
devices are based on the aluminum gallium nitride (AlGaN) ternary alloys, which,
like InGaN, belong to the III-nitride material system.

A commonly used classi�cation distinguishes the near-UV (320-390 nm) from
the deep-UV (320-200 nm) spectral range. InGaN-based LEDs can be engineered
to emit in the near-UV range. The minimum attainable emission wavelength from
InGaN-based LEDs is limited by the gallium nitride (GaN) bandgap to about 360
nm. AlGaN was immediately employed to achieve shorter emission wavelengths,
initially as barrier material in multi quantum well (MQW) structures with GaN
as well material and later in both quantum barriers (QBs) and quantum wells
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2 CHAPTER 1. INTRODUCTION

(QWs) [8]. The AlGaN-based LEDs are to date the only commercial solid state
device capable of providing EL in the deep-UV range between 240 nm and 400
nm [9]. Similar devices with even shorter wavelengths reaching 210 nm have been
demonstrated [10, 11].

At present, the most common source of UV light is the mercury lamp. Mercury
lamps are used for the curing of polymeric materials and in the process of screen
printing. They �nd application as disinfection tool for water, air and medical
equipment. In the lighting industry, they are the excitation source in �uorescent
lamps. Mercury vapors emit narrow lines at �xed wavelengths, mostly between
254 nm and 365 nm, which can be converted to visible light using appropriate
phosphors. Mercury lamps require a high voltage source to initiate the discharge
and they have an expected lifetime of 1000 hours. Other shortcomings include
size, weight and, above all, environmental pollution [12]. Compared to UV lamps,
UV LEDs have lower power consumption, are more compact and emit a narrower
spectrum [13]. Moreover, the emission from UV LEDs can be tuned continuously
by alloying, di�erently from the �xed emission lines from mercury vapor. Table 1.1
shows a comparison between UV LEDs and UV lamps.

Mercury lamp UV LED
Form factor Bulky Compact, �exible

Emission spectrum
Fixed, broad, limited
available wavelengths

Tunable from 210 nm
and up, narrow
bandwidth

Power consumption High Low

Operation lifetime 1000 hrs
5000 hrs∗ (predicted
value, 40000 hrs†)

On/o� switching
speed

Slow Fast

Environmental
impact

Toxic Benign

Table 1.1: Comparison between UV mercury lamps and deep-UV
LEDs (adapted from Ref. [13]).
∗Value for commercial LEDs by SET, inc. [9] with λ > 300 nm op-
erated in continuous mode at 20 mA. For shorter wavelength devices,
the lifetime decreases exponentially down to 300 hrs for 255 nm de-
vices.
†Predicted value from comparison with the more mature InGaN-based
LED technology [14].

Additionally, UV LEDs are advantageous as part of spectroscopy instrumentation
owing to the low noise of the radiant �ux, the possibility of high-frequency mod-
ulation and sub-nanosecond pulse generation. Other possible applications include
biochemical detection, optical remote sensing and covert communications [12, 15].
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Although a steady improvement of the performances of the deep-UV LEDs
is taking place, there remains a considerable gap between the achieved external
quantum e�ciency (EQE) of the InGaN-based blue emitters and the AlGaN-based
UV emitters. Fig. 1.1 shows a summarized plot of the reported maximum EQE of
III-nitride-based LEDs by di�erent research groups [11, 16]. The obtained values
drop as the aluminum (Al) molar fraction is increased in the active region of the
devices. Besides, one of the foreseen bene�t of the UV LEDs is the longer durability
with respect to mercury-based sources. However, the measured operation lifetime
of the AlGaN-based devices reaches values largely inferior to the more mature
InGaN-based LED technology [14, 17] and, to date, it is only marginally superior
to conventional UV lamps. Therefore, the full deployment of AlGaN-based LEDs
is hindered by an insu�cient wall-plug e�ciency and operation lifetime.
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Figure 1.1: EQE of UV LEDs for continuous wave (blue circles) and
pulsed (red triangles) operation. The closed symbols are from Ref.
[16] and the open symbols are more recent data from Ref. [11] The
subdivision of the UV spectral range into the UV-A (400 nm - 315
nm), UV-B (315 nm - 280 nm) and UV-C (280 nm - 100 nm) windows
is also indicated.
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1.1 Motivation and overview of the original work

In these thesis, several issues that determine the e�ciency and durability of deep-
UV LEDs have been studied:

(i) III-nitride layers grown on the c-plane exhibit �xed polarization charges lo-
cated at each side of the layer surface [18]. As a result, an internal electric
�eld is present within the QWs. The internal �eld separates electrons from
holes, decreasing the probability of recombination [19]. Furthermore, the po-
larization �elds may impede the carrier transport to the active region of III-
nitride-based LEDs [20, 21] by forming potential barriers. On the other hand,
the �eld-induced band bending is sometimes exploited to achieve higher elec-
trical activation of the dopant impurities [8, 22]. Hence, the characterization
of the polarization properties of AlGaN layers is fundamental for the design
of e�cient devices. The magnitude of the polarization �eld in AlGaN layers
is the subject matter of Paper I and Paper II.

(ii) The polarization �elds strongly modify the con�nement energy and the barrier
potential pro�le for free carriers in MQW structures. These modi�cations
are likely to have signi�cant consequences on the carrier capture and escape
processes in the active region. Furthermore, the internal �eld in the QWs
reduces the exciton binding energy by separating the opposite sign carriers.
Excitons have large binding energies in AlGaN alloys and may signi�cantly
contribute to the luminescence of AlGaN-based devices. Thus, the e�ect of
the polarization �elds on the free carrier and exciton lifetimes needs to be
accounted for. Paper III contains a study of the exciton escape probability
from the QWs of a deep-UV LED at di�erent bias regimes.

(iii) The insensitivity to dislocation density of the EQE in blue InGaN-based LEDs
has been associated with carrier localization at potential �uctuations [23].
Although a similar mechanism may occur in AlGaN-based LEDs [24], the
achieved EQE is still much lower than for blue InGaN LEDs (see Fig. 1.1).
In order to understand what is really limiting the e�ciency of AlGaN-based
devices, it is important to examine the carrier localization in AlGaN alloys.
The issue of carrier localization in MQW structures with di�erent well thick-
nesses and AlGaN epitaxial layers with di�erent Al molar fractions has been
studied in Paper VI and Paper VIII, respectively.

(iv) High Al molar fraction AlGaN-based LEDs su�er from an increased resistivity
of the n-type and particularly of the p-type cladding layers. Higher resistiv-
ity of the cladding layers causes an increased device self-heating and current
crowding e�ects. Besides, current leakage and crowding around threading
dislocations (TDs) [25] was observed in GaN-based devices. As a result, the
wall plug e�ciency and the device operation lifetime decrease. Interestingly,
the increase of nonradiative recombination in the active region during aging



1.2. OUTLINE OF THE THESIS 5

is under debate [26] and it is not clear which defect species is responsible for
the device failure. Paper IV contains a preliminary study of the in�uence
of point defects on the luminescence decay time in GaN epitaxial layers. Pa-
per V and Paper VII present studies of the aging and failure modes in
deep-UV AlGaN-based LEDs.

1.2 Outline of the thesis

The rest of the thesis is organized as follows: Chapter 2 summarizes the basic
principles behind the light emission from semiconductors. Furthermore, it describes
the carrier dynamics after ultrafast optical excitation. Chapter 3 describes the
experimental techniques and instruments used in this thesis. The concept of near-
�eld (NF) and the technology of near-�eld microscopy are discussed in some detail.
Chapter 4 contains an introduction to the basic properties of the III-nitride material
system. The nature of the spontaneous and piezoelectric polarizations in III-nitride
layers and the the used techniques to measure the polarization values are exposed
in this chapter. The growth technology and the structure of deep-UV LEDs are
presented in Chapter 5. Additionally, some issues that a�ect the e�ciency and
durability of deep-UV LEDs are summarized. The issue of inhomogeneities in
AlGaN layers and the aging mechanisms of deep-UV LEDs are treated in separated
sections. Conclusions and suggestions for future work follow in Chapter 6. The
Appendix contains a list of material parameters that were used in the calculations.
Moreover, it contains a brief description of the numerical models for the calculation
of the screening-induced PL energy peak shift and the exciton binding energy in III-
nitride QWs. A description of the original work and the appended articles conclude
the thesis.





Chapter 2

Optical transitions and carrier

dynamics

In a LED, an electric current �ows through a semiconductor material and is con-
verted into light. Alternatively, semiconductors may emit light via photolumines-
cence (PL) when excited with an external light source. Short pulse excitation is
routinely employed in time-resolved PL (TRPL) and pump-probe measurements,
as described in Chapter 3. Solid state theory and semiconductor optics explain the
circumstances under which EL and PL occur. In this chapter, some fundamental
concepts that are connected with the thesis work are stated. Their derivation can
be found in the cited literature.

2.1 Electrons in semiconductors

EL and PL involve the transition of electrons between energy levels inside a semi-
conductor crystal. Hence, an appropriate description of the energy distribution
of the electrons inside the crystal is a prerequisite to explain the luminescence
processes. According to the Bloch's theorem, the electronic wavefunctions in a per-
fectly periodic potential in thermodynamic equilibrium can be written in the form
of propagating waves, or Bloch waves, with associated wave vector k [27]. The elec-
tronic band structure E(k) is a representation of the energy levels of the electronic
states as a function of k. The light-matter interaction is accounted for by means
of transitions between equilibrium states [28].

The electronic energy levels are grouped in bands separated by gaps. Within
each band, the adjacent energy levels are �nely spaced so that the bands can be
considered as a continuum of levels. In an intrinsic semiconductor in equilibrium at
0 K, the completely occupied band with highest energy is the valence band (VB),
Ev(k), and the next completely empty band is conduction band (CB), Ec(k). The
energy di�erence between the top of the VB and the bottom of the CB is the

7



8 CHAPTER 2. OPTICAL TRANSITIONS AND CARRIER DYNAMICS

energy bandgap, Eg. At higher temperatures, the equilibrium carrier concentration
in CB and VB depends on the presence of doping impurities and defects. If the
electrons are in thermodynamic equilibrium with the crystal at a temperature T ,
the electrons �ll up the bands following the Fermi-Dirac distribution:

f(E) =
1

exp [(E − Ef )/kBT ] + 1
, (2.1)

where EF is the Fermi energy. f(E) quanti�es the fraction of occupied states in
every energy interval dE around E.

In a semiconductor, optical transitions involve states in the VB and in the CB.
Near-bandgap optical transitions are much more likely in direct bandgap semicon-
ductors, where the top of the VB and the bottom of the CB occur at the same k
value. The absorption of a photon with energy larger than the bandgap causes the
transition of an electron from the VB to an empty state in the CB. The transition
leaves an empty state or hole in the VB. Holes can be considered as virtual particles
in the VB carrying a positive charge. Their energy distribution is also characterized
via a Fermi-Dirac distribution. In the following, fe(E) will be used to indicate the
the Fermi-Dirac distribution for electrons in the CB and fh(E) for the holes in the
VB.

Near the top of the VB and the bottom of the CB it is sometimes possible
to approximate the shape of the E(k) extrema as parabolas. In this case, it is
convenient to de�ne the electron and hole e�ective masses as

me =
~2

d2Ec/dk2
, (2.2a)

mh = − ~2

d2Ev/dk2
. (2.2b)

Using this approximation, known as the e�ective mass approximation, the electrons
and holes in the parabolic regions of CB and VB, respectively, can be treated as
free propagating particles with mass me and mh, respectively. Furthermore, the
use of the parabolic band approximation yields analytic expressions for the density
of states (DOS) in CB and VB, in other words, the number of available states per
unit of volume and energy. The derivation can be found in Ref. [29].

Heterostructures

E�cient III-nitride-based LEDs employ QWs in the active region [13]. The con-
�nement of the carriers in the direction of the QW stack introduces substantial
changes in the band structure. The energy levels for the carriers in a QW have the
following form:

E = Ei + E(kt), (2.3)

where Ei is one of the discrete energy levels associated with motion in the direction
of the con�nement, and E(kt) and kt are the energy and the wave vector component
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associated with the motion in the plane of the well, respectively. Moreover, it is
convenient to write the electron and hole wavefunctions ψ(r) as the product of
an in-plane plane wave component, function of the in-plane coordinate rt, and a
out-of-plane component, function of z [30], as follows:

ψ(r) = Fi(z)
ejktrt

√
A
, (2.4)

The wavefunction is normalized with respect to the QW surface area A and F (z)
and Ei are found by solving the time-independent Schrödinger equation:

Ĥψ(z) = Eψ(z), (2.5a)

Ĥ = −~2

2

d

dz

(
1

me,h(z)

d

dz

)
+ U(z). (2.5b)

In the e�ective mass approximation, position dependent e�ective masses me(z) and
mh(z) for electrons and holes, respectively, are considered. The potential energy
pro�le U(z) is determined by the CB and VB o�sets, ∆Ec(k = 0) and ∆Ev(k = 0)

n

EE

p

re

rh

n

E

p

re

rh

EFe

EFh

0 1

a) b) c)

fh
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Figure 2.1: Free carrier distribution in CB and VB: (a) Fermi-Dirac
distributions for electrons (blue) and holes (red), (b) free electron (blue)
and hole (red) energy distributions in a bulk semiconductor, (c) free carrier
energy distributions in a QW. In (b) and (c), the DOS for electrons, ρe,
and holes, ρh, are also indicated with blue and red lines, respectively.
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respectively, between the barrier and well layers. Finally, the two boundary condi-
tions

ψ(z−0 ) = ψ(z+0 ), (2.6a)
1

m(z−0 )

dψ

dz
(z−0 ) =

1

m(z+0 )

dψ

dz
(z+0 ), (2.6b)

where z+0 and z−0 are the two sides of each interface in the heterostructure, must
be enforced to ensure the continuity of the Bloch waves and the conservation of the
probability current, respectively [31].

In Fig. 2.1, the Fermi-Dirac distributions for electrons and holes (a), the DOS
in the parabolic band approximation and the corresponding carrier distributions
for the bulk (b) and QW (c) cases are schematically represented. The carrier
con�nement in QWs produces an increase of the bandgap energy and a reduction
of the DOS.

2.2 Interband optical transitions

Given the electron and hole energy distributions in CB and VB, n(E) and p(E),
respectively, the spontaneous emission spectrum, Rsp(E), is calculated invoking the
Fermi's golden rule. Rsp(E) quanti�es the transitions rate between occupied levels
in CB, E1, and empty levels in VB, E2 = E1 −E in the unit of volume and in the
energy interval dE around E (in units of cm−3s−1eV−1). The relevant formulas for
the bulk and QW cases in the parabolic bands and e�ective mass approximations
are as follows [29]:

Rsp−bulk(E, ê) = βr1(ê)nrE
√
E − Eg · f1f2 (2.7a)

Rsp−well(E, ê) = βr2(ê)nr
E

Lw

∑
c,v

|Icv|2H(E −∆Ev,c) · f1f2, (2.7b)

where f1 = fe(E1) and f2 = fh(E2) and it is assumed that there is quasi-equilibrium
within the electron and hole populations. βr1 and βr2 are material constants that
may assume di�erent values depending on the direction of polarization ê of the
emitted light with respect to the crystallographic orientation and the plane of the
QW. nr is the refractive index, Lw is the well width, ∆Ev,c are energy di�erences
between con�ned electron and hole energy levels in the QW and Icv is the overlap
integral between the component of the wavefunctions along the con�nement direc-
tion in the QW. The initial and �nal states have the form in Eq. (2.4) and the
overlap integral is calculated as follows:

Icv =

∫
Fc(z)F

∗
v (z)dz. (2.8)

The polarization �eld in polar III-nitride QWs pushes electrons and holes towards
opposite directions reducing the overlap integral Icv and the spontaneous emission
rate.
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Similar expressions for the absorption coe�cients of bulk and QW semicon-
ductors can be directly derived from the spontaneous emission spectra [32]. The
resulting formulas in units of cm−1 are as follows:

αbulk(E, ê) =
βα1(ê)

nrE

√
E − Eg · (1− f1)(1− f2) (2.9a)

αwell(E, ê) =
βα2(ê)

nrLwE

∑
v,c

|Icv|2H(E −∆Ev,c) · (1− f1)(1− f2), (2.9b)

were βα1 and βα2 are similar constants as in Eqs (2.7). Under low excitation in
lightly doped samples, fe and fh are much smaller than one within the CB and
VB, respectively. In this case, the factors containing f1 and f2 can be simpli�ed as

(1− f1)(1− f2) ≈ 1− (f1 + f2). (2.10)

In Eqs. (2.7) and (2.9), only f1 and f2 are dependent on the carrier density if the
many-body e�ects are neglected. In polar nitride QWs, also the overlap integral
Icv and the transition energies ∆Ev,c become dependent on the carrier density via
the screening e�ect (see Section 4.2).

2.3 Exciton lines and broadening mechanisms

A more accurate version of the spontaneous emission and absorption spectra must
include spectral broadening and exciton lines. Many sources of spectral broadening
a�ect measured spectra. Inhomogeneous broadening is caused by inhomogeneities
in the crystal structure such as defects, compositional variations, inhomogeneous
strain and, in QWs, thickness variations. Homogeneous broadening is due to elec-
tron interaction with phonons. When the mentioned sources of broadening are
minimized, exciton recombination can be observed in the luminescence spectra as
emission lines at energies below the bandgap. Ultimately, the linewidth of free car-
rier and exciton transitions are limited by carrier scattering mechanisms. Scattering
limits the electron lifetime in a particular energy level and determines a broadening
of the energy levels. A few aspects of the mentioned phenomena that were explicitly
considered in the thesis work are treated in this section.

Density of state tails

Real crystals often present deviations from a completely ordered structure that
induce localization of the electron and hole wavefunctions. Typical examples of
inhomogeneities in semiconductor crystals are compositional �uctuations in ternary
alloys and well width �uctuations in QW structures. It was shown that in the weak
disorder regime as de�ned in the Anderson's model, disorder introduces localized
states at the band edges. However, extended states in the CB and VB retain their
Bloch-type character [33]. Presence of localization of this kind can be taken into
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account by modifying the ideal DOS. A possible approach is to convolve the ideal
DOS with a Gaussian distribution, ρ(E), with the following expression [34]:

ρe,h = ρ0e,hexp

[
−(E − E0e,h)

2σ2
0e,h

]
. (2.11)

ρ0e, ρ0h, σ0e, σ0h, E0e and E0h are parameters for band-tails in CB and VB. In
particular σ0e and σ0h are related to the average localization depth of the potential
minima. The localized states are represented by a low energy tail in the DOS
diagram in Fig. 2.2.

CB

VB

Eg
localized
  states

space coordinatedensity of states

CB

E E

DOS tail

Figure 2.2: Induced tail in the DOS by bandgap variations (repro-
duced from Ref. [33]).

The spontaneous emission spectrum for free carrier recombination that is derived
using the modi�ed DOS is broader by an amount comparable to σL =

√
σ2
0e + σ2

0h

and red-shifted by σ2
L/kBT compared to the ideal spectrum. σL contributes to

the total temperature-independent spectral broadening, known as inhomogeneous
broadening.

Excitons

Excitons are a form of crystal excitation in which electron-hole pairs form hydrogen-
like systems with the opposite sign charges orbiting around each other. The Bohr
radius aB is the exciton radius in the ground state. Excitons are free if they can
move within the crystal or bound if the electron-hole pair orbits around a lattice
site or defect. Similarly to the case of impurity bound excitons, excitons can be
localized at potential �uctuations. In the case of free excitons with larger aB than
the crystal unit cell, known as Wannier excitons, there exist simple formulas to
calculate an approximate value of the electron-hole binding energy. The binding
energy of a free exciton in the n-th excited state is calculated as

E(n) = − µ

m0

RH
ε2r

1

n2
, (2.12)
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where RH is the Rydberg constant of the hydrogen atom (13.6 eV), εr is the static
relative permittivity and µ is the reduced mass of the electron-hole pair,

1

µ
=

1

me
+

1

mh
, (2.13)

Excitons are more stable in con�ned structures. In the ideal bidimensional case,
the binding energy increases up to four times the exciton binding energy in bulk
semiconductors [30]. Stable excitons form if the binding energy is larger than
∼ kBT . Furthermore, the screening of the Coulomb potential by the the presence
of neighboring excitons determines the exciton ionization at high carrier densities.
An approximative value for the critical ionization density, known as Mott density,
is equal to n3DM ≈ 1/a3B for a bulk material and n2DM ≈ 1/a2B for a QW, where n3DM
and n2DM are volume density and surface density of charges, respectively [33]. The
presence of excitons can be directly detected in PL experiments on homogeneous
samples at cryogenic temperatures. Under these circumstances, exciton generation
and recombination introduce sharp absorption and emission lines, respectively, at
energies E(n) below the bandgap.

The free exciton wavefunction in the e�ective mass approximation, ψ(re, rh,R),
can be written as [30]

ψ(re, rh,R) =
1√
A
ejK·Rφ(re, rh). (2.14)

In this expression, φ(re, rh) is the wavefunction in the center of mass reference sys-
tem and re and rh identify the electron and hole position with respect the center
of mass. The variable R identi�es the center of mass of the exciton and K is the
exciton momentum. The emission of discrete lines depends on the selection rule for
the conservation of K. Only the �bright states� [35] with K = 0 can be optically
excited and recombine radiatively. The identi�cation of exciton transition lines in
AlGaN alloys is complicated by alloy disorder and compositional �uctuations (see
Section 5.4). Moreover, the interaction of excitons with phonons at room tempera-
ture further increases the broadening of the exciton lines. Therefore, exciton lines
are often indistinguishable from the free carrier emission/absorption.

Phonon broadening

Energy transfer between carriers and the lattice is made possible by phonon absorp-
tion or emission. Phonons are the quanta of the lattice vibration. A polar crystal
can sustain acoustic and optical phonons. The vibrations can in turn propagate as
transverse or longitudinal waves. In general, the emission or absorption of phonons
produces a spectral broadening of the luminescence. In the case of the exciton
recombination, the luminescence broadening was calculated as [36]

Γ(T ) = Γ0 + σT +
γ

exp (~ωLO/kBT )− 1
. (2.15)
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On the right-hand side, Γ0 is the inhomogeneous broadening, σ is the exciton cou-
pling strength with acoustic phonons, γ is the exciton coupling strength with longi-
tudinal optical phonons and ~ωLO is the longitudinal optical phonon energy. At low
temperatures, carrier interaction with acoustic phonons dominates the linewidth
broadening with temperature [37]. The longitudinal optical phonon interaction
becomes dominant above 200 K in both AlN and GaN.

2.4 Carrier dynamics

In this section, the relaxation processes that occur in a semiconductor after carrier
excitation with ultrafast laser pulses are brie�y reviewed.

Carrier thermalisation

Right after ultrafast pulse excitation, an excess of carriers with respect to the ther-
modynamic equilibrium is produced in the sample. The carrier energy distribution
evolves through di�erent regimes that may partially overlap in time [38]. These
are (i) the coherent regime, (ii) the non-thermal regime, (iii) the hot-carrier regime
and (iv) the isothermal regime.

(i) Initially, the exciting electromagnetic �eld generates a macroscopic polariza-
tion in the semiconductor. Carrier wavefunctions have well-de�ned phase re-
lationships with each other and with the external �eld. This coherency is lost
through several scattering mechanisms within few hundreds of femtoseconds.

(ii) For a few picoseconds after the excitation, the energy distribution of the car-
riers cannot be described by the Fermi-Dirac distribution. This time domain
is typically too short to be observed in PL experiments. Pump-probe mea-
surements (see Chapter 3) can provide information on this time scale.

(iii) During the hot-carrier regime, equilibrium is �rst reached within the electron
and hole populations separately by means of carrier-carrier scattering. During
this process, called thermalisation, the electrons move toward the bottom of
the CB and the holes toward the top of the VB. This regime has a typical
duration of the order of hundreds of picoseconds and can be observed in the
PL spectra. The high energy tail of the PL spectra reveals the e�ective carrier
temperature T = (1/Te + 1/Th)−1, where Te and Th are the electron and hole
temperatures, respectively.

(iv) In the isothermal regime, equilibrium between free carriers and the lattice is
reached via carrier-phonon scattering. This regime can be observed in PL
measurements if the thermalisaton time is shorter than the carrier lifetime.

Fig. 2.3 schematically represents the carrier thermalisation.
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Figure 2.3: Interband transitions and carrier thermalisation: (a) carrier
excitation and transfer to the band edges (hνE is the energy of the exciting
photons and hνL is the energy of the emitted photons), (b) formation of a
thermal distribution (reproduced from Ref. [39]).

Radiative and nonradiative recombination

After thermalisation, the system still contains an excess of electron-hole pairs, free
or bound in excitons, compared to the thermodynamic equilibrium. Several pos-
sible recombination paths are schematically represented in Fig. 2.4. Radiative re-
combination has been discussed in Section 2.2. When deriving a rate equation

(a) (b) c)
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(

Figure 2.4: Carrier recombination: (a) radiative recombination, (b) in-
traband Auger recombination and (c) nonradiative recombination at defect
states.
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model for the carrier recombination in a LED, a simple expression for the spon-
taneous recombination is derived from Eqs. (2.7) [40]. Far from degeneracy, the
Fermi-Dirac distributions for electrons and holes evaluated near the band edges are
approximately proportional to the total density of electrons and holes, n and p,
respectively [41]: f1 ∝ n and f2 ∝ p. Exploiting this simpli�cation, the expressions
for the spontaneous emission rate in Eqs. (2.7) can be integrated on the photon
energy to obtain ∫ ∞

Eg

RspdE ≈ Bnp, (2.16)

where B is the bimolecular recombination coe�cient.
As for the nonradiative recombination, it can occur via Auger recombination

and recombination at defects or surface states. In the Auger recombination, the
recombination energy is transferred to a third particle, electron or hole, that is
excited to a higher energy level. The higher energy level may be within the same
band as for an intraband Auger recombination or within a higher energy subband as
in the case of an interband Auger recombination. The rate of Auger recombination
can be expressed as

RAuger = ceehn
2p+ cehhnp

2, (2.17)

where ceeh and cehh are usually considered as material constants. Auger processes
require the interaction of three particles and become important only at high carrier
densities.

Defect states are associated with deviations from a perfectly periodic crystal
structure such as point defects, dislocations, stacking faults, inversion domains and
the external surface of the crystal. Crystal imperfections often introduce localized
electronic states within the forbidden gap. Typically, localized states deep within
the bandgap are more e�cient as nonradiative recombination centers than shallow
defects. This derives from the reduced probability of thermal escape of the trapped
carrier in a deep level and the increased probability of trapping a carrier with the
opposite sign [42]. The energy from a nonradiative recombination is transferred
to the lattice as heat. Therefore, strong nonradiative recombination in LEDs, be-
sides reducing the IQE, causes self-heating and a reduction of the device operation
lifetime [17].

The evolution of the electron and hole carrier densities, n and p respectively,
after short pulse excitation can be described by means of a rate equation model.
The Auger recombination and di�usion e�ects can be neglected to a �rst approxi-
mation in semiconductors with relatively short carrier lifetimes and under moderate
excitation regime. A simple version that also excludes drift currents can be written
as follows:

dn

dt
= −Bnp− cnNn (2.18a)

dp

dt
= −Bnp− cp(Nt −N)p. (2.18b)



2.5. TUNNELING AND THERMIONIC EMISSION 17

In these equations, B is the bimolecular recombination coe�cient and a single de-
fect level has been considered. Electron and hole trapping rates at defect states
are proportional to the total densities of electrons and holes and to the density
of empty, N , and occupied, Nt − N , trap states, respectively. The proportion-
ality constants are the electron and hole capture rates, cn and cp. Typically, the
nonradiative recombination is a temperature-activated process and temperature de-
pendent capture rates must be considered. When the nonradiative recombination
is dominant and the saturation of the trap states is negligible, n and p evolve with
single exponential decays with time constants τe and τh, respectively. τe and τh
can be associated with the parameters in Eqs. (2.18) as follows:

1

τe
= cnN (2.19a)

1

τh
= cp(Nt −N). (2.19b)

From the expression for the total spontaneous recombination in Eq. (2.16), the
PL signal follows an exponential decay with time constant τPL=(1/τe+1/τh)−1.
Sometimes multiple decay constants are observed. Additional e�ects that may
explain multiple decay constants are: multiple defect levels, saturation of the trap
states and descreening of internal �elds in polar QW structures.

2.5 Tunneling and thermionic emission

Besides radiative and nonradiative recombination, the electron and hole lifetimes
in a QW LED may be determined by escape processes. Carrier escape out of
shallow wells and/or in case of thin barriers may occur via thermionic emission [43]
and carrier tunneling [44]. The tunneling and thermionic emission of carriers are
represented in Fig. 2.5. The escape mechanisms are in�uenced by the presence of
an electric �eld in the QW region. In this case, the potential pro�les in the well and
barrier regions assume a triangular shape. As a consequence, the energy level for
carriers within the QW moves toward the top of the well and the e�ective barrier
thickness decreases. Thus the probabilities of tunneling and thermionic emission
increase. The probabilities of tunneling and thermionic emission are characterized
in terms of tunneling and thermionic emission lifetimes, τt and τth, respectively.
The tunneling lifetime is calculated as [45]

τt = τpexp

2

∫
barrier

(
2
mb

~2
[Ec,v(z)− E0]

)1/2
dz

 , (2.20a)

τp =

∫
well

(
2mw

E0 − Ec,v(z)

)1/2

dz, (2.20b)

where Ec,v(z) is the CB (VB) edge, E0 is the carrier energy level and mb is the
e�ective mass in the barrier layers.
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Figure 2.5: Schematic of the electron escape mechanisms from a QW: E0

is the carrier energy level and Eb is the height of the con�ning barrier.

Thermionic emission occurs for the electrons and holes in the high energy tails
of the carrier energy distributions. The sum of potential and kinetic energy for
these electrons and holes is larger than the con�nement potential. Therefore, they
are free to di�use outside the well region. The thermionic emission lifetime can be
calculated as [43]

τth = Lw

(
2πmw

kBT

)1/2

exp

(
Eb − E0

kBT

)
, (2.21)

where Eb is the barrier height for the carrier escape, Lw is the well width and mw

is the e�ective mass in the well layer.



Chapter 3

Experimental techniques

In the experimental part of the thesis work, far-�eld (FF) EL and PL spectra were
measured to reveal the general emission properties of the samples such as radiative
transition energy, spectral width and e�ective carrier temperature. TRPL was
employed to study the recombination dynamics and the screening dynamics of the
internal �eld in QWs. Degenerate di�erential transmission pump-probe (DTPP)
measurements were used to reveal the presence of localization and measure the
localization depth in MQW structures. Additionally, the spatial distribution of
the EL in AlGaN-based QW LEDs and of the PL in epitaxial layers was analyzed
by means of NF spectroscopy. In this chapter, the general principles of the used
experimental techniques are outlined and the speci�c setups brie�y described.

3.1 Laser system

The DTPP setup and the TRPL setup at KTH use the third harmonic pulses of
a mode-locked titanium-doped sapphire (Ti:Sapphire) laser (model Mira 900 by
Coherent Inc.) as the excitation source. The third harmonic pulses were obtained
using a setup that is schematically shown Fig. 3.1. The central wavelength of the
Ti:Sapphire laser pulses is tunable in the near-IR between 700 nm and 980 nm.
The pulse duration is around 150 fs and the repetition rate is 76 MHz. The third
harmonic of the Ti:Sapphire pulses is needed to excite band-to-band transitions
in AlGaN alloys. The third harmonic is obtained in two stages [46]. Firstly, the
second harmonic generation is obtained focusing the near-IR pulses onto a lithium
triborate (LBO) crystal. The near-IR and blue pulses are separated by a dichroic
mirror that is highly re�ective in the blue region. The polarization of the blue
pulses is rotated to be parallel with the one of the near-IR pulses. Moreover, the
temporal delay between near-IR and blue pulses is adjusted so that they perfectly
overlap onto a barium borate (BBO) crystal. The third harmonic of the near-IR

19
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Figure 3.1: Third harmonic generation: second harmonic pulses are gen-
erated inside the LBO crystal, dichroic mirrors (B-DM) are used to separate
the blue from IR pulses after the LBO crystal and to mix them again after
polarization rotation and delay adjustment. Blue and IR pulses overlap
inside the BBO crystal where UV pulses are generated by sum-frequency.
Lastly, the UV pulses are separated by another dichroic mirror (UV-DM).

pulses is obtained by sum-frequency generation in the BBO crystal. The UV pulses
are separated by a dichroic mirror that is highly re�ective for the UV pulses. Thin
crystals have to be used to minimize dispersion and pulse stretching inside the
crystals. To maximize conversion e�ciency, the beams have to be tightly focused
onto the crystals whose orientation must be adjusted to ful�ll the phase matching
condition. Typical achieved average power of the third harmonic pulses with central
wavelength around 266 nm is about 30 mW, which corresponds to 5.3×108 photons
per pulse.
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3.2 Far-�eld techniques

Time-resoved photoluminescence

TRPL is a contactless and non-destructive technique that is used to characterize
the carrier dynamics in semiconductors. Electron and hole pairs are generated in
the sample by means of short laser pulses that are tuned above the semiconductor
bandgap. The excited carriers can be separated if a su�ciently strong electric �eld
is present in the excited region as in the active region of a photodiode. Otherwise,
they recombine via radiative or nonradiative recombination. Radiative recombina-
tion gives rise to luminescence from the sample. Under the same conditions as in
the derivation of Eq. (2.16), the wavelength-integrated instantaneous luminescence
intensity is proportional to the instantaneous total electron and hole densities n(t)
and p(t), respectively:

I(t) ∝ n(t)p(t). (3.1)

Therefore, the luminescence transient provides information on the recombination
dynamics such as the carrier lifetimes.

lenses

(electrons to light)

Figure 3.2: Operating principle of the streak camera (reproduced
from Ref. [47]).
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The streak camera is often used to obtain the temporal resolution in TRPL
experiments. Fig. 3.2 shows a schematic representation of the streak camera main
components and operation principle [47]. Often the luminescence is spectrally re-
solved by coupling a spectrograph to the the streak camera input. The wavelength
components of the light entering the instrument are separated along the direction
of the streak camera entrance slit, which de�nes the direction of wavelength axis in
the �nal image. The amount of light entering the instrument can be modi�ed by
adjusting the entrance slit width. A lens assembly inside the camera forms an image
of the slit onto the surface of a photocathode inside a vacuum tube. A number of
electrons proportional to the photon �ux is emitted at every point of the photocath-
ode surface. Inside the vacuum tube, the electrons are accelerated toward a pair of
de�ection plates with parallel orientation to the entrance slit of the instrument. A
high-speed sweep voltage is applied to the plates as the electrons stream between
them. The experienced de�ection by the electrons passing through the electrodes
depends on their arrival time. The direction of de�ection, that is normal to the
direction of the wavelength axis, de�nes the direction of the temporal axis in the
�nal image. The de�ected electrons pass through a microchannel plate where their
number is multiplied. Finally, they hit a phosphor screen exciting �uorescence.
The �uorescence image on the screen is read by a charge-coupled device camera.
The �uorescence intensity at every point of the image is proportional to the pho-
ton �ux at the corresponding wavelength and arrival time. The synchroscan mode
allows accumulating multiple luminescence transients. Their correct synchroniza-
tion is accomplished by detecting a replica of the excitation pulses that triggers
the voltage sweep. Fig. 3.3 shows a typical streak camera image. Wavelength and
temporal axes are also indicated for clarity. Two di�erent streak camera setups
have been used in the thesis experimental work. The streak camera at KTH is a

t

l

Figure 3.3: Example of streak camera image. Wavelength and
temporal axes are also indicated.
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Hamamatsu Universal Streak camera C5680 Series with time resolution of 2 ps.
The duration of the measured dynamics is limited in this setup by the laser repe-
tition rate to below 13 ns. The setup at Rensselaer Polytechnic Institute employs
a Q-switched neodymium-doped yttrium aluminum garnet (Nd:YAG) laser. The
pulse central wavelength, duration and repetition rate are 1064 nm, 20 ps and 10
Hz, respectively. The harmonics up to the �fth at 213 nm are obtained with the
use of multiple non-linear crystals. Moreover, the achievable pulse energy is of the
order of µ J for pulses with central wavelength at around 266 nm and corresponds
to a four orders of magnitude larger photon �ux per pulse than for the setup at
KTH. The streak camera is in this case a Hamamatsu single shot streak camera
with enhanced sensitivity in the UV. In this setup, the time resolution is limited by
the excitation pulse length. The slow laser repetition rate allows measuring longer
luminescent transients.

Pump-probe setup

The DTPP setup allows measuring carrier dynamics with higher temporal resolu-
tion than with a streak-camera-based setup. In the DTPP experiment, the time
resolution is limited by the pulse duration. Fig. 3.4 (a) shows a schematic represen-
tation of the used setup for measuring the results in Paper VI. In the experiment,
the third harmonic pulse train from the Ti:Sapphire laser is split into two beams -
pump and probe - and separately focused on the same spot on the sample surface.
The pump pulses are more intense and excite the electron and hole densities n0
and p0, respectively, at the reference time t0. The presence of free carriers near
the band edge modi�es the absorption coe�cient and the refractive index of the
material from the unexcited values. If the temporal evolution of the many-body
e�ects can be neglected, the change of absorption coe�cient at photon energy hν
can be expressed as [48]

∆α(hν) = −α0(hν) (∆fe(Ee) + ∆fh(Eh)) , (3.2)

where α0(hν) is the absorption coe�cient of the unexcited semiconductor and Ee
and Eh are the electron and hole levels, respectively, that are directly excited by
photons with energy hν. As mentioned in Section 2.4, the Fermi-Dirac distributions
fe(Ee) and fh(Eh) are proportional to the total electron and hole densities n and
p, respectively. Therefore, Eq. (3.2) can be expressed in terms of n and p as

∆α(hν, t) = −α0(hν)(c1n(t) + c2p(t)), (3.3)

where c1 and c2 are two constants.
The probe pulses are weaker and reach the sample with an adjustable temporal

delay t after t0. If the sample has a low optical density, the transmitted part of the
probe pulse train can be reliably measured. Because of the carrier recombination,
the carrier densities n(t) and p(t) at the time t are reduced from the initial values
n0 and p0 at time t0. As a consequence, the transmittivity usually decreases for
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Figure 3.4: Di�erential transmission pump-probe setup: (a) pump-probe
setup, (b) typical pump-probe trace.

increasing delay time t between the pump and the probe. Referring to Eq. (3.3),
the change of transmittivity is proportional to a weighted sum of electron and hole
densities. In Fig. 3.4 (b), a typical pump-probe trace is shown. The maximum
relative change of transmittivity for the probe pulse is often fairly weak and lock-in
detection is used to increase the sensitivity of the experiment. The pump signal
is mechanically chopped at a lower frequency than the repetition rate of the laser
pulses. The changes in the probe signal that have the same periodicity as the
chopping frequency are �ltered from the total signal by means of lock-in detection.

3.3 Near-�eld microscopy

The optical transitions and carrier dynamics in III-nitride layers are strongly in�u-
enced by crystal inhomogeneities. As a result of their presence, variations of the
peak wavelength, spectral width and luminescence intensity occur over the layer
surface. Spatially resolved spectral measurements are of fundamental interest to
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characterize the transport and luminescence properties of III-nitride-based light
emitters. On the other hand, the length scale at which the relevant phenomena
occur is small and often beyond the resolution limit of conventional FF techniques.
For this reason, NF spectroscopy has emerged as an important tool for semicon-
ductor characterization. This chapter provides a short introduction to the concept
of optical NF and the related experimental techniques.

The di�raction limit

The resolution of conventional optical microscopes is limited by the di�raction limit
to λ/NA, where λ is the illuminating wavelength and NA is the numerical aperture
of the objective lens. The NA is de�ned by NA = nrsinθM , where nr is the
refractive index of the medium between the object and the objective lens and θM
de�nes the the half angle of the acceptance cone of the objective lens. Di�raction
causes the spreading of the wavefront during propagation. The e�ect of di�raction
is evident observing the emerging light from a narrow aperture, as shown in Fig. 3.5.

f 1.22fl/d

d

aperture lens
collected light

2qM

Figure 3.5: Illustration of the di�raction by a small circular aperture
with diameter d. A lens can capture only a �nite portion, depending
on the NA, of the di�raction pattern formed at the focal distance. The
Airy disk from a circular aperture di�raction has a diameter 1.22 fλ

d

and tends to exceed the limit imposed by the lens NA as d is reduced.

The cone angle of the emerging light increases as the aperture size is reduced
to values comparable or smaller than the wavelength. As a consequence, only a
certain fraction of the wavefront can be collected by the limited acceptance cone
of the objective lens. As a result, the formed image is blurred. More insight on
the connection between limited NA and blurring of the image can be gained by
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means of the angular momentum representation which is introduced in the next
subsection.

As in the case of the emerging light from a small aperture, all the �ne features
of the object under observation generate widely diverging wave components whose
partial collection is responsible for the blurring of the obtained image. There are
practical limitations to the maximum achievable NA that limit the resolution of
standard microscopes to values larger than λ/2 [49]. It can be shown that di�rac-
tion is intrinsically associated with the propagation of electromagnetic waves. On
the other hand, the �eld in the proximity of the source contains localized, non-
propagating components. The non-propagating �eld components are evanescent,
that is, they decay exponentially with the distance from the source. The region of
space where the evanescent components are stronger than the propagating ones is
called the NF [50]. The extent of the NF region does not depend on the wavelength
but only on the source dimension [49]. This is an important di�erence between NF
and the evanescent �eld produced by total internal re�ection. The NF microscope
circumvents the limitation of a �nite NA by moving an electric �eld probe in close
proximity of the source, where the evanescent components can be detected, thereby
realizing a high e�ective NA.

The angular momentum representation

In this section, a more quantitative description of the NF is given in terms of the
angular momentum representation. The connection between di�raction and mo-
mentum representation is clari�ed by means of a two-dimensional electromagnetic
simulation. The simulations were performed with the commercial software COM-
SOL Multiphysics 3.5. Let us consider a dielectric �at rod aligned along the x axis
with the longer side equal to L and subwavelength thickness. A plane wave that is
polarized in the plane of the image impinges on the long side along the negative z
direction. In Fig. 3.6, the scattered �eld patterns for two values of the rod length
are shown. The color scale represents the module of the scattered �eld, the red
lines are the stream lines of the scattered electric �eld that are parallel in every
point to the �eld vector. In Fig. 3.6 (a), the side of the rod is much longer than the
incident wavelength and the scattered �eld along z propagates with approximately
plane waves. The length L of the rod can be determined to a good accuracy from
the size of the wavefront in the FF. As the rod dimension L is reduced, the scat-
tered �eld tends to diverge laterally while propagating away from the rod. As the
lateral dimension of the rod is reduced below the wavelength of the incident light
as in Fig. 3.6 (b), the scattered �eld pattern resembles the one from an electric
dipole. At this point, the information on the lateral dimension of the rod cannot
be retrieved from a FF measurement. The module of the scattered �eld across
two sections at distance z1=λ /100 and z2=4λ are shown in Fig. 3.7 (a) and (b),
respectively. The �eld pattern in close proximity of the rod retains the information
on the rod dimension. This simple observation justi�es the use of NF detection to
break though the di�raction limit.
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Figure 3.6: Simulation of the light scattering from a dielectric rod.
The basic parameters of the simulation are indicated in the �gure.
Einc and Esc are the incident �eld and the scattered �eld, respectively.

The angular momentum representation of the scattered electric �eld provides a
more quantitative description of the di�erent information content in the NF and FF
regions. In the angular momentum representation, the optical NF is represented
as a superposition of plane and evanescent waves [51]. The decomposition of the
electric �eld along a section z1 is obtained by means of the spacial Fourier transform:

Ê(kx; z1) =
1

2π

∫ +∞

−∞
E(x, z1)e−ikxxdx, (3.4)

where k2z=k
2-k2x. The �eld components at di�erent sections z can be obtained with

the following relationship:

Ê(kx; z) = Ê(kx; z1)eikz(z−z1). (3.5)

Strongly diverging �eld components are characterized by large kx components.
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Figure 3.7: Scattered �eld magnitude at a distance z1=λ /100 (a) and
z2=4λ (b) from a rod of length L. Several rod lengths L are considered.
(c) and (d) show the angular momentum representation of the y-polarized
component of the scattered �eld at the same positions.

There is no limitation to kx<k, thus kz is free to become imaginary. The com-
ponents for which this happens become evanescent and constitute the NF.

In Fig. 3.7 (c) and (d), the Fourier transform of the y-component of the electric
�eld along the sections z1 and z2 is shown. There is an evident loss of spectral
components as the �eld propagates away from the scattering source. The source
geometry determines the kx bandwidth of the optical signal in the NF. In fact,
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the �eld in close proximity of the source reproduces the surface geometry. Hence,
the high kx components are associated with the small features of the surface. The
loss of high spatial frequency components corresponds to a low pass �ltering of the
object geometry and generates the blurring e�ect in the reconstructed image. In
particular, sub-wavelength features generate evanescent �eld components that, by
de�nition, do not reach the FF. This establishes an intrinsic limit to the resolution
of FF microscopes.

The angular momentum representation elucidates how the dimension of the NF
depends on the dimension of the source. The decay length of the NF is determined
by the relationship between kx and kz, thus, by the source geometry. Another
conclusion that can be drawn from the angular momentum representation is that
the NF does not contribute to the propagation of energy. The base functions in
the angular momentum representation in Eq. (3.4) are orthonormal. Hence, the
total power emitted from the source can be computed as the sum of the power in
each �eld component or �mode�. The evanescent components decay within the NF
region. Therefore, they do not contribute to the power transmission to the FF.

Near-�eld probes

The detection of the evanescent components of the source �eld requires their trans-
formation from evanescent to propagating [49]. This is obtained by perturbing the
optical NF with a probe. Sensitive detection requires the separation of the gener-
ated waves by the probe - the secondary waves - from the rest of the signal coming
from the source. The resolution of the measurement is limited by the dimension of
the probe. However, it should be reminded that the presence of the probe perturbs
the original NF at the source. Therefore, it is not possible to separate the original
NF from the probe-sample interaction in the results of real measurements. As a
consequence, measurement artifacts may occur [52].

In a common implementation of the NF microscope, a tapered optical �ber
is used as a probe. Several measurement con�gurations are possible [51]. In the
collection mode setup, a �ber probe is used to guide the scattered �eld from the
NF region around the tip to the detector, while the illumination source is in the
FF. No external light sources are required in case of EL NF measurements. In
the illumination mode, the probe is used to illuminate the sample in NF and the
detection occurs in the FF. Lastly, illumination and collection can be both guided
through the �ber in the illumination/collection (IC) setup. The latter operation
mode simpli�es the NF measurements on opaque samples.

The �ber tips employed in this work were obtained with the tube etching method
[53]. The etching solution that is contained inside a Te�on vessel is composed by 50
% water solution of hydro�uoric acid covered by a few millimeters thick isooctane
layer. The isoocatne layer prevents the evaporation of the acid from the vessel.
The tip is vertically dipped in the solution at room temperature. The etching
process takes a variable amount of time depending on the �ber composition and
diameter; the obtained tip quality can also vary greatly [54]. The etching process
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Figure 3.8: Tube etching: (a) the �ber probe is immersed in the HF so-
lution with the jacket, (b) symmetrical thinning, (c) formation of a conical
tip, (d) convection of fresh HF, indicated with dashed lines, and reaction
products, indicated with dotted lines (adapted from Ref. [53]).

is schematically represented in Fig. 3.8. Initially, the �ber is symmetrically thinned
producing a long sharp appendix that was often observed in underetched tips. As
the thin appendix is etched away, only the conical part at the meniscus of the tip
remains. As soon as a preliminary taper is formed, convection starts to deliver HF
to the upper region of the cone as shown in Fig. 3.8 (d). Convection is driven by
concentration gradients caused by the etching process itself and the gravitational
removal of the reaction products [53]. Tube etching produces a more homogeneous
tip surface and more reproducible tip geometry than tubeless etching. After the
etching process is completed, the �ber is repeatedly rinsed with ethanol and water.
Lastly, the jacket is mechanically removed from the tip and the naked tip rinsed
again.

Basic guidelines to establish the desired properties for an optical �ber probe are
provided by a simpli�ed model of the dipole-dipole interaction as described in Ref.
[49]. The model reveals that the highest contrast is achieved for �eld distribution
of comparable dimension with the probe apex diameter. Furthermore, there is a
trade-o� between throughput and contrast depending on the value of the taper cone
angle. Decreasing the cone angle, the contrast improves by collecting less �eld from
the taper region but the propagation losses in the longer taper are larger, vice versa
for larger cone angles.

Usually, optical �ber probes are coated with a thin metal layer to prevent FF
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collection from the taper of the tip. Reproducible apertures can be obtained on the
coated tip using a focused ion beam. However, sub-wavelength resolution with un-
coated �ber probes has also been theoretically predicted [55, 56] and experimentally
veri�ed [57, 58] in the IC setup. Metal-coated probes are believed to be superior
to uncoated probes with respect to spatial resolution and contrast because their
small apertures represent well-de�ned subwavelength radiation sources or detectors
[59]. However, there are some important advantages of using uncoated probes. The
fabrication of uncoated probes is simpler and less time consuming. Moreover, the
detected optical signal is usually stronger for uncoated probes, though sometimes at
the expense of the lateral resolution. Uncoated tips can also sustain larger optical
powers without the risk of melting or detaching the metal coating. Furthermore, the
tip is more resistant to wearing out and to topographically induced image artifacts
due to formation of metallic protrusions. Lastly, the larger throughput enables a
simpler implementation of the IC setup.

Two di�erent UV transparent multimode �bers were used to manufacture the
used probes in the thesis experimental work. UV transparent �bers usually have
a pure silica core and a �uorine doped cladding. Besides the low attenuation in
the UV range, the noise from self-luminescence in pure silica core �bers is much
smaller than in germanium doped �bers [60]. One of the used �bers was a 20 µm
diameter core manufactured by Acreo AB and the other was a 50 µm diameter
core manufactured by CeramOptec. The etching time was about 2.5 and 3.5 hours,
respectively. Typical etched probes are shown in the secondary electron microscope
(SEM) scans reproduced in Fig. 3.9. The tip diameter is smaller than 100 nm
in both cases and the cone angle in the tapered section is around 31◦ and 63◦,
respectively. The �ber with the smaller cone angle was used to measure the EL from
UV-LEDs in collection-mode. The experimental results are presented in Paper V.
The smaller cone angle probably contributed to the rejection of the FF signal from

100 nm

o63
o31

100 nm(a) (b)

Figure 3.9: SEM images of UV �ber probes: (a) small cone angle probe
from Acreo AB �ber and (b) large cone angle probe from CeramOptec �ber.
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the tapered part of the probe. In this operation mode, it is hardly possible to make
claims on subwavelength resolution from a theoretical standpoint. However, the
a posteriori inspection of the measurements recorded with a photomultiplier tube
(see Fig. 3.10) reveals the presence of well de�ned features which do not seem to
be induced by the sample morphology.

(a)

(d)(b)

4mm 4mm

(c)

Figure 3.10: Photomultiplier-tube scans of a UV LED surface. Panels
(a) and (c) are show the topography and panels (b) and (d) spectrally
integrated EL intensity from the corresponding regions.

Furthermore, the published spectral measurements are not a�ected by topographi-
cal artifacts. The results show sub-micrometer-sized regions emitting at a di�erent
wavelength from the FF background.

In the case of IC NF spectroscopy, the signal level is critical. The excitation
intensity that is coupled into the �ber is limited by the damage threshold and the
noise generation in the �ber. Moreover, the excitation intensity is further decreased
by the re�ection and losses during propagation in the tapered part of the �ber. On
the other hand, the IC setup was found to improve the spatial resolution of the
measurement with respect to the collection-mode setup with uncoated probes. The
larger cone angle and lower noise generation of the probes that were manufactured
from the CeramOptec �ber was well-suited for the IC measurements presented in
Paper VIII.
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The near-�eld microscope

A scheme of the used NF microscope is presented in Fig. 3.11.
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Figure 3.11: Scheme of the NF microscope setup at KTH.

The NF signal is collected by a �ber probe. The other end of the probe is coupled
to a detector. In the thesis work, a UV-sensitive photo multiplier tube was used
for preliminary intensity measurements. NF spectra were measured with a 0.5 m
focal length spectrograph coupled to a liquid nitrogen-cooled silicon charge-coupled
device detector. The light from the �ber was collimated with an objective lens
and focused on the entrance slit of the instrument with a second lens. Maximum
light collection is obtained when the f-number of the coupling optics matches the
f-number of the spectrograph, equal to 6.5.

In the SNOM setup, the tip of the �ber probe is glued with epoxy resin along one
arm of a commercial quartz tuning fork with resonance frequency at 32.768 KHz
[61]. The �ber probe can be detached from the fork using acetone and the same
fork can be reused with a fresh tip. The tuning fork is magnetically attached to a
small segmented piezoelectric tube - the dither piezo - and the electrical contacts
are connected to a current ampli�er. During operation, the dither piezo vibrates the
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tuning fork-�ber probe assembly. The oscillation frequency of the dither is set by a
function generator at the resonance frequency. The mechanical vibration of the fork
generates a current which is ampli�ed and fed to a lock-in ampli�er. Interestingly,
a subnanometer vibration of the center of mass of the tuning fork at resonance is
su�cient to generate a measurable current [62]. Therefore, the lateral vibration of
the tip above the sample does not a�ect the resolution of the experiment.

The principle of the probe-to-sample distance control is based on the detection
of the shear force between the tip and the sample. In the setup, a proportional-
integral controller uses the amplitude signal to adjust the probe-to-sample distance
by driving a second piezoelectric tube. While scanning the sample surface, the
friction forces between the sample and the tip tend to damp the amplitude of the
tip oscillations. The probe-to-sample distance is adjusted as to keep the oscilla-
tion amplitude constant. Thus, the use of the shear force as the feedback implies
a constant gapwidth between the tip and the sample. In general, the use of the
optical signal as feedback is possible as well. However, it produces a less accu-
rate distance control [51] because the collected signal is neither short-ranged nor
monotonously dependent on the probe-sample distance. The nature of the friction
forces is most probably related to mechanical damping that is mediated through
adsorbate �lling in the tip sample gap [62], particularly in the case of atmospheric
pressure experiments.



Chapter 4

Basic properties of III-nitrides

This chapter provides an introduction to the basic properties of the wurtzite III-
nitrides with particular emphasis on the AlGaN alloys.

4.1 Nitrides for light emitters

The group III-nitrides include indium nitride (InN), GaN, AlN and their ternary
and quaternary alloys. Although other alloys belong to the same family, for example
those containing boron nitride (BN), they have attracted signi�cantly less attention
so far and they will not be considered in the following. In the wurtzite polytype,
III-nitride alloys exhibit direct bandgaps for all compositions. Their bandgap can
be tuned by alloying in the range from 0.7 eV for InN, through 3.42 eV for GaN, up
to 6.25 eV for AlN, as shown in Fig. 4.1. The breadth of this interval, which spans
from the IR through all the visible range up to deep-UV, makes the III-nitrides
highly attractive for the production of light emitters.

As light-emitting materials, GaN-based alloys are superior at present to the
other available wide bandgap materials - SiC, zinc selenide (ZnSe) and zinc oxide
(ZnO). The indirect bandgap of SiC limits the luminescence e�ciency of this ma-
terial. The poor electronic properties, low thermal conductivity and weak bond
strength in ZnSe-based alloys determine a very short operation lifetime for ZnSe-
based devices [64]. Although ZnO-based alloys may eventually become competitive
with III-nitride alloys, they still su�er from low luminescence e�ciency and unsta-
ble and non-reproducible p-type doping [65]. The IQE of InGaN-based LEDs can
be as high as 70% [66, 67] and there are indications that comparable values may
be achieved in AlGaN-based devices as well [13]. In principle, III-nitride-based de-
vices are able to operate in high-temperature environments due to their high bond
strength. Additionally, the III-nitrides exhibit good thermal conductivity, which
allows e�cient heat dissipation from devices operating in high-current conditions

35
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Figure 4.1: Bandgap energy and corresponding wavelength as a function
of the in-plane lattice constant a of III-nitrides at room temperature. The
red dashed line is the linear interpolation of the values for the binary com-
pounds, the black line includes the bowing e�ect (calculated values using
the constants in Ref. [63]).

such as high-brightness LEDs [68]. Unfortunately, these advantageous properties
have been only partially harnessed by the deep-UV technology so far. The poor
thermal conductivity of the normally employed sapphire substrates [16] and the
high density of native extended defects are among the limiting factors. The ex-
tended defects are thought to reduce the operation lifetime of AlGaN-base devices
at high current/temperature operating conditions [69, 70] (see Section 5.5). Some
important properties of the AlN and GaN binary compounds are summarized in
Appendix A.1.

Crystal structure

The thermodynamically most stable phase of the III-nitrides is the wurtzite struc-
ture [71]. In Fig. 4.2, the GaN wurtzite crystal structure is shown and the lattice
constants c and a are de�ned. The projection on the c-plane (0001) in Fig. 4.2 (b)
evidences the hexagonal symmetry. The wurtzite group-III nitrides lack an inver-
sion symmetry plane perpendicular to the c-axis (the c-axis is indicated in Fig. 4.2
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Figure 4.2: Ga-face wurtzite crystal structure of GaN: (a) projection
on the a-plane (11	20), (b) projection on the c-plane (0001). The violet
parallelepiped contains the primitive unit cell. The lattice constants c and
a are indicated with black arrows. The green dashed arrow represents
the electrostatic interaction between non-bonded anion-cation pairs aligned
along the c-axis (the structure was drawn with the software VESTA).

with its Bravais-Miller index [0001]). As a consequence, two possible stacking or-
ders can be distinguished. If the bonds along the c-axis in the direction of growth
go from a metal atom to a nitrogen (N) atom, the layer has a (Ga,In,Al)-polarity -
otherwise a N-polarity. The polarity of nitride epitaxial layers determines the sign
of the polarization charge in heterostructures (see Section 4.2).

AlGaN band structure

In Fig. 4.3 (a), a portion of the bulk GaN VB structure near k = 0 is represented
[72]. The considered direction of the k-vector are within the c-plane, kt, and along
the c-axis, kz. In the represented region, the VB is split into three subbands,
denominated heavy hole (HH), light hole (LH) and crystal-�eld split-o� hole (CH)
bands. The energy di�erence between the top of the HH and LH bands is only
around 10 meV, thus, holes from both the bands contribute to the lumnescence
at room temperature. The dashed lines represent the e�ect of an in-plane biaxial
compressive strain. This case is of particular interest because the well layers of
deep-UV AlGaN-based LEDs are often under compressive strain. In general, strain
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Figure 4.3: GaN and AlN bandstructure around k=0. (a) GaN band struc-
ture near the top of the VB. The dashed lines represent the e�ect of an in-plane
biaxial compressive strain equal to εxx = εyy = −0.4% (adapted from Ref.
[72]). In (b) and (c), a schematic representation of the band arrangement in
GaN and AlN is shown (reproduced from Ref. [73]).

shifts the bands and modi�es the values of the e�ective masses. A downward shift
of the CH band and a reduction of the LH e�ective mass are the most signi�cant
strain-induced e�ects. In Fig. 4.3 (b) and (c), the band structures for bulk GaN
and AlN are compared. In AlN, the CH band emerges at the top of the VB [74]. In
AlGaN alloys, the exchange between the HH and CH bands occurs around x=0.04
[75]. However, strain and con�nement in a QW layer produce a downward shift of
the CH band and move the VB crossing to higher Al content [73, 76].

The VB crossing has important consequences on the emission properties of high
Al molar fraction AlGaN-based QWs. Transitions between the CB and the HH
bands emit mainly transverse electric (TE) waves with polarization on the c-plane.
On the contrary, transitions between the CB and the CH band emit mainly trans-
verse magnetic (TM) waves with polarization along the c-axis [77]. The polarization
of the emitted light in a near-band-edge radiative recombination in GaN and AlN
is indicated in Fig. 4.3 (b) and (c). In a QW structure grown on the c-plane (see
Fig. 4.5 for the de�nition of some relevant planes of the wurtzite III-nitrides), only
TE-polarized photons can propagate along the c-axis and are emitted from the QW
surface. Signi�cant emission with TM polarization may contribute to the measured
low extraction e�ciency in high Al molar fraction c-plane deep-UV LEDs [13]. Ev-
idence that supports this hypothesis is found in a TRPL study of a set of epitaxial



4.1. NITRIDES FOR LIGHT EMITTERS 39

layers with di�erent Al molar fractions [78]. Comparable values of PL decay time
were measured among the samples. This indicates that there were not signi�cant
di�erences of nonradiative recombination rate. However, the samples with higher
Al molar fractions exhibited reduced values of total PL intensity.

A precise calculation of the carrier distribution in the bands requires the knowl-
edge of the band splitting and e�ective mass for each band. However, these values
are a�ected by considerable uncertainty in the relaxed materials. Additionally, the
uncertainty on the extent of the strain-induced modi�cations is even larger. The
situation is greatly complicated in AlGaN heterostructures where extended defects
and alloy �uctuations may induce partial strain relaxation [13]. In the approach
that was followed in the calculations of Paper II and Paper III, only the holes in
the HH band were considered and the linear interpolations of the e�ective masses
in relaxed GaN and AlN was used (see Appendix A.1). Similar calculations for
AlGaN/GaN QWs have con�rmed that holes occupy mainly the �rst HH subband
for a wide range of excitation levels [79].

Excitons in nitrides

The binding energy of excitons is large in III-nitrides [80, 81]. Table 4.1 reports the
binding energy and Bohr radius for bulk Wannier type excitons in GaN and AlN.
The exciton binding energy is further enhanced in con�ned structures [82].

GaN AlN

Binding energy (meV) 28 44

Bohr radius (Å) 30 19

Table 4.1: Exciton properties of GaN and AlN [80, 81]

In GaN, excitons may form with holes in the HH, LH and CH bands and are
known as excitons A, B and C, respectively. All three exciton types were observed
up to room temperature [83]. The spectral broadening of the exciton absorption
and emission lines in AlGaN alloys makes their direct observation more di�cult.
However, the presence of fairly deep localization minima in AlGaN epitaxial lay-
ers [84] and QWs (see Paper VI) increases the stability of the excitons against
thermal and electric �eld ionization. The radiative lifetime of localized excitons
in potential minima increases with the localization depth [24]. Additionally, local-
ization prevents nonradiative recombination at dislocations [85], thereby increasing
the exciton lifetime.

In order to establish the role of exciton recombination in light-emitting devices,
it is necessary to evaluate the stability of excitons at the carrier densities typical
for device operation. In a 4 nm GaN/AlGaN QW, the Mott density was calculated
as 1.9×1012 cm−2 [86, 87] and around 1×1019 cm−3 in bulk GaN [88]. These
densities may be reached in high-brightness InGaN-based LEDs [89]. Much lower
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carrier densities are typically reached in AlGaN/AlGaN LEDs that are usually
driven at lower currents [90]. Actually, considering the transparency carrier density
of 4.5×1012cm−2 in InGaN-based QWs [91], excitonic e�ects may be relevant even
in laser diodes [92].

4.2 Polarization �elds

Strong polarization �elds in III-nitride heterostructures have important consequences
on the luminescence and carrier transport in nitride-based LEDs. The existence of
a macroscopic polarization in III-nitride layers was �rst predicted from ab initio cal-
culations by Bernardini and Fiorentini [93]. The experimental con�rmation followed
shortly after [94]. Typically, the polarization of QW structures is experimentally
determined from PL measurements. In this section, the polarization properties of
AlGaN heterostructures are reviewed and PL-based measurements of the polariza-
tion constants are described.

The origin of the polarization charge

Fig. 4.4 shows the disposition of the bonds around a Ga atom in the wurtzite,
Ga-face GaN crystal.
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Figure 4.4: Bond distribution around a Ga atom in the wurtzite,
Ga-face GaN (reproduced from Ref. [71]).

A similar arrangement, where four N atoms surround every group-III metal atom,
occurs in all III-nitride crystals. N is more electronegative than group III atoms.
As a result, a fractional negative charge accumulates close to the N atom in every
covalent bond of the crystal. Hence, every bond in the crystal is associated with
a permanent dipole moment, p0, in units of Cm. p0 is represented in Fig. 4.4
with a green arrow pointing from the negative charge around the N atom to the
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positive charge around the Ga atom. The sum of the four dipole moments around
every group-III atom would add to zero in the ideal wurtzite structure, where the
bonds are arranged as a perfect tetrahedron. However, the electrostatic interaction
between non-bonded anion-cation pairs, represented with a green dashed arrow in
Fig. 4.2, compresses the ideal tetrahedral structure along the c-axis [95]. As a
result, the dipole moment along the c-axis is not compensated by those o� the axis.
The red arrow in Fig. 4.4 represents the net dipole moment, pTOT, around every
Ga atom. The density of pTOT constitutes the spontaneous polarization, Psp, in
units of Cm−2. The alignement of pTOT along the c-axis explains why the planes
that are parallel to the c-axis are not polar, as shown in Fig. 4.5.
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Figure 4.5: Some wurtzite crystallographic planes: (a) conventional
unit cell displaying a c-plane (polar), a-plane (non-polar) and m-plane
(non-polar); (b) projection on the c-plane (0001). The direction of the
c-axis and Psp for a Ga-face crystal are also indicated (adapted from
Ref. [13]).

Strain contributes to the total deformation of the crystal from the ideal wurtzite
structure as well and it alters the value of pTOT. The strain-induced contribution
to the total polarization is known as piezoelectric polarization, Ppz. The total
polarization P = Psp +Ppz within each lattice c-plane corresponds to �xed polar-
ization charge densities +σb and -σb at the two interfaces of the plane. P is related
to the surface bound charge density as

P · n̂ = σb, (4.1)

where n̂ is the unit vector normal to the surface. Within the material, the con-
tributions from adjacent planes cancel each other. However, in correspondence of
the external boundaries or at the interface between layers with di�erent composi-
tions, a net surface charge remains uncompensated. The presence of a �xed charge
sheet at the interface between nitride layers gives rise to intense polarization �elds
inside QW structures. The actual sign of the net surface charge densities and the
direction of the electric �elds in a heterostructure depend on the di�erence of total
polarization P between adjacent layers.
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Polarization constants in AlGaN

The spontaneous polarization in (Al,Ga)-face AlN and GaN points towards the
substrate, and its value is larger in Al-rich alloys than in Al-poor ones. When an
AlGaN �lm is under a biaxial tensile strain, the piezoelectric polarization compo-
nent points towards the substrate, and vice versa in case of biaxial compressive
strain. Moreover, in AlGaN layers the spontaneous polarization is larger than the
piezoelectric polarization in the absolute value. Fig. 4.6 shows the direction of the
spontaneous and piezoelectric polarizations in a typical layer stack that is contained
in AlGaN-based LEDs.
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Figure 4.6: Direction of the polarization and electric �elds inside a
typical layer stack as used in MQWs LEDs. The layers are (Al,Ga)-
face, the bu�er is relaxed and the overlaying layers are under compres-
sive strain. The sign of the polarization sheet charge is also indicated
(adapted from Ref. [96]).

The sign of the resulting interface charge and the direction of the associated electric
�elds are also shown. Typical values of polarization for (Al,Ga)-face, coherently
strained AlGaN epitaxial layers grown on AlN and GaN are shown in Fig. 4.7 (see
also Appendix A.1 for the relevant formulas). Interestingly, both the spontaneous
and the piezoelectric polarizations exhibit a signi�cant nonlinear dependence with
the alloy composition.

The experimental determination of the polarization �elds in QW structures typ-
ically involves the comparison of the measured PL peak energy with the calculated
transition energies. The transition energies for recombination in the wells are red-
shifted by the quantum con�ned Stark e�ect (QCSE) [30]. Thus, the polarization
value is used as a �tting parameter to match the calculated and measured transi-
tion energies. To increase the reliability of the �tting procedure, measurements are
typically performed on structures with di�erent compositions and well widths [97].
Alternatively, if the the QWs are embedded in a p-i-n structure, the �eld in the
QWs can be modi�ed applying an external bias [98].

The calculation of the transition energies involves solving the Schrödinger equa-
tion (Eqs. (2.5)) for free carriers in the active region in the e�ective mass approx-
imation [98]. The transition energy is obtained as the sum of the ground state
energy levels for electrons, E1e, and holes, E1h, inside the QWs. The polarization
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Figure 4.7: Polarization of AlGaN layers (calculated values using the
constants in Ref. [63]). The Ppz is calculated for coherently strained
layers on GaN (in red) and on AlN (in blue).

charges enter in the Schrödinger equation via the polarization-induced modi�cation
of the potential pro�le in CB and VB. A term equal to ∆U(z) = qV (z) must be
added to the potential energy in Eq. (2.5b), where V (z) is calculated according to
the Poisson equation [32]:

d

dz

(
ε(z)

dV (z)

dz
+ P (z)

)
= −ρ(z). (4.2)

In the Poisson equation, P (z) is the total internal polarization as given by the
sum of the spontaneous and piezoelectric polarizations (in C/m−2) and ρ(z) is the
charge density (in C/m−3) that is associated with free carriers. ρ(z) is usually set
to zero in the calculation of the PL peak energy under low excitation. Sometimes,
the Schrödinger equation is modi�ed to account for the presence of excitons [97].

A di�erent approach makes use of the screening of the electric �eld by free-carrier
injection [79]. Screening occurs when a high density of free carriers in the active
region counterbalances the polarization �eld. In this case, the PL peak energy shift
rather than its absolute value is compared with calculated values. In case of short
pulse excitation, dynamic descreening of the internal �eld can also be observed [79].

In Paper I, the value of polarization charge in QWs within a p-i-n structure was
determined making use of the linear relationship between the electric �eld and the
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PL peak shift in the high �eld regime [30]. Fig. 4.8 shows a schematic representation
of the band pro�les during the experiment.
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F=F +Fpin QW

F=FQW
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z
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Figure 4.8: Band pro�les in a p-i-n structure: at zero bias (a) the
�eld in the wells is given by the polarization �eld plus the built-
in �eld of the p-i-n structure; the built-in �eld is compensated at
�at-band (b); the remaining polarization �elds are compensated by
free-carrier screening under optical excitation (c).

The comparison of the induced PL peak shift by an external bias (b) and by free-
carrier screening (c) allows calculating the polarization �eld in the wells. Once the
�eld value is known, the di�erence between the polarization in the barriers, Pb, and
in the wells, Pw, in a MQW structure can be derived according to the following
formulas [99]:

Fw = Lb(Pb − Pw)/(Lbεw + Lwεb), (4.3a)

Fb = Lw(Pw − Pb)/(Lbεw + Lwεb), (4.3b)

where Fw and Fb are the �elds, Lw and Lb are the thicknesses and εw and εb are
the static permittivities of the well and barrier layers, respectively.

In Paper II, the value of PL peak shift under free-carrier screening was com-
pared with the calculated value from Eqs. (2.5). In this case, the charge density
term ρ(z) in the Eq. (4.2) is determined by the spatial distribution of the free car-
riers in the QW structure as given by the solution of the Schrödinger equation.
Thus, a self-consistent solution of Eqs. (2.5) and (4.2) must be found through iter-
ation. A short introduction to the used numerical model is given in Appendix A.2.
The interpretation of the data from this experiment is complicated by high carrier



4.2. POLARIZATION FIELDS 45

density e�ects. Speci�cally, the �lling of the band tail states and localized states
within the bandgap causes a blueshift while many-body e�ects induce a redshift
[79]. Comparison of the results from QWs with various thicknesses helps to single
out the �eld screening contribution to the spectral shift. Also, the presence of free
carriers in the QWs at equilibrium may a�ect the experimental results. Free carri-
ers at equilibrium may come from adjacent doped regions. Moreover, if the �eld in
the wells is so intense that the Fermi level becomes close to the band edges, carrier
accumulation may spontaneously take place [100].

Fig. 4.9 shows a calculation example of free-carrier screening in a MQW. The
MQW has 2.5 nm thick wells and 11.5 nm thick barriers with composition x=0.35
in the QWs and x=0.48 in the QBs.
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Figure 4.9: Screening e�ects in an AlGaN QW: band pro�les and wave-
functions for unscreened (a) and screened (b) internal �eld. In (c), the
shift of the ground state transition energy (solid line) and the increase
of the overlap integral (dashed line) are represented for various carrier
densities.



46 CHAPTER 4. BASIC PROPERTIES OF III-NITRIDES

The structure is coherently strained on a relaxed x=0.5 AlGaN bu�er layer. The
upper panels show the band pro�les and the ground state wavefunctions for elec-
trons and holes. In Fig. 4.9 (a), the internal �eld is not screened while in Fig. 4.9
(b) the �eld is screened by a high density of free carriers. In the unscreened case,
electron and hole wavefunctions are pushed toward the opposite sides of the well.
As the potential inside the QW levels out, the wavefunctions increasingly overlap.
In Fig. 4.9 (c), the screening-induced blueshift of the ground state transition en-
ergy and the increase of the overlap integral are shown as a function of the carrier
density. The overlap integral is calculated as in Eq. (2.8). Fig. 4.10 shows the total
screening-induced blueshift as a function of the well width for structures with the
same composition as in the previous example. The dependence of the PL peak shift
on the polarization charge is presented in Fig. 4.10 (b) for the reference case of a
2.5 nm thick QW. The electric �eld in the barriers and wells changes linearly with
the polarization charge in Eqs. (4.3). Therefore, the initial quadratic relationship
between polarization and PL peak shift and the linear relationship at higher �eld
values reproduce the dependence of the QCSE on the electric �eld value.
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Figure 4.10: Screening-induced shift of the transition energy as a
function of well width (a) and polarization charge (b). In (a), PTH
is the theoretical value of the di�erence Pb-Pw in Eqs. (4.3). In (b),
the used values of polarization constants are reduced by a factor
equal to k compared to the theoretical values.
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Excitons in presence of an electric �eld

The internal �eld in nitride QWs has an important in�uence on the exciton binding
energy. In an ideal QW structure with narrower well width than the bulk exci-
ton Bohr radius, the binding energy of the con�ned excitons increases up to four
times the bulk value and their radius decreases to a half of the bulk exciton Bohr
radius [30]. The presence of an internal �eld represents a major deviation from the
ideal model. By pushing electrons and holes toward the opposite sides of the well,
the internal �eld reduces the exciton binding energy. This phenomenon was �rst
discovered by Miller and co-workers [101].

A numerical calculation of the exciton binding energy in QWs under the in�u-
ence of an electric �eld is presented in Appendix A.3. The same numerical method
was applied to the study of excitons in a ZnSe/Zn1−xMnxSe QW structure [45].
Despite the reduced binding energy compared to the zero �eld case, it was found
that excitons are more con�ned in the QWs than free carriers, and the probability
of tunneling under an external �eld is signi�cantly lower. In Paper III, the same
procedure is applied to a structure composed by 2.5 nm QWs and 11.5 nm QBs with
composition equal to x=0.35 and x=0.50, respectively. The con�nement potentials
along the z direction and the energy levels for the electron and hole forming the
exciton are represented in Fig. 4.11 at �at-band (a) and zero bias (b).
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Figure 4.11: Band pro�les for free carriers (a) and excitons (b) in a
2.5 nm Al0.35Ga0.65N/Al0.50Ga0.50N QW.

The simulated structure is the same as in one of the studied LEDs in Paper I. The
LED shows a long PL decay time for excitation in the wells that is weakly dependent
on bias. The direction of the polarization �elds was found to be inverted compared
to the predicted direction for (Al,Ga)-face layers in this device which was probably
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composed by N-face layers. The calculated tunneling- and thermionic emission-
limited lifetimes as in Eqs. (2.20) and (2.21) in the free-carrier model are much
shorter than the measured PL decay time. Following Ref. [45], the calculations
in Paper III show that electron-hole Coulomb interaction enhances the carrier
con�nement within the wells and reduces the probability of carrier escape from the
wells. As a consequence, the obtained tunneling- and thermionic emission-limited
lifetimes in the exciton recombination model are comparable with the measured
PL decay time. Another possible explanation for the low tunneling and thermionic
emission may be free carrier and/or exciton con�nement in potential minima. The
presence of potential �uctuations in AlGaN QWs is discussed in Section 5.4.



Chapter 5

AlGaN-based light-emitting diodes

Beside the fundamental properties of the AlGaN alloys that have been presented
in the previous chapter, there are several other important aspects originating from
the typical material growth and processing techniques. This chapter treats the
technology, the structure and some issues related to the performance and reliability
of deep-UV LEDs.

5.1 AlGaN epitaxial growth

The studied devices in this thesis were grown by the migration-enhanced metalor-
ganic chemical vapor deposition (MEMOCVD). The MEMOCVD is a modi�ed
version of the metalorganic vapor phase epitaxy (MOVPE) that was speci�cally
introduced to enhance the crystal quality of the AlGaN layers. In this section, an
introduction to the MOVPE and MEMOCVD growth of AlGaN layers on sapphire
are given, as described in Ref. [71]. The description is not intended to be compre-
hensive but only to highlight a few critical steps in the manufacturing of deep-UV
light-emitting devices.

All the commercially available devices and the vast majority of the research
prototypes are grown on lattice mismatched sapphire substrates [13, 16]. The equi-
librium melt growth of III-nitride single crystals is complicated by the high equilib-
rium nitrogen pressure on the binary III-nitrides at their melting temperature [102]
(see Appendix A.1). This determines the scarce availability of native substrates
on the market to date. Sapphire substrates are widely available with good quality
and relatively low cost. Moreover, sapphire exhibits hexagonal symmetry and is
compatible with high temperature growth and ammonia environment.

MOVPE is usually employed for the growth of III-nitride-based devices because
it allows the creation of abrupt interfaces and supplies a su�ciently high growth
rate. N and group-III atoms are brought close to the growing surface as part of

49
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larger precursor compounds: ammonia for N, trimethylgallium for gallium (Ga),
trimethylalluminum for Al. Molecular hydrogen and nitrogen are used as carrier
gases. For the growth of doped layers, bis(cyclopentadienyl)magnesium and silane
are also �own into the chamber. The deposition occurs via pyrolysis of the precur-
sors on the heated surface.

Among the substrate preparation steps, the exposure to ammonia at 600 C◦,
called nitridation, is critical to �x the (Al,Ga)-face polarity of the following layers
[103]. One of the major breakthrough in the III-nitride technology was the in-
troduction of the nucleation layer (NL) by Amano in 1986 [4], which resulted in a
drastic reduction of the dislocation density. This growth step consists in the deposi-
tion of a thin (∼ 50 nm) GaN or AlN amorphous layer at low temperature followed
by a temperature ramp-up. At high temperatures, the NL assumes a columnar
structure [104]. The columns are tilted and twisted with respect to each other to
accommodate the lattice mismatch with the substrate and provide a high nucleation
density for the following high temperature growth. Initially, nearly dislocation-free
trapezoid III-nitride crystals grow on the top of the columns and eventually coales-
cence. The boundaries of coalescence are likely to be the most defect-rich regions
of the epilayer. The TD density decreases with thickness [105] due to dislocation
self-annealing. Although the NL is still widely employed for the growth of AlN, the
necessity of a NL in the AlN growth on sapphire is currently under debate [106]
as good quality AlN layers were directly grown on sapphire at high temperatures
[107]. The growth temperature for AlGaN epitaxial layers is higher than the one
for GaN, typically between 1100 ◦C and 1220 ◦C [108].

The choice of the growth parameters, particularly growth temperature, total
precursor �ow rate and III/V precursor �ow ratio, is dictated by several trade-o�s.
The thermal stability of ammonia requires high substrate temperatures to dissociate
the molecule. Besides, high growth temperatures are needed to mobilize TDs and
promote their self-annealing during growth. However, the high nitrogen vapor
pressure over the III-nitrides at the growth temperature leads to the inevitable
nitrogen loss from the �lm. Therefore, N vacancies (VN ) and voids may form
at high growth temperatures [71]. Besides, the mismatch of thermal expansion
coe�cient for sapphire and the III-nitrides induces a high mechanical stress when
cooling from high temperatures that may cause the cracking of the layer. Finally,
the growth temperature and the III/V precursor �ow ratio in�uence the uniformity
of incorporation of the metallic species on the surface via their di�usion length.
The di�usion length of the adatoms on the surface quanti�es the average length
that the adatoms cover on the surface between adsorption and incorporation into
the crystal or desorption. The limited di�usion length of Al adatoms is particularly
critical for the growth of high quality AlGaN layers. Ideally, the growth proceeds
layer by layer. For this to happen, the di�usion length of the metallic adatoms must
be su�cient to reach the boundaries of the lateral expansion of the growing layer.
The di�usion length of the group-III adatoms can be enhanced to some extent by
increasing the growth temperature, adjusting the total precursor �ow rate and the
III/V �ow ratio. Usually, slight Ga rich conditions, for which the growth rate is
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limited by the N de�ciency, leads to smoother layers [109]. This choice may lead to
a decreased density of dislocations at the expence of a somewhat larger density of
VN s. Recently, enhancements of the AlGaN crystalline quality was obtained with
the MEMOCVD [110]. In the MEMOCVD, the surface is exposed to an alternating
sequence of the precursor gases in an e�ort to promote homogeneous layer-by-
layer growth. Furthermore, the occurrence of gas-phase prereactions between the
precursor gases is minimized by keeping the precursor gases mostly separated.

5.2 Structure of the AlGaN-based LEDs

The studied devices in this thesis were provided by Sensor Electronic Technology,
Inc. [9]. In this section, the structure of a commercial UVTOP

R©
deep-UV LED

is described. The �ip-chip design of a typical AlGaN-based LED is reproduced in
Fig. 5.1.
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Figure 5.1: Schematic of a �ip-chip deep-UV LED on a sapphire substrate (adapted
from Ref. [111]).

As a substrate for UV emitters, sapphire provides a transparent window through
which emission can take place. This is highly desirable because, for reasons ex-
plained in the following, the top p-type layer is composed by a GaN layer that
is highly absorbing for the UV radiation. Therefore, light emission can only take
place through the substrate and all the layers between the substrate and the ac-
tive region must be transparent to the UV radiation. As a consequence, deep-UV
LEDs are usually grown on thick AlN layers rather than on thick GaN layers as
the InGaN-based LEDs. Besides, AlGaN layers grown on relaxed GaN are under
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tensile strain and are prone to crack [71, 112]. On the contrary, cracking is inhib-
ited for compressively strained AlGaN layers grown on relaxed AlN [113, 114]. In
general, while the epitaxial growth of GaN on sapphire has reached a considerable
level of maturity, intense research is still under way to improve the quality of the
the AlN growth on sapphire. This is one of the reasons for the lower e�ciency of
the deep-UV emitters as compared to the visible InGaN-based emitters.

Narrow QWs with thickness between 2 and 3 nm are typically used to maximize
the probability of electron-hole recombination. Because the sapphire substrate is
insulating, electrical access to the n-type cladding layer cannot take place through
the substrate. Instead, the MQW region is located within a mesa-like structure,
and the contacts to p-type and n-type cladding are located on the same side of
the device. The side walls of the mesa are covered with a silicon nitride layer
that reduces the interface density of states [115] and decreases the surface leakage
current.

A thick n-type layer is necessary to minimize the resistance of the n-type
cladding and improve the current spreading. The need for a thick conductive layer
exacerbates the cracking issue in deep-UV LEDs. Recently, the introduction of
a superlattice (SL) of AlGaN/AlN has accomplished a reduction of the residual
strain [116, 117]. Additionally, the SL acts as dislocation �lter [112]. Transmission
electron microscope (TEM) images have shown that TD lines bend in the region
of the SL increasing the probability of their self-annealing [118]. Dislocations are
associated with nonradiative recombination in AlGaN layers [78, 119]. Moreover,
they are responsible for vertical current leakage [25, 120]. Therefore, the reduction
of dislocation density is essential for increasing the device e�ciency.

An AlGaN layer with larger bandgap than the cladding layers, known as the
electron blocking layer (EBL), is usually inserted between the active region and the
p-type cladding of III-nitride LEDs. The EBL improves the electron con�nement
in the active region and increases the EQE e�ciency at high carrier regimes.

The p-type cladding contains a p-GaN/p-AlGaN junction. The piezoelectric
�eld at the heterointerface produces a hole accumulation layer that increases the
conductivity of the p-type cladding [22]. Under forward-bias, holes move from
the accumulation layer to the active region via the �eld assisted tunneling and
thermionic emission. The composition of the p-AlGaN layer is graded to optimize
the potential pro�le of the p-type cladding.

A considerable increase in the output power has been obtained with the use of
a H-shaped metal contact on the p-side, as shown in Fig. 5.2. The advantage of
the contact layout is associated with an increased heat dissipation [13].

5.3 E�ciency issues of deep-UV LEDs

In this section, the main issues that in�uence the e�ciency of deep-UV LEDs are
summarized. Among them, some derive from fundamental properties of the AlGaN
alloys, others are consequences of the employed technology.
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Figure 5.2: H-shaped pad layout of deep-UV LEDs. The
right-hand side of the �gure shows a micrograph of the EL from
a device emitting at 310 nm. The observed shape reproduces
the layout of the top p-type contact.

(i) The polarization �elds in devices that are grown on polar surfaces separate
the opposite sign carriers in the wells decreasing the probability of radiative
recombination. This negative e�ect can be overcome to large extent by using
thin QWs. However the polarization �elds impact the wall-plug e�ciency in
other ways. The band pro�les in CB and VB across a typical LED structure
are shown in Fig. 5.3 (the parameters of the simulated structure are the same
as for the calculations presented in Fig. 4.10). The polarization sheet charge
at the interface between layers produces potential barriers that impede the
carrier transport [20, 21]. The presence of polarization-induced barriers was
associated with the high ideality factor that is usually measured in III-nitride-
based LEDs [20].

(ii) The low conductivity of p-type and n-type cladding layers is a major issue that
a�ects the wall-plug e�ciency and durability of deep-UV LEDs. The conduc-
tivity of AlGaN layers is impaired by compensating and scattering centers [8],
thus, high crystal quality layers are of primary importance. However, fun-
damental obstacles remain to the achievement of highly conductive AlGaN
layers. At variance with unintentionally doped GaN layers that are usually n-
type, unintentionally doped AlxGa1−xN �lms with x>0.4 are highly resistive.
Although the n- and p-type doping of GaN and InGaN are well established,
the successful doping of AlGaN is much more complicated. The commonly
used dopant impurities are silicon (Si) and magnesium (Mg) that introduce
donor and acceptor states, respectively. With increasing Al composition, the
conductivity of epilayers for both doping types rapidly decreases. This is due
to the continuous increase of the donor and acceptor ionization energies. The
activation energy of Si increases linearly from 20 meV in GaN to 320 meV in
AlN [121]. These values correspond to 0.8kBT and 12.5kBT, respectively, at
room temperature. The activation energy of Mg is even higher. It increases
almost linearly from 160 meV in GaN to 500 meV in AlN [122], corresponding
to 6.3kBT and 19.5kBT at room temperature. So far, the p-GaN/p-AlGaN
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Figure 5.3: CB (blue) and VB (red) pro�les for a deep-UV MQW
LED near �at-band condition. The pro�les are calculated solving the
Poisson equation in the approximation I≈0. The electron and hole
currents are indicated with dotted blue and red lines, respectively.
The potential barriers that impede the carrier �ow are circled in black.

heterointerface and the SL doping [8] approaches have only partially solved
the problem of the low p-type conductivity.

(iii) As it was mentioned previously, signi�cant emission in the TM polarization
may occur in structures with high Al molar fraction in the active region.
Although there is still little experimental evidence, it seems that this mecha-
nism takes place at very high Al molar fractions. Therefore, it is unlikely that
TM polarized emission in�uences signi�cantly the e�ciency of commercially
available devices.

(iv) The e�ciency of InGaN-based LEDs decreases under high carrier injection, a
phenomenon known as e�ciency droop. The origin of the e�ciency droop is
still under debate. Auger recombination is one of the explanations that have
been put forward. The probability of Auger recombination in direct bandgap
semiconductors decreases strongly with increasing bandgap energy [123]. For
the III-V semiconductors other than the III nitrides, an exponentially decreas-
ing trend is recognizable in spite of large uncertainties. The extrapolation of
the trend for GaN would lead to an upper bound of 10−34 cm6s−1. This value
agrees with �rst principle calculations for intraband Auger recombination.
However, experimental values are much larger, usually in the range between
1×10−31 and 3×10−30 cm6s−1 as measured in InGaN-based heterostructures.
Re�ned models were employed to explain the experimental data. It was found
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that interband Auger recombination can occur in green-emitting InGaN alloys
[124]. However, this process is not likely to occur in AlGaN alloys because of
the di�erent energy gaps between the electronic bands. In a recent publica-
tion, values closer to the experimental ones were calculated including indirect
Auger processes that involve electron-phonon coupling and alloy scattering
[125]. The e�ciency droop in AlGaN-based layers occurs at much higher cur-
rent densities than in InGaN-based LEDs [89, 126]. This may hint to a smaller
value of Auger coe�cients in AlGaN. In any case, the e�ect of Auger recom-
bination can be neglected from the interpretation of our experimental data.
Although Auger recombination may limit the e�ciency of high-brightness de-
vices in the future, it appears to be of secondary importance in the perfor-
mance of commercial low-current-density devices to date.

(v) The electron leakage in the p-cladding at high current densities o�ers an al-
ternative explanation for the e�ciency droop in GaN-based LEDs [89]. This
phenomenon is common to III-nitride-based LEDs because of the larger dif-
fusion constant of electrons compared with holes in III-V semiconductors [2].
Moreover, leakage is enhanced at high current densities by band �lling in the
active region and device self-heating. Electron leakage in the p-type cladding
was associated with a broad red-shifted band in the EL spectra. The band
is originated from the electron recombination with a deep level in the p-type
cladding [127, 128]. The EBL has proven to quench the red-shifted emission
band and increase the e�ciency at low to medium carrier regimes although
the leakage still limits the e�ciency at high current densities [89].

(vi) The density of dislocations was determined to be of primary importance in
AlGaN-based devices. Experiments have shown that the IQE of MQW struc-
tures can be increased from 4% to 64% in a wide range of compositions by
reducing the dislocation density [129]. The strong in�uence of the crystal
quality on the IQE of the devices was also con�rmed by the increased lu-
minescence decay time in high quality layers grown by MEMOCVD [130].
Although there is direct evidence that dislocations act as nonradiative re-
combination centers in III-nitrides, the speci�c carrier trapping mechanism
may change with sample composition and doping. The study in Paper IV

suggests that dislocations may be e�cient nonradiative recombination centers
when they are decorated with point defects. Furthermore, the in�uence of
potential �uctuations around dislocations is discussed in Section 5.4.

(vii) The EQE of �ip-chip devices is severely limited by the internal re�ection at
the sapphire substrate interfaces. The light extraction e�ciency for �ip-chip
GaN-based LEDs emitting through the sapphire substrate is around 23% [131].
Moreover, strong absorption in the p-GaN layer does not allow recovering the
emitted photons on the side of the p-type contact. However, di�erent designs
have been developed to alleviate these problems in visible and near-UV LEDs,
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such as the use of patterned substrates [132]. Similar solutions may eventually
be deployed in deep-UV LEDs as well.

(viii) The comparison between the EQE under pulsed and continuous operation
modes reveals that device self-heating is a serious problem in AlGaN devices
[13]. Self-heating is due to the low conductivity of the doped cladding regions
and the low thermal conductivity of sapphire. The reduction of the radiative
recombination at increasing temperatures derives from the intrinsic temper-
ature dependence of the bimolecular radiative recombination coe�cient and
the reduced carrier con�nement in the active region.

5.4 Crystal inhomogeneities

Three types of inhomogeneities are commonly encountered in III-nitride epitaxial
layers: compositional inhomogeneity [60], strain inhomogeneity [133] and extended
defects [134, 135]. Additionally, �uctuations of the well thickness may occur in
QW structures [136, 137]. The simultaneous presence of di�erent kinds of inhomo-
geneities is often correlated, as Fig. 5.4 schematically portrays.
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adatom mobility
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Figure 5.4: Inhomogeneities in III-nitride epitaxial layers and
their interplay.

As outlined in Section 5.1, the growth of III-nitride layers on lattice mismatched
substrates typically proceeds via coalescence of separated trapezoid crystals with
di�erent orientations [104, 138]. The misorientation among the crystals is par-
tially accommodated by the formation of dislocations at the boundaries of coales-
cence. Nonetheless, an inhomogeneous strain �eld remains around the dislocations
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[139, 140], as observed in TEM measurements. The di�erence in mobility between
the group-III adatoms is responsible for the formation of domains with di�erent
compositions during the growth of AlGaN epilayers [141]. Di�erences of lattice
constant within these domains give rise to an additional component of inhomoge-
neous strain. The formation of inhomogeneous domains is aided by dislocations
and inhomogeneous strain distribution as well. In fact, the atoms in the lattice
may preferentially di�use through the dislocation cores [142] during growth and
device aging. Furthermore, the adatoms locally redistribute on the growing surface
as to minimize the strain in the layer [133]. Therefore, compositional changes may
occur around dislocations, where the strain is partially relaxed. Lastly, TDs in
QWs were linked with variations of the well thickness that result in �uctuations of
the con�nement potentials for electrons and holes [137].

Inhomogeneities have a profound in�uence on the electrical and luminescence
properties of III-nitride layers. In general, all inhomogeneities of the crystal struc-
ture constitute a source of carrier scattering and impair the carrier mobility. Con-
cerning the luminescence properties, the presence of inhomogeneities locally shifts
the peak wavelength. For example, Fig. 5.5 shows an estimation of the e�ect of
compositional variations, monolayer thickness variations and strain relaxation on
the ground state transition energy of an AlGaN MQW at low carrier densities.
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Figure 5.5: Bandgap variation in a 2.5 nm QW induced by monolayer
variations and strain relaxation. The bandgap values are calculated
solving the Schrödinger equation in the e�ective mass approximation.
The details of the calculation and the used material parameters are
summarized in Appendix A.1 and A.2.
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The considered structure is composed by �ve 2.5 nm thick Al0.35Ga0.65N QWs
and 11.5 nm Al0.48Ga0.52N QBs on a relaxed Al0.5Ga0.5N bu�er layer. Other
inhomogeneity-related e�ects are spectral broadening and nonradiative recombina-
tion at dislocations.

Summarizing, the spectral width, peak position and luminescence e�ciency de-
pend in di�erent proportions on the kind of inhomogeneity and the interplay be-
tween them. The rest of this chapter reviews several kinds of compositional inhomo-
geneities that are found in III-nitride layers with particular emphasis on the alloy
�uctuations. Firstly, the issue of alloy �uctuations in epitaxial layers and QWs is
brie�y reviewed in the case of InGaN alloys, that have been more thoroughly stud-
ied than AlGaN alloys. The obtained results provide insight in the AlGaN case.
The available results for the AlGaN alloys follow after that.

Compositional inhomogeneities in InGaN

The luminescence e�ciency of InGaN layers strongly depends on the relationship
between dislocations and alloy �uctuations. High luminous e�ciency is obtained
in samples where the minority carrier di�usion length is smaller than the average
dislocation distance. This suggests that carrier localization in potential minima
caused by compositional �uctuations has the benign e�ect of con�ning the carriers
away from the detrimental dislocations in blue-emitting InGaN layers [23, 85]. Ac-
tually, SNOM measurements in QW layers combined with high-resolution atomic
force microscope scans revealed the presence of regions emitting at red-shifted wave-
lengths. The size of the regions was comparable with the defect distance [135] and
their origin was associated with compositional inhomogeneities. The measurements
were found to be well-described by the presence of a miscibility gap [143].

In another work, TEM measurements revealed that the QW thickness is smaller
around the TDs that are connected to V-pits in blue-emitting InGaN QW structures
[137]. A smaller QW thickness around the TDs determines a larger bandgap. Thus,
a potential barrier around the TD cores isolates the carriers from the TDs.

The presence of dislocations in�uences the compositional homogeneity as well.
In accumulation at the cores of TDs was observed in CL measurements on QW
structures [144]. The In excess at the TD cores may leave In-poor regions around
the TDs. NF measurements on blue-emitting InGaN layers in another study [145]
con�rmed that deep exciton localization occurs in the In-rich regions at the sites of
TDs, where the bandgap is narrower. Furthermore, the presence of local potential
maxima surrounding the TDs was observed. The local potential maxima probably
correspond to the In-poor areas around the TD cores, and act as potential barriers
for the carriers outside the defective regions. Such potential barriers were not
observed around the TDs in green-emitting InGaN layers. In this case, the NF
measurements in Ref. [146] revealed that the carriers are free to di�use to the TD
cores, where they recombine nonradiatively. Therefore, the relationship between
potential �uctuations and TDs seems to change with the sample preparation and
composition.
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Compositional inhomogeneities in AlGaN

Contrary to InGaN alloys, AlGaN alloys do not have a miscibility gap at practical
growth temperatures [147]. Because the mis�t between AlN and GaN is only 2.5%,
one would expect a stable growth of AlGaN with a good control of the composition.
However, several kinds of compositional inhomogeneities are commonly observed:
random alloy disorder, alloy �uctuations, alloy segregation and ordering.

Randomly distributed alloy systems always present a certain degree of disorder
at the scale of the lattice cell as a result of the statistical occupancy of the lattice
sites [148]. Alloy �uctuations usually refer to average variations of the alloy com-
position on a larger scale than the lattice cell. Segregation is the extreme situation
for which one of the atoms or binary constituents of an alloy condensates within a
region of the crystal. Alloy �uctuations and segregation usually occur within irreg-
ular volumes that have limited lateral size and do not present internal structure.
On the other hand, ordering refers to the formation of domains containing a SL of
spontaneous QWs along the growth direction. Ordering sometimes occurs within
small areas of the sample [149], but it can also extend over the whole sample surface
[150].

In AlGaN, the degree of alloy disorder has been determined from the broadening
of the exciton linewidth [151]. Regarding the ordering, TEM measurements have
revealed the presence of spontaneous QWs along the c-axis [149, 152, 153] within
a wide range of compositions. Ordering occurs because there are several ordered
con�gurations of atoms with formation energies that are close to each other and
to the perfectly random con�guration [147]. The formation of ordered structures
seems to be favored by the kinetics of the adatoms on the surface in the layer-by-
layer growth mode [149]. Ordering was identi�ed as the cause of the uncertainty on
the value of the bowing parameter. Concerning the segregation in AlGaN alloys,
Al segregation has been observed in TEM measurements around TDs in MOVPE
grown samples [154]. Similarly to In segregation in InGaN layers, the Al surplus
comes from Al-depleted regions that were observed within a few nanometers from
the dislocation lines. Alloy �uctuations in AlGaN are treated in more detail in the
following subsection.

Alloy �uctuations in AlGaN

Several luminescence experiments reveal the presence of alloy �uctuations in AlGaN
layers. Carrier localization in domains with di�erent compositions is evidenced by
the wavelength shift between the peak of the absorption and emission spectra -
the Stockes' shift. While the emission at low carrier densities is dominated by the
exciton recombination in the potential minima, the absorption threshold occurs at
the energy for which the density of states has a steep rise. Additionally, the same
conclusion can be derived from the the temperature dependence of the emission
peak wavelength [155]. The thermally activated exciton hopping between local
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potential minima determines a characteristic �S� shape for the peak wavelength
dependence on the temperature [156].

Interestingly, the measured PL decay time in AlGaN layers at 10 K increases
as the Al mole fraction is increased [24]. This behavior is theoretically explained
by the increase of the exciton radiative lifetime for increasing localization depths.
Therefore, the presence of deeper localization potentials in layers with higher Al
molar fraction has been suggested. Additionally, the room temperature lifetime of
the nonequilibrium carriers was found to be limited by the carrier di�usion to the
dislocations, where nonradiative recombination takes place [78]. These results seem
to corroborate a similar role of potential �uctuations in Al-rich AlGaN layers as in
blue-emitting InGaN layers.

In Paper VI, the presence of potential minima in AlGaN-based QWs was de-
duced from DTPP measurements. The DTPP traces that were measured at di�er-
ent photon energies are shown in Fig. 5.6.
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Figure 5.6: DTPP traces from 3.3 nm thick Al0.35Ga0.65N QWs separated
by 11.5 nm thick Al0.49Ga0.51N QBs.

At intermediate photon energies (red curves), carriers are excited in the QW ex-
tended states above the bandgap and the induced transmission decays with a char-
acteristic time of 80-150 ps. At lower photon energies (black curves), carriers are
directly excited in the localized states with a longer lifetime, and the shape of the
di�erential transmission transients becomes steplike with a very long decay time.
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At higher photon energies close to the barrier bandgap (green curve), the di�er-
ential transmission transients change sign from induced transmission to induced
absorption. For excitation in the wells and in the barriers compared to excitation
just in the wells, a larger number of carriers are excited in the active region. There-
fore, the �eld in the wells is screened shortly after the excitation and the overlap of
electron and hole wavefunctions increases. Hence, the absorption increases for the
probe pulse. The depth of the localization potential was estimated in 80 meV.

The direct visualization of emission inhomogeneities on the sample surface can
be attained collecting the luminescence with high spatial resolution. Cathodolu-
minescence (CL) and NF spectroscopy are the usually employed techniques for
spatially resolved spectroscopic measurements. The resolution of the CL measure-
ment is limited by the excited volume and by the carrier di�usion within the sample.
Moreover, the measurement requires conductive samples to limit the charging e�ect.
The preparation of doped samples for CL measurements may create artifacts. In
fact, the doping has a signi�cant in�uence on the structural quality of GaN-related
materials [157, 158]. Local blueshift of the emission from CL measurements was
associated with relaxation of strain at cracks [159]. Redshift was associated with
Ga-rich regions at the boundaries of coalescence [141]. Ga accumulation occurs
at the beginning of the growth because of the di�erent mobilities of Ga and Al
adatoms. The inhomogeneity pattern is continued on the following layers owing to
the strain inhomogeneity. This model is con�rmed by the dimension of the com-
positionally inhomogeneous domains on the layer surface that replicates the size of
the coalescence domains at the beginning of the growth [160].

Al adatoms

Ga adatoms

Dislocation 
cores

Al-rich 
grains

Ga-rich 
regions

Figure 5.7: Model of the growth kinetics in AlGaN on sapphire. The Ga-
rich regions at the boundaries of coalescence are colored with light green
and the Al-rich grains where secondary nucleation takes place in dark violet.
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The same mechanisms that govern the formation of compositionally inhomoge-
neous domains in AlGaN and InGaN alloys strongly a�ect the surface morphology
as well [133, 161]. Particularly in high Al molar fraction layers, the low mobility of
the Al adatoms leads to secondary nucleation and increases the surface roughness
[162]. The formation of compositionally inhomogeneous domains and secondary
nucleation are schematically represented in Fig. 5.7.

So far, SNOM has found a limited application to the study of the homogeneity
of AlGaN alloys [163]. This can be explained with the di�culties of using this
technique in the UV range. On the other hand, NF measurements have some
advantages with respect CL measurements. In IC mode or collection mode, NF
measurements are less a�ected by the carrier di�usion in the sample and do not
require any speci�c sample preparation.

In Paper VIII, SNOM measurements have revealed distinctive di�erences
among AlGaN layers with di�erent nominal compositions. In the SNOM measure-
ments, the presence of localization on a larger spatial scale than the experiment
resolution can be detected by means of the peak wavelength shift. If the inhomo-
geneity occurs on a �ner scale, the spectral broadening provides an estimate of the
average potential depth of the �ne compositional variations (see Section 2.3). The
measurements have evidenced an interesting relationship between the redshift and
the spectral broadening as can be seen in the NF spectra in Fig. 5.8 (b).
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Figure 5.8: NF peak energy map (a) from a 30% Al molar fraction epi-
taxial layer. In (b), the FF spectrum and the NF spectra from di�erent
points on the sample are compared.

This is probably due to the presence of a double scale localization potential [130]
with �ne potential �uctuations within larger compositionally inhomogeneous do-
mains. Fig. 5.9 shows a measurement on a sample with 42% Al molar fraction.
The measurement evidences a positive correlation between the peak energy and the
peak intensity. The correlation suggests that, at least in some composition range,
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enhanced nonradiative recombination takes place within the potential minima, sim-
ilarly as in green-emitting InGaN layers.
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Figure 5.9: NF peak intensity map (a) and peak energy map (b) from a
42% Al molar fraction epitaxial layer.

5.5 LED aging

The operation lifetime of commercial deep-UV LEDs is of the order of 5000 hours
for devices emitting at λ>300 nm [13] at the recommended current of 20 mA.
Much shorter operation lifetimes are measured at higher currents [17] or in devices
emitting at shorter wavelengths. These values are signi�cantly lower than the
operation lifetime of high-brightness InGaN-based LEDs of around 40000 hours
[14]. A limited amount of work has been devoted to reliability studies of the sub-
300 nm LEDs [26, 70, 164�166]. Two main failure scenarios, gradual and abrupt,
have been identi�ed [70]. The abrupt failure was associated with the presence of
V-pits on the LED surface. V-pits occur at the surface termination of open-core
TDs that form leakage paths through the active region. The high current density
in the vicinity of these defects produces local overheating, atom migration from the
contacts and formation of local electric shorting of the p-n junction [70].

The gradual output power degradation was initially linked to the formation of
nonradiative recombination defects during degradation [166]. However, the compar-
ison of the EL and PL from the active region has shown that no signi�cant increase
of the nonradiative recombination in the active region occurs after degradation [26].
Alternatively, the formation of VN s in the p-cladding was proposed to explain the
gradual device degradation. According this interpretation, the formation of VN s
during the device operation would be caused by electrons with high kinetic energy
that traverse the junction under high current densities. Additionally, it has been
shown that the device self-heating strongly reduces the operation lifetime [17].
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Regardless the actual aging process, the device operation lifetime is strongly
dependent on the dislocation density. Laboratory prototypes grown on patterned
substrates by the MEMOCVD technique present reduced dislocation density and
longer operation lifetime [167].

Paper V contains a NF study of a case of abrupt device failure. The results
are summarized in Fig. 5.10.
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Figure 5.10: Failure of a 285 nm deep-UV LED. The rows from top
to bottom represent successive NF measurements. In every row, the �rst
column shows the spectrally integrated intensity, the second the peak wave-
length and the third the spectra collected along a scan that is indicated by
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Discrete regions with red-shifted emission and typical dimension of a few microme-
ters were observed. The magnitude of the redshift was observed to increase during
aging and was explained with the migration of Al atoms out of the well region along
dislocations. As mentioned before, Al segregation has been previously measured
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at TD cores [154], leaving Al-poor regions around them. Further atom migration
during aging could produce high current paths through the active region. Intense
self-heating in the regions of high current density would induce a current run-away
mechanism.

The gradual device failure after DC current stress is studied in Paper VII. The
FF comparison of EL and PL con�rms that the active region is not signi�cantly
damaged during the aging process. The device deterioration seems to be related to
two phenomena: the emission of a wide, red-shifted band with respect to the main
peak and the increase of conductivity at low reverse and forward bias.

Red-shifted emission band

The red-shifted emission band has been previously documented for AlGaN-based
LEDs emitting at 325 nm [168], 285 nm [169] and 270 nm [170]. In all of these
studies, the peak has been attributed to the carrier recombination in the p-cladding.
The well-documented electron leakage in the p-type cladding of III-nitride-based
LEDs [89] supports this interpretation. Di�erent types of transitions have been
invoked to explain the red-shifted band, such as transitions between the CB and
the Mg acceptor level [169] and between the nitrogen vacancy donors V 3+

N s and the
Mg acceptors [122]. Furthermore, aging experiments in Ref. [170] have revealed
that the weight of the red-shifted band on the total emission spectrum increases
during aging, as shown in Fig. 5.11. This result suggests the emergence of an
alternative recombination path during aging.
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Figure 5.11: EL from a 265 nm deep-UV LED before (solid line) and
after (dashed line) aging (reproduced from Ref. [170]).
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In Paper VII, evidence is presented that indicates the origin of the red-shifted
band in transitions between the V 3+

N s and the VB. The donor-acceptor type re-
combination can be excluded because the measured luminescence decay time of the
red-shifted band is much shorter than the typical decay time for donor-acceptor pair
transitions [171]. The CB to the Mg-acceptor level transition can also be excluded
because it would generate a red-shifted band in a di�erent spectral position. Also,
the increased weight of the red-shifted emission band after aging suggests that the
density of V 3+

N increases during aging.

Vertical conduction at extended defects

The analysis of the I-V curves in Paper VII evidences an increase of the conduc-
tivity at low reverse and forward bias and a decrease at high forward bias. An
increase of the tunneling conduction at TDs was proposed to explain the aging-
induced conductivity increase. In general, the results of scanning current-voltage
measurements support the mechanism of tunneling conduction around dislocations
[25, 120]. GaN layers contain large densities of crystallographic defects, among
which TDs [172], nanopipes, inversion domains [173], and pyramidal planar defects
[158, 174] can cross the whole epitaxial layer and hamper the electrical and optical
properties. There is still a controversy around the electrical and optical activity of
the di�erent kinds of defects [172, 175]. However, open-core screw dislocations have
been indicated as the most likely responsible for the leakage current through the
active region of III-nitride-based LEDs [25, 120]. Screw dislocations in GaN exist
as full-core screw dislocations, screw dislocations with a narrow opening or in the
form of nanopipes, whereas the edge dislocations have �lled cores [172]. Whether
the screw dislocation cores in GaN are �lled, depends on the growth conditions and
doping. Due to the large stress �eld near dislocations, point defects, complexes, and
impurities can be trapped at dislocations rendering them electrically active [176].
Moreover, coreless screw dislocations have been reported to start from V-shaped
indentations, the density of which increases with higher concentrations of impurities
or dopants [158, 174]. Therefore, there seems to be a connection between gettering
of impurity at dislocation cores and formation of open-core, electrically active TDs.

In Paper IV, preliminary studies on proton implanted GaN layers sustain the
presence of an interaction mechanism between the point defects and the disloca-
tions. Proton implantation increases the density of VGas without modifying the
density of dislocations in the super�cial layers. VGas and their complexes with oxy-
gen impurities are the most common native point defects in n-type GaN [177]. PL
lifetime measurements in the as-implanted and annealed samples suggest that VGas
are mobile at relatively low temperatures and tend to gather at extended defects.

The formation energy of point defects in GaN depend on the position of the
Fermi level. In p-GaN, the VN is the point defect with minimum formation en-
ergy [178]. Moreover, in materials grown under Ga-rich conditions, the trapping of
VN s at the core of the TDs increases the stability of the dislocations [179]. Most
importantly, in Ref. [25] the activation of current conduction through screw dislo-
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cations was observed by accumulation of VN s at the dislocation cores. Therefore,
formation of VN s and electrical activation of TDs by trapping of VN s provide a
reasonable explanation for the gradual reduction of the light emission during the
aging of AlGaN-based LEDs.

Fig. 5.12 is reproduced from Paper VII and shows the optical micrographs of
two LEDs before and after aging. The devices emitted at 285 nm and 310 nm and
were aged at a constant current of 100 mA for 86 and 52 hours, respectively.
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Figure 5.12: Optical micrograps from two deep-UV LEDs. The �rst
and second rows show the optical micrographs under forward bias of
the virgin and aged LEDs, respectively. In the third row, the optical
micrographs of the aged devices under forward and reverse bias are su-
perimposed (the false-color image of the EL under reverse bias is shown
in red).

The images from the aged devices show a correlation between sites of strong con-
ductivity under reverse bias (in red) and sites of weak emission under forward bias.
This correlation con�rms that the carriers �ow through the active region via highly
conductive paths without recombining.
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Concerning the reduction of conductivity at high currents, hydrogen di�usion
from the silicon nitride passivation layer has been suggested as a possible cause
[180]. However, formation of VN s during aging would also lead to compensation
of the p-type conductivity. An increase of resistivity of the p-type layers due to
the compensation of Mg doping would cause enhanced current crowding at the
tunneling sites, aggravating the increase of the ideality factor at high currents.



Chapter 6

Conclusions and future work

The development of deep-UV LEDs has begun as a natural extension of the work
on blue-emitting LEDs. As it has happened before, a multitude of applications
were found a posteriori for the devices. However, in order to completely ful�ll the
potentiality of this technology, several issues are still to be addressed. In this thesis,
the characterization of AlGaN epitaxial layers and heterostructures has contributed
to the understanding of some fundamental and growth-induced properties of the
AlGaN layers and heterostructures. The main results are listed below.

(i) The value of polarization in high Al molar fraction AlGaN quantum wells
has been studied. In particular, the dependence of the polarization on the
composition (Paper I) and dimensions (Paper II) of the QW structure were
considered. The obtained �eld values in the QWs are in the range of 1 MV/cm
in low Al molar fraction structures, compatible with the derived values from
�rst principle calculations. However, for higher Al molar fractions (x∼0.35),
the experimental values were smaller by a factor of two compared to the
theoretically predicted values.

(ii) The carrier dynamics in presence of high polarization �elds in AlGaN quantum
wells was studied in Paper II and Paper III. The PL decay shortly after
the excitation was found to be dominated by �eld descreening. Theoretical
calculations of tunneling and thermionic emission limited lifetimes determined
much shorter values than the measured ones and a model based on exciton
recombination was proposed.

(iii) The presence of carrier localization in AlGaN QWs and epitaxial layers was
evidenced by degenerate DTPP measurements (Paper VI) and NF spec-
troscopy (Paper VIII), respectively. The depth of the potential �uctuations
was estimated to about 80 meV in the case of a QW sample. The transition
from localized to extended states was evidenced by the reduction of the carrier
lifetime. A double scale localization potential was measured in the epitaxial
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layers. The double scale localization was explained in terms of the growth ki-
netics and important di�erences were evidenced between samples containing
di�erent Al molar fractions. The model is able to account for the correspon-
dence of large scale localization and defect rich areas. Furthermore, it explains
the origin of the spectral broadening and its characteristics in samples with
di�erent compositions.

(iv) The aging of deep-UV LEDs under high current stress was studied by means
of NF spectroscopy and FF EL and PL. The abrupt LED degradation was ex-
plained with the presence of native compositional inhomogeneities (Paper V).
Furthermore, a red-shifted emission band was unambiguously identi�ed with
transitions between the V 3+

N -related states and the VB in the p-type cladding
(Paper VII). The current crowding at V 3+

N -activated screw dislocations and
device self heating were revealed as the main gradual aging mechanisms in
AlGaN-based deep-UV LEDs.

Suggestions for future work

To date, several questions are still open in the �eld of AlGaN-based light emitters.
This thesis have tried to address some of them. In the process, new issues have
arisen and improvement on the performed experiments are desirable.

(i) The role of potential �uctuations and their connection to dislocations need
to be further studied in AlGaN alloys. It appears that potential �uctuations
in AlGaN layers bring about a moderate increase of carrier lifetime but they
are not as e�ective as in InGaN layers in increasing the EQE. In particular,
we demonstrated that carrier localization may occur in the neighborhood of
regions with a higher nonradiative recombination. The relationship between
the large scale and the small scale potential �uctuations on one hand and the
extended defects on the other needs to be further studied in samples with
di�erent compositions. To this end, low temperature time-resolved NF mea-
surements would be highly helpful. Furthermore, the comparison of NF and
high-resolution atomic force microscope scans on the same area could evidence
the relationship between potential �uctuations, dislocations and nonradiative
recombination.

(ii) The increase of the V3+
N point defect concentration in the p-cladding of the

AlGaN based LEDs that occurs during aging appears as one of the fundamen-
tal aging mechanisms in the deep UV LEDs. The presence of V3+

N seems to
be connected with the red-shifted emission band compared to the band-edge
luminescence. It would be highly desirable to perform systematic FF PL stud-
ies on a set of AlGaN samples with di�erent Al molar fractions, doping levels
and, possibly, dislocation densities. Furthermore, proton implantation may
allow tuning the density of V3+

N independently from the density of extended
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defects. Additionally, annealing experiment may help understanding the sta-
bility and mobility of the point defects. Time-resolved NF studies combined
with atomic force microscope measurements may also reveal the interaction of
point defects and dislocations in as-grown, implanted and annealed samples.
Lastly, TEM measurements on as-grown and implanted samples might shed
light on the proposed process of electric activation of the TDs by modi�cation
of the dislocation cores.

(iii) Excitons have large binding energies in GaN and AlN. The binding energy
in AlGaN alloys could be even larger owing to localization. The presence of
excitons in AlGaN LEDs and their ionization at high temperatures or carrier
densities may in�uence the e�ciency of AlGaN-based devices. The stability
of excitons in AlGaN QWs depending on temperature, carrier density and
internal �elds needs to be investigated. To this end, low temperature NF
spectroscopy may allow distinguishing exciton lines and establish the carrier
density at which the Mott transition occurs. Additionally, strip contacts on
the sample surface could be used to probe the exciton stability against static
electric �elds.

(iv) It was claimed that AlGaN based devices have a relatively high IQE in spite of
the limited EQE. There have been suggestions that low extraction e�ciency
is caused by the VB crossing and preferential emission of light along the
well plane. The VB crossing in the well material strongly depends on the
composition and strain within the well layer. So far, a very limited amount
of work has been devoted to this important issue. Hence, a systematic study
of the polarization properties of the emitted light from the edge of AlGaN
quantum wells with di�erent compositions and widths would provide useful
information.





Appendix

A.1 Constants and parameters

Basic properties of wurtzite AlN and GaN are collected in the following table:

GaN AlN

a (Å)∗ 3.189 3.103

c (Å)∗ 5.188 4.980

lattice mismatch to c-sapphire [71] 16.1% 13.3%

Eg (eV) at 300 K [71] 3.42 6.25

Thermal expansion coe�cient
∆a/(a∆T ) (K−1) †

(sapphire, 5.0×10−6)
5.59×10−6 4.2×10−6

Thermal conductivity
(Wcm−1K−1) †

(sapphire ‖ c, 0.23)
2.3 3.2

Melting temperature (oC)
(sapphire, 2030) [71]

2500 3200

N2 vapor pressure at the metling
temperature (bar) [102]

4×104 100

Average bond strength (eV) [181] 2.23 2.88

Table A.1: Basic properties of wurtzite GaN and AlN.
∗ experimetal values [63]
† near room temperature [71]

The used values of e�ective mass for electrons and heavy holes in the calcula-
tions were derived from the linear interpolation of the values for GaN and AlN in
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Table A.2.

GaN AlN

me ‖ c 0.138m0 0.231m0

me ⊥ c 0.151m0 0.242m0

mhh ‖ c 2.00m0 2.38m0

mhh ⊥ c 2.255m0 3.058m0

static ε 10.28ε0 10.31ε0

Table A.2: Simulation parameters for wurtzite GaN and AlN. The e�ective mass values
are from Ref. [182] and the static permittivities are from Ref. [63].

The used CB and VB o�sets at the interface between two AlGaN alloys with
bandgap di�erence ∆Eg is [100]:

∆Ec = 0.7∆Eg (A.1a)

∆Ev = 0.3∆Eg. (A.1b)

The considered spontaneous and piezoelectric polarization constants in the simula-
tions and in Fig. 4.7 are from Ref. [63]. The spontaneous polarization is calculated
as

PSPAlGaN (x) = −0.090x− 0.034(1− x) + 0.021x(1− x), (A.2a)

PPZAlGaN (x) = xPPZAlN (ε‖) + (1− x)PPZGaN (ε‖), (A.2b)

and the piezoelectric polarization as

PPZAlN (ε‖) = −1.808ε‖ + 5.624ε2‖ for ε‖ < 0 (A.3a)

PPZAlN (ε‖) = −1.808ε‖ − 7.888ε2‖ for ε‖ > 0 (A.3b)

PPZGaN (ε‖) = −0.918ε‖ + 9.541ε2‖, (A.3c)

where ε‖ is the in-plane biaxial strain:

ε‖ =
abuffer − a(x)

a(x)
. (A.4)

A.2 Numerical solution of the Schrödinger-Poisson system

In this thesis, the Scrödinger-Poisson system is solved using the spectral element
method [183]. The spectral element method is a generalization of the spectral
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method. Contrary to a standard �nite element method, the spectral method con-
verts a di�erential equation into a full matrix problem. However, a signi�cantly
reduced number of discretization points is required to achieve comparable accuracy
in case of highly regular problems. In the spectral element method, the compu-
tational domain is divided into subintervals within which the spectral method is
used. The solutions in di�erent intervals are joined using appropriate boundary
conditions. This approach allows more freedom in the choice of the discretization
points than for the simple spectral method and generates block matrices that are
computationally lighter than full matrices. Most importantly, it allows extending
the spectral method to problems presenting discontinuous properties and less reg-
ular solutions as in the case of the e�ective mass Schrödinger equation in a QW
structure.

The numerical solution of a di�erential equation requires the discretization of
the derivatives of the solution u(z) in a set of points {zj}, called collocation points.
Let us initially assume that the values of the solution {u(zj)} in N+1 points {zj}
are known. The basic idea of the spectral method is to use the unique polynomial
pN of degree 6 N − 1 which interpolates u(z) in {zj} as the approximation of u(z)
such that

pN (zi) = u(zi) ∀zi ∈ {zj}. (A.5)

The �rst derivative, u(1)(z), and second derivative, u(2)(z), of u(z) in {zj} can now
be approximated with the derivatives of pN in {zj}:

u(1)(zj) ≈ p
(1)
N (zj), (A.6a)

u(2)(zj) ≈ p
(2)
N (zj), (A.6b)

It can be shown that the derivatives of pN in {zj} can be written as linear com-
binations of {u(zj)} [184]. Thus, for every choice of collocation points {zj}, the
approximate derivatives of u(z) are written as matrices that multiply the vector
of {u(zj)} values. The original di�erential equation, where {u(zj)} are actually
unknown, becomes a linear system where {u(zj)} is replaced by a vector U of
unknowns.

The explicit form of the di�erentiation matrices depends on the choice of the
collocation points {zj}. The calculated solution at equispaced points fails to con-
verge to the exact solution as N → ∞ because of the Runge phenomenon. Hence,
unevenly spaced collocations points must be chosen. One common choice are the
Chebyshev points, that are denser at the boundary of the computational interval.
In the interval [-1,1] they are as follows [184]:

zj = −cos
(
jπ

N

)
, (A.7)

j = 0, 1, ..., N.

E�cient codes are available for the calculation of the di�erentiation matrices in
the Chebysheb points [184]. The spectral method has been applied within QWs
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and QBs. The boundary conditions described in Chapter 2 have been enforced
to couple the subsystems [183]. The generalized eigenvalue solver contained in
MATLAB R2007b has been used to solve the discretized version of the Schrödinger
equation (Eqs. (2.5)) for electrons and holes.

The Poisson equation was solved considering separately the polarization charges
and the free carrier densities. The potential term originating from the polarization
charges was calculated by direct integration of the �eld distribution in wells and
barriers as given by Eqs. (4.3). The other potential term from the free carrier distri-
bution was calculated assuming charge neutrality and zero �eld at the boundaries
of the integration domain [185]. This choice is motivated by the equal total number
of electrons and holes that are optically excited in the active region.

A.3 Exciton binding energy

The exciton binding energy in a QW under an electric �eld was calculated following
the method that is described in Ref. [101] and [186]. Firstly, the center-of-mass of
the in-plane motion of the exciton is excluded from the complete excitonic Hamil-
tonian. Thus, the Hamiltonian can be written as

H = Eg +Hez +Hhz +Kr + Ureh, (A.8a)

He = −~2

2

∂

∂ze

(
1

me(ze)

∂

∂ze

)
+ Uc(ze) + qFze, (A.8b)

Hh = −~2

2

∂

∂zh

(
1

mh(zh)

∂

∂zh

)
+ Uv(zh)− qFzh, (A.8c)

Kr = − ~2

2µ

(
∂2

∂r2e
+

1

re

∂

∂re

)
, (A.8d)

Ureh = − q2

4πεeff
√
r2e + (ze − zh)2

, (A.8e)

where z is the growth direction and re is the relative electron-hole distance in the
in-plane direction re =

√
(xe − xh)2 + (ye − yh)2. Uc and Uv are the quantum well

con�ning potential energies in z direction for the electron and the hole, respectively.
In the calculation example in Section 4.2, the exciton in-plane e�ective static per-
mittivity was set to εeff=8.3ε0. This value was derived from Eq. (2.12) using the
bulk exciton binding energy in the ground state. The bulk value of binding energy
for the considered alloy in the QW was obtained from a linear interpolation of the
experimental values of bulk exciton binding energy in AlN and GaN in Table 4.1.

The solution of the Schrödinger equation for the exciton cannot be obtained ana-
lytically for a real QW structure. An approximated numerical solution is calculated
by a self-consistent iterative method [186]. The ground state of the Hamiltonian is
written as the product of functions of di�erent coordinates as

ψ(re, ze, zh) = φ(re)χe(ze)χh(zh), (A.9)
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where φ(re), χe(ze) and χh(zh) are approximate forms for the exciton, electron and
hole wavefunctions, respectively. They are ground states of one variable Hamilto-
nians: (

Kr + Ūr(re)
)
φ(re) = Eχφ(re), (A.10a)(

He + Ūe(ze)
)
χe(ze) = Eeχe(ze), (A.10b)(

Hh + Ūh(zh)
)
χh(zh) = Ehχh(zh), (A.10c)

where Ūe, Ūh, Ūr are the corrections due to the Coulomb potential for the electron,
hole and exciton, respectively. They are evaluated as

Ūe(ze) = 〈φχh|Ureh|φχh〉, (A.11a)

Ūh(zh) = 〈φχe|Ureh|φχe〉, (A.11b)

Ūr(re) = 〈χeχh|Ureh|χeχh〉. (A.11c)

The angle brackets notation implies the scalar product of the Coulomb potential
in Eq. (A.8e) with two of three one-variable wavefunctions. The calculation of
the wavefunctions in Eqs. (A.10) and the potential corrections in Eqs. (A.11) are
repeated until self-consistency is reached. The corresponding value of the total
energy is written as:

E = Ee + Eh + Eχ − 〈χe|Ue|χe〉 − 〈χh|Uh|χh〉. (A.12)





Bibliography

[1] H. J. Round, Electrical World 49, 309 (1907).

[2] E. F. Schubert, Light-Emitting Diodes, 2nd ed. (Cambridge University Press,
Cambridge, 2003).

[3] M. R. Krames, H. Amano, J. J. Brown, and P. L. Heremans, IEEE J. Sel.

Topics Quantum Electron. 8, 185 (2002).

[4] H. Amano, N. Sawaki, I. Akasaki, and Y. Toyoda, Appl. Phys. Lett. 48, 353
(1986).

[5] H. Amano, M. Kito, K. Hiramatsu, and I. Akasaki, Jpn. J. Appl. Phys. 28,

L2112 (1989).

[6] S. Nakamura, M. Senoh, N. Iwasa, and S. Nagahama, Jpn. J. Appl. Phys.
34, L797 (1995).

[7] R. Haitz and J. Y. Tsao, Phys. Status Solidi A 208, 17 (2011).

[8] M. A. Khan, M. Shatalov, H. P. Maruska, H. M. Wang, and E. Kuokstis, Jpn.
J. Appl. Phys. 44, 7191 (2005).

[9] Sensor Electronic Technology, Inc., Url: http://www.s-et.com/, 1195 Atlas
Road Columbia, SC 29209, US.

[10] Y. Taniyasu, M. Kasu, and T. Makimoto, Nature 441, 325 (2006).

[11] H. Hirayama, S. Fujikawa, N. Noguchi, J. Norimatsu, T. Takano, K. Tsubaki,
and N. Kamata, Phys. Status Solidi A 206, 1176 (2009).

[12] M. S. Shur and A. Zukauskas, UV Solid-State Light Emitters and Detectors

(Kluwer Academic Publishers, 2003).

[13] M. S. Shur and R. Gaska, IEEE Trans. Electron Devices 57, 12 (2010).

[14] S. Ishizaki, H. imura, and M. Sugimoto, Journal of Light and Visual Envi-

ronment 31, 11 (2007).

79



80 BIBLIOGRAPHY

[15] A. Zukauskas, M. S. Shur, and R. Gaska, in Introduction to Solid-State Light-

ing (John Wiley & Sons, New York, 2002), Chap. 1, pp. 109�153.

[16] M. A. Khan, K. Balakrishnan, and T. Katona, Nature Photonics 2, 77 (2008).

[17] M. L. Reed, M. Wraback, A. Lunev, Y. Bilenko, X. Hu, A. Sattu, J. Deng,
M. Shatalov, and R. Gaska, Phys. Status Solidi C 5, 2053 (2008).

[18] F. Bernardini and V. Fiorentini, Phys. Rev. B 57, R9427 (1998).

[19] S. F. Chichibu, T. Deguchi, T. Sota, K. Wada, S. P. DenBaars, T. Mukai,
and S. Nakamura, Phys. Status Solidi A 176, 85 (1999).

[20] D. Zhu, J. Xu, A. N. Noemaun, J. K. Kim, E. F. Schubert, M. H. Crawford,
and D. D. Koleske, Appl. Phys. Lett. 94, 081113 (2009).

[21] S.-H. Han, D.-Y. Lee, S.-J. Lee, C.-Y. Cho, M.-K. Kwon, S. P. Lee, D. Y.
Noh, D.-J. Kim, Y. C. Kim, and S.-J. Park, Appl. Phys. Lett. 94, 231123
(2009).

[22] M. S. Shur, A. D. Bykhovski, R. Gaska, J. W. Yang, G. Simin, and M. A.
Khan, Appl. Phys. Lett. 76, 3051 (2000).

[23] S. F. Chichibu, A. Uedono, T. Onuma, B. A. Haskell, A. Chakraborty, T.
Koyama, P. T. Fini, S. Keller, S. P. Denbaars, J. S. Speck, U. K. Mishra, S.
Nakamura, S. Yamaguchi, S. Kamiyama, H. Amano, I. Akasaki, J. Han, and
T. Sota, Nature Materials 5, 810 (2006).

[24] H. S. Kim, R. A. Mair, J. Li, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett.
76, 1252 (2000).

[25] Y. Sun, T. Yu, H. Zhao, X. Shanand, X. Zhang, Z. Chen, Xiangning, K. D.
Yu, and G. Zhang, J. Appl. Phys. 106, 013101 (2009).

[26] C. G. Moe, M. L. Reed, G. A. Garrett, A. V. Sampath, T. Alexander, H.
Shen, M. Wraback, Y. Bilenko, M. Shatalov, J. Yang, W. Sun, J. Deng, and
R. Gaska, Appl. Phys. Lett. 96, 213512 (2010).

[27] N. W. Ashcroft and N. D. Mermin, Solid State Physics, 1st ed. (Brooks Cole,
1976).

[28] R. Shankar, Principles of Quantum Mechanics, 2nd ed. (Springer-Verlag,
1994).

[29] L. A. Coldren and S. W. Corzine, Diode Lasers and Photonic Integrated Cir-

cuits (Wiley-Interscience, 1995).

[30] G. Bastard, Wave Mechanics Applied to Semiconductor Heterostructures

(Wiley-Interscience, 1991).



BIBLIOGRAPHY 81

[31] G. Bastard, Phys. Rev. B 24, 5693 (1981).

[32] A. Reale, G. Massari, A. D. Carlo, P. Lugli, A. Vinattieri, D. Alderighi, M.
Colocci, F. Semond, N. Grandjean, and J. Massies, J. Appl. Phys. 93, 400
(2003).

[33] C. F. Klingshirn, Semiconductor Optics (Springer-Verlag, Berlin, 1997).

[34] P. G. Eliseev, P. Perlin, J. Lee, and M. Osi«skic, Appl. Phys. Lett. 71, 569
(1997).

[35] S. W. Koch, M. Kira, G. Khitrova, and H. M. Gibbs, Nature Materials 5,

523 (2006).

[36] S. Rudin, T. L. Reinecke, and B. Segall, Phys. Rev. B 42, 11218 (1990).

[37] K. B. Nam, J. Li, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 85, 3489
(2004).

[38] J. Shah, Ultrafast Spectroscopy of Semiconductors and Semiconductor Nanos-
tructures, third edition ed. (Springer-Verlag, Berlin, 2001).

[39] M. Fox, Optical Properties of Solids, 2nd ed. (Oxford University Press, Ox-
ford, 2010).

[40] M.-H. Kim, M. F. Schubert, Q. Dai, J. K. Kim, E. F. Schubert, J. Piprek,
and Y. Park, Appl. Phys. Lett. 91, 183507 (2007).

[41] G. Bourdon, I. Robert, I. Sagnes, and I. Abram, J. Appl. Phys. 92, 6595
(2002).

[42] V. N. Abakumov, V. I. Perel, and I. N. Yassievich, Nonradiative Recombina-
tion in Semiconductors, 3rd ed. (North-Holland, Amsterdam, 1991).

[43] H. Schneider and K. V. Klitzing, Phys. Rev. B 38, 6160 (1988).

[44] K. Köhler, H.-J. polland, L. Schultheis, and C. W. Tu, Phys. Rev. B 38,

5496 (1988).

[45] J.-W. Wu and A. V. Nurmikko, Phys. Rev. B 37, 2711 (1988).

[46] F. Rotermund and V. Petrov, Opt. Lett. 23, 1040 (1998).

[47] Guide to Streak Cameras, http://www.hamamatsu.com, Hamamatsu Photon-
ics K.K., System Division, 812 Joko-cho, Hamamatsu City, Japan (2002).

[48] K.-H. Lin, G.-W. Chern, Y.-K. Huang, and C.-K. Sun, Phys. Rev. B 70,

073307 (2004).



82 BIBLIOGRAPHY

[49] M. Ohtsu and K. Kobayashi, Optical Near Fields: Introduction to Classi-

cal and Quantum Theories of Electromagnetic Phenomena at the Nanoscale

(Springer, 2010).

[50] F. de Fornel, in Nanophotonics, H. Rigneault, J.-M. Lourtioz, C. Delalande,
and A. Levenson, eds., (Wiley-ISTE, 2006), Chap. 7. Controlling the Optical
Near Field: Implications for Nanotechnology.

[51] L. Novotny and B. Hecht, Principles of Nano-Optics (Cambridge University
Press, 2006).

[52] B. Hecht, H. Bielefeldt, Y. Inouye, D. W. Pohl, and L. Novotny, J. Appl.
Phys. 81, 2492 (1997).

[53] R. Stöckle, C. Fokas, V. Deckert, R. Zenobi, B. Sick, B. Hecht, and U. P.
Wild, Appl. Phys. Lett. 75, 160 (1999).

[54] A. Lazarev, N. Fang, Q. Luo, and X. Zhang, Rev. Sci. Instrum. 74, 3679
(2003).

[55] G. von Freymann, T. Schimmel, M. Wegener, B. Hanewinkel, A. Knorr, and
S. W. Koch, Appl. Phys. Lett. 73, 1170 (1998).

[56] R. Müller and C. Lienau, Appl. Phys. Lett. 76, 336 (2000).

[57] G. Krausch, S. Wegscheider, A. Kirsch, H. Bielefeldt, J. Meiners, and J.
Mlynek, Optics Communications 119, 283 (1995).

[58] S. I. Bozhevolnyi and B. Vohnsen, J. Opt. Soc. Am. B 14, 1656 (1997).

[59] S. Madsen, S. Bozhevolnyi, and J. Hvam, Optics Communications 146, 277
(1998).

[60] A. Kaneta, T. Izumi, K. Okamoto, Y. Kawakami, S. Fujita, Y. Narita, T.
Inoue, and T. Mukai, Jpn. J. Appl. Phys. 40, 110 (2001).

[61] K. Karrai and R. D. Grober, Appl. Phys. Lett. 66, 1842 (1995).

[62] K. Karrai and I. Tiemann, Phys. Rev. B 62, 13174 (2000).

[63] O. Ambacher, J. Majewski, C. M. A. Link, M. Hermann, M. Eickho�, M.
Stutzmann, F. Bernardini, V. Fiorentini, V. Tilak, B. Scha�, and L. F. East-
man, J. Phys.: Condens. Matter 14, 3399 (2002).

[64] H. Morkoç, S. Strite, G. B. Gao, M. E. Lin, B. Sverdlov, and M. Burns, J.
Appl. Phys. 76, 1363 (1994).

[65] C. Klingshirn, J. Fallert, H. Zhou, J. Sartor, C. Thiele, F. Maier-Flaig, D.
Schneider, and H. Kalt, Phys. Status Solidi B 247, 1424 (2010).



BIBLIOGRAPHY 83

[66] Y. Ohba, K. Kaneko, H. Katsuno, and M. Kushibe, Appl. Phys. Express 1,

101101 (2008).

[67] S. Saito, T. Narita, K. Zaima, K. Tachibana, H. Nago, G. Hatakoshi, and S.
Nunou, Phys. Status Solidi C 6, 2195 (2008).

[68] S. C. Jain, M. Willander, J. Narayan, and R. V. Overstraeten, J. Appl. Phys.
87, 965 (2000).

[69] M. Osi«ski, J. Zeller, P.-C. Chiu, B. S. Phillips, and D. L. Barton, Appl. Phys.
Lett. 69, 898 (1996).

[70] Z. Gong, M. Gaevski, V. Adivarahan, W. Sun, M. Shatalov, and M. A. Khan,
Appl. Phys. Lett. 88, 121106 (2006).

[71] H. Morkoç, Handbook of Nitride Semiconductors and Devices Vol. 1: Ma-

terials Properties, Physics and Growth (WILEY-VCH Verlag GmbH & Co.
KGaA, 2008).

[72] M. Kumagai, S. L. Chuang, and H. Ando, Phys. Rev. B 57, 15303 (1998).

[73] R. G. Banal, M. Funato, and Y. Kawakami, Phys. Rev. B 79, 121308(R)
(2009).

[74] L. C. de Carvalho, A. Schleife, F. Fuchs, and F. Bechstedt, Appl. Phys. Lett.
97, 232101 (2010).

[75] M. Leroux, S. Dalmasso, F. Natali, S. Helin, C. Touzi, S. Laügt, M. Passarel,
F. Omnes, F. Semond, J. Massies, and P. Gibart, Phys. Status Solidi B 234,

887 (2002).

[76] A. A. Yamaguchi, Appl. Phys. Lett. 96, 151911 (2010).

[77] K. B. Nam, J. Li, M. L. Nakarmi, J. Y. Lin, and H. X. Jiang, Appl. Phys.
Lett. 84, 5264 (2004).

[78] J. Mickevi£ius, R. Aleksiej	unas, M. S. Shur, G. Tamulaitis, R. S. Q. Fareed,
J. P. Zhang, R. Gaska, and M. A. Khan, Phys. Status Solidi A 202, 126
(2004).

[79] P. Lefebvre, S. Kalliakos, T. Bretagnon, P. Valvin, T. Taliercio, B. Gil, N.
Grandjean, and J. Massies, Phys. Rev. B 69, 035307 (2004).

[80] F. Binet, J. D. Duboz, E. Rosencher, F. Scholz, and V. Härle, Phys. Rev. B
54, 8116 (1996).

[81] T. Onuma, S. F. Chichibu, T. Sota, K. Asai, S. Sumiya, T. Shibata, and M.
Tanaka, Appl. Phys. Lett. 81, 652 (2002).



84 BIBLIOGRAPHY

[82] G. Bastard, E. E. Mendez, L. L. Chang, and L. Esaki, Phys. Rev. B 26,

1976 (1982).

[83] J. F. Muth, J. H. Lee, I. K. Shmagin, R. M. Kolbas, H. C. Casey, B. P. Keller,
U. K. Mishra, and S. P. DenBaars, Appl. Phys. Lett. 71, 2572 (1997).

[84] N. Nepal, J. Li, M. L. Nakarmi, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett.
88, 062103 (2006).

[85] S. Nakamura, Science 281, 956 (1998).

[86] S. Kalliakos, P. Lefebvre, and T. Taliercio, Phys. Rev. B 67, 205307 (2003).

[87] P. Bigenwald, A. Kavokin, B. Gil, and P. Lefebvre, Phys. Rev. B 61, 15621
(2000).

[88] F. Binet, J. Y. Duboz, J. O�, and F. Scholz, Phys. Rev. B 60, 4715 (1999).

[89] M. F. Schubert, S. Chhajed, J. K. Kim, E. F. Schubert, D. D. Koleske, M. H.
Crawford, S. R. Lee, and A. J. Fisher, Appl. Phys. Lett. 91, 231114 (2007).

[90] M. Shatalov, J. Yang, W. Sun, R. Kennedy, R. Gaska, K. Liu, M. Shur, and
G. Tamulaitis, J. Appl. Phys. 105, 073103 (2009).

[91] T. Uenoyama and M. Suzuki, Mater. Sci. Eng., B 59, 376 (1999).

[92] R. Cingolani, G. Colí, R. Rinaldi, and L. Calcagnile, Phys. Rev. B 56, 1491
(1997).

[93] F. Bernardini, V. Fiorentini, and D. Vanderbil, Phys. Rev. B 56, R1002
(1997).

[94] P. Lefebvre, S. Kalliakos, T. Bretagnon, P. Valvin, T. Taliercio, B. Gil, N.
Grandjean, and J. Massies, Phys. Rev. B 59, 15363 (1999).

[95] T. Hanada, in Oxide and Nitride Semiconductors. Processing, Properties, and
Applications, T. Yao and S.-K. Hong, eds., (Springer, 2009), Chap. 1. Basic
Properties of ZnO, GaN, and Related Materials, pp. 1�19.

[96] O. Ambacher, , J. Smart, J. R. Shealy, N. G. Weimann, K. Chu, M. Murphy,
W. J. Scha�, L. F. Eastman, R. Dimitrov, L. Wittmer, M. Stutzmann, W.
Rieger, and J. Hilsenbec, J. Appl. Phys. 85, 3222 (1999).

[97] N. Grandjean, B. Damilano, S. Dalmasso, M. Leroux, M. Laügt, and J.
Massies, J. Appl. Phys. 86, 3714 (1999).

[98] Y. D. Jho, J. S. Yahng, E. Oh, and D. S. Kim, Phys. Rev. B 66, 035334
(2002).



BIBLIOGRAPHY 85

[99] V. Fiorentini, F. Bernardini, F. D. Sala, A. D. Carlo, and P. Lugli, Phys. Rev.
B 60, 8849 (1999).

[100] O. Ambacher, B. Foutz, J. Smart, J. R. Shealy, N. G. Weimann, K. Chu, M.
Murphy, A. J. Sierakowski, W. J. Scha�, and L. F. Eastman, J. Appl. Phys.
87, 334 (2000).

[101] D. A. B. Miller, D. S. Chemla, T. C. Damen, A. C. Gossard, W. Wiegman,
T. H. Wood, and C. A. Burrus, Phys. Rev. Lett. 53, 2173 (1984).

[102] S. Porowski, Mater. Sci. Eng., B 44, 407 (1997).

[103] M. Sumiya and S. Fuke, Applied Surface Science 244, 269 (2005).

[104] K. Hiramatsu, S. Itoh, H. Amano, I. Akasaki, N. Kuwano, T. Shiraishi, and
K. Oki, J. Cryst. Growth 115, 628 (1991).

[105] M. A. Moram, T. C. Sadler, M. Häberlen, M. J. Kappers, and C. J.
Humphreys, Appl. Phys. Lett. 97, 261907 (2010).

[106] J. Bai, T. Wang, P. J. Parbrook, K. B. Lee, and A. G. Cullis, J. Cryst. Growth
282, 290 (2005).

[107] R. G. Banal, M. Funato, and Y. Kawakamia, Appl. Phys. Lett. 92, 241905
(2008).

[108] Y. Kida, T. Shibata, H. Naoi, H. Miyake, K. Hiramatsu, and M. Tanaka,
Phys. Status Solidi A 194, 498 (2002).

[109] D. D. Koleske, A. E. Wickenden, R. L. Henry, W. J. DeSisto, and R. J.
Gorman, J. Appl. Phys. 84, 1998 (1998).

[110] J. P. Zhang, M. A. Khan, W. H. Sun, H. M. Wang, C. Q. Chen, Q. Fareed,
E. Kuokstis, and J. W. Yang, Appl. Phys. Lett. 81, 4392 (2002).

[111] M. Shatalov, Z. Gong, M. Gaevski, S. Wu, W. Sun, V. Adivarahan, and M. A.
Khan, Proceedings of SPIE 6134, 61340P (2006).

[112] H. M. Wang, J. P. Zhang, C. Q. Chen, J. W. Yang, Q. Fareed, and M. A.
Khan, Appl. Phys. Lett. 81, 604 (2002).

[113] S. Sumiya, Y. Zhu, J. Zhang, K. Kosaka, M. Miyoshi, T. Shibata, M. Tanaka,
and T. Egawa, Jpn. J. Appl. Phys. 47, 43 (2008).

[114] Y. Sakai, Y. Zhu, S. Sumiya, M. Miyoshi, M. Tanaka, and T. Egawa, Jpn. J.
Appl. Phys. 49, 022102 (2010).

[115] S. Arulkumaran, T. Egawa, H. Ishikawa, T. jimbo, and M. Umeno, Appl.
Phys. Lett. 73, 809 (1998).



86 BIBLIOGRAPHY

[116] J. Zhang, X. Hu, A. Lunev, J. Deng, Y. Bilenko, T. M. Katona, M. S. Shur,
R. Gaska, and M. A. Khan, Jpn. J. Appl. Phys. 44, 7250 (2005).

[117] J. P. Zhang, H. M. Wang, M. E. Gaevski, C. Q. Chen, Q. Fareed, J. W. Yang,
G. Simin, and M. A. Khan, Appl. Phys. Lett. 80, 3542 (2002).

[118] J. Bai, M. Dudley, W. H. Sun, H. M. Wang, and M. A. Khan, Appl. Phys.
Lett. 88, 051903 (2006).

[119] H. Amano, S. Takanami, M. Iwaya, S. Kamiyama, and I. Akasaki, Phys.
Status Solidi A 195, 491 (2003).

[120] J. W. P. Hsu, M. J. Manfra, R. J. Molnar, B. Heying, and J. S. Speck, Appl.
Phys. Lett. 81, 79 (2002).

[121] M. Stutzmann, O. Ambacher, A. Cros, M. Brandt, H. Angerer, R. Dimitrov,
N. Reinacher, T. Metzger, R. H. pler, D. Brunner, F. Freudenberg, R. Hand-
schuh, and C. Dege, Mater. Sci. Eng., B 50, 212 (1997).

[122] M. L. Nakarmi, N. Nepal, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 94,

09190 (2009).

[123] J. Piprek, Phys. Status Solidi A 207, 2217 (2010).

[124] K. T. Delaney, P. Rinke, and C. G. V. de Walle, Appl. Phys. Lett. 94, 191109
(2009).

[125] E. Kioupakis, P. Rinke, K. T. Delaney, and C. G. V. de Walle, Appl. Phys.
Lett. 98, 161107 (2011).

[126] W. Sun, M. Shatalov, J. Deng, X. Hu, J. Yang, A. Lunev, Y. Bilenko, M.
Shur, and R. Gaska, Appl. Phys. Lett. 96, 061102 (2010).

[127] R. Li, J. Zhang, L. Chen, H. Zhao, Z. Yang, T. Yu, D. Li, Z. Liu, W. Chen,
Z. Yang, G. Zhang, Z. Gan, X. Hu, Q. Wei, T. Li, and F. A. Ponce, Appl.
Phys. Lett. 94, 211103 (2009).

[128] J.-S. Park, D. W. Fothergill, P. Wellenius, S. M. Bishop, J. F. Muth, and
R. F. Davis, Jpn. J. Appl. Phys. 45, 4083 (2006).

[129] K. Ban, J. Yamamoto, K. Takeda, K. Ide, M. Iwada, T. Takeuchi, S.
Kamiyama, I. Akasaki, and H. Amano, Appl. Phys. Express 4, 052101 (2011).

[130] K. Kazlauskas, A. �ukauskas, G. Tamulaitis, J. Mickevi£ius, M. S. Shur,
R. S. Q. Fareed, J. P. Zhang, and R. Gaska, Appl. Phys. Lett. 87, 172102
(2005).

[131] T.-X. Lee, K.-F. Go, T.-Y. Chung, and C.-C. Sun, Proceedings of SPIE (2007),
Vol. 6473.



BIBLIOGRAPHY 87

[132] W.-K. Wang, D.-S. Wuu, S.-H. Lin, S.-Y. Huang, P. Han, and R.-H. Horng,
Jpn. J. Appl. Phys. 45, 3430 (2006).

[133] M. Benaissa, L. Gu, M. Korytov, T. Huault, P. A. van Aken, J. Brault, and
P. Vennéguès, Appl. Phys. Lett. 95, 141901 (2009).

[134] U. Jahn, D.-S. Jiang, K. H. Ploog, X. Wang, D. Zhao, and H. Yang, Phys.
Status Solidi A 204, 294 (2007).

[135] F. Hitzel, A. Hangleiter, S. Bader, H.-J. Lugauer, and V. Härle, Phys. Status
Solidi B 228, 407 (2001).

[136] F. Natali, Y. Cordier, J. M. ans S. Vezian, B. Damilano, and M. Leroux,
Phys. Rev. B 79, 035328 (2009).

[137] A. Hangleiter, F. Hitzel, C. Netzel, D. Fuhrmann, U. Rossow, G. Ade, and P.
Hinze, Phys. Rev. Lett. 95, 127402 (2005).

[138] H. Schenk, P. Vennéguès, O. Tottereau, T. Riemann, and J. Christen, J.
Cryst. Growth 258, 232 (2003).

[139] F. Carosella and J.-L. Farvacque, J. Phys.: Condens. Matter 20, 325210
(2008).

[140] D. M. Follstaedt, N. A. Missert, D. D. Koleske, C. C. Mitchell, and K. C.
Cross, Appl. Phys. Lett. 83, 4797 (2003).

[141] X. L. Wang, D. G. Zhao, D. S. Jiang, H. Yang, J. W. Liang, U. Jahn, and K.
Ploog, J. Phys.: Condens. Matter 19, 176005 (2007).

[142] T. Sugahara, M. Hao, T. Wang, D. Nakagawa, Y. Naoi, K. Nishino, and S.
Sakai, Jpn. J. Appl. Phys. 37, L1195 (1998).

[143] B. Han, B. W. Wessels, and M. P. Ulmer, J. Appl. Phys. 99, 084312 (2006).

[144] N. Duxbury, U. Bangert, P. Dawson, E. J. Thrush, W. V. der Stricht, K.
Jacobs, and I. Moerman, Appl. Phys. Lett. 76, 1600 (2000).

[145] Y. Yamada, T. Saito, N. Kato, E. Kobayashi, T. Taguchi, H. Kudo, and H.
Okagawa, Phys. Rev. B 80, 195202 (2009).

[146] A. Kaneta, M. Funato, and Y. Kawakami, Phys. Rev. B 78, 125317 (2008).

[147] M. Marques, L. K. Teles, and L. G. Ferreira, Phys. Rev. B 75, 033201 (2007).

[148] E. F. Schubert, E. O. Göbel, Y. Hiorikoshi, K. Ploog, and H. J. Queisser,
Phys. Rev. B 30, 813 (1984).



88 BIBLIOGRAPHY

[149] M. Albrecht, L. Lymperakis, J. Neugebauer, J. E. Northrup, L. Kirste, M.
Leroux, I. Grzegory, S. Porowski, and H. P. Strunk, Phys. Rev. B 71, 035314
(2005).

[150] M. Gao, S. T. Bradley, Y. Cao, D. Jena, Y. Lin, S. A. Ringel, J. Hwang,
W. J. Scha�, and L. J. Brillson, J. Appl. Phys. 100, 103512 (2006).

[151] G. Coli, K. K. Bajaj, J. Li, J. Y. Lin, and H. X. Jian, Appl. Phys. Lett. 80,

2907 (2002).

[152] P. Ruterana, G. D. S. Jores, M. Laugt, F. Omnes, and E. Bellet-Amalric,
Appl. Phys. Lett. 78, 344 (2001).

[153] K. Pakula, J. Borysiuk, R. Bo»ek, and J. Baranowski, J. Cryst. Growth 296,

191 (2006).

[154] L. Chang, S. K. Lai, F. R. Chen, and J. J. Kai, Appl. Phys. Lett. 79, 928
(2001).

[155] Y. H. Cho, G. H. Gainer, J. B. Lam, J. J. Song, W. Yang, and W. Jhe, Phys.
Rev. B 61, 7203 (2000).

[156] M. Gurioli, A. Vinattieri, J. Martinez-Pastor, and M. Colocci, Phys. Rev. B
50, 11817 (1994).

[157] S. Ruvimov, Z. Liliental-Weber, T. Suski, J. W. I. Ager, J. Wasburn, J. K. C.
Kisielowski, E. R. Weber, H. Amano, and I. Akasaki, Appl. Phys. Lett. 69,

990 (1996).

[158] Z. Liliental-Weber, Y. Chen, S. Ruvimov, and J. Washburn, Phys. Rev. Lett.
79, 2835 (1997).

[159] J. Christen, T. Riemann, F. Bertram, D. Rudlo�, P. Fischer, A. Kaschner,
U. Haboeck, A. Ho�mann, and C. Thomsen, Phys. Status Solidi C 0, 1795
(2003).

[160] Q. Sun, Y. Huang, H. Wang, J. Chen, R. Q. Jin, S. M. Zhang, H. Yang, D. S.
Jiang, U. Jahn, and K. H. Ploog, Appl. Phys. Lett. 87, 121914 (2005).

[161] I.-K. Park, M.-K. Kwon, S.-H. Baek, Y.-W. Ok, T.-Y. Seong, S.-J. Park, Y.-S.
Kim, Y.-T. Moon, and D.-J. Kim, Appl. Phys. Lett. 87, 061906 (2005).

[162] F. Fedler, R. J. Hauenstein, H. Klausing, D. Mistele, O. Semchinova, J. Ader-
hold, and J. Graul, J. Cryst. Growth 241, 535 (2002).

[163] H. Murotani, T. Saito, N. Kato, Y. Yamada, T. Taguchi, A. Ishibashi, Y.
Kawaguchi, and T. Yokogawa, Appl. Phys. Lett. 91, 231910 (2007).



BIBLIOGRAPHY 89

[164] S. Sawyer, S. L. Rumyantsev, and M. S. Shur, Solid-State Electron. 52, 968
(2008).

[165] L. X. Zhao, E. J. Thrush, and C. J. Humphreys, J. Appl. Phys. 103, 024501
(2008).

[166] M. Meneghini, M. Pavesi, N. Trivellin, R. Gaska, E. Zanoni, and G.
Meneghesso, IEEE Trans. Device and Mater. Rel. 8, 248 (2008).

[167] R. Jain, W. Sun, J. Yang, M. Shatalov, X. Hu, A. Sattu, A. Lunev, J. Deng, I.
Shturm, Y. Bilenko, R. Gaska, and M. S. Shur, Appl. Phys. Lett. 93, 051113
(2008).

[168] A. Chitnis, J. P. Zhang, V. Adivarahan, M. Shatalov, S. Wu, R. Pachipulusu,
V. Mandavilli, and M. A. Khan, Appl. Phys. Lett. 82, 2565 (2003).

[169] M. Shatalov, A. Chitnis, V. Mandavilli, R. Pachipulusu, J. P. Zhang, V.
Adivarahan, S. Wu, G. Simin, M. A. Khan, G. Tamulaitis, A. Sereika, I.
Yilmaz, M. S. Shur, and R. Gaska, Appl. Phys. Lett. 82, 167 (2003).

[170] A. Pinos, S. Marcinkevi£ius, J. Yang, R. Gaska, M. Shatalov, and M. S. Shur,
J. Appl. Phys. 108, 092113 (2010).

[171] Y.-H. Kwon, S. K. Shee, H. H. Gainer, G. H. Park, S. J. Hwang, and J. J.
Song, Appl. Phys. Lett. 76, 840 (2000).

[172] J. Elsner, R. Jones, P. K. Stich, V. D. Porezag, T. Frauenheim, M. I. Heggie,
S. Öberg, and P. R. Briddon, Phys. Rev. Lett. 79, 3672 (1997).

[173] D. Cherns, W. T. Young, and F. A. Ponce, Mater. Sci. Eng., B 50, 76
(1997).

[174] Z. Liliental-Weber, T. Tomaszewicz, D. Zakharov, J. Jasinski, and M. A.
O'Keefe, Phys. Rev. Lett. 93, 206102 (2004).

[175] A. T. Blumenau, C. J. Fall, J. Elsner, R. Jones, M. I. Heggie, and T. Frauen-
heim, Phys. Status Solidi C 0, 1684 (2003).

[176] J. Elsner, R. Jones, M. I. Heggie, P. K. Stich, M. Haugk, T. Frauenheim, S.
Öberg, and P. R. Briddon, Phys. Rev. B 58, 12571 (1998).

[177] K. Saarinen, T. Suski, I. Grzegory, and D. C. Look, Phys. Rev. B 64, 233201
(2001).

[178] S. Limpijumnong and C. G. V. de Walle, Phys. Rev. B 69, 035207 (2003).

[179] A. F. Wright and U. Grossner, Appl. Phys. Lett. 73, 2751 (1998).



90 BIBLIOGRAPHY

[180] M. Meneghini, L. Trevisanello, G. Meneghesso, E. Zanoni, F. Rossi, M.
Pavesi, U. Zehnder, and U. Strauss, Superlattices and Microstructures 40,

405 (2006).

[181] R. J. Shul, C. G. Willison, M. M. Bridges, J. Han, J. W. Lee, S. J. Pearton,
C. R. Abernathy, J. D. MacKenzie, and S. M. Donovan, Solid-State Electron.
42, 2269 (1998).

[182] D. Fritsch, H. Schmidt, and M. Grundmann, Phys. Rev. B 67, 235205 (2003).

[183] Q. H. Liu, C. Cheng, and H. Z. Massoud, IEEE Trans. Comput.-Aided Design

Integr. Circuits Syst. 23, 1200 (2004).

[184] L. N. Trefethen, Spectral Methods in MATLAB (SIAM: Society for Industrial
and Applied Mathematics, Oxford, England, 2001).

[185] F. D. Sala, A. D. Carlo, P. Lugli, F. Bernardini, V. Fiorentini, R. Scholz, and
J. M. Jancu, Appl. Phys. Lett. 74, 2002 (1999).

[186] I. V. Ponomarev, L. I. Deych, and A. A. Lisyansk, Physica E: Low-

dimensional Systems and Nanostructures 25, 539 (2005).



List of Tables

1.1 Comparison between UV mercury lamps and deep-UV LEDs . . . . . . 2

4.1 Exciton properties of GaN and AlN . . . . . . . . . . . . . . . . . . . . 39

A.1 Basic properties of wurtzite GaN and AlN at room temperature . . . . 73
A.2 Simulation parameters for wurtzite GaN and AlN . . . . . . . . . . . . . 74

List of Figures

1.1 EQE of UV LEDs for continuous wave and pulsed operation . . . . . . . 3

2.1 Free carrier distribution in CB and VB . . . . . . . . . . . . . . . . . . . 9
2.2 Induced tail in the DOS by bandgap variations . . . . . . . . . . . . . . 12
2.3 Interband transitions and carrier thermalisation . . . . . . . . . . . . . . 15
2.4 Carrier recombination paths . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.5 Schematic of the electron escape mechanisms from a QW . . . . . . . . 18

3.1 Third harmonic generation setup . . . . . . . . . . . . . . . . . . . . . . 20
3.2 Operating principle of the streak camera . . . . . . . . . . . . . . . . . . 21
3.3 Example of streak camera image . . . . . . . . . . . . . . . . . . . . . . 22
3.4 Di�erential transmission pump-probe setup . . . . . . . . . . . . . . . . 24
3.5 Illustration of the di�raction limit . . . . . . . . . . . . . . . . . . . . . 25
3.6 Light scattering from a dielectric rod . . . . . . . . . . . . . . . . . . . . 27
3.7 Scattered �eld magnitude and angular momentum representation . . . . 28
3.8 Tube etching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.9 SEM images of UV �ber probes . . . . . . . . . . . . . . . . . . . . . . . 31

91



92 List of Figures

3.10 Photomultiplier-tube scans of a UV LED surface . . . . . . . . . . . . . 32
3.11 Scheme of the NF microscope setup at KTH. . . . . . . . . . . . . . . . 33

4.1 Bandgap energy and wavelength vs. in-plane lattice constant . . . . . . 36
4.2 Ga-face wurtzite crystal structure of GaN . . . . . . . . . . . . . . . . . 37
4.3 GaN and AlN bandstructure around k=0 . . . . . . . . . . . . . . . . . 38
4.4 Bond distribution around a Ga atom in the wurtzite, Ga-face GaN . . . 40
4.5 Some wurtzite crystallographic planes . . . . . . . . . . . . . . . . . . . 41
4.6 Direction of the polarization and electric �elds inside a layer stack . . . 42
4.7 Polarization in AlGaN layers . . . . . . . . . . . . . . . . . . . . . . . . 43
4.8 Band pro�les in a p-i-n structure . . . . . . . . . . . . . . . . . . . . . . 44
4.9 Screening e�ects in a AlGaN QW . . . . . . . . . . . . . . . . . . . . . . 45
4.10 Screening-induced shift vs. well width and polarization charge . . . . . 46
4.11 Band pro�les for free carriers and excitons . . . . . . . . . . . . . . . . . 47

5.1 Schematic of a �ip-chip deep-UV LED on a sapphire substrate . . . . . 51
5.2 H-shaped pad layout of deep-UV LEDs . . . . . . . . . . . . . . . . . . 53
5.3 CB and VB pro�les for a MQW LED structure . . . . . . . . . . . . . . 54
5.4 Inhomogeneities in III-nitride epitaxial layers and their interplay. . . . . 56
5.5 Bandgap variation in a 2.5 nm QW . . . . . . . . . . . . . . . . . . . . . 57
5.6 DTPP traces from an AlGaN QW structure . . . . . . . . . . . . . . . . 60
5.7 Model of the growth kinetics of AlGaN on sapphire . . . . . . . . . . . . 61
5.8 NF measurements on Al30Ga70N epitaxial layer . . . . . . . . . . . . . . 62
5.9 NF measurements on Al42Ga58N epitaxial layer . . . . . . . . . . . . . . 63
5.10 Failure of a 285 nm deep-UV LED . . . . . . . . . . . . . . . . . . . . . 64
5.11 EL from a 265 nm deep-UV LED before and after aging . . . . . . . . . 65
5.12 Optical micrograps from two deep-UV LEDs . . . . . . . . . . . . . . . 67



Publications

93





Guide to the articles

PAPER I: �Intrinsic electric �elds in AlGaN quantum wells�

This article presents the �rst investigation of the polarization �elds in high molar
fraction AlxGa1−xN/AlyGa1−yN QW structures with the same barrier and well
dimensions but di�erent compositions. A linear relationship between electric �eld
inside the QWs and PL peak shift was assumed, approximation valid for strong
�elds. The polarization �eld value was derived from the comparison of thy PL peak
shift due to external p-i-n �eld (QCSE) and the shift induced by optically excited
free carrier (screening of the �eld inside the QWs). In structures with lower Al
content, experimental �elds values around 1 MV/cm compare well with the results
of �rst principle calculations, particularly considering partial strain relaxation.

Author contribution: calculations. The samples were grown at SET, Inc.
and the measurements were carried out by S. Marcinkevi£ius and K. Liu.

PAPER II: �Screening dynamics of intrinsic electric �eld in

AlGaN quantum wells�

The induced dynamic screening of the polarization �eld by optically excited free
carriers in high molar fraction Al0.35Ga0.65N/Al0.49Ga0.51N QW structures are pre-
sented. The compositions of the barrier and well layers were the same in all the
examined structures but di�erent well widths were examined. The PL peak shift
was found to saturate at high optical excitation. Furthermore, the dynamic polar-
ization �eld descreening was found to determine the initial luminescence decay. The
PL peak shift at high intensities was compared with theoretical values computed
solving self-consistently the Schrödinger-Poisson system. The comparison allowed
deriving a value of the polarization �eld equal to 0.6 MV/cm, roughly half of the
calculated value using �rst principle calculations.

Author contribution: modeling and data analysis. The samples were grown
at SET, Inc. and the measurements were carried out by S. Marcinkevi£ius and K.
Liu.
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PAPER III: �Carrier lifetimes in AlGaN quantum wells:

electric �eld and excitonic e�ects�

This article presents an experimental and theoretical study of the photoexcited
carrier dynamics in a high Al molar fraction Al0.35Ga0.65N/ Al0.50Ga0.50N MQW
LED. The measured PL decay was biexponential, with the shortest component due
to the polarization �eld descreening and the long to nonradiative recombination.
The decay time was long, 600 ps, and slightly dependent on the applied bias
below �at-band condition. The theoretical values of carrier lifetimes in the limit of
dominant tunneling and thermionic emission outside the QWs were found several
orders of magnitude smaller than the measured PL decay time. Much longer carrier
lifetimes were obtained by including the electron-hole Coulomb interaction within
the free exciton model.

Author contribution: modeling, data analysis and part of the writing. The
samples were grown at SET, Inc. and the measurements were carried out by S.
Marcinkevi£ius and K. Liu.

PAPER IV: �Time-resolved luminescence studies of

proton-implanted GaN�

This article presents a study of the e�ect of point defect creation in unintentionally
doped GaN. As-grown GaN samples were implanted with protons and annealed at
several temperatures. TRPL measurement revealed that free carrier trapping time
can be varied by two orders of magnitude and reach values of a few picoseconds. The
reduction of carrier lifetime was attributed to VGas created during implantation.
Measurements on annealed samples show that carrier lifetimes can only be slightly
restored by annealing at temperatures up to 750 ◦C. The increase of the PL decay
time after annealing is attributed to annealing of free VGas. Additionally, trapped
vacancies at TD sites are responsible for the persistent short PL decay time in the
highly implanted samples. This result sustains the role of TDs in the nonradiative
recombination in III-nitrides and suggests that the widest tuning of carrier lifetime
in GaN by proton implantation could be achieved in layers with a high density of
TDs.

Author contribution: measurements, data analysis and writing. The samples
were grown by Thomas Aggerstam and implanted by A. Hallén, the annealing was
done in collaboration with M. Usman.

PAPER V: �Aging of AlGaN quantum well light emitting

diode studied by scanning near-�eld optical spectroscopy�

In this article, NF measurements of the EL from a deep-UV LED are presented.
In the �ip-chip mounted device, the sapphire substrate was removed to increase
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the light output. A collection mode setup is used and the emission is measured
through the n-type cladding. Micrometer-sized domains emitting at lower wave-
length were identi�ed. The emission intensity from the domains was higher than
the background. The EL measured from the same spot were measured during the
aging of the device. As the total luminescences decreased, the peak emission wave-
length progressively red-shifted to longer wavelength until the �nal failure of the
device took place. Compositional modi�cation of the active region during aging
was suggested as failure mechanism. The migration of Al atoms along dislocation
cores and current crowding were proposed.

Author contribution: measurements, data analysis and part of the writing.
The device was fabricated by SET, Inc.

PAPER VI: �Dynamics of carrier recombination and

localization in AlGaN quantum wells studied by

time-resolved transmission spectroscopy�

In this work, DTPPmeasurements were performed on Al0.35Ga0.65N/ Al0.49Ga0.51N
QW structures with di�erent QW widths. Pump-probe traces obtained at di�erent
wavelengths were compared with TRPL measurements. The results suggest the
presence of localized states. In the case of direct excitation within the localized
states, localization of one type of carrier was proposed with an estimated localiza-
tion depth of around 80 meV. For excitation at higher photon energies, an increase
of the absorption was related to the screening of the polarization �eld in the QWs.
Excitation intensity measurements for excitation in the localized states evidence
long lifetime of the localized carriers. Furthermore, the photon �ux that was re-
quired to saturate the localized states allowed estimating the density of localized
states to around 1.3×1013cm−2.

Author contribution: preparation of the setup and preliminary measure-
ments. The samples were grown at SET, Inc.

PAPER VII: �High current-induced degradation of AlGaN

ultraviolet light emitting diodes�

The degradation under high current stress of AlGaN based deep-UV LEDs emit-
ting at 285 and 310 nm was studied using EL, TRPL and I-V measurements. The
measurements have revealed that the decrease of EL intensity during aging is ac-
companied by the increase of tunneling current, the increase of the VN concentration
and the partial compensation of the doping in the p-type cladding. The main aging
mechanism was ascribed to the electric activation of the conduction through screw
dislocations, probably by V3+

N gettering. Carrier lifetimes in the QWs and p-type
cladding were found to be una�ected by the current stress, suggesting the minor
role of the nonradiative recombination.
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Author contribution: measurements, data analysis and writing. The devices
were fabricated by SET, Inc.

PAPER VIII: �Localization potentials in AlGaN epitaxial

�lms studied by scanning near-�eld optical spectroscopy�

Scanning NF PL spectroscopy was used to study the potential �uctuations in AlGaN
epitaxial layers with Al molar fraction between x=0.30 and x=0.50. The distribu-
tion of peak intensity, peak wavelength and full width at half maximum on the
measured regions evidences two localization scales. The potential of the nanoscopic
localization was evaluated from the inhomogeneous broadening contribution of the
NF spectral width. The nanoscopic potential �uctuations were found to increase
in depth and cover larger sample areas with increased Al content. They were as-
sociated with the formation of Al rich grains as a result of secondary nucleation
during the samples growth. Larger scale potential �uctuations were associated with
Ga-rich regions close to the boundary of columns and layer steps. The density, size
and shape of these domains are composition dependent. For some compositions,
stronger nonradiative recombination was observed at the sites of the carrier local-
ization.

Author contribution: measurements, data analysis and part of the writing.
The devices were fabricated by SET, Inc.
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