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ABSTRACT

New materials such as III-N ternary alloys are object of increasing
interest in the field of micro- and nanotechnology due to their relevant optical and electronical properties. Those alloys are especially
appealing to be used to form quantum nanostructures for various device applications such as laser emitting diodes, high electron mobility
transistors and solar cells.
This thesis investigates the properties of InGaN and AlInN alloys
with high indium content (> 25 %). TEM and STEM combined with
EELS and EDX investigations have been used to correlate the structural changes with the local electronic and optical properties of InGaN quantum wells and InN quantum dots as a consequence of thermal processes.
Annealing of InGaN quantum wells and capping of both InN quantum dots and quantum wells under different conditions have been
investigated. Image processing techniques such as geometric phase
analysis of HR-TEM images were used to reveal significant fluctuations in the indium distribution on a nanometric scale inside the wells.
The growth parameters leading to improved photoemission properties have been determined.
MBE and MOCVD grown samples have been used to analyze the
influence of the temperature of the quantum barrier growth on the
structural and electronic properties of the samples. The local indium
concentration was measured through strain measurements by digital
processing from the lattice fringes images taken by HR-TEM. Formation of indium clusters and fluctuations of indium content have been
determined and analyzed. Photoluminescence spectra have been correlated to the obtained data.
Self-organized InN quantum dots grown by three different procedures on GaN by MOCVD were investigated by TEM. It has been
shown that no wetting layer is formed during growth at low temperature. The quantum dots have been overgrown by a GaN cap
layer at the same temperature as the dots’ growth temperature. This
growth resulted in a smooth top surface. Cubic GaN inclusions were
observed in the cap layer, as well as strong indium intermixing. It
has been observed that the capped quantum dots had decreased dimensions and were 90 % relaxed due to the formation of misfit dislocations at the GaN/InN interface. The density of the dislocations
was correlated to the intensity of the photoluminescence spectrum of
the dots. For InN quantum dots capped with GaN at higher temperatures HR-TEM images and EEL spectra revealed the formation of
InGaN layers of various indium content and even the presence of a
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metallic indium phase. Low energy EEL spectra were measured for
quantum dots and wells, for which the indium content was calculated by GPA method. For those spectra the plasmon peak position
was determined with an accuracy in the order of meV. A strong correlation between the plasmon peak position and the indium content
was found. The Win2k software has been used to calculate the position of the plasmon peak for InAlN and InGaN. The simulations gave
full agreement with experimental data.

STRESZCZENIE PRACY

Nowe materiały układu potrójnego metali grupy III z azotem sa˛
obiektem wcia˛ż rosnacego
˛
zainteresowania miko- i nano-technologii
z powodu na ich wyjatkowe
˛
optyczne i elektroniczne własności. Te
materiały w szczególności stosowane sa˛ do wytwarzania nanostruktur znajdujacych
˛
zastosowanie jako diody laserowe, tranzystory o
wysokiej ruchliwości elektronów czy baterie słoneczne.
W pracy badano własności nanostruktur Inx Ga1−x N oraz
Al1−x Inx N o dużej koncentracji indu (> 25 at%). Badania TEM
oraz STEM w połaczeniu
˛
z EELS oraz EDX były zastosowane
do znalezienia zależności pomiedzy
˛
zmianami struktury spowodowanymi procesami termicznymi a lokalnymi własnościami elektronowymi i optycznymi kropek i studni kwantowych.
Badano wpływ wygrzewania w rożnych warunkach na studnie
kwantowe InGaN oraz na przykrywane studnie i kropki kwantowe
InN. Technike˛ przetwarzania obrazów taka˛ jak metoda fazy geometrycznej zastosowano do analizy obrazów wysokorozdzielczych, dzieki
˛ czemu ujawniono wystepowanie
˛
fluktuacji koncentracji indu w
skali nanometrowej wewnatrz
˛
studni. Określono parametry wzrostu
pozwalajace
˛ polepszyć własności fotoemisyjne.
Próbki wytwarzane metodami MBE oraz MOCVD użyto do analizy wpływu temperatury wzrostu bariery na strukture˛ i własności
elektronowe. Lokalna˛ koncentracje˛ indu wyznaczono na podstawie
odkształceń otrzymanych na drodze numerycznej analizy wysokorozdzielczych pra˛żkowych obrazów płaszczyzn krystalicznych.
Stwierdzono i przeanalizowano wystepowanie
˛
fluktuacji zawartości indu. Otrzymane informacje powiazano
˛
z widmami fotoluminescencjami.
Samoorganizujace sie˛ kropki kwantowe wytwarzane w trzech
różnych procesach na podłożu GaN metoda˛ MOCVD były badane
za pomoca˛ TEM. Zostało stwierdzone, że podczas wzrostu w
niskiej temperaturze nie powstaje warstwa zwilżajaca.
˛ Przykrywanie
kropek kwantowych warstwa˛ GaN bez zmiany temperatury procesu prowadziło do otrzymania gładkiej powierzchni, powstawania wydzieleń GaN o strukturze sfalerytu oraz mieszania sie˛
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indu z galem. Zaobserwowano że kropki kwantowe zmniejszyły
swoje rozmiary i były zrelaksowane w 90 % w wyniku powstania dyslokacji niedopasowania na granicy GaN/InN. Gestość
˛
dyslokacji skorelowano z intensywnościa˛ fotoluminescencji. Dla kropek
kwantowych InN przykrywanych GaN przy wyższych temperaturach obrazy wysokorozdzielcze i widma strat energii elektronów
wykazały powstanie warstwy Inx Ga1−x N o zróżnicowanej koncentracji indu a nawet wydzieleń czystego indu.
Niskoenergetyczne widma strat energii elektronów zmierzono
dla studni i kropek kwantowych, dla których koncentracja indu
została wyznaczona również za pośrednictwem metody fazy geometrycznej. Na podstawie widm wyznaczono z dokładnościa˛ rzedu
˛ meV
położenie maksimum absorpcji plazmonowej. Zastosowano oprogramowywanie Win2k do obliczenia pozycji piku plazmonowego
dla Inx Ga1−x N oraz Al1−x Inx N. Wyniki teoretyczne i doświadczalne
okazały sie˛ w pełni zgodne.
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...by the help of microscopes, there is nothing so small,
as to escape our inquiry;
hence there is a new visible world discovered to the understanding.
— Robert Hook, Micrographia 1655
world’s first mircroscopy book
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Part I
INTRODUCTION

1
INTRODUCTION AND SCOPE OF THE WORK

Nowadays the semiconductor industry is heavily silicon oriented,
producing microchips, electronic elements, solar cells and many other
devices based on this well known material. However the need of
more powerful, but less energy consuming and more environmental friendly products has lead to the discovery of other materials with
characteristics that are more suitable to fulfill these goals.
Group III-nitride semiconductors InN, GaN, AlN and their alloys
represent a unique material family for the development of numerous
(opto)-electronic devices, such as transistors, solar cells, lasers and
Light Emitting Diode (LED). The unique opportunity given by such
alloys, covering the whole visible and ultraviolet spectral range using
only one technology platform, is of great value. The understanding of
the physical properties of such materials plays a key role for an effective production of heterostructures suitable for industrial purposes.
Important results at international level have been achieved in the
frame of the EU project RAINBOW, focusing on the investigation of
III-N materials for various applications. Results arising from the acquisition of knowledge in high resolution transmission electron microscopy (HR-TEM) and related techniques for the characterization
of III-nitrides. These powerful techniques have delivered significant
experimental results permitting to connect the work done by partners
involved in the growth of the heterostructures and the ones active in
the field of theoretical modeling of physical devices and processes.
As a result of this fruitful cooperation first prototype devices, such as
Laser Diode (LD) and High Electron Mobility Transistor (HEMT) have
been produced, with increased efficiency and performance limits that
will allow in future a significant reduction of energy consumption
and dispersion with obvious economical and environmental profits.
This work concentrates in particular on Transmission Electron Microscopy (TEM) and related techniques such as Electron Energy Loss
Spectrosopy (EELS) for the determination of local indium distribution
in heterostructures with high indium content. The goal of the thesis
is to investigate what methods may be used at best for the determination of local indium content in III-N nanostructures, while precisely
determining indium content variations and peaks over 20 at% of indium across the structures. Furthermore it is investigated how the in-
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dium content, growth method and annealing of different heterostructures affects their morphology and the sharpness of their interfaces.
This work delivers information on the effects of temperature on the
structural properties of InGaN quantum wells with high indium content and InN quantum dots and will propose models for the observed
behavior. The work also verifies the accuracy of the TEM method in
respect to known techniques such as X-Ray Diffraction (XRD) and
Geometric Phase Analysis (GPA).

2
F U N D A M E N TA L S

2.1

the crystal structure

The crystal structure of III-V materials such as indium-, aluminumand gallium nitride and their ternary and quaternary compounds is
an hexagonal close packed structure defined by the lattice parameters
a, c and the dimensionless parameter u characterizing the bond length
along the c-direction, as reported in Table 1.
1

GaN

AlN

InN

a = 3.189

a = 3.112

a = 3.548

c = 5.185

c = 4.982

c = 5.760

u

0.377

0.379

0.382

bandgap (eV)

3.4

6.1

0.7

0.23

0.33

0.11

Lattice constant (Å)

Electron
mass

effective

Table 1: III-N group parameters

The lattice parameter c indicates the separation between two {00.2}
lattice planes. The growth of III-V compounds is carried out mostly
in the h0001i direction due to the hexagonal structure of the crystal
allowing a smoother growth front and surface for this particular direction. In terms of device applications the {0001} planes are often
used as contact planes between the III-N familily and cubic materials
such as silicon due to the similar sixfold symmetry of these planes
with the cubic {111} planes, which allows an easy integration of two
different material systems.
1 At this point it should be noticed that the lattice parameters of the ternary alloy,
which are investigated in this work can be determined by the use of Vegard’s rule
implying a linear relation between the indium content and the lattice parameter of
the alloy (Chapter 9). This is a simplification since the above mentioned relation is
not linear but need the introduction of a bowing paramenter to determine the exact
lattice parameters for a certain indium concentration [1, 2].
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Group III atoms occupy the sub-lattice as shown in Figure 1a.
Along the c-direction bi-layers are formed, which causes an internal
asymmetry leading to an intrinsic polarity. This plays an important
role in device applications due to the existing internal electric field
arising from the piezoelectric effects of the polar material [3, 4, 5].
To avoid the problems arising from the polarity structures may be
grown on semi- or non-polar planes Figure 1b. However, this solution requires more difficult growth conditions and in some cases the
formation of a non-flat surface due to the formation of 3D structures
during growth [6, 7].

(a) Atom positions in GaN

(b) Crystallographic
tions

direc-

Figure 1: Hexagonal close packed crystal structure of III-V compounds.

2.2

electronic properties

III-N compounds are direct bandgap semiconductors, meaning that
the valence band maximum and the conduction band minimum lie at
the same electron wave vector as shown in Figure 2. This fact has important consequences on the quality of devices since a direct bandgap
allows a higher probability of radiative transition between electrons
and holes in conduction and valence band. This makes such semiconductors more valuable for optoelectronic application than indirect
bandgap semiconductors.
As mentioned in Section 2.1 the growth direction and the connected
polarization of the material has a great influence on the electronic
properties of heterostructures. This is due to the piezoelectric effects
and the intrinsic electric field arising from asymmetries in the crystal
structure. The bandgap of polar heterostructures are influenced by
the electric fields and undergo a bending of the heterojunction band
structure as shown in Figure 3 [8, 9].
The III/V material group is characterized by heterojunctions of
type I, meaning that the bandgap of ternary quantum wells and quantum dots embedded in a GaN matrix will lead to a confinement of
the carriers since the valence band maximum and conduction band

2.2 electronic properties

Figure 2: Bandgap of GaN near the band edge. The conduction band minimum and the valence band maximum both lie at the same electron
k vector.

Figure 3: Heterojunction of type 1 at the example of an InGaN/GaN quantum well. Band bending is clearly observable in the polar sample.

minimum of the nanostructures are both inside the bandgap of the
surrounding GaN matrix (Figure 3).
An important feature of ternary and quaternary III-V alloys is the
possibility to engineer the bandgap and therewith the emission characteristic of an heterostructure by modifying the concentration of certain elements. For ternary compounds the indium content is used to
regulate the crystal lattice parameter and the bandgap as depicted
in Figure 4. In quaternary compounds both the indium and nitrogen
concentrations can be triggered to influence the material properties
[10]
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Figure 4: Dependence of the emission wavelength and lattice parameter
from the indium concentration in In(Al)GaN compounds

2.3

spinodal decomposition

Spinodal decomposition is a mechanism by which a solution of two
or more components can separate into distinct phases with distinctly
different chemical compositions and physical properties. This mechanism differs from the classical nucleation. The phase separation due
to spinodal decomposition is much more defined, and occurs uniformly throughout the material not just at discrete nucleation sites.
Since there is no thermodynamic barrier to the reaction inside of the
spinodal region, the decomposition is determined solely by diffusion.
As a special case of phase transformation, spinodal decomposition
can be illustrated on a phase diagram exhibiting a miscibility gap
(see the diagram below). Thus, phase separation occurs whenever a
material transitions into the unstable region of the phase diagram.
The boundary of the unstable region, is referred to as the binodal or
coexistence curve.
Spinodal decomposition acquires particular importance for the
ternary compounds investigated in this thesis. A direct consequence
of spinodal decomposition is the modification of the morphology of
the intended nanostructures such as quantum wells and dots and the
introduction of indium atoms in the respective quantum barriers.
As shown in Figure 5 the miscibility gap for InGaN is known and
would not allow per se structures with concentrations up to 50 at%
of indium. This thesis will show that stress, in this particular case
bi-axial stress, is able to modify the shape of the spinodal region, allowing the creation of quantum structures with high indium content.
This thesis will then confirm the first report on this matter such as
[11] and [12].

2.3 spinodal decomposition

Figure 5: Spinodal region for the InGaN system represented for a stress free
and a bi-axial stress case (gray region)

9

3
S TAT E O F T H E A R T

As we saw in the introduction to this work the nitride based semiconductor family is a good candidate for the substitution of silicon in
many devices with a consequent performance increase. However the
production of such heterostructures is difficult and is at the moment
at the center of the attention of various research groups worldwide.
TEM investigations play a central role in the determination of the
structural properties of these materials and allow a precise characterization of the deriving optical and electronic characteristics.
Nitride based heterostructures with low indium content are nowadays well reproducible for various application ranging from lasers
[13, 14] and LEDs [15] to HEMT structures [16, 17]. By now many
groups investigated the properties of such structures and devices
with various TEM methods. Rosenauer et al. have strongly contributed to the structural investigation of InGaN/GaN heterostructures by HR-TEM [18, 19, 20] and GPA [21, 22, 23], while other groups
have concentrated their efforts on the optimization and interpretation
of HR-TEM images with particular regard to false clustering and electron beam induced damage to the samples [24, 25]. The introduction
of artifacts is a key point for the GPA of TEM images. Humphreys
is sustaining the idea that no TEM image can be taken for the evaluation of its structure since the observation of the sample is always
introducing artifacts due to the interaction of the beam with the specimen [26]. Low indium content samples are affected by such effects
and these become more and more important with the increase of the
indium atomic concentration: the ffect is critical for the samples investigated in this work.
InGaN quantum wells have been found to be extremely sensitive to
exposure to the electron beam. Although HR-TEM images acquired
immediately after first irradiating a quantum well region do not show
significant fluctuations in the indium content of the alloy, a brief
(about 10 min ) period of irradiation is introducing inhomogeneous
strain due to electron beam damage. This strain is very similar to that
expected from genuine, nanometer in size, indium concentration fluctuations; it therefore influences negatively the TEM analysis of the
real indium distribution. [24].
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This work will prove that TEM imaging is possible and that its results give credible information on the specimen investigated. In fact
it has been proven that TEM investigations in TEM imaging mode
lead to indium clustering and the creation of artifacts during observation, while Scanning Transmission Electron Microcopy (STEM) does
not show such consequences. In contrary samples investigated by
STEM do not show structural changes for investigation times as high
as 40 min [27, 28, 29, 30].
Some 15 years ago Hytch proposed a novel method to obtain precious information from HR-TEM images, in which these are decomposed into a set of major image periodicities [31]. One can associate
the given set of lattice fringes in the image with the Fourier vector
space. Filtering of the Fourier space permits the determination of local amplitude and geometric phase for the acquired lattice fringes. In
such way information on the reciprocal space vector for every point
on the image can be determined and the relation between these and
the structural properties of the crystal can be reconstructed. Furthermore it is possible to join the data provided by GPA with finite element and simpler deformation calculations of the crystal lattice to
obtain information on the chemical composition of the sample. In
Chapter 9 a detailed insight into the method is given.
Other groups concentrated their work on the issues brought to indium rich compounds by the exposure to high temperatures which
causes desorption and structural degradation of the heterostructure
[32, 33]. It has been shown that indium diffusion and desorption is a
main issue for the growth of heterostructures with high crystallinity.
In fact even local indium content fluctuations or the presence of defects in the crystal structure can influence the electronic properties of
the material significantly [34]. Stanley et al. demonstrated that indium
desorption increases with increasing substrate temperature or group
III-V over pressure ratio in a desorption process which is by two independent components, one arising from the physisorbed layer of In
and the other from the surface of the crystal [32]. A critical temperature of 800◦ C has been determined for MBE grown systems, while
for temperatures above 640◦ C the segregation dominates the surface
kinetics causing significant structural deviations from the ideal structure. To avoid such effects several methods have been proposed as
e.g. a many step growth of the InGaN/GaN system with different
growth temperatures for barriers and wells. Leem et al. showed how
a two-step varied-barrier-growth temperature method improves the
structural and optical properties of the InGaN/GaN multi quantum
well layers reducing the desorption rate of the indium atoms of the
InGaN wells [33]. The effects of such processes on indium rich heterosystems will be presented in this work in Chapter 12.
Threading dislocations in GaN have been shown to sensibly affect
the photoluminescence of devices based on the III-V material system
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[35]. Some groups have been interpreting this as a consequence of
defect screening deriving from anti-localization due to the electronic
configuration of the conduction and valence bands around such dislocations [4, 36]. In contrast to this theory Chichibu et al. investigated
In(Al)GaN samples by positron annihilation and proposed an explanation for the defect insensitive nature of the emission process related
to the local formation of In-N chains, which act as localized radiative
recombination centers [8].
A relative new investigation method for the determination of electronic and structural properties of semiconductor materials is EELS.
In this work it is proven how this method can be used in combination with transmission electron microscopy to obtain information
both on the elemental properties of a specimen and its electronic characteristics. EELS investigation on III-nitrides has been reported by
few groups at this moment, although it has proven to be a powerful
method applied to other material families such as arsenides. Works
on the determination of bandgap characteristics and fine structure
properties of InGaAs compounds have been published recently. In
this work results for the III-N family will be compared with own
calculations and simulations of other research groups by the Wien2k
method.
In Chapter 11 a detailed investigation of the electronic properties of
an annealed InGaN/GaN system is presented. Combined data from
electron energy loss, luminescence and structural analyses are presented, showing the influence of a post-production thermal process
on the heterosystem. Clues that point out to a confirmation of the
theories presented in [4, 36] showing that the dislocation density is
affecting marginally the emission characteristic of an InGaN/GaN
based device are proposed to the reader. In this example and others
related I prove how the EELS technology can be successfully applied
to transmission electron microscopy to obtain valuable information
and link structural and optical results obtained by other methods.
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GROWTH METHODS

Semiconductor heterostructures, especially quantum well or quantum dot based lasers, LEDs and transistors, require growth techniques that allow the realization of very sharp interfaces of the dimension of one or few monolayers. The need of such precise geometry derives from the need of keeping junctions between different
materials of a comparable length to the electron wavelength in order
to obtain the desired quantization effects.
Various epitaxy techniques have been developed through the years
to match these requirements. In this chapter an introduction in the
two probably most important techniques for the III-N material system - Molecular Beam Epitaxy (MBE) and Metal-Organic Vapor Phase
Epitaxy (MOVPE) - will be given.
4.1

molecular beam epitaxy

Historically MBE has been the first technique developed for epitaxial growth of heterostructures. An MBE system is formed by an
Ultra High Vacuum (UHV) chamber into which the substrate is introduced. Two main conditions should be satisfied for successful epilayer growth: the mean free path of the particles should be larger than
the chamber geometry and the deposition time of the background
residual vapor should relate to the deposition time of the beam flux
as tres = 10−5 · tb . If we consider the example of gallium with a typical flux of φ = 1019 atoms ·m−2 s−1 and a growth rate of 1µmh−1 we
can conclude that the vacuum may not exceed 10−9 Pa.
Furthermore the slow deposition rates require proportionally better vacuum to achieve the same impurity levels as other deposition
techniques.
The substrate holder is heated and rotating during deposition. Different solid material sources are connected to the chamber through
boron nitride effusion cells. Boron nitride is chosen since it ensures a
low rate of gas evolution and chemical stability up to 1400 ◦ C. Each
cell is equipped with a thermocouple and a tungsten heater. The gas
flow towards the substrate is regulated via temperature control, while
through the use of shutters, the flow of a certain effusion cell can be
stopped as desired.
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Figure 6: Simplified sketch of an MBE plant

The growth in MBE systems is determined by a function being
simply dependent on the temperature and the pressure arising from
it. The transport of the particles to the substrate is ballistic.
The UHV environment allows the monitoring of the growth process via numerous characterization tools as for example Reflection
High Energy Electron Diffraction (RHEED) systems, which oscillating signal exactly corresponds to the time needed for the growth of
one monolayer.
4.2

metal-organic chemical vapor deposition

A second largely used system and direct competitor of the MBE systems for III-N applications are MOCVD plants. In such systems precursors are used to transport the group III and group V materials
to the substrate. Typical precursors are group III metalorganics like
trimethylgallium (TMGa) and -indium (TMIn) and tryethylgallium
(TEGa). Ammonia is often used as nitrogen (group V) precursor. The
precursors are fluid and need hydrogen bubblers and a thermal bath
to induce the precursors to enter the gas handling system. The function of the gas handling system is to mix and meter the gas that
will enter the reactor. Through the carrier gas (hydrogen or nitrogen) the concentration of the precursors can be modified. In opposite
to the ballistic transport of carriers in MBE, MOCVD systems rely
on diffusion, mass transport and kinetics at the surface, building in
this way a very sensible system with the growth rate dependent on
the total flow, temperature, pressure, mass transport and reaction kinetics. Three different regimes can be distinguished: at low temperatures a kinetic limited regime strongly dependent on the temperature,
at medium temperatures a mass transport regime with the growth
rate inversely dependent on the pressure and almost insensible to
temperature changes and at high temperature a regime in which reevaporation from the surface decreases strongly the growth rate. The

4.3 temperature issue

mass transport regime is generally the preferred one for growth of
III-V materials.
The III-V ratio of the precursors in the gas system is a very important factor significantly influencing the growth and quality of the
layer. A too high concentration of V group atoms would lead to decomposition of the surface layer and the creation of nitrogen vacancies, while an excess of III group atoms would significantly lower the
surface mobility leading to structural defects. The substrate is located
in the reactor chamber. There is two different types of reactors: the
horizontal in which the gas enters laterally in respect to the rotating
sample ( 60 rpm) and the vertical reactors, in which the gas is inserted
from top over a much faster rotating sample ( 500-1000 rpm). Once
the precursors interact near the substrate’s surface the desired material is produced through a chemical reaction. Here as an example the
reaction leading to the deposition of GaN:

Ga CH3


3

+ NH3 → GaN + 3CH4

(1)

The only solid product of such a reaction is the compound that has
to be deposited (here GaN). All other products are expelled from the
reactor via an exhaust system.
A big difference in comparison to MBE is represented by the pressure in the chamber. For MOCVD systems no high or ultra high vacuum is required but a pressure in the range 3 · 103 − 105 Pa. The deposition rate of a MOCVD system is in the order of several micrometers
per hour.
In-situ monitoring during CVD processes is generally made by
means of Reflectance Anisotropy Spectroscopy (RAS) using polarized
and monochromated light to obtain evaluable spectra from the irradiated sample.
4.3

temperature issue

The growth temperature of different III-V compounds differ from
each other significantly, so that for indium rich alloys much lower
temperatures are needed than for the growth of GaN. This difference
has a particular significance in the growth of heterostructures since
the subsequent and repeated growth of layers of different compositions is required.
Typical temperatures for the growth of GaN are in the range of
1050-1100 ◦ C, while InGaN alloys for example require temperatures
as low as 700-800 ◦ C. Once a layer is deposited it is still sensible to the
influence of temperature in the chamber, so that indium atoms may
diffuse and desorb from the surface during the growth of a GaN cap
layer. The temperature of growth of GaN can be decreased, but just
into certain limits without reducing sensibly the quality of the layer.
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To overcome the problems arising from the high temperatures required for the growth the both processes can be driven in their Plasma
Enhanced variants, plasma enhanced MOCVD (PECVD) and plasma
enhanced MBE (PAMBE). In these types of process in which part of
the reaction energy is delivered by the plasma, temperatures can be
significantly decreased to 600-800 ◦ C.
In MBE a second approach for improving the growth of indium rich
nitrides is possible. So called ammonia molecular beam epitaxy (NH3MBE) is used to grow in a nitrogen rich condition which allows the
growth of low leakage vertical devices and especially a wider growth
temperature window, This type of growth has however side effects
as the growth of mounds on the surface that affect negatively the
heterostructure’s geometry. This influence will be discussed in detail
later in this work.
However the negative influence of temperature on the heterostructure cannot be overcome completely and its study is of importance
to understand the consequences that different growth methods may
have on the structural and optical properties of the heterostructure.

Part II
L I T E R AT U R E R E V I E W A N D T H E O R E T I C A L
BACKGROUND

5
HIGH RESOLUTION TRANSMISSION ELECTRON
MICROSCOPY

The main investigation method used for this work has been TEM performed on two separate systems: a Jeol 2000EX microscope equipped
with a LaB6 gun operated at 200 kV and an FEI TITAN Cubed 80300 microscope equipped with a Schottky gun, objective lens Cscorrector, monochromator as well as EELS and Electron Dispersive
Spectroscopy (EDS) detectors. This last system could be used in TEM
and STEM mode, allowing us to perform Z-contrast imaging. In this
chapter a short description of the above mentioned methods will be
given.
5.1

electron beam interactions with specimen

Once the electron beam reaches the specimen different interaction
mechanisms occur between the specimen and the incoming electrons.
Here one should note that the samples investigated by TEM are always thin samples - few tens of nanometer thick. This allows most of
the accelerated electrons (more than 90 %) to pass the specimen unaltered in their course and direction. This part of the beam is called
the direct beam. However, part of the electrons will interact with the
samples and alter their course due to scattering processes. Here we
can distinguish between elastic and inelastic scattering interactions.
Elastically scattered electrons do not lose their energy. In contrary inelastically scattered electrons lose part of their initial energy during
the scattering process. Elastic scattering does not alter the coherency
of the incoming beam, while inelastically scattered electrons are incoherent due to the change of their wavelength. Elastically scattered
electrons are used for Z-contrast imaging, while inelastically scattered
electrons for EELS. Both techniques will be discussed in the following
chapters.
5.2

kinematical theory

The main assumption of the kinematical theory is that the incoming
electron scatters only one time on a specimen’s atom. This makes the
method suitable for a very thin (few nanometer thick) specimen. The
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scattering of an electron at an atom can be described by the atomic
form factor
ZZ
ρ(r) exp(ikr)d3 r

f(k) =

(2)

where ρ(r) is the electric charge density, k the diffraction vector
and Z the atomic number. In this way the wave Ψ scattered by the
specimen takes the form

Ψ(k) =

X fi (k)
i

r

exp(ikri )

(3)

The form factor is generally measured for X-ray scattering, so that
its value needs to be processed through the Mott-Bethe formula to
describe electron scattering.
me2
fe (k) =
2πh0



Z − f(k)
k2


(4)

The kinematical theory is appropriate for the determination of the
position of the Bragg diffraction peaks. However the theory is inappropriate for the calculation of the exit electron wave function due
to multi-scattering phenomena. In such a case the dynamic theory of
diffraction comes into play.
5.3

dynamical theory

The dynamical theory of diffraction offers a more sophisticated
method for the calculation of the electron exit wave function, which
takes into account multiple scattering by the potential of the specimen
crystal. Interference effects as well as the thickness and shape of the
specimen are parameters of the calculation. This method is a more
reliable and accurate description of the beam interaction with the
specimen. Two major methods of computation can be distinguished:
the Bloch wave method and the multislice method.
5.3.1

Bloch-wave method

The solutions of the Schroedinger equation for crystal samples are
known as a linear combination of Bloch waves. Each Bloch wave is a
plane wave with a wave vector k and amplitude Ck . Bloch waves have
the form
X

b(j) = exp 2πikr
Ck exp 2iπkr
k

(5)
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which is the expression of a plane wave times a function with crystal periodicity. The electron wave function can be then written as
ψ(r) =

X

(j) b(j) r

(6)

j

where (j) is the so called excitation amplitude of the j-th Bloch
wave.
The Bloch wave method is suitable for perfect crystals but in the
case of defected crystals or heterostructures the multi-slice method is
commonly used.
5.3.2

Multislice method

For the production of a solution with the multislice method the electron wave function is considered as a modulated plane wave. Certain
assumption have to be done to allow a proper calculation of the exit
wave. A gross sampling is used since the energy of the electron beam
is high (200 − 300 keV) and the change of the wavelength scale is
small. Furthermore the specimen is divided into a sequence of thin
slices that due to the very small thickness can be observed as mere
phase shifts of the electron wave function. Between the slices it is
assumed that the wave propagates as a wave in free space. In this
method the wave is transmitted successively through each slice and
then propagated to the next slice. The whole unit cell of the crystal
being investigated is projected onto a plane so that all slices are equal
and the total crystal potential can be considered as a sum of the potentials of each slide. The algorithm of the multislice method can be
then described by the following iterative steps:
• Calculation of the projected potential
• Calculation of Fresnel propagation
• Calculation of the phase object function
• Calculation of the incident wave function
Once all slices have been taken into account the final exit wave
function is and the image wave function are calculated. The exit wave
function has the form
ψn+1 (x, y) = pn (x, y) ⊗ [tn (x, y)ψn (x, y)]

(7)

where pn (x, y) is a function describing the propagation of the wave,
tn (x, y) is the transmission function that contains information on the
slice’s potential.
Application of the transfer function to the image function allows
then the calculation of the desired High Resolution Transmission Electron Microscopy (HR-TEM) image.
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5.4

image formation

In a TEM the objective lens is responsible for the formation of an
image of the electron density distribution at the exit surface of the
specimen. The image is forming in the image plane of the objective
lens, while a diffraction pattern of the irradiated area is produced in
the back focal plane of the same lens Figure 7.

Figure 7: Scheme of a TEM objective lens

The contrast in a TEM image can have different origins depending on the settings of the microscope. Commonly we can distinguish
between:
• Mass/thickness contrast: This type of contrast has its origins
in the Rutherford scattering of the electrons. The strength elastic interaction of the electrons with the atoms in the specimens
depends on the number of electrons, which are present in the
shells around the core. However the Z-number is not the only
factor, since a thicker specimen will provide more scattering centers than a thin one. Therefore contrast modulation is related to
both the Z-number of the atoms in the specimen and its thickness.
• Diffraction contrast: To obtain such type of contrast diaphragms
are used in the back focal plane of the objective lens. In this way
it is possible to select only the electron beams forming a specific
diffraction spot to be the only transmitted. The rest of the information coming from the sample is lost in the process. Such kind
of investigation reveals particularly appropriate for the characterization of defects, since the electrons scattered by defects will
have a particular direction that can be either suppressed by the

5.4 image formation

diaphragm or transmitted by the aperture to highlight the defect structure.
• Phase contrast: This method can be considered the basis of
HR-TEM imaging, since it allows obtaining information from
small features in the sample. Similarly to diffraction contrast an
aperture in the back focal plane of the objective lens is needed
as well for phase contrast imaging. However, two or multiple
Bragg spots are selected. The differences in phase between the
beams lead to interference. If we consider then two beams of
the form


ψi = φi exp 2πiki r

(8)

Considering that the specimen is not perfectly flat and the thickness not ideally constant we can introduce the quantities s and
t to describe these changes. The calculation of the intensity arising from a two beam condition can then be expressed as

I = φ21 + φ22 − 2φ1 φ2 sin πg 0 x − πst



(9)

Equation 9 shows that the interference pattern arising from the
interaction of the two beams considered for this calculation, delivers a sinusoidal function. This means that the resulting image is containing information on the periodicity of the atomic
planes giving rise to the Bragg spots. However, one should notice that the fringes arising from the interference are not giving
information on the exact position of the atomic planes, but just
describing the relation between the planes. The last term of the
sinusoidal describing the deviation of the real specimen from an
ideal one has a negligible influence on the interference spectrum
for properly prepared TEM samples. Its contribution becomes
important in the presence of strongly bent specimen as it can be
sometimes the case for very thin specimen.
An advantage of this technique is that even the information
present between the Bragg spots is transmitted and delivers a
contribution to the formation of the image.
As mentioned above phase contrast is the result of interference of
scattered electrons, which generates a standing wave from the bottom
surface of the specimen. Knowing the electron wave function determined by Bloch or multislice calculations, it is possible to simulate
the generated image. However to obtain a valuable result the contrast transfer function should be known. The function takes imperfections of the electro-optical system into account. Other parameters that
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play a crucial role in the interpretation of the image are the defocus,
the distance between object plane and objective lens and the specimen bottom surface. The defocus especially has a strong influence on
the image due to the presence of different section of standing waves.
Therefore it is very important to record the image in the self-imaging
condition, i.e. when black and white dots represent the position of
the atomic columns [37] [38] [39].

6
E N E R G Y D I S P E R S I V E X - R AY S P E C T R O S C O P Y

Energy dispersive X-ray spectroscopy is the most common investigation method found in combination with both SEM and TEM devices.
It derives information from X-rays produced by the interaction of
beam electrons with inner core electrons of the specimen. When a
beam electron collides with an electron of an atom in the specimen
it may transfer enough energy to free this electron from its position
in his atomic shell and to excite it to higher energy levels or to expel
it from the atom. In this case an electron from an outer shell would
replace the hole in the inner shell by "falling" to the deeper energy
level. By doing so, since its energy needs to be reduced, a so called
characteristic X-ray radiation is emitted. The emission energy will depend from the two shells involved and is strongly material dependent,
since the differences between the shell energies is specific for every
atom.
The emitted radiation is collected by a detector - mostly a siliconlithium detector. Such detector are formed by a p-n junction of pdoped silicon and n-doped lithium forming an intrinsic semiconductor. The incident X-rays deliver energy to the electrons in the silicon
atoms allowing them to leave the valence band and become free electrons in the conduction band. The number of produced carriers is
directly connected with the incoming photons through the simple relation

n=

Ei


(10)

where  = 3.68 eV for silicon at a temperature of 77 K (the same
temperature at which the silicon detector is kept). As it can be easily calculated, even a high radiation is producing a low number of
carriers so that dedicated electronics is required to amplify the signal
arising from the intrinsic silicon.
To obtain qualitative information on the sample is relatively
straightforward due to the simple interpretation of the acquired spectrum. Most acquisition software provide the possibility to superimpose energy lines for selected materials on the spectrum revealing
easily and without consultations of atlases the elements present in
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the samples. Other than in EELS it is not possible to obtain information on compounds from EDS spectra (although some software
permits to identify oxides). The information on the single elements
has to be processed and compared in order to draw conclusions on
possible compound chemistry.
6.1

quantitative eds analysis

To obtain reliable quantitative data on the investigated sample is
a more complicated issue involving the processing and matrix correction of the acquired data. Raymond Castaign developed and approach to quantitative EDS analysis basing on the fact that specimen
X-ray intensities are ratioed to standard intensities ??. His first approximation states that the composition C of a certain element is proportional to the composition of its standard through the ratio of the
intensities

Cunk
=
i

Iunk
i
· Cstd
i
Istd
i

(11)

However Equation 11 is just an approximation and cannot be used
to determine the composition exactly. For this a rigorous physical
model taking into account the atomic number (Z) effects, the absorption (A) and the fluorescence (F) in the specimen is needed. Such
model is known as the ZAF correction model ?? ??. Equation 11
would then become exact if it takes the form

Cunk
=
i

Iunk
· ZAFunk
i
i
· Cstd
i
unk
Istd
·
ZAF
i
i

(12)

The correction for the atomic number takes into account two separate effects: the stopping power and the backscattering. The first one
considers that incident electrons lose a certain amount of their energy
due to inelastic scattering with the inner shell electrons of the specimen depending on the number of electrons in the atoms. A material
formed by atoms with higher Z number will produce a higher number of X-rays and vice versa. The correction factor S arising from this
considerations is


Z
E
S = · ln 1.166
A
J

(13)

where E and J are the mean X-Ray energy and the mean ionization
energy of the specimen.

6.1 quantitative eds analysis

The backscattering is dependent on the Z number as well since for
higher atomic numbers more backscattered electrons and less X-rays
will be produced, so that the correction factor

R=

1
h

1 + 0.008 · 1 −

EC
E0



·Z

i

(14)

has to be used. The total correction factor for the Z correction can
than be summarized as

Z=

Rstd · Sunk
Runk · Sstd

(15)

The two corrections R and S tend to cancel each other out since
they provide correction factors of inverse sign for the same Z number.
In fact backscattering is mostly predominant and the R factor can be
considered the predominant correction factor.
The absorption of the specimen plays an important role in the correction of the signal as well. X-rays are absorbed and attenuated while
propagating through the specimen so that the absorption coefficient
of the sample should be calculated. This type of correction is relatively complicated and involves the use of the Beer’s Law that describes the exponential attenuation of the radiation passing through
the specimen. In this work no detailed description of the calculation
of the absorption coefficient will be given since for TEM samples absorption plays a very minor role due to the thin specimen thickness.
The same reason allows us just to shortly mention the third correction
coefficient arising from the need to correct fluorescence. Fluorescence
is the production of X-rays in the specimen due to the excitation of
electrons by X-rays produced by the beam interaction with the specimen. This second generation X-rays can cause artifacts and analytic
errors due to the production of false signals from the specimen.
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Electron energy loss spectroscopy is wrongly considered in most TEM
simply a secondary investigation method that enables the measurement of electronic excitations in materials. Usually X-ray spectroscopy
is preferred for chemical elemental composition analysis due to the
easier evaluation of the data, which require far less processing than
the EELS spectra. However, EELS is a more powerful method giving
the possibility of not only determining chemical elemental composition, but giving information on the local electronic properties of the
sample, such as local bandgap, plasmon and surface frequencies and
nearest neighbor configuration. In fact the energy loss process is the
primary interaction event between the beam and the sample, making
it the method with highest potential yield of information on inelastic events. On the contrary commonly credited sources of analytical
information such as X-rays, Auger electrons, etc. are secondary products of the initial inelastic event delivering a less detailed information
map on the electron-specimen interaction.
As mentioned above the spectra acquired by EELS derive from inelastically scattered electron that lose part of their energy while passing through the TEM sample. Once passed through the specimen, the
electrons are collected by a magnetic prism which deflects all electrons of about 90 degrees due to the TEM geometry and disperses
them according to their kinetic energy (energy loss). The deflected
electrons are focused on the detector in different positions according
to their energy loss creating a spectrum that records the number of
electrons (intensity) that underwent a certain energy loss.
7.1

the low loss spectrum

An EELS spectrum can be divided into two parts: the low loss and
the core loss region. The first one comprehends generally the region
between zero and 50eV electron loss. This region of the spectrum is
particularly important because it contains information that allows the
determination of the thickness of the sample as well as the bandgap
and density of states of the valence band of the material. We can
distinguish two main features in the low loss region: the zero loss
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Figure 8: Sketch of the EELS detector system

peak formed by electrons that did not undergo inelastic scattering
and the plasmon peak.
Plasmons are created by the electrons passing through a material
causing oscillations of the electric charge in the material. The passing electron couples with the electromagnetic field of the oscillating
electric charge losing a certain amount of its energy. This is obviously
strongly dependent and is a characteristic signature for each material.
Figure 9 shows a typical EELS Spectrum [40].

Figure 9: Complete EELS spectrum containing zero loss peak, low- and core
loss regions

The determination of the plasmon peak position allows therefore
a precise - depending on the energy resolution of the system - determination of the investigated material and is particularly sensible to
changes in the chemical composition. In fact the plasma frequency is
directly connected with the material’s properties by the relation
s
ωP =

ne2
meff 0

(16)

where n is the density of the conduction electrons, e the elementary
charge, meff the effective electron mass of the electrons and 0 the

7.1 the low loss spectrum

permittivity of the free space. Trivially we can obtain the energy loss
related to the plasmon frequency by multiplying Equation 16 by the
reduced Planck constant.
s
EP = h

ne2
meff 0

(17)

As mentioned earlier in this chapter, a determination of the local
bandgap is possible from the low loss region of the EEL spectrum.
However the presence of the zero loss peak and the plasmons (surface and bulk) do not allow a direct reading of the bandgap value.
To achieve this goal several steps need to be done in processing the
acquired spectrum to remove all undesired contributions.
7.1.1

Data processing

The necessary processing of the acquired spectra for the evaluation
of the bandgap and density of states of the investigated material are
the following:
The necessary processing of the acquired spectra for the evaluation
of the bandgap and density of states of the investigated material are
the following:
• Deconvolution of the zero loss peak
• Removal of surface losses
• Removal of Cerenkov effects
The first step can be easily achieved by a Fourier-log routine [41],
while the two subsequent steps require more advanced techniques.
Cerenkov effects can be neglected for the samples we consider. In
fact all the samples that have been investigated for this work do not
exceed a thickness of 30nm. As argued in [41, 42] Cerenkov effects are
negligible for In(Ga,Al)N compounds of thicknesses not exceeding
50 nm. The noise introduced in the bandgap region of the sample by
this effect is not affecting a correct reading of the bandgap.
Surface losses (plasmons) however, cannot be neglected and need
to be removed by Kramers-Kronig analysis [43, 44, 45]. In this method
the contribution to the spectrum deriving by the surface plasmons are
removed from the original data to obtain the so called single scattering distribution (SSD).

SSD(E) =

e2
πhυ




 "
 2 #
1
β
· t · Im −
ln 1 +
(E)
ΘE

(18)
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7.2

the core loss spectrum

The second important region of the EEL spectrum is the core loss region which is strongly material dependent. The peaks that from the
core loss region derive from the excitation of the p-shell electrons of
the specimen into upper shells with a loss of energy of the beam electrons due to energy conservation. The information recorded by the
detector about these energy lines is the most important in the whole
spectral range. It is possible to identify elements from their characteristic energy loss related to their binding energies and electronic
configuration, as well as to determine the quantities of elemental constituents.
Since the energies of the core edges depend on the quantum numbers l, m and l = m + s that determine the shape of the atomic orbital wave function as well as the interaction between outer electrons
affected by binding energies and core electrons, it is possible to obtain detailed information on local chemistry and coordination of the
atoms in the material from the Electron Energy Loss Near Edge Structure (ELNES) also called core loss fine structure.
The energy loss process is the primary interaction event. All other
sources of analytical information ( i.e. X-rays, Auger electrons, etc.)
are secondary products of the initial inelastic event. Thus, EELS has
the highest potential yield of information/inelastic events.

Part III
E X P E R I M E N TA L D E TA I L S A N D U S E D
E X P E R I M E N TA L A N D C O M P U TAT I O N A L
METHODOLOGY

8
PA R A M E T E R S O F T E M I N V E S T I G AT I O N S

8.1

hr-tem

High resolution transmission electron microscopy (HR-TEM) investigations have been performed on a monochromated and Cs-corrected
FEI Titan Cubed 80-300 TEM/STEM microscope equipped with an
high angular annular dark field detector (HAADF) and a 966 quantum GIF detector for the acquisition of EELS spectra with an energy
resolution >0,2eV at 300kV. Acquisition of lattice fringes images has
been performed on the JEOL 2000EX microscope introduced earlier.
The samples have been investigated in both the <11-20> and <1-100>
zone axes. We investigated all samples by scanning transmission electron microscopy (STEM) to maintain the elemental composition and
crystal structure unaltered during observation [27] while traditional
TEM is known to produce false clusters effects [24, 27]. Investigations
performed on TEM images have been performed with particular care
in irradiating the areas of interest for a short time and only once to
avoid the formation of false clusters, as suggested in [27].

Figure 10: Six images of the same MQW area acquired after different times
of exposure to the TEM electron beam. From left to right: 10 s,
60 s, 180 s, 360 s, 600 s, 1338 s.

As the experiment in Figure 10 shows the electron beam used during TEM observation causes in fact a deterioration of the sample. Al-
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ready after 180 s of exposure light degradation is observable. Clear
indium clusters influencing eventual further investigation of the sample can be clearly observed in Figure 10 for an exposure of 360 s. The
InGaN/GaN interface lose their abruptness and become diffuse. Big
clusters formation is observed for even longer exposure times <600 s.
8.2

scanning tem system

For avoiding false clustering and degradation of the observed samples, as well as to obtain localized information to permit EELS and
EDS spectroscopy a more complex imaging system is needed . The
so called STEM. Here the C3 condenser lens is used for producing a
convergent beam focused on the specimen. Scan coils are needed to
move the beam, which remains parallel to optical axis, across the sample. In this way an electronic azimuthal scanning movement on the
sample is achieved.

Figure 11: Scheme of the HAADF system with the objective lens above

In this mode an electron beam size of less than 200 pm can be
achieved leading to a practical resolution of 140 pm.
8.2.1

High angular annular dark field

In STEM mode one of the most important imaging techniques derives
from the use of a High Angular Annular Dark Field (HAADF) detector, which can detect incoherently elastically scattered electrons. The
detector derives his name from its annular geometry, as represented
in Figure 11 that allows to collect information from electrons deviating from the course of the direct beam in the range of 70-150 mrad.
The wide angular range of the detector integrates the diffraction pattern so that the total scattered intensity for each samples’ point is
recorded.
The HAADF detector allows the collection of a very large quantity
of information scattered at high angles due to its extended size. A

8.2 scanning tem system

Figure 12: Technical details of the HAADF system ??

comparison between HAADF, Anular Bright Field (ABF) and Anular
Dark Field (ADF) is presented in Figure 13. The difference in response
of the HAADF detector across its surface has not been taken into
account during this study. Methods to include this inhomogeneities
were not available yet and have been published in a late stage of
this work in regard to the investigation of GaNAs/GaAs structures
[46, 47].

Figure 13: Image of an HAADF detector and comparison between HAADF,
ADF and ABF. The detector sensibility is color coded in this image.

These means that the image forming from the inelastically scattered
electrons in incoherent and does not contain phase interference. We
then obtain a simpler relation for the intensity which can now be
written as:
Iincoh (r) = |h(r)|2 ⊗ |ψ(r)|2

(19)
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The introduction of an object function O(r) that describes the specimen scattering and the detector we can rewrite Equation 19 as follows:
Iincoh (r) = |P(r)|2 ⊗ |O(r)|

(20)

The intensity becomes then a convolution of the object function and
the intensity of the illuminating probe, giving in this way a convolution integral that is summing over the intensity of the probe with no
interference occurring [48].

Figure 14: Comparison between the transfer function of a TEM during standard operations (left) and the one in HAADF mode (right)

This fact has important consequences on the transfer function T(u),
which becomes the Fourier transform of the probe intensity function
and can is a smoothly decaying positive function that has its first null
and its Scherzer defocus at very high spatial frequencies. No contrast
reversal is then present in such type of imaging allowing a straightforward interpretation of the features visible in STEM-HAADF mode.
For a complete mathematical derivation of the transfer function see
[49].
Optimal conditions for the investigation of the InGaN/GaN heterosystem at 300 kV are displayed below in Table 2.
Optimal parameters

Value

Current

0.05-0.1 nA

Spot size

9

Camera length

185 mm

Objective lens

87.500 %

Convergence

20.0 mrad

Table 2: Optimal parameters for the investigation of InGaN/GaN heterostructures at 300 kV.

9
G E O M E T R I C P H A S E A N A LY S I S

An effective method for the investigation of specimens using HRTEM
images is geometric phase analysis (GPA). GPA generates fully quantitative deformation and strain maps from standard HRTEM images
and lattice fringes images [21]. Strong Bragg peaks are characteristic
of such images from crystalline materials. The location of a peak corresponds to the periodicity and orientation of the fringes in the image,
while the phase of the Bragg reflected wave corresponds to the location of the fringes in the image. Selection of an asymmetric region of
the Fourier transform gives directional information. In the absence of
lattice distortions, the phase corresponding to any reciprocal lattice
vector g will be constant across the image. Lateral shifts of the fringes
can hence be seen as changes in the phase image corresponding to g.

Figure 15: Two beam condition. The sample is tilted to obtain one single row
of reflections.

If we consider the fringes description after Bragg filtering in the
presence of a displacement field we obtain [31]

Bg (r) = 2Ag (2πg ⊗ r − 2πg ⊗ u)

(21)
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In this way it is possible to define the phase of the image depending
on the displacement field as
Pg (r) = 2πg ⊗ u

(22)

We can rewrite Equation 22, considering a very small displacement
∆g, as
Pg (r) = 2π∆g ⊗ r

(23)

allowing a direct measurement of the local distortion compared
to the averaged reciprocal lattice vector directly from the phase. The
sensitivity of the technique to lattice distortions depends on the resolution with which the phase image is calculated, since a phase difference of 2π corresponds to one fringe spacing (s. Figure 16). The
phase obtained thus corresponds not to the phase of the diffraction
beam g at the exit plane of the specimen, but is a geometric phase
that is related to the fringe positions in the image [31].

Figure 16: Graphical explanation of the phase determination from lattice
fringes.

The GPA of the HRTEM images consists in a multi-step step algorithm [22]:
• Calculation of the full-plane Fourier transform
• selection of the area of interest
• noise reduction
• detection of the lattice sites
• choice of a reference area and calculation of the basis vectors of
the reference lattice
• extrapolation of the reference lattice to the deformed zones and
calculation of the displacement vector of each experimental lattice sites

geometric phase analysis

• calculation of the lattice distortion or local lattice parameter by
derivation of the displacements.
The resulting phase image is a map of the deviations from regular
periodicity in the image and can be used to obtain a strain map after
choosing a reference area which delivers the average reciprocal lattice
vector. An important advantage of this method is that the selection of
a localized area in the Fourier space for the calculation is strongly
minimizing the effects of the lens aberrations.

Figure 17: Clockwise from the left top: The original TEM image. its Fourier
transform. The phase image and its correspondent amplitude image.

To ascribe the displacement/strain to an elemental composition e.g. in the case of In(Ga,Al)N compounds to obtain the amount of
indium - we need to assume a pseudomorphic growth of the layers leading to tetragonal distortion of the lattice and the presence of
bi-axial stress. With these assumptions we may relate the chemical
composition to the lattice distortion via the Vegard’s rule

aAB = xaB + (1 − x)aA

(24)

Reordering of Equation 24 introducing the relation between distortion and the lattice parameters gives

x=

aB
aB − ax
=
aA − aB
α (aA − aB )

(25)
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where α is a coefficient deriving from the elasticity of the material,
which is needed to describe the distortion of the lattice due to strain
[22].
To avoid artifacts and obtain a valuable determination of the chemical composition in the investigated structures further processing is
needed to take into account thin foil relaxation effects deriving from
the sample preparation. Finite Element Method (FEM) calculations are
used to create tables that deliver correction parameters to apply to the
results of GPA for a specific foil thickness [50]. Another important parameter to be taken into account for the evaluation of the results is the
segregation efficiency proposed in a phenomenological model in [51].
This model allows the prediction of the distribution of a certain element (e.g. indium) in a layer (e.g. InGaN) depending on the thickness
of the layer and the nominal chemical composition of the compound.

Part IV
SAMPLES
Overview of all samples investigated in this work, categorized by source, growth parameters and investigation
method.

10
SAMPLE SETS

This section gives an insight on the parameters of all samples investigated in this work. The samples have been grouped with letters according two the goal of the investigation, which are used consistently
throughout this work. All samples investigated have been produced
for research purposes from the following institutes/companies:
• EPFL (Ecole Politechnique Federale de Lausanne), Lausanne,
Switzerland
• AIXTRON, Aachen, Germany
• TUB (Technical University of Berlin), Berlin, Germany
• High Pressure Research Center UNIPRESS, Warsaw, Poland
It should be noticed here that XRD investigation and the simulation of XRD spectra have been done with the help of dr Domagała
at IFPAN. PL and AFM investigation of the samples presented in
this work has been carried out at EPFL and TUB. The table below
Table 3 includes the most important parameters for every sample /
sample set, such as: growth temperature, pressure and time (if relevant), nominal indium content and quantum structure (quantum
dots or quantum wells). Additional information on InGaN and GaN
growth temperatures is given where applies. The last column of the
Table 3 gives a direct link to the location in this work where the correspondent sample is described. The "investigation" column provides
information on the different methods used for characterization of the
corresponding sample. All samples discussed in this work have been
prepared for TEM investigation by mechanical thinning (polishing)
and dimpling to 40 mum using mechanical lapping. Afterwards the
specimens have been ion milled using a precision ion polishing system in double mode. This step has always been performed under
nitrogen cooling to avoid any structural modifications. The Focused
Ion Beam (FIB) method has been used as an alternative method to
obtain TEM transparency after dimpling. This method provides comparable results than ion milling but allows to obtain a precise sample
geometry which is otherwise unknown for ion-milled samples.

47

48

sample sets

Table 3 serves as an orientation tool amongst the different sets of
samples; for detailed information on growth parameters and investigation methods please refer to the specified chapter.
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Part V
E E L S P E C T R A F O R T H E D E T E R M I N AT I O N O F
E L E C T R O N I C P R O P E RT I ES
EELs methods for the determination of electronic properties of III-N alloys are presented. As an example the investigation of annealed InGaN samples. Comparison of EELS
and PL results will enlight the method’s powerful capabilities.

11
E E L S A S S I S T E D D E T E R M I N AT I O N O F E L E C T R O N I C
P R O P E RT I E S

The usefulness and importance of EELS investigation methods for IIIN alloys is presented here. For the investigation MBE and MOCVD
InGaN samples have been annealed after growth. In fact it is well
known that optical properties are strongly influenced by the structure of the devices and their crystal quality. One way to improve
the structural quality of heterostructures after growth is annealing.
Known as carrier localization and non-radiative recombination centers, defects in the active region of such devices should be reduced
to the minimum [8]. Annealing is a powerful tool for the improvement of the structural quality of such heterostructures, which may
however lead to undesired effects. On the one hand the curing of
point defects through an annealing process affects positively the photoluminescence (PL) spectra of these heterostructures; on the other,
due to the high energy introduced in the samples undesired effects
such as atom diffusion and indium segregation and desorption may
occur affecting the devices performance negatively. In this work the
influence of different annealing temperatures on the structural and
electronic properties of a single green emitting InGaN quantum well
is investigated, showing the processes that lead to a performance improvement or decrement. EEL spectroscopy has been used as a main
investigation method in this study aside GPA, PL and XRD analysis.
As it is proven below the EELS data result crucial to the understanding of the annealing consequences on the structural and electronic
level. To investigate the effects of the annealing process on the structure and therewith the optical properties of InGaN quantum wells,
two sets of samples consisting of A) one sample containing a single
In0.25Ga0.75N quantum well grown by NH3-MBE [52] and B) one
sample containing two MOCVD grown quantum wells have been investigated.
11.1

experimental data

Both sets were grown on (0001)-GaN/Sapphire substrate. Sample A
and B have been divided in different parts: one per each sample has
been kept as a reference while the others have been annealed for
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two hours at respectively under NH3 atmosphere to prevent surface
degradation. The MBE samples have been annealed at 880◦ C, 920◦ C
and 975◦ C, while the MOCVD ones at 900◦ C and 950◦ C. Here all
samples are referred to according to the nomenclature showed in the
Table 4:
Growth method

Annealing temperature

Sample name

(◦ C)
MBE

MOCVD

reference

A1

880

A2

920

A3

975

A4

reference

B1

850

B2

920

B3

Table 4: Nomenclature of the investigated samples throughout this work

11.2

stem and tem investigation

11.2.1 Surface and interface morphology
From low magnification images undulations of the sample’s surface
affecting the geometry of the well could be observed. The well follows
the surface’s undulations giving rise to regions in which the quantum
well is parallel to the c-planes of the sample and areas in which they
form acute angles (<10◦ ). The inclined growth of the well causes steps
at the InGaN/GaN interface. The well thickness is fluctuating from
2.5 nm to 3 nm across the sample. The vertical amplitude of such undulations is relatively big; more than 20 nm. These dimension have
been reported to be exceeding the critical thickness for a single quantum well of nominal content of 25 at% of Indium [53]. This fact would
imply a relaxation of both, bottom and top, GaN/InGaN interfaces
due to the formation of misfit dislocations. However, in this work,
no misfit dislocations have been observed, revealing a fully strained
interface (Figure 20). The annealing process does not cause any relaxation of the interface even for higher temperatures (>900o C).
The surface of the as-grown sample reveals the presence of mounds
that originate from the kinetic roughening that takes place during
NH3 -MBE growth [54], as shown in the SEM image in Figure 18. AFM
measurements have confirmed such morphology and an Root Mean
Square (RMS) surface roughness of 10.9nm has been measured for a
100 µm2 area on the reference sample. TEM investigations of the near
surface region, shown in Figure 18, indicate surface diffusion mecha-
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Figure 18: top left: SEM image of the surface. top right: AFM image confirming the high surface roughness. center: Z-contrast cross sectional
image of sample A3. The undulating surface and quantum well
can be observed. bottom: Leveled cap layer surface and undulating quantum well in sample A4.

nisms at elevated temperatures leading to a leveling of the mounds
and the creation of an inhomogeneous cap layer. This is also observed
by AFM investigations [55]. However, the quantum well morphology
is not affected however, as to be seen in Figure 18.
The junction lines of neighboring mounds (forming the valleys between the mounds) are preferential locations for threading dislocations ending in V-pits. These originate in the GaN substrate and end
at the surface of the sample, creating a local distortion of the quantum well geometry as shown in Figure 19. The investigated defects
produce a thinning of the quantum well along the V-pits leading to
a self-screening effect [36]. This fact explains the good PL characteristics presented later in this work even though the observed dislocation
density of 3 · 108 cm2 . As it will be shown later an even improved PL
characteristic can be observed after annealing.
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Figure 19: As grown A1 sample (top) Cross-sectional TEM image obtained
in two beam conditions showing the undulation of the surface
and local fluctuations of indium concentration and QW width.
(bottom) A magnified view of a V-defect related to a threading
dislocation.

11.2 stem and tem investigation

11.2.2 Structural and geometric phase analysis
11.2.2.1

MBE samples

To define the exact morphology of the quantum well and obtain valuable information on the structural evolution of the heterostructure in
dependence from the annealing temperature, the local distortion in
the active region of the sample has been determined. The evaluation
of the indium distribution along the well is obtained by geometric
phase analysis from the local lattice displacement due to tetragonal
distortion. Sample A1 exhibits a relatively homogeneous indium content along the well, as shown in Figure 20. Short range randomly distributed fluctuations, in the order of less than 4 nm, can be observed.
An indium content of 27 ± 1 at% has been calculated. This correlates
well with the expected value of nominal 25 at%.

Figure 20: STEM image of the QW in sample A1 showing the step growth
of the InGaN/GaN interface. (b) Indium content map superimposed on a TEM lattice fringes image of sample A1. In this region
quantum well and c-planes are parallel.

Investigations on sample A2 reveal a decreased maximum indium
content in the quantum well of 23at%. Random fluctuations in the
content can still be observed. The magnitude of such fluctuations is
reduced leading to a more homogeneous indium distribution. For
sample A3 similar indium content has been calculated, but a less
homogeneous distribution could be observed. The 40o C higher annealing temperature is starting to cause significant indium diffusion
and enrichment effects in certain areas of the quantum well. The fluctuations in indium content present in sample A1 are now of larger
scale. Sample A4 shows clearly the formation of quantum dots from
the clustering indium due to the elevated temperature, as shown in
Figure 21.
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Figure 21: Indium profile along the quantum well for samples A1 and A4.
The left image shows a colored indium content map overlayed on
the original image taken from sample A1.

Figure 22 shows a comparison of a 2Θ/ω - scan of the four samples for the 0002 reflection. A decrease of the satellite reflections for
increasing annealing temperatures has been observed. The observed
indium fluctuations along the well and the final formation of quantum dots cause a degradation of the InGaN/GaN interfaces, which
become diffuse. Furthermore a shift of the InGaN peak towards the
GaN peak for higher annealing is observed. This is a confirmation of
the decrease of the average indium content in the quantum well. The
diffractometric results for the highest annealed sample (A4) show the
presence of small satellite peaks. This fact can be attributed to the
smoothing of the surface occurring at high temperatures, which allows the detection of reflections related to the thickness of the GaN
cap layer.

Figure 22: XRD results for samples A1-A4. The quality of the interfaces is
worsening with increasing annealing temperature.

11.2.2.2

MOCVD samples

The same investigations performed on the MBE sample set has been
repeated for the MOCVD grown ones. As shown in Figure 23 both
the upper and the lower quantum well show an homogeneous indium
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distribution near the nominal value of 35 at% of indium. However the
distribution of indium in the lower quantum well seems to have been
partly affected by the overgrowth of a second well, giving rise to small
areas of higher content (yellow spots in Figure 23). This is a known
phenomenon related to the difference in growth temperature between
the GaN layers and the InGaN wells. A detailed study of the role of
the influence of temperature in the overgrowth of multiple quantum
well as been studied as well, however it is not part of this work. A
degradation of buried quantum wells arising from the growth of capping layers and other quantum wells has been reported. In sample B1
it can be recognized that the beginning of a deterioration mechanism
which can be attributed to in-plane diffusion of indium atom forming
high indium content regions.

Figure 23: GPA results of sample B1

Figure 24: GPA results of sample B2

Investigations of the consequences of annealing on sample B1 have
led to the similar results as the ones observed for sample set A. An inplane diffusion of indium atoms causing indium content fluctuations
along he quantum wells can be observed in sample B2, as shown in
Figure 24. This sample has been annealed at 850 ◦ C. Regions of different indium contents are easily detectable from the color coded map in
Figure 24. The upper quantum well has been greatly affected by the
annealing process revealing the highest fluctuations. The lower quan-
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tum well shows a similar indium distribution as in the reference sample B1. However the areas of increased indium content have grown
for the lower quantum well as well, as expected for in-plane diffusion. The interface between quantum well and cap layer is improved
becoming less rough than in the reference sample. For samples annealed at higher temperatures out-of-plane diffusion starts and the
indium content in the quantum well decreases. The quantum well
most near to the surface is more affected by the diffusion of indium
towards the surface and show the highest degradation rate.
XRD investigations presented in Figure 26 reveal a shift of the InGaN peak for sample B2 in respect to the reference and a significant
decrease and shift of the peak in B3. These observation coincide with
the determined loss of indium content of the quantum wells and the
consequent reduction of atomic percentage of indium in the InGaN
compound. XRD delivers an averaged information over the sample
size. This allows us to determine the general trend in the behavior
during annealing. The GPA analysis showed however some indium
richer areas forming along the wells, which would be expected to be
luminescent at longer wavelengths.

Figure 25: STEM Z-contrast images of sample B1 (left) and B3 (right) showing degradation after high temperature annealing

Sample B3 is too degraded and the indium content in its quantum
wells too low to be considered valuable for device applications as
shown in Figure 25. Here structural degradation of the quantum wells
is observed . The decomposition of the InGaN alloy occurs under
temperature and strain influence and results in the formation of voids
and metallic indium precipitation (the bright areas on fig25 right).
The prove of the presence of the metallic indium precipitation is given
by the presence of a plasmon peak near 12 eV in the EELS spectra (not
shown). For more details on this issue please refer to Chapter 13.
The PL characteristics of sample set B [Figure 27] analyzed at
10 K show an interesting behavior of the photoluminescent emission.
Lower annealing temperatures show an increased PL intensity and a
reduced FWHM of the spectra. This can be explained by the observed
homogenization of the indium content across the quantum well and
the removal of point defects [55]. The temperature level seemingly
leading to the best characteristics coincides with annealing temperatures of 850 ◦ C. Sample B3 has still a higher intensity than B1 but a
broader FWHM value indicating stronger fluctuations of the indium
content across the sample. Higher annealing temperatures clearly de-
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Figure 26: XRD results of sample set B

grade the quantum wells at a point were photoluminescence is not
readable anymore.

Figure 27: PL spectra acquired at 10 K for sample set B.

11.2.2.3

MBE-MOCVD hybrid sample

An interesting case is the one represented by sample AB (see Table 3 for details). In this sample an MOCVD quantum well has been
grown first. After capping the quantum well with GaN an MBE process has been started to grow a second quantum well on top. In this
case, as expected from the observations described above, the MOCVD
well maintains its morphology and indium content during the MBE
growth process whereas the MBE one on top exhibits thickness fluctuations. Figure 28 is completely consistent with the recorded PL emission as shown the bottom part of fig.28. A green emission with a peak
with small FWHM can be observed. A second wider peak correspond-
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ing to blue light is observed on the image as well. This emission can
be correlated with the MBE quantum well which both shows less indium concentration inside the well explaining the blue emission and
strong indium fluctuations causing a wide spread of the PL peak. The
growth of hybrid quantum well even if finished by MBE growth does
not lead to surface undulations such as the one shown in the previous
part of this work.

Figure 28: (top) Indium concentration map of hybrid sample AB with a
bottom MOCVD and a top MBE quantum well grown in sequence. (bottom) PL spectrum acquired for sample AB showing
two peaks that can be attributed to the two quantum wells.

11.3

electron energy loss spectroscopy

11.3.1 EELS investigation
All the results obtained for both MBE and MOCVD samples have
been obtained by several methods and had to be combined to understand the optical and structural characteristic of the sample and their
relation to each other. In this section of the work it will be shown how
EELS can be used as a single method for the entire characterization
delivering the same information as GPA and PL analysis. For this purpose the investigation of sample set A by EELS will be detailed below
with the purpose to demonstrate how this method can be used for
a complete investigation. EELS low loss spectra have been recorded
for different areas in the investigated samples and the results have
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been compared to those of other methods to provide a proof of the
reliability of EELS results. Measurements have been carried out in
the GaN barriers layer and inside the quantum well region. Point acquisitions as well as larger rectangular areas investigations have been
performed. The spectra have been simulated by full augmented plane
wave method (FLAPW) with the Wien2k program [56]. From the simulation of the plasmon peak position the dependence of the plasmon
frequency from the indium content could be derived. The plasmon
peak position is directly dependent from the plasma frequency, which
is a function containing the electron density and the inverse of the effective mass as parameters. Both values are dependent on the indium
content in the sample.
Experimentally acquired plasmon peaks compared to theoretical
calculations performed during the course of this thesis showed indium contents between 25-28% for sample A1 and between 20-23%
for A2 and A3 confirming the GPA results (see Section 11.3.3).
Laterally averaged profiles of the indium distribution have been calculated by averaging nanometers wide areas of indium content maps
obtained by GPA, e.g. Figure 20. The results have been compared
with simulations based on Fick’s diffusion law, which describes the
evolution of the indium concentration and the well thickness depending on the diffusion annealing time, the initial well thickness and the
nominal concentration. For the Fick’s diffusion of indium atoms in
gallium nitride activation energy of 3.4eV and a diffusion coefficient
D = 2 · 10( − 4) cm2 s( − 1) have been used [57]. With these parameters and for a 2h diffusion time (all parameters in Section 11.1) a
diffusion length LD for the indium atoms in the barriers between
0.25nm and 1.6nm for temperatures in the range 800-920◦ C could be
obtained. From acquired and processed TEM images the real lateral
averaged profiles has been calculated. These show a reduction of the
average well thickness (measured as FWHM) for increasing annealing
temperatures.
However Fick postulates a broadening of the quantum well and
a decrease of the local atomic maximum indium content. This does
obviously not correlate with the results obtained in this work, where
a more complicated diffusion process influenced by the anisotropy
of the material and the strain distribution is responsible for the measured profiles. From observation it can be concluded that in-plane
diffusion is prevalent at lower annealing temperatures. For temperatures higher than 920o C in- as well as out-of-plane clustering occurs,
leading to a significant decrease of the average indium content along
the quantum well. This model is supported by the measurement of a
different tetragonal distortion between the GaN buffer layer and the
GaN cap layer. For increasing annealing temperatures an increase of
the compositional strain in the cap layer is observed. The diffusion
of the indium atoms is enhanced by the defects present in the cap
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layer. Desorption of indium from the surface for high annealing temperatures is expected [58]. Integration of the lateral averaged profiles
allowed us the determination of the total indium content in the investigated areas. A decrement of the measured total indium content
has been calculated for increasing temperatures. The analyzed areas
have been chosen in defect free zones of the quantum well parallel
to the GaN c-planes. The effect becomes particularly significant for
annealing at higher temperatures than 920o C.
11.3.2 Bandgap determination and correlation with structural data
To correlate PL measurement and structural data on these samples
further EELS investigations have been performed. Low loss spectra
were acquired at 300kV in the 0eV-50eV energy range. The acquisition of both InGaN and GaN spectra have been done in regions of
the sample where the thickness of the specimen was in the 15-30nm
range. Surface losses have been taken into consideration for a correct
determination of the bandgap and they have been removed by deconvolution of the zero loss peak from the acquired spectrum and
a subsequent Kramers-Kronig analysis of the processed experimental data. This allowed the determination of the surface loss function
to deconvolve from the acquired spectra. Due to the thin specimen not exceeding 30nm thickness - Cerenkov losses, thus present, do not
affect the low loss spectrum significantly, allowing a correct measurement of the bandgap [42, 41].

Figure 29: Deconvoluted and processed low loss spectrum of quantum wells
in samples A2 and A3 compared to GaN with an inset showing
the measured bandgap.

The investigated areas lay inside the quantum well boundaries in
defect free zones. Point acquisitions have been repeatedly performed
and the results of the measurements averaged. From our observations
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the bandgap for the reference sample has a value of 2.3eV. As shown
in Figure 29 and as it is summarized in table 2 the bandgap first
broadens and subsequently narrows with increasing annealing temperatures. The wider bandgap for sample A2 derives from the lower
indium content in the quantum well that causes a 55meV blue-shift
of the emission wavelength. The subsequent narrowing for higher
temperatures is attributed to the size effects of the observed forming
indium clusters. The formation of such clusters and the reduction of
the FWHM of the wells leading to an increased quantum confined
Stark effect compensates the loss in indium content and allows the
formation of a similar bandgap as for the reference sample.

Figure 30: Integrated PL intensity at room temperature versus annealing
temperature for the reference and the annealed samples (left axis).
On the right the corresponding FWHM is displayed. The red and
black lines denote respectively the FWHM and the integrated PL
intensity for the reference sample.

From the structural and spectroscopic results it can be concluded
that the emission wavelength of the annealed and not annealed samples is comparable for temperatures up to 920 ◦ C.
The distribution of the indium content along the quantum well
allows imagining a model in which the emission spectra of the annealed samples are improved due to the homogenization of the indium distribution. To confirm this model the full width at half maximum (FWHM) of the photoluminescence spectra of the investigated
samples have been determined and compared, as shown in Figure 30.
A reduction of the FWHM value can be observed for the entire set of
annealed samples in comparison to the reference sample. The narrowest PL characteristic is attributed to an annealing temperature
of 850◦ C for MBE grown samples. This fact correlates well with the
model proposed in this work and observations. A narrower PL spectrum is expected for a more homogeneous indium distribution. As
shown in Figure 31 the PL intensity at 300 K is greatly improved after annealing of sample A2 annealed at 880◦ C. For higher annealing
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temperature (>920◦ C) similar FWHM values for the PL spectra are
observed. This fact is related to the clusters and dots forming from
the wells and acting as preferred recombination centers suppressing
recombination from other parts of the sample.

Figure 31: HRTEM images of the InGaN QWs for (a) sample A1 and (b)
sample A2. The color-map indicates the local indium content obtained for the strain measurement analysis. (right) PL spectra for
both samples. The spectrum for A1 is multiplied 3 times. for better visibility.

For MOCVD samples a different tendency has been observed. Although the degradation process is similar to the one observed in the
MBE set, a lower PL degradation temperature threshold of 850◦ C
could be determined. Above this temperature the sample’s structure
degrades and PL worsens. This fact is related to samples with indium
content exceeding 30 at%, which builds a more unstable system.
11.3.3 Simulation of EELS spectra
To validate the presented EELS measurements a series of simulation
test on InGaN and InAlN have been performed. Various indium content levels have been simulated with the help of the Wien2k program
[56]. This simulation software has been developed by Peter Blaha at
the Institute for Materials Chemistry of the technical university of
Vienna. It uses the Full-potential Linearized Augmented Plane-Wave
and local-orbitals (FLAPW+lo) basis set to solve the Kohn-Sham equations of Density Functional Theory (DFT). This provides an efficient
and accurate scheme for solving the many-electron problem of a crystal (with nuclei at fixed positions) with the Local Spin Density Approximation (LSDA).
The linearized augmented plane wave (LAPW) method is among
the most accurate methods for performing electronic structure calculations for crystals. It is based on the density functional theory for
the treatment of exchange and correlation and uses e.g. the LSDA.
Like most ’energy-band methods’, the LAPW method is a procedure
for solving the Kohn-Sham equations for the ground state density, total energy, and (Kohn-Sham) eigenvalues (energy bands) of a many-
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electron system (here a crystal) by introducing a basis set which is
especially adapted to the problem. This adaptation is achieved by dividing the unit cell into (I) non-overlapping atomic spheres (centered
at the atomic sites) and (II) an interstitial region.
Since the DFT takes is formulated in terms of electron charge densities it offers a relatively simple way for such a simulation limiting the
number of dimensions to three. In principle the theory simply bases
on two theorems known as the Hohenberg-Kohn theorems, stating
that there is a one-to-one correspondence between ground state electron density of a many-electron system and the external potential acting on it and that the ground state wave function and density have to
be used to minimize the energy of such a system. The Kohn-Sham, approach mentioned above is used to map the interacting system onto
a system of non-interacting electrons that has the same total energy
and ground-state electron density. This allows to reduce the problem
to a series of single particle Schroedinger equations.
Material
4
C6v

Lattice parameter

u

Atoms in cell

k points

− P63 mc

a (Å) ; c (Å)

AlN

3.123 ; 4.988

0.3821

2 Al , 2 N

1000

In0.25 Al0.5 N

3.227 ; 5.167

0.3812

1 In , 3 Al , 4 N

500

In0.75 Al0.5 N

3.330 ; 5.346

0.3803

1 In , 1 Al , 2 N

500

InN

3.538 ; 5.704

0.3784

2 In , 2 N

1000

Table 5: Calculations parameters used
Inx Al1−x N with 0 < x < 1.

in

FLAPW

calculations

for

The key fact about the WIEN2k LAPW basis is that it has the flexibility to describe free electron-like states in the interstitial, and atomiclike states near the nuclei. Therefore, WIEN2k calculates all electron
states explicitly, including the tightly bound, atomic-like deep core
states. In pure plane wave codes, it is customary to represent these
states by pseudo-potentials and pseudo wave functions. Of course,
this leads to faster calculations. On the other hand, it is a complication for EELS to have to reconstruct correct core wave functions.
To test the accuracy of Wien2k simulations on complex III-N systems a series of tests has been done in which EELS spectra have been
acquired on InAlN and InGaN samples. Those spectra have been then
compared to simulations obtained by the method described above.
The first set of samples used for the test is a series off Inx Al1−x N
layers with 0.16 < x < 0.28 grown by Metalorganic Vapour Phase
epitaxy (MOVPE). The result of those samples is compared with abinitio calculation using Wien2k software. For more reference these
experimental results have been also compared with those of Pali-
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saitis et al. [59]. For samples with chemical composition equal to
x = 0.20and0.28, STEM-HAADF (High-Angle Annular Dark-Field)
show different crystallization states, columnar crystals appearing. To
avoid these phenomena, low-loss EELS spectra have been recorded in
homogeneous part for the four Inx Al1−x N layers.

Figure 32: Overview of cross-section of the Inx Al1−x N. (a) STEM-HAADF
image of the A sample, (b) TEM-BF image of the B sample, (c)
STEM-HAADF image of the C sample and (d) STEM-HAADF
image of the D sample.

The four Inx Al1−x N layers which have been investigated were
grown on GaN (0001) sapphire templates. The deposition temperature of the InAlN layers was between 800 and 850 Â◦ C. Indium
contents in the A, B, C and D samples were determined by X-ray
diffraction and are equal to 5.9 + / − 0.3%, 18.0 + / − 0.5%, 20.5 + / −
0.5%, 27.5 + / − 0.3%, respectively. In order to get reference spectra,
one sample of AlN and one of IN have also been investigated by
low-loss EEL spectroscopy. Cross-sections of TEM samples have been
prepared and thinned to 40 µm through various polishing and dimpling stages. The last step of the preparation is performed by the ion
milling of the specimen using a precision ion polishing system (PIPS)
in dual mode beam modulation under nitrogen cooling. The milling
was terminated at low voltage (1 kV, 1 h; 200 V, 1 h) to smooth the
specimen. All low-magnification images, obtained by conventional
TEM or by STEM-HAADF, and EELS acquisitions were performed
using a monochromated FEI Titan Cubed microscope equipped with
a GIF quantum 966 image filter at 300 kV. The energy resolution
of the TITAN Cubed, determined using the full width at half maximum (FWHM) of the Zero Loss Peak (ZLP), is ≈ 0.45 eV. The lowloss spectra were recorded in image-coupled mode using 50 nm electron probe and 2.5 mm spectrometer aperture. The convergence and
collection semi-angle were 8.8 mrad and 2.9 mrad respectively. Lowloss EEL spectra for each Inx Al1−x N samples were obtained by initial
zero-loss peak fitting and followed by a Fourier-log deconvolution for
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plural scattering removal. Our calculations were done using the fullpotential linearized augmented plane-wave (FLAPW) method based
on DFT. I used the Wien2k [56] code and the low-loss spectrum was
calculated using OPTIC program of the Wien2k distribution. The lattice parameters and the number of k-points used in calculations for
AlN, In0.5 Al0.5 N, In0.25 Al0.75 N and InN are given in Table 5. The lattice parameters for In0.5 Al0.5 N and In0.25 Al0.25 N were determined
using Vegard’s law. The calculations of the low-loss spectrum for
In0.5 Al0.5 N and In0.25 Al0.75 N required construction of a supercell as
detailed in Table 5. Increasing the number of k-points did not alter
the main features in the OPTIC package. The muffin-tin radii were
1.6 for N atom and 1.9 for Al and In.
Low-magnification images, obtained by conventional TEM and by
HAADF-STEM, are presented Figure 32. For the A and B samples, an
homogenous contrast and structure in micro-scale can be seen (32 a
and b, respectively). HRTEM studies (not presented here) have also
been performed on the different samples and shown the homogeneity at nanometric scale. For the C sample, containing about 20% of
indium, structural heterogeneity has been observed (32c) and this is
even more evident for the D sample (32d). For the four samples, I
selected an homogeneous area for recording low-loss EELS spectra as
indicated on the images.

Figure 33: Low-loss EEL spectra showing the shift in plasmon energy (Ep )
for Inx Al1−x N (0.16 < x < 0.28) and for AlN and InN layers.

Figure 33 shows low-loss EEL spectra for the four Inx Al1−x N investigated samples and for the two InN and AlN reference sample.
A typical low-loss spectrum acquisition for sample C is shown. The
intensity is in logarithmic scale in order to see in the same time the
Zero Loss Peak (ZLP) and the plasmon peak. For each acquisition the
ZLP and the plasmon signal Ep have been recorded in the same time
to assure that ZLP drift do not influence Ep position measurement.
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The most noticeable change on the low-loss spectra is the shift of the
plasmon energy with the In content: Ep decreases continuously from
21.2 eV (AlN) to 15.5 eV (InN).
Material

AlN

A

B

C

D

InN

Ep (eV experimental)

21.3

20.5

20.2

20.1

19.5

15.5

Table 6: Plasmon energies measured using low-loss EELS.

The Table 6 summarizes the experimental value of plasmon energies. The value for AlN is in good agreement with Benaissa et al. (21.2
eV) [60] but slightly different from value determined by Palisaitis et
al. (20.46 eV) [59]. In the case of InN an experimental value of 15.5 eV
is calculated for the plasmon energy which is the same experimental
value determined by Mkhoyana et al. [61] but still different from Palisaitis et al. (14.95 eV). These differences maybe due to experimental
errors or to different orientations of the sample and/or angles used
for EELS acquisitions in our experiment compared to the one of Palisaitis et al.

Figure 34: (a) Calculated low-loss spectra for Inx Al1−x N with x =
0, 0.25, 0.5and1.0 using the calculation parameters given in Table 5. (b) and (c) Comparison between experimental and calculated spectra of InN and AlN respectively.

The ab-initio calculations performed with Wien2k are presented in
Figure 34 and the theoretical values are noticed in Table 7. As predicted by experimental acquisitions, a variation of the plasmon peak
position with the indium concentration can be seen. The plasmon en-
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ergy decreases continuously from 21.2 eV for the AlN to 15.4 eV for
the InN. The calculated spectrum and the profile of the AlN and InN
low-loss spectra are different. Closer examination shows additional
peaks at higher energies ( 18.5, 20.3 and 25 eV) for InN. Indeed this
is due to the electronic configuration of these elements. These higherenergy peaks are caused by transition from 4d localized valence state
to 5p empty states of the conduction band.
Material

Ep (eV theoretical)

AlN

21.2

In0.25 Al0.5 N

19.8

In0.75 Al0.5 N

18.5

InN

15.4

Table 7: Ep theoretical values for Inx Al1−x N with 0 < x < 1 deduced from
ab-initio calculations.

Theoretical plasmon energy value, determined by ab-initio calculations, for AlN is 21.2 eV. This value is in a good agreement the
experimental 21.3 eV as shown in Figure 34c. Concerning the InN
compound (Figure 34b), the plasmon energy is also consistent even
if the secondary peaks are not similar to the experimental ones. If
we look at the experimental value recorded for the D sample and the
theoretical value for In0.25 Al0.75 N, 19.5 eV and 19.8 eV, respectively,
it can be noticed that they are also in good accordance. To conclude,
agreement between experimental and calculated low-loss spectra was
found to be excellent as illustrated previously.

Figure 35: Plasmon energy dependence as a function of composition for
Inx Al1−x N layers with 0.16 < x < 0.28, AlN layer and InN layer.
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The following relation is deduced from the experimental data as
shown in Figure 35:

(26)

Ep(InxAl1 − xN) = −5.78xeV + 21.25eV

This relation can be compared to that determined by Palisaitis et
al.:

(27)

Ep(InxAl1 − xN) = −5.68xeV + 20.47eV

It is noticeable that the two different linear relations have almost
the same director coefficient and differ by the value determined by
the plasmon energy for the AlN compound. In this case, it is observed
that the experimental and calculations values are in good agreement.
The difference between the two relations can be due to experimental
errors or to different experimental acquisitions conditions as already
discussed.
It can be derived finally that he plasmon peak position is determined by the elemental composition in Inx Al1−x N samples. The plasmon energy of this system varies linearly with the composition. This
method can be used to determine the composition in different systems as i.. InGaN or other semiconductors alloys.
The same investigation as presented above as been performed for
InGaN compounds with different indium content. The parameters
used for the simulation in Wien2k are given in Table 8.
Material
4
C6v

Lattice parameter

u

Atoms in cell

k points

− P63 mc

a (Å) ; c (Å)

GaN

3.189 ; 5.185

0.3770

2 Ga , 2 N

1000

In0.25 Ga0.5 N

3.227 ; 5.167

0.3774

1 In , 3 Ga , 4 N

1000

In0.75 Ga0.5 N

3.330 ; 5.346

0.3777

1 In , 1 Ga , 2 N

1000

InN

3.548 ; 5.760

0.3784

2 In , 2 N

1000

Table 8: Calculations parameters used
Inx Ga1−x N with 0 < x < 1.

in

FLAPW

calculations

for

The simulations were performed with slightly different parameters
as in [62], where other values for the lattice constants a and c have
been used. Table 9 shows a comparison of Wien2k simulations done
using parameters in Table 8 and the ones reported in [62]. Experimental parameters for the selected indium concentrations are also present
in the table. As it can be noticed a good correlation between the simulations done in this work and experimental data can be observed.
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Material

Ep [eV]
(experimental)

Ep [eV]
(this work)

Ep [eV]
[62]

GaN

19.6

19.4

22.3

In0.25 Ga0.5 N

18.6

18.8

21.7

In0.75 Ga0.5 N

n/a

17.5

20.6

InN

15.5

15.5

19.2

Table 9: Ep experimental values and theoretical ones compared for
Inx Ga1−x N with 0 < x < 1 deduced from ab-initio calculations.

Keast et al. describe a similar trend in the shifting of the plasmon
peak by increasing indium content [62]. However a standard deviation of ≈ 3 eV from the results of the simulation of this work is present.
Furthermore Keast et al. observed a relation between measured spectra and core-hole calculations; however the simulations done in this
work are well correlated to ground state calculations of the low loss
region of the investigated material. The relation between experimental data recorded in this work and theoretical simulations done in
this work and presented in [62] is shown in Figure 36. A good fit
between experimental data and calculated theoretical values can be
observed in Figure 36. A better coincidence between measurements
and theory can be observed for lower indium content. This can be
explained by the fact that simulations for high indium content compounds are relatively complicated and require a high level of computational power. For this reason simulation for with Inx Ga1−x N for 0.5
< x > 1 have not been possible with Wien2k. The derived mathematical relation between plasmon peak position and indium concentration
for In0.25 Ga0.5 N is then given by the equation:

Ep(InGa1 − xN) = −4.274xeV + 19.62eV

(28)

73

74

eels assisted determination of electronic properties

Figure 36: Plasmon energy dependence as a function of composition for
Inx Ga1−x N layers with 0 < x <1. Experimental and theoretical
Wien2k data from this work (blue and red curve respectively) are
compared to theoretical Wien2k calculations (green) of [62]

Part VI
S T R U C T U R A L T R A N S F O R M AT I O N D U R I N G
C A P P I N G O F I N D I U M R I C H E P I L AY E R S
The results of cappping indium rich epilayers - quantum
wells and quantum dots - with GaN layer grown in various conditions are presented. Structural transformations
are investigated by means of EELS and GPA.

12
T E M P E R AT U R E I N F L U E N C E O N I N G A N Q U A N T U M
WELLS

GaN-based light-emitting diodes are excellent light emitters in the
blue color range. However, the efficiency of InGaN LEDs decreases
dramatically towards longer wavelengths, making for instance green
lasers very challenging. To attempt to produce green and amber lasers
and LEDs the successful growth of indium rich structures should
achieved. The MOVPE process provides optimal growth conditions
for InGaN quantum wells with more then 20-25 at% below 750 ◦ C
and for GaN over 960 ◦ C. The structural stability of the just created
indium rich epilayers during the temperature rise and overgrowth
with GaN builds a difficult technological problem as was mentioned
in 11. An alternative approach to obtain long wave emitters is the use
of InN or InGaN quantum dots.
Despite many research efforts, fundamental questions are still discussed controversially. One crucial question is the growth mode.
Often Stranski−Krastanov growth mode extrapolated from InGaN
growth and Volmer−Webber mechanism for InN QDs. In this case additional aspects complex this phenomenon. The high 3D strain which
can additionally stabilize the structure during capping. The growth
mechanism and structural stability and changes during capping of
indium rich epilayers and islands will be object of my investigation
in this part of thesis.
12.1

state of the art

As mentioned above the influence of temperature on the structural
properties of indium rich InGaN/GaN systems is of central importance in the fabrication of high quality green light emitting devices.
The structure is not only affected by temperature during operations
- as it will be reported later in this work. Already during the growth
process the different temperatures needed to grow the required epilayers lead to substantial changes in the crystal quality of the heterostructure. In fact at low temperatures the indium incorporation
is most effective. On other hand the growth of the barriers requires
higher temperatures. During the growth process two different temperatures are then used to grow InGaN and GaN. However, the expo-
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sure of the InGaN layers to high temperatures can lead to important
structural changes because of the high temperature instability of the
ternary compound.
The structural geometry and the general properties of multi quantum wells are very important since they determine the photoluminescence properties of the laser. The high internal quantum efficiencies
(IQEs) of the InGaN QWs in the presence of a very high dislocation
density 108 − 109 cm2 are explained in literature with the assumption
that the fluctuation of the local indium concentration inside the QWs
causes a localization of the excitons [63]. The carriers’ recombination
occurs before reaching the threading dislocations cores. However the
nature of such fluctuations is still being discussed.
In earlier reports [34] it was claimed that the fluctuations of the
indium content in the range of 2-3 nm are responsible for good PL
properties. The existence of these short range indium segregations
was suggested by Ruterana et al. [64] by TEM. However it seems that
many similar TEM results reported in literature are based on e-beam
generated ”false indium clusters”. Smeeton et al. demonstrated that
electron beam irradiation can lead to the formation of specific contrast in TEM images. This was interpreted as indium rich areas [24].
Recently large fluctuations of the quantum well width with a strip
like geometry have been reported in a two temperature process (2T)
and detected by conventional TEM, Atomic Force Microscopy (AFM)
and HAADF STEM [65, 66]. These fluctuations were also studied by
three-dimensional Atom Probe Tomography (APT) [67], with which
method the existence of the short range indium clustering was excluded.
In contrary this type of clustering has been confirmed in [68] by
a similar APT investigation. In [69] it also suggested that carrier localization arises from monolayer step differences in the QWs width,
which was detected at the second interface of the QWs. The plan view
STEM images suggest that the indium rich form characteristic strip
structures [70]. All these results are obtained for structures grown
on sapphire with a high density of threading dislocations, which can
cause long range In segregation e.g., by strain inducted diffusion. In
these investigations samples with a high pressure GaN substrate with
a very low dislocation density have been used.
12.2

experimental setting

To investigate the influence of high temperature exposure of InGaN
layers to GaN-growth temperatures quantitative high resolution TEM
(Q-HRTEM) compositional analysis based on the strain measurement
has been applied. The Q-HRTEM method of the local composition
determination performed on individual images gave us the possibility to analyze the lateral fluctuations of the indium composition
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with a higher spatial resolution than Energy Dispersion Spectroscopy
(EDS) measurements allow. An example for the indium/gallium ratio
is given in [65]. At the same time the large field of view of hundred
of nanometers (whole scanned negative film) can be analyzed without destroying the sample with the extended irradiation necessary for
spectroscopic methods.
TEM investigations were performed using a JEOL 2000EX microscope equipped with a LaB6 electron gun operating at 200 kV. TEM
observations were performed along the <0001>, <1120>, and <1100>
zone axes. The dark field images of lattice fringes, designated to quantitative analysis, were obtained with a sample tilting of 3◦ -4◦ around
the [0001] direction away from the exact pole position and permit
to interfere the 0000 and 0002 beams. This condition is similar to
those used [50], where a more detailed description of the optimization of the TEM conditions is given. The evaluation of the local elemental composition differences was achieved by the measurement of
the local interplanar d0002 spacing. This image processing technique
is based on the principles described in [50]. Figure 37 reveals a noticeable difference in the quality of the quantum wells of a MQW region
grown in a single temperature process (Figure 37a) and one grown
with a two temperatures process (Figure 37b).

Figure 37: Comparison of a similar region with MQW grown in a single
temperature process780deg(a) and a two temperatures process
900/730deg (b)

12.3

structural investigation of quantum wells grown
in a 2t process

12.3.1 Cross-sectional TEM investigation
TEM investigations show a more homogeneous geometry of the wells
in the first case. To confirm this impression a deeper study of the QWs
has been carried out. Figure 38 shows the MQW region of the investigated 2T sample in the <1120> zone axis. The InGaN wells inhomogeneous structure can be clearly distinguished in Figure 38a. From
the analysis of many images it has been possible to determine the
average value for the width, height, and aspect ratio as 43 nm, 2.5 nm,
17 respectively. These inhomogeneities have high aspect ratios, therefore, for better visibility, a quantitative analysis of re-sampled images
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has been carried out, reducing the width by factor 4 and conserving
the vertical resolution.
Figure 38c shows a magnified region of the upper quantum well
with color coded map overlaid representing the indium atomic percentage (at%) obtained after image processing of the lattice fringes
image. The roughness of the interfaces of the QW is clearly visible.
The arrows in Figure 38c and Figure 38e show the 2 and 4 monolayer
(ML) step detected on the top surface of the QW (the part exposed
to the high temperature vacuum). The five lateral profiles of the QWs
across the whole image are shown in Figure 38d. These profiles were
taken at different Z positions shown and numbered as 1, 2, 3, 4, and 5
in Figure 38e. In this figure the details of the 4ML high step of the QW
width is clearly visible. Profiles 1 and 2, taken at the uppermost part
of the QW, show that the indium concentration reaches 20-25 at% and
drops to zero in some regions. This suggests that desorption rather
than diffusion is responsible for the QW surface roughness at the upper InGaN/GaN interface. Otherwise the presence of indium in the
region above the 0.85 nm thick part of the QW should have been detected. Profile 3 shows that the indium composition reaches 30 at%
locally. Profile 4, which is taken at the bottom part of the QW, shows
a homogeneous composition (17-23 at%) across the whole image. Profile 5, taken from the bottom part of the QW shows that this surface
of the QW is not flat. 17-18 at% of indium on the left and 0 at% In
on the right side of the image has been calculated. It is possible that
the surface steps of the QW are caused by a rough crystallization
front, resulting from the observed steps in the previous grown QWs.
Measurements of the QWs’ thickness reveal inhomogeneities and differences between the given nominal values -received by the growers and the results of this analysis. The expected QWs should be 4.5 nm
thick but, as highlighted in Figure 38, the measured values are around
2.5 nm, with regions where the thickness is less than 1 nm.
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Figure 38: (a) 0002 lattice fringes image of a 146 nm large zone of the 5 QWs
in the <1120> zone axis; (b) the same image resized by bi-cubic
interpolation. The width is constrained 4 times; (c) color coded
at. % of indium for the part of the image in the frame shown
in (b); (d) profiles along the x direction of indium concentration
for five different positions Z; (e) magnified part of (c) showing
the Z position of the profiles lines; (f) the sample degradation
(formation of clusters) after 10 min of e-beam irradiation for the
same imaging condition as in (a); (g) detail of image contrast of
zoomed frame from image (f).
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This contrasts the results presented in [50] for a sample, which
measured and technological parameters were very similar to those
measured in this work. All investigated samples were subject to fast
degradation under the electron beam. For this reason all analyzed
images were taken within the first 10 s of irradiation. The first visible
degrading effects were observed after 2 min. A total destruction of the
specimen can be achieved after 10 min as shown in Figure 38f and g.

Figure 39: (a) Overview of a nearly 200 nm large zone of the 5 QWs in
<1100> zone axis (fringes image); (b) the same image as a color
map representing the local indium content; (c) color coded at%
of indium (width is constrained by factor 2) with the frames used
for calculation of averaged compositional profiles; (d) laterally averaged profiles of indium concentration for the three areas shown
in frames 1, 2, and 3

An image of the same QWs in the <1100> zone axis is shown in
Figure 39a. The statistic on the size of the inhomogeneities reveals
similar values for the width, height, and aspect ratio of the structures (55 nm, 25 nm, 22) as those observed for the <1120> zone axis.
It means that the aspect ratio is slightly higher for this 30 ◦ rotated
cross-section. This can indicate the presence of anisotropy or inhomogeneities due to the indium fluctuations. The region in question has
been investigated in regard to the homogeneity of the quantum wells
and the results showing the indium concentration as a color map superimposed on the original TEM image is given in Figure 39b and
Figure 39c.

12.3 structural investigation of quantum wells grown in a 2t process

As expected a strong inhomogeneity in the indium content distribution has been found. To further investigate the validity of this works’s
observations three significant areas were selected - frames 1 to 3 in
Figure 39c - and the average lateral profile along the z-axis of each
area has been calculated. The three curves shown in Figure 39d give
information about the variation of the In content in the different areas
and between the QWs themselves. QW5 shows the highest values in
the 3 analyzed areas (23 at%). In contrary QW3 shows strong variations in the In concentrations as 24, 12, and 5 at% in the areas 1, 2
and, 3 respectively. Cross-sectional investigations in two region axis
(h1100i and h1120i) suggest the presence of anisotropy of indium segregations.
12.3.2 Plan view TEM investigation
In other works such as [69] TEM plan view images of similar samples with strip like structures were presented for only one QW. In
Figure 40 images obtained for 5 overlapping QWs are shown. The
interpretation of the contrast of this kind of images obtained in two
beam diffraction condition is difficult. However the strain contrast at
low magnification can be used for a general morphology investigation of such overlapped layers. In Figure 40a a 4 µm2 zone is shown
and two areas with different stripe orientation can be distinguished.
In Figure 40b the stripes are parallel with light zigzag like variation
of their orientation.

Figure 40: Plan view images of the stripe like structures of the 5 overlapped
QWs of the 2T sample in the two beam diffraction condition. (a)
Boundary between the two areas with different stripe orientation;
(b) small variation of the stripe orientation; (c) and (d) correspond
to (a) and (b). FFT shows the spatial frequencies range of the
stripes size in different directions
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The amplitude of the FFT of these images is shown in Figure 40c
and d, respectively. The visible maxima correspond to the lateral characteristic dimension (LCD) of the contrast features. The circles give
the corresponding dimension of the features in real space. For stripes
from Figure 40a the LCD are 136 and 74 nm and the smallest visible detail has a size of 55 nm. For Figure 40b the LCD is 108 nm and
smallest detail has a size of 34 nm. These values of the diffraction contrast features correlate well with the cross-sectional images obtained
in this work, but deeper contrast analyses should be done to use this
method for quantitative inhomogeneities analysis of MQWs.
The InGaN QWs with 4.5 nm nominal thickness are highly deteriorated during the 30 s temperature ramp used in the growth process
before the GaN growth in the 2T process. The loss of thickness of
the InGaN layers creates a stepped surface. The surface morphology
is strongly anisotropic and shows stripes like structures, which can
differ in orientation in a micrometer scale. The overgrowth of the
first InGaN layer by the following QWs during the 2T process occurs with no flat growth front. These results show that the bottom
and top QW interfaces are rough and the width can drop to 1 ML. It
has been observed how quantum wells can locally disappear or have
very low indium concentration - as low as 5 at%. These structural inhomogeneities can have a strong impact on the photoluminescence
proprieties of the specimen. The carrier localization from one side,
but also the spreading of width of the PL peaks can be consequences
of such defects.

12.4 temperature ramp

12.4

temperature ramp

Until now the effects of a 2T-process on InGaN/GaN QWs with 4.5
nm nominal thickness (sample A) have been discussed. It has been
shown how degradation takes place causing a reduction of the thickness of the InGaN layers due to indium desorption takes place during growth, when InGaN is exposed to high temperatures. This created a stepped QW/QB interface, whose morphology was strongly
anisotropic and showed stripe-like structures, which differed in orientation in a micrometer scale. It has been demonstrated that the
bottom and top QW interfaces are rough and the height can drop to
1 monolayer, observing that QWs can locally disappear or have very
low indium concentration, as low as 5 at%. These structural inhomogeneities can have a strong impact on the luminescence properties of
the specimen as reported in [69], where 3D atom probe has been used
to investigate MOVPE grown multi quantum well (MQW) structures.
The carrier localization on one side and the spreading of height of the
photoluminescence (PL) peaks on the other can be consequences of
the morphology of the QW interfaces.
12.4.1 Structural investigation of quantum wells grown by temperature
ramp
To avoid indium desorption many groups propose a different way
of growing samples, which involved the growth of the GaN barriers
with a temperature ramp. In this case the temperature is gradually
increased from the level used for growing InGaN to the one needed
to grow the GaN barriers. In this way a sort of protective low temperature GaN layer is grown above every quantum well. The idea is to
shield the quantum well from direct exposure to the atmosphere by
closing its open surfaces before increasing the temperature. Indium
would then not be able to just desorb from the sample but should
firstly diffuse to the surface.
To investigate the effects of such a protective layer on the quality
of the heterostructure a sample, here denoted as C3, has been investigated, which had been grown with a protective low temperature GaN
layer above every QW. A detailed comparison of the geometrical and
compositional character of the samples arising from our analysis is
given in Table 10.
Figure 41 shows the direct comparison of the active regions of C2
and C3 highlighting the differences in the geometry and composition
of the MQWs. In sample C2 the QWs are mostly discontinuous with
areas of high indium concentration followed by areas where the indium percentage is very low or zero. As demonstrated in [71], where
a plane view of sample A is shown, the inhomogeneities are in fact
stripe like InGaN features with a finite width. In the cross-section the
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C1

C2

C3

#Temperature [deg]

730/900

730/900

730/730-900

#Stripes width [nm]

70-190

22-70

continuous

#QW height [nm]

0.8-2.3

1.0-4.4

2.0-3.5

no

8-45

no

#Period [nm]

12.3

18

17.6

#Indium content [at%]

12-22

13-20

15-20

#Interruptions’ length [nm]

Table 10: Statistics on the investigated samples

stripes appear as InGaN islands (Figure 37a). The measured average
values for these islands’ height and period are, respectively, 2.7nm
and 18nm. They differ from the nominal values 2.5 nm and 10.5 nm.
Furthermore, it can be observed that the bottom GaN/InGaN interface is well defined, while the upper interface appears very rough.
The estimated indium concentration in the islands (measured in the
center of the features) is strongly fluctuating from island to island
from 13% o 20%.

Figure 41: (a) TEM lattice fringes image of sample C2. InGaN islands can be
observed. (b) TEM image of sample C3. The QWs are continuous
but fluctuating in height. (c) and (d) Color coded indium content
map overlayed on the original TEM 002 lattice fringes image. Part
(c) refers to the detail in (a) and (d) to the frame in (b).

Sample C3 - grown with protective LT-GaN layers on top of every
well - shows significant differences in comparison to the previously
presented samples. The geometry of the QWs is more homogeneous
and without interruptions (Figure 37b). However, the indium concen-

12.4 temperature ramp

tration varies from well to well and takes values between 13% and
20% with rare peaks at 25%.
The QBs’ height varies significantly from 11 nm to 18 nm and the
period of the QWs could be estimated to be 17.6 nm far beyond the
nominal 10.5 nm. Furthermore, it should be noticed that the LT-GaN
layers do not show any defect or a lower crystallographic quality although the growth has been performed at low temperatures.
12.4.2 Correlation of structural and photoluminescence data
Being the quality of the quantum wells grown by a temperature ramp
process higher than the ones described earlier it has been possible to
relate the observed structures to their photoluminescence characteristic.

Figure 42: PL measurements comparing the emission spectra of samples C2
and C3. The sample containing LT-GaN layers has a green-shifted
spectrum (red).

PL investigations of both samples - C2 and C3 - show a green shift
of the measured peak for the sample with the protective layers (Figure 42). The emission wavelength maximum shifts from 480 nm to
510 nm. This fact seems coherent with the higher indium content determined in sample C3. The intensity measured for such sample is
higher in comparison to C2. This fact can be explained by the absence
of interruptions in the wells’ geometry and by the higher average In
content.
XRD measurements shown in Figure 43 are substantially similar for
the sample with and without protective layers. However a difference
between the two spectra can be observed. The red curve shows a
worse periodicity of the wells/barriers super-lattice. The reason for
this effect, shown in Figure 44, could be determined by TEM observation.
The QWs are subject to fluctuations, which increase progressively
from the first to the last grown QW. As a result the QWs partly do
not run parallel to the intended growth direction and the barriers’
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Figure 43: XRD measurements for sample C2 and C3.

Figure 44: TEM image of sample C3 showing relevant variations in the QBs
thickness.

thickness oscillates dramatically between 11 nm and 20 nm as it is
shown in Figure 44. However the QWs thickness stays constant with
few fluctuations and an average of 2.9 nm.

13
CAPPING OF IN(GA)N QUANTUM DOTS

In the previous part of this thesis the accent of EELS investigations
has been mainly set on the electronic properties of III-N compounds.
However, EELS can be successfuly used besides HR-TEM for the determination of structural properties of the investigated specimen. Due
to the sensitive nature of electron-matter interaction it is possible to
detect main differences in the structure of crystalline compounds by
using both low loss and high energy loss spectra. Being the core loss
peaks of the investigated materials at very high energy levels or being
of ramp like nature, thus requiring a big effort of post-processing to
extract valuable information, many prefer other methods. However,
the low loss region of the EEL spectrum may be used for structural
investigations as well, considering the changes in the plasmon peak
position. To show this relation a work in relation to InN quantum
dots is presented. This part of the work has been done in close cooperation with the Institute of Solid State Physics of the Technical
University of Berlin, which provided crucial data on the growth of
the samples presented in this chapter. The quantum dots have been
capped and the main goal of the work was intended to be the determination of structural changes after capping the dots with a GaN
layer. As it is shown below HR-TEM combined with EDX and GPA
analysis provide inconclusive information on some of the aspects of
the investigated structures that could be revealed by EELS.
13.1

capping of indium nitride quantum dots

As mentioned in the previous chapters GaN-based light-emitting
diodes are excellent light emitters in the blue color range. However, the efficiency of InGaN LEDs decreases dramatically towards
longer wavelengths, making for instance green lasers very challenging. The difficulties arise from growth of highly strained materials
and from the connected quantum confined Stark effect. Quantum
dots (QDs) are an option to circumvent these problems, since they are
very small and have non-uniform strain fields. Despite an intensive
research effort on self–organized InN QDs by several groups, many
fundamental questions are still discussed controversially. One crucial
question is the growth mode. Often Stranski–Krastanov growth mode
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extrapolated from InGaN growth is assumed. In MBE wetting layer
thicknesses between zero and eight monolayers have been reported
[72]. Under metallic rich conditions no two to three dimension transition occurred. Many groups already demonstrated the growth of
uncapped structures, but few report on overgrowth [73], which is
mandatory for realizing devices. Reports on QDs of different material systems, as for example SiGe/Si, found a significant change of
the QD geometry as well as of their composition depending on the
overgrowth procedure [74]. Recently InN QD growth has been studied systematically [75] [76]. In this work the overgrowth of quantum
dots is reported and detailed analysis of the morphological and compositional changes of the QDs caused by the cap layer growth is presented.
13.1.1 Experimental data
13.1.1.1 Growth parameter
The samples were grown in a RF-heated horizontal double wall
quartz reactor at 100 hPa nitrogen. Templates were 2 µm GaN layers grown on sapphire (0001) tilted 0.25◦ towards [112̄0]. Ammonia
stabilization was used for reactor temperatures above 500◦ C with
≈1400 Pa NH3 . For GaN buffer and InGaN QD growth 2500 Pa NH3
were used. If not given otherwise, the growth procedure was as following: After loading the samples to the reactor a GaN buffer was
grown at ≈1030◦ C with a V/III ratio of 1600. Then the temperature
was set to 520◦ C and QD growth was performed for 30 s with 0.32 Pa
trimethylindium (TMIn). For overgrowth the triethylgallium precursor (TEGa) partial pressure was 0.6 Pa.
During growth the sample surfaces were monitored by in-situ ellipsometry. A detailed description of the setup can be found elsewhere
[77]. Transients of InN and low temperature (LT) GaN growth were
taken at a photon energy of 5.0 eV and a temporal resolution of 1.2 s.
To determine the amount of InN and GaN on the surface, room temperature spectra between 1.6 and 6.5 eV were analyzed with the dielectric function of InN taken from Losurdo et al. [78] and a Bruggemann
effective medium approximation model.
Further ex-situ characterization was done by contact mode atomic
force microscopy (AFM), and X-ray diffraction (XRD) in ω-2Θ scans
of the (0002) reflex. On capped structures photoluminescence was
measured with excitation by a 488 nm argon laser at 10 K.
The TEM investigation of all samples has been carried out on a
JEOL 2000EX microscope with experimental conditions such as previously described in Section 12.2. The samples have been investigated
in regard to the morphology, strain and distortion of the InN QDs.
All cross sectional observations were performed in the 1120 zone
axis.
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13.1.2 Structure and morphology of uncapped InN quantum dots
In previous chapters it has been demonstrated that the growth of
uncapped InN QD on GaN. By adjusting the growth temperature to
520◦ C QD densities near 1011 cm−2 could be realized [76]. The size is
determined by the growth time [75]. This work’s experiments found
formation of QDs even for an InN coverage below a monolayer, i.e.
Volmer-Weber like growth mode [75].
The average height of QDs growing for 60 s measured by TEM was
(4.9 ± 0.8) nm and the mean diameter was (13 ± 2) nm (cf. Figure 45
for a typical QD) These values correspond nicely with the AFM results of roughly 5 nm and 15 nm. The observed quantum dot density
with AFM and TEM gave densities of around 7 × 1010 cm−2 .
The lattice distortion maps derived from Figure 45 indicate a lattice
spacing difference of nearly 10%. From high resolution dark field images acquired by TEM along the 1120 zone axis measured lattice parameter of dGaN = 0.2762 nm and ddot = 0.3044 nm. This corresponds
to nearly fully relaxed InN. The material relaxes by a series of 60◦
misfit dislocations at the GaN/InN interface for which the Burgers
vector is equal to the a lattice parameter of GaN, i.e.|b| = 0.3819 nm
[79]. This corresponds to a relaxation of 92 % for the InN, similar to
earlier findings [80].

Figure 45: Color coded lattice map overlaid with the original h0002i TEM
lattice fringe image (top left). The color contrast above the surface
is from the resin.

The observed relaxation occurs directly at the interface, which
agrees with earlier observations by in-situ reflection high energy
diffraction in MBE, where full relaxation was observed after 1.1 monolayer growth [81].
The XRD measurements of the uncapped sample in Figure 46 show
a broad maximum around position of relaxed InN at 15.68◦ , confirming the TEM results.
To understand the effect of growth conditions on the morphology
of quantum dots a series of samples has been investigated. Growth
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Figure 46: XRD of uncapped and capped InN QDs grown at 520◦ C . The
uncapped sample (top) is multiplied by 10. The maximum on
the uncapped samples shifts from relaxed InN to strained InGaN
for the capped sample below. For the capped sample additional
fringe peaks are indicated by arrows.

temperature and growth time have been used as parameters for this
analysis moving respectively in the range 500 − 550 ◦ C and 20–60 s.
Figure 47 shows a summary of the results.

Figure 47: Height, width and diameter of uncapped quantum dots in dependence from the growth temperature

From the above graph it could be concluded that independently of
the size, all InN QDs are fully relaxed and free of defects expect of
the L796 where the stacking fault parallel to the surface was observed.
L792 shows a particular surface roughness.
No wetting layer could be observed. The maximum growth rate
of QDs are observed for 517◦ C and 40s (biggest averaged sizes). No
significant asymmetry of the sizes along [1-100] and [11-20] direction could be observed either. The largest width/height aspect ratio
X/H=6,36 was obtained for T= 545◦ C and t= 40s while an increase in
pressure from 200 to 400 mbar resulted in smaller QDs with higher
density. Just a small amount of QD which sizes deviates significantly
from the mean value.

13.1 capping of indium nitride quantum dots

Figure 48: (a) Phase image of a relaxed quantum dot. In the detail it is possible to see the misfit dislocation relaxing the stress at the QD/bulk
interface. (b) Distortion map of the quantum dot in (a).

From high resolution TEM images a more detailed investigation of
the strain state of the uncapped quantum dots can be carried out. As
in the previous example GPA has been used to create a distortion map
of the quantum dots. However, in this case, due to the high resolution
it is possible to determine misfit dislocations at the InN/GaN interface by following atom columns through that interface. As shown in
Figure 48 the whole interface is decorated with misfit dislocations
which relax the strain of the quantum dots causing a complete relaxation of the structure. The recurrence of misfit dislocation every 9-10
lattice planes confirms the full relaxation of the dots. Comparison
of these results with XRD analysis (Figure 46) it becomes clear that
HR-TEM is a more powerful tool for stress determination. The XRD
analysis has been compared to simulated curves for stressed and relaxed InN layers. The software does not allow to simulate quantum
structures different than quantum wells. In this case a relaxation of
around 92 % has been found matching the recorded graph. However
it should be considered that the XRD method is delivering a curve reflecting the average of the local diffraction curves for the investigated
area. Since a surface covered with a high quantum dots’ density still
presents zones of uncovered GaN, the determination of strain by XRD
becomes inaccurate and can be used just as an indicative measure of
the real stress present in the specimen. HR-TEM allows however a
more localized investigation of such structures and a more precise
determination of strain. It should be noticed at this point that due to
the restricted field of view of a TEM in comparison to XRD equipment, this second method is preferable for the investigation of large
areas and the determination of average strain values across the sample.
13.1.3

Structural changes by direct overgrowth of InN quantum dots

Capping of InN is challenging, since InN itself is not very stable. It
decomposes at 530◦ C,even under ammonia stabilization[82, 83], thus
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Sample

Temp.

TEGa

tcap Thickness

Growth RMSa
rate

(◦ C)

(Pa)

(min)

(nm)

(nm/h) (nm)

#1773

480

0.6

10

27.7

165

1.98

#1756

520

0.6

5

15.5

186

1.37

#1769

540

0.6

5

17

204

0.69

#1758

520

0.4+0.6

2+10

33.5

177

4.29

#1772

540
+600

0.6

3+5

28

210

1.34

#1771

540

0.6 + TMIn 0.105

5

30b

360

0.74

a 5×5 µm2
b In0.05 Ga0.95 N

Table 11: Growth parameters for the (In)GaN cap layer. The RMS roughness
was measured by AFM and the layer thickness by fringe spacing
of XRD (see Fig. 46).

overgrowth needs to be performed at very low temperatures. Hence,
TEGa has been used as Ga precursor, since it is more than 50% decomposed above 300◦ C via β-elimination [84, 85, 86, 87] and no carbon
incorporation is expected even at 500◦ C . Three different strategies
were tried out:
1. direct overgrowth after QD growth at the same temperature
with GaN or InGaN
2. overgrowth at QD temperature, first step with lower growth
rate
3. overgrowth at QD temperature then raising temperature to
600◦ C during a growth interruption and continue growth at
600◦ C
The growth parameters and results from AFM and XRD characterization are summarized in Table 11. The thickness of the cap layer
was extracted from the fringe oscillations observed in XRD (for 520◦ C
example see Figure 46).
The AFM images of the sample grown at 480◦ C showed large structures, which were similar to droplets. Since at 480◦ C indium droplets
during growth of InN layers due to incomplete NH3 decomposition
have been observed, it is assumed that those features were InGa
droplets.
The other two samples grown at 520◦ C and 540◦ C shows uniformly
distributed dot-like structures with an averaged height of 2.5 nm
(520◦ C ) and 2 nm (540◦ C ). The surface at 540◦ C was smoother, which
is mostly caused by the lower height of the structures.
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Figure 49: AFM images of the cap layer on the overgrown QDs. Top row:
overgrowth at the temperature of the dot formation. Bottom row
from left to right: growth rate was stepped at 520◦ C , then first
overgrowth at 540◦ C followed by 600◦ C , and overgrowth with
InGaN at 540◦ C . For detailed parameters refer to Table 11.

The growth rate during overgrowth decreased from 204 nm/h at
540◦ C to 165 nm/h at 480◦ C . Since TEGa should be fully decomposed
even at 480◦ C [84, 85, 86, 87] the decreasing growth rate is most likely
caused by decreasing NH3 decomposition. As a result the residence
time of the atoms on the surface is increased and more Ga desorbs
before incorporation. This again supports the assumption that the
features at 480◦ C are crystallized InGa droplets.
During overgrowth with InGaN the growth rate increased by a factor of 1.8 compared to overgrowth with GaN using the same TEGa
partial pressure (Table 11). Consequently the indium incorporation
was only 5% despite the 15% TMIn offered in the gas phase. The origin of this effect is not clear yet. The resulting surface (Figure 49)
was very similar to the one obtained with GaN at 540◦ C . Apart
from the very low structure (around 1 nm) with a high density of
mid 1010 cm−2 , some approximately 5 nm high features with lower
density of 1.6 × 109 cm−2 were exclusively present on the InGaN cap
layer.
Varying the growth rate did not produce a smooth surface at all.
In Figure 49 (lower left) the surface was covered by a high density
of structures with an averaged height of 8 nm. Apparently the slow
initial overgrowth stimulated rather segregation of In and enhanced
the size of QDs.
Overgrowth first at the QD growth of 540◦ C temperature and then
at 600◦ C resulted again in a relatively smooth surface. However,
compared to the direct overgrowth at 540◦ C , the surface was not
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smoother. Since it is more controlled, the direct overgrowth of the
samples should be preferred.
The sample overgrown with GaN at 520◦ C was further analyzed by
TEM. The size of the QDs decreased considerably. The height reduced
during overgrowth from (4.9 ± 0.8) to (1.7 ± 0.5) nm and the diameter
from (13 ± 2) to (6.3 ± 1.6) nm. The aspect ratio increased from 2.7 to
3.4, i.e. the QDs were flattening. However, as Figure 50 shows, the
In from the QDs is partly spread out into an InGaN quantum well
between the dots, making an estimation of a hypothetical wetting
layer thickness very difficult.

Figure 50: (top) Color coded distortion map of an 110 nm wide section at
the interface between the GaN substrate and the overgrown GaN,
superimposed on the original TEM image. The capped QDs are
wider and partly merged together in a quantum well with strong
lateral fluctuations. A dislocation is seen on top of every broadened QD.

High distortion values can be found in the core of the original QDs.
Consequently, on top of each QD is a dislocation. A closer look at the
two different GaN regions above and below the interface reveals tensile distortion values in the cap layer in comparison to the substrate.
This is more pronounced in the distortion map, which shows a significant distortion on the left (above the InGaN layer) (Figure 51). This
effect can be explained by intermixing of In atoms during the growth
of the cap layer, forming a ternary compound. The introduction of
strain during the cap layer’s growth causes a QD leveling resulting in
the broadening of the QDs and a decrease of their aspect ratio. The
effect is particularly pronounced in the investigated sample, so that
the leveling process induces the formation of an almost continuous
quantum well.
The presence of the InGaN ternary alloy in the sample is confirmed by the comparison of XRD measurements before and after
overgrowth (Figure 46). The InN related reflex at 15.68◦ changes into
a broader shoulder that can be attributed to InGaN. The intermixing
and interdiffusion if In is enhanced by the strain difference and the
high density of dislocations in the cap layer, as discussed further in
§6.
Images of the interface between GaN and InN shows a regular arrangement of dislocations directly at the interface. This implies that
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Figure 51: Averaged vertical profiles of the three marked frames in Fig. 50.
The distortion is asymmetric: the material forming the cap layer
(left) has higher distortion values than the buffer layer (right).

the interface is highly relaxed. However the calculation of the relaxation status of the sample is complicated, since the composition and
the relaxation are strictly connected and the exact composition of the
forming InGaN is not known. Higher strain values in comparison to
the almost fully relaxed uncapped QDs are expected, due to the influence of the cap layer, as also reported in other works [88]. This high
density of dislocations at the interface is most likely the reason for
the very weak photoluminescence of the samples.

Figure 52: HRTEM image of a capped InN quantum dot. In the center image
the strain of the heterostructure is displayed as a color coded map.
The map on the right shows the exx distortion component of the
quantum dot.

Successful capping of InN quantum dots can be achieved by tuning
of the growth parameters (growth time, growth temperature) of both
quantum dots and the cap layer. Best results could be achieved by
growing pure InN quantum dots for 40 s at a temperature of 517 ◦ C
and by overgrowing them for 100 s and 600 ◦ C. These conditions provide the optimal parameters for the capping an allow the conservation of the quantum dots’ original morphology as shown in Figure 52.
From that image it can be deduced that the quantum dot is in a re-
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laxed state between the substrate and the GaN cap layer. The sample’s
surface is found suffering from undulations arisen from the uniform
growth of the cap layer and low diffusion rate of GaN during that
process.
Summarizing the capping of quantum wells at 600 ◦ C has been successful leading to a good structural quality of the LT-GaN layer. Signs
of interdiffusion have been observed by EDS at the quantum dot/substrate interface. From the data it can determined that an increase of
the growth time leads directly to an increase of the number of quantum dots on the sample’s surface but to a decrease of the average
quantum dot size. High resolution TEM observations have been in
accordance to the recorded AFM data, giving a strong prove of the
high homogeneity of the growth conditions on 2 inches substrates.
In the future an optimization of the growth for temperatures in the
range 500 − 517 ◦ range and growth time shorter than 40 s at 200 mbar
of pressure should be done to obtain even higher densities of small
quantum dots.
13.1.4 Structural characterization of the low temperature GaN layer
The low temperature GaN cap layer grown at 520◦ C is rough and
consists of coalesced columns. A very high density of basal planes
stacking faults (even exceeding the number of dots) was observed
in the GaN layer above the deformed QDs during TEM examination.
The presence of stacking faults can be explained with a columnar
growth of the GaN cap layer at low temperatures and a subsequent
merging to a compact layer. This and the presence of a ternary compound such as InGaN explain the higher distortion values of the cap
layer in Figure 51.
Despite the defects the sample was mono-crystalline. This has been
confirmed by Select Area Diffraction (SAD) (Figure 53). Additionally
the layer shows clearly the presence of double spots, indicating the
presence of both hexagonal (h-GaN) and cubic (c-GaN) phases in Figure 53(b). Cross section TEM confirmed that the h-GaN is h0001i
oriented, while the c-GaN is h111i oriented (Figure 53(c)). Typical
Moiré fringes from the superposition of h- and c-GaN lattices can
be observed in plane view (Fig.Figure 53(a)). From the analysis of the
fringes a slight rotation (less than 2◦ ) between the c- and h-GaN phase
could be deduced.
The use of a small aperture allowed a more detailed investigation of
the c-GaN distribution in the sample, using only the (422) diffraction
spot. In the obtained cross section (shown in Figure 53(d)) dark spots
indicate the location of c-GaN in the cap layer.
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Figure 53: (a) HRTEM plane view image of the capped sample. Moiré
fringes arising from c- and h-GaN are clearly to be distinguished
(detail). (b) Diffraction pattern of (a) showing double spots for
the two GaN phases. (c) Cross section view of the sample. Many
basal stacking faults can be observed. (d) Plane view dark field
image obtained from a c-GaN 0002 spot in (b). The dark spots are
c-GaN locations.
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InGaN quantum wells (QWs) are excellent for light emitters in the
blue wavelength region. However, the efficiency of InGaN QWs decreases dramatically towards longer wavelengths, as required for
green lasers. Apart from fundamental problems like the quantum
confined Stark effect, growth of InGaN quantum wells (QW) with
indium contents beyond 15 % is challenging. 2D-3D transition, relaxation and composition fluctuations become more severe for higher
indium contents.
Despite many publications on self-organized InGaN quantum dots
(QD), the growth mode transition from 2D to 3D for InGaN is not well
studied. For pure InN on GaN Volmer-Weber growth mode could be
observed [75, 89], while InGaN with indium contents less than 50 %
grows in Stranski-Krastanov (SK) mode [90, 91, 92, 93]. SK mode is
defined as transition from an initial two-dimensional wetting layer to
three dimensional growth. The wetting layer thickness at 2D-3D transition can be measured by in-situ [90, 93] or by direct measurements
of the topography at different thicknesses [91, 92]. Here some results
showing the systematical study of the wetting layer thickness as a
function of the indium content by in-situ methods and measurement
of the topography are showed in connection with TEM observations
on the presence of a wetting layer.
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13.2.1 Structure and morphology of uncapped S-K InGaN quantum dots
All InGaN QDs analyzed in this work have been grown in an RFheated horizontal double wall quartz reactor at a total pressure of
100 hPa N2 with a total flow of 4 l/min. Templates were 4 µm GaN
layers grown on sapphire (0001) tilted 0.25◦ towards [112̄0]. Ammonia
stabilization was used for reactor temperatures above 500 deg with
≈1400 Pa NH3 . GaN and InGaN were grown with 2500 Pa NH3 partial
pressure. First a GaN buffer was grown at ≈ 1000 deg with a V/III
ratio of 1600. Then the temperature was lowered and the InGaN layers
were grown with 0.28 Pa tri-methyl indium (TMIn) and 0.28 Pa triethyl gallium (TEGa) for times varying between 20 s and 300 s.
The growth was monitored by in-situ ellipsometry as described in
ref. [94]. The topography was characterized by a Vecco Nanoscope III
atomic force microscope (AFM) in contact mode. The indium content
was verified by variable temperature photoluminescence using a HeCd laser excitation at 325 nm.
From simulation of ω − 2Θ scans around (00.2) the indium content
and the thickness of the layers were obtained. The absolute error was
±1 % for the indium content and the relative error was 10 % for the
thickness. A linear growth rate ranging between 2.8 nm/min at 625◦ C
and 2.4 nm/min at 675◦ C has been found [95].
For TEM, quantum dots were formed at 650◦ C for 70 s and immediately overgrown with GaN. The samples have been investigated in
regard to the morphology, strain and distortion of the InN QDs. All
cross sectional observations were performed in the <112̄0> zone axis.
The evaluation of the local elemental composition was achieved by
the measurement of the local interplanar 0002 spacing and the use
of Vegard’s law. Thin foil relaxation was calculated by finite element
method. This image processing technique is based on the principles
described in [22].
To determine the wetting layer thickness at the onset of QD formation (d3D ), the change of topography with increasing layer thickness
at various temperatures and indium contents has been directly observed.
Figure 54 shows a sequence of AFM images at 650 ◦ C (resulting
in ca. 25 % of In). The growth time for each sample was increased
by 10 s (about 2 ML). A clear change of heights and morphology is
visible after 50 s. InGaN layers always show flat island-like structures
even for layers thinner than a nanometer [95]. Hence such islands are
also present after 40 s of InGaN growth (Figure 54). Typical heights
of these islands are 1-2 MLs (ca. 0.6 nm). These sub-nanometer islands
are caused by a change of surface reconstruction induced by indium
[95], and are also present together when real QDs appeared (fig. 2
and fig. 1 in [96]) . As similar topography can be seen previously to
the occurrence of QDs on AFM images by Bayram and Razeghi in fig.

13.2 capping of s-k-ingan quantum dots

Figure 54: (1 × 1) µm−2 AFM images at different growth times at 650 ◦ C
(≈24-25 % indium). At 50s (2.35 nm) first tiny dots appear with
very low density. After 60 s (2.8 nm) first larger dots appear. After
70 s (3.3 nm) all QDs are large and some have reached a height
of more than 3 nm. The right figure below shows the increasing
density of QDs with increasing coverage.

1 a) and b) and fig. 2 a) in [97]. These sub-nanometer islands were
also reported by Yamaguchi et al. (fig. 1 in [98]) and even caused
localization in µ PL at 4 K [98]. When an indium dependent wetting
layer thickness threshold has been exceeded, QDs appear. The initial
height did not exceed 1-2 nm. With increasing deposition time the
density and mean height of the QDs increases. Accordingly also the
root mean square roughness (RMS) increases. The observed behavior,
i.e. formation of 3D structures after a certain layer thickness indicates
S-K growth mode. The density of QDs increases very fast after 2D–
3D transition and saturates (The effect of an increasing QD density
during further growth was first reported in [91]. The effect of time
on QDs density and sizes was also reported [99, 100]. QDs only occurred after 5.8 s of growth (with a relaxed In content of 40 % for a
20 nm layer). Increasing the growth time from 5.8 s to 7.2 s the density increased from 1.6 to 8.8 × 109 cm−2 , the mean height from 1.3 to
2.8 nm, and the diameter from 46 to 78 nm, similarly to the findings
of TU Berlin in the frame of this work. Jung et al. reported on QDs
which occurred after 10 s but before 20 s of growth (fig 3 in [101]).
Their dimensions were 2-3 nm in height, 40 − 45 nm diameter and
saturated densities of 1010 cm( − 2) [101].
In the measurements presented in this work the very first QDs have
a density even lower than the dislocation density. Since their shape
differs from later QDs (see profile at 2.8 nm in Figure 54), they may
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Figure 55: Relative change of lattice constant c[1010] and c[0002] and dark
field image of an uncapped QD of a sample with 28 % In and
a nominal InGaN thickness of 5 nm (XRD). The plot below shows
Ç«[0002] on a wetting layer and QD. The wetting layer is about
5 nm thick, the QD is 3-4 nm higher. While Ç«[1010] is zero in the
wetting layer indicating no relaxation, it becomes non-zero near
the top of the QD, i.e. relaxations starts at its top.

be related to certain types of dislocations. Because of their low density, such a small dot could not be found by TEM to confirm this
theory. For slightly thicker layers i.e. longer growth times, typical
QD appear (Figure 54) with a height of 1.5-2 nm and a diameter of
50 − 100 nm. These are a little higher but otherwise very similar to
structures observed in TEM, which were called platelets [102]. Laak
et al. also noted that these platelet only formed after 31 s of InGaN
growth which would actually correspond to S-K growth of QDs. Similar TEM images of capped and uncapped InGaN have been obtained
by Koukoula et al. (fig. 3 and 4 in [103]]) for indium contents of 15 %
and 25 %. To summarize a height of 2-3 nm is typical for InGaN QD
close to the 2D–3D transition for this work’s data and in literature
[100, 101, 102, 103].
13.2.2 TEM investigation
For uncapped samples with a higher indium content or longer deposition times, relaxed structures have been mostly observed and XRD
shows a shoulder close to pure InN. However between the large dots
there were still some almost strained QDs Figure 56. In then strain
map in the upper left corner of Figure 55) in [1010] the relaxation just
sets on Figure 55. the maximum height is 4-5 nm above the wetting
layer. Thus this height likely marks the maximum possible height for
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Figure 56: Relative change of lattice constant Ç«[1010] and Ç«[0002] and
dark field image of an uncapped QD of a sample with 28 % In
and a nominal InGaN thickness of 5 nm (XRD). The plot below
shows Ç«[0002] on a wetting layer and QD. The wetting layer is
about 5 nm thick, the QD is 3-4 nm higher. While Ç«[1010] is zero
in the wetting layer indicating no relaxation, it becomes non-zero
near the top of the QD, i.e. relaxations starts at its top.

strained QD under these conditions. The strain of this QD is very
high (bottom graph in Figure 55). Near the top it exceeds 8 % which
would indicate that the top is more than 75 % indium. This could
originate partly from easier indium incorporation of less strained InGaN [93] and from an In rich surface during growth [95]. Laak et
al. reported on so called nano islands which appeared after longer
growth times. These nano islands showed diameter to height ratios
of only 2–3 and no wurtzite phase [102]. Hence it was speculated that
these originate from droplets. In this work larger structures at longer
growth times still showed wurtzite symmetry but were partially or
fully relaxed (Figure 56, or [104]). All the nanostructures close to the
2D-3D transition are all strained, and are caused by the SK growth
mode of InGaN on GaN (0001). In an earlier work by Kadir et al. the
wetting layer thickness at the onset of QD formation has been estimated by plotting the RMS roughness over layer thickness (see fig.5
in [96]) or by in-situ ellipsometry using TMGa instead of TEGa.
These wetting layer thicknesses agrees well to the current data from
AFM as well as with earlier data in literature: Kobayahsi et al. found
first QDs at 3.6 nm for 22 wt% indium (acc. to fig. 1 and 3 in [91]).
Richard et al. reported 3D growth after ca. 3 nm at 26 wt% indium
[108]. Oliver et al. observed QDs at 10ML (2.65 nm) with 23 % indium (from fig. 8 and 9 in ref. [92]). The wetting layer thickness at
QD formation have been measured in molecular beam epitaxy (MBE)
by the vanishing of in-situ RHEED intensity oscillations (triangles in
Figure 57) by [90] and [109]. These reports indicate a much thinner
wetting layer thickness than the data from MOVPE. For instance, in
a combined TEM/XRD study Smeeton et al. found smooth InGaN
quantum wells with a thickness of 3.05 nm with 22 % indium [24],
while Greandjean and Massies observed the 2D-3D transition in MBE
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Figure 57: InGaN wetting layer thickness on GaN (0001) as a function of In
content (this work’s data data: ellipsometry (circle) [94, 93], AFM
(dot), TEM (square) and from literature: (cyan square) [91], (magenta square) [92], (green square) [105], RHEED in MBE (triangle)
[90]. Dashed line is this work’s theory, solid line is the same but
divided by 1.5 (see text). Green curve is taken from [106] and
red from [107]. The inset shows a strain colored TEM image of
overgrown QDs.

already at 1 nm. Most likely different surface reconstruction/termination (and thus surface energies) in MBE and MOVPE causes the different wetting layer thicknesses. For indium contents below ca. 15 %
it has been observed that QDs no longer develop, but instead a transition to 3D growth ridges occurs. For MBE, Adelman et al. reported
this transition at 18 % [109]. For such low indium contents the sizes of
3D structures become larger than the step separations and hence the
ridges form. At ca. 50 % indium content Kobayashi et al. reported SK
mode [91]. But for InN on GaN (0001) relaxed QDs after deposition
of only 0.9 ML [75, 89] has been observed. Thus somewhere between
50 % and 100 % indium content the growth mode changes from SK
to Volmer Weber (V-W). Nakajima et al. predicted three regimes, i.e.
no QD below a certain indium content, SK QDs, and QDs without
wetting layer (V-W) as a function of indium content [106]. While the
Indium content predicted for the onset SK QDs of ca. 20 % agrees to
this work’s findings, the predicted wetting layer thicknesses are much
too small (green line in Figure 57). Recently Zhao et al. [107] obtained
very different values for the wetting layer thickness at QD formation
(red line in Figure 57. According to their calculations, samples with
an indium content above 27 % should relax (dotted) and not form
quantum dots [107], unlike this work’s observation. Of these two predictions only Zhao comes close to the observed values.

13.2 capping of s-k-ingan quantum dots

In the case of InAs QDs on GaAs (001) a linear increase was observed during deposition after 2D–3D transition which saturated after 0.7ML of additional InAs [110, 111]. For InAs on GaAs after the
density of the QDs has saturated, the mean height increases and finally relaxation sets in [110, 111]. InGaN behave very similar: For
In0.25Ga0.75N after ca. 1 nm (or 3ML) of additional InGaN the QD
density does not increase any more. Instead the mean height and
RMS roughness both increase linearly [96]. The height of the QDs
increases beyond 2 nm. At this point the intensity of PL starts to reduces, indicating the onset of defect formation i.e. relaxation.
The onsets of formation of the large relaxed QDs can be shifted by
growth conditions [104]. If larger QDs are well pronounced, careful
investigation of the XRD ω − 2Θ scans reveal an additional feature
near indicating very In-rich InGaN. At the same time the photoluminescence signal of the layers reduces, which supports the assumption
that these large structures are not composed of strained InGaN. To
differentiate the strained QD from the larger relaxed ones, in the following the large relaxed ones will be called cluster. The TEM data
of a similar sample (Figure 56) found mostly large InGaN cluster. In
the AFM image also few low strained QDs are visible in between. A
closer look with TEM (Figure 56 left) shows that the lattice constants
in the clusters are much larger than in the wetting layer. Furthermore,
the lattice spacing varies laterally in the cluster, indicating partial or
full relaxation. Hence the window for growth of a high density of
strained InGaN QDs is very small. In case of 25 % indium content
only between 2.5 nm and 3.1 nm strained QDs will appear. This explains why most TEM investigations (including this work’s) mostly
find partly or fully relaxed QDs after cooling down and thinning. For
lower indium content relaxation sets on later with thicker layers. For
thicker layers reciprocal space maps can be used to determine the
strain state. Usually one finds two layers [93, 94, 112], a strained layer
and a relaxed layer. This clearly points to dislocation forming onto
of a strained layer (the wetting layer) by the relaxation of QDs into
larger cluster.
13.2.3 Structural changes by overgrowth of S–K InGaN quantum dots
In this section of the thesis the structural changes caused by overgrowth of InGaN quantum dots with GaN layers are presented. A
distinction between smaller and larger quantum dots is made since
the results of the capping are significantly different. EELS is used in
this part of the work to determine the structural identity of overgrown
regions while other methods left the determination inconclusive.
For a high density of strained QDs 70 s at 650 ◦ C for QD growth
has been chosen. The layer has been immediately capped with GaN
at the same temperature. The TEM image in Figure 58 of this layer
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shows variation of the InGaN layer thickness by 1.5–2 nm. This is
nearly the same height in AFM of uncapped QDs grown under these
conditions, and the image is comparable to the QD observed in TEM
by Koukoula et al [103]. The indium content from the lattice spacing
in the TEM image in Figure 58 mostly varies between 15 % to 25 %.
Additionally due to indium segregation the sub-nanometer islands in
the upper interface are less defined. Overall these result compare well
with the XRD analysis of uncovered QDs under the same conditions
which gave 24 %indium (see [93, 96, 95, 104]). The sample is completely strained i.e. ρ[1010] ≈ 0. From XRD a thickness of 3.3 nm and
an indium content of 25 % were estimated. Assuming Vegard’s Law
the red color corresponds to high indium content of 30 %but most of
the regions contains between 20–25 % indium. The upper interface is
much more blurred due to In segregation and the sub-nanometer islands. In the left is part of a QD visible, which has a height of 5.5 nm
compared to the 3.3 nm of the wetting layer.

Figure 58: High resolution TEM image of an InGaN layer grown for 70 s
and immediately overgrown with GaN at 650 ◦ C. Left: Defect in
LT-GAN start after 20 nm. Center: region of strained QDs Right:
color coded indium composition derived from strain.

As one can understand from the results presented so far the temperature during the growth process of the InGaN quantum dots presented may have critical consequences on the structural properties of
the structure. Particular is the process that can be observed for multilayers of InGaN quantum dots grown with a cap layer temperature
of 960 deg.

Figure 59: EDX quantification maps for gallium , indium and nitrogen. No
voids can be observed

13.2 capping of s-k-ingan quantum dots

Figure 59 shows an SEM image of such a structure and the quantified EDX analysis of the area denoted by the red rectangle. From the
data acquired by EDX it can be affirmed that no voids are present in
the selected area as it could appear from a first superficial intensity
analysis. Fluctuations in the indium and gallium distribution can be
distinguished clearly.
To gather more detailed information on a larger scale EEL spot
spectra have been acquired for numerous points across the heterostructure. Every spectrum has been recorded with the same settings at 300kV. Eight spectra belonging respectively to the spots
marked in Figure 60. Low loss spectra - particularly plasmon peak
positions - have been used to determine the indium concentration
of the InGaN compound at every marked position. Fluctuations between 15% and 30% have been confirmed as supposed from the preliminary EDX and STEM investigations. Point 1 in Figure 60 shows

Figure 60: EELS point spectra for various positions on the sample. The presence of InGaN with different In content and metallic indium can
be observed.

a singular plasmon peak arising from a very low electron energy loss
that has been the origin of a more detailed structural investigation of
the respective enclosures. A high resolution TEM image of such an
area is shown in Figure 61.
A different orientation of the lattice is immediately to be recognized
and comparison of the measured distances between the lattice planes
with the acquired plasmon peaks lead to the conclusion that the enclosures have tetragonal nature and can be attributed to metallic indium.
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In fact hexagonal GaN h0001i lattice planes happen to be parallel to
metallic indium (m–In) h101i planes. The lattice constants derived
from the HR-TEM images am−In =0.3251 and cm−In =0.4945 give with
a spacing of the fringes of d101 =0.272nm a further confirmation of the
nature of the inclusions.

Figure 61: High resolution TEM image of a tetragonal metallic indium inclusion in the hexagonal GaN matrix.

Part VII
CONCLUSIONS
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CONCLUSIONS

Generally throughout this work it has been proven that HRTEM and
STEM/EELS deliver information on structural and electronic properties on nanometer scale. This thesis proved that EELS, as well as
distortion analysis of HRTEM images, is a viable method to obtain
accurate results in the determination of elemental concentration.
In detail this work proved that:
• the use of the information enclosed in the low loss spectrum
and especially in the plasmon peak was successfully used to determine local indium content for In(Al,Ga)N compounds with
indium content above 25 at%.
• the mathematical correlation between plasmon peak position
and indium content for In(Al,Ga)N compounds is linear. This
fact has been confirmed by ab-initio calculations of the plasmon
peak position run with the help of the Wien2k software,
• thermal processes in the case of MBE and MOCVD samples
can be used to improve the quality of both structural and emission properties. Specifically it has been shown by high resolution imaging that annealing leads to an homogenization of
the indium distribution along the quantum wells, resulting in a
narrower and shifting (from blue to green) photoluminescence
peak,
• the degree of degradation of the indium rich quantum wells
is directly correlated to the growth temperature of the barriers.
High growth temperatures caused a decrease of the quantum
well thickness and the indium concentration,
• low temperature grown GaN cap layers improve the quality of
the QWs protecting them against indium desorption. The control of the low temperature growth rate of the GaN cap layer is
poor and this results in undulations in the quantum well surface,
• during low temperature GaN capping of QDs at 520 ◦ C a
ternary alloy wetting layer is observed. The GaN layer contains
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a high density of basal plane stacking faults and diffused, randomly distributed precipitations of cubic GaN,
• during high temperature GaN capping of QDs at 960 ◦ C the
formation of a metallic indium phase together with a heteroepitaxial non-coherent InGaN alloy with low indium content
(< 25 at%) is observed.
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