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Zusammenfassung

Aufgrund der Fortschritte in der Herstellung von Fokussieroptiken im harten
Rontgenbereich, sind an modernen Synchrotronanlagen heutzutage Strahldurch-
messer von 100 nm verfiigbar. Diese Entwicklung fillt mit dem Bedarf an
geeigneten experimentellen Techniken zur Charakterisierung von zunehmend
kleineren Halbleiter-Heterostrukturen zusammen. In dieser Arbeit wird das lokal
aufgeltste Deformationsfeld einzelner (In,Ga)N/GaN Drihte mit Hilfe nanofokus-
sierter Rontgenbeugung und der Methode der Finiten Elemente untersucht. Hier-
mit soll ein Beitrag zum grundlegenden Verstindis der optischen Eigenschaften
geleistet werden, die durch das Deformationsfeld maBgeblich beeinflusst wer-
den.

Zunichst wird die Abhéingigkeit der vertikalen Normalkomponente, &.,, des
elastischen Dehnungstensors von der Geometrie eines axialen (In,Ga)N/GaN
Nanodrahtes diskutiert. Dabei wird ein signifikant negativer &,,-Wert beobachtet,
sobald das Verhiltnis von Nanodrahtradius und (In,Ga)N-Segmentlinge gegen
eins strebt. Dieses Phinomen widerspricht dem Deformationsverhalten einer
dquivalenten planaren Materialsequenz und zeigt, dass dieses in Nanodriihten
weitaus komplexer ist. Auffallend groBe Scherkomponenten und eine konvexe
Verformung der dubBeren Oberfliche begleiten das Auftreten des negativen e, -
Wertes und sind die Ursache dieses Effekts.

Bei (In,Ga)N/GaN-Halbleitern wird ein makroskopisches elektrisches Poten-
tial gemessen, welches auch durch den Deformationszustand beeinflusst wird.
Basierend auf den neu gewonnenen Erkenntnissen iiber das Deformationsver-
halten wird deshalb untersucht, ob es durch das Design des Deformationsfeldes
mdglich ist, das elektrische Potential zu minimieren. Dabei wird in der Tat eine
Minimierung und somit eine Abweichung von der zu erwartenden linearen Zu-
nahme des elektrischen Potentials mit der Schichtdicke beobachtet. Diese Ab-
weichung fiihrt zu der wichtigen Konsequenz, dass das Spektrum der potentiell
emittierten Wellenlingen in einem Nanodraht deutlich eingeschriinkt ist.

Durch eine Ummantelung von GaN-Nanodrihten mit einer (In,Ga)N-Schale
ldsst sich die aktive Fliche und somit die potentielle Lichtausbeute pro Fliche
im Vergleich zu planaren Strukturen deutlich erhthen. Es wurde jedoch fest-
gestellt, dass das entlang der Drahththe emittierte Licht rotverschoben ist. Um
den Ursprung dieses Phidnomens zu beleuchten, wird das lokale Deformations-
feld mit Hilfe nanofokussierter Rontgenbeugung vermessen. Durch die gute
rdumliche Auflésung ist es méglich, das Deformationsfeld innerhalb einzelner
Seitenfacetten zu untersuchen, wobei ein deutlicher Gradient festgestellt wird.
Basierend auf dem mit der Methode der Finiten Elemente simulierten Deforma-
tionsfeld und kinematischen Streusimulationen, ist es moglich, den Deforma-
tionszustand in einen In-Gehalt zu iibersetzen. Wenn neben dem Deformations-
feld auch der strukturelle Aufbau in der Simulation beriicksichtigt wird, kann der
In-Gehalt mit noch groBerer Genauigkeit bestimmt werden.
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Abstract

Due to recent improvements in the development of focusing optics for hard x-
rays, nowadays, spot sizes in the 100 nm regime are available at state-of-the-art
synchrotrons. This development coincides with the need of experimental tech-
niques suitable for characterizing the properties of increasingly smaller semi-
conductor heterostructures such as nanowires. In this thesis, nanofocus x-ray
diffraction and the finite element method are applied to analyze the local strain
field in (In,Ga)N/GaN nanowires and micro-rods which are discussed as candi-
dates for a plethora of future optoelectronic applications. However, to improve
and tailor their properties, a fundamental understanding on the level of individual
objects is essential.

In this spirit, the dependence of the vertical normal component, ¢,,, of the
elastic strain tensor on the geometry of an axial (In,Ga)N/GaN nanowire is sys-
tematically analyzed using the finite element method. Hereby, it is found that
if the ratio of nanowire radius and (In,Ga)N segment length approaches unity,
a significantly negative &,, value is observed. This stands in stark contrast to
naive expectations and shows that the common knowledge about planar systems
where &, would always be greater or equal zero cannot easily be translated to
nanowires with an equivalent material sequence. As the origin of this effect sig-
nificant shear strains are discussed which go along with a convex deformation of
the outer surface resulting in a highly complex strain distribution. Furthermore,
it is investigated whether the possibility to tune the e,, component from tensile
to compressive can be used to minimize the inherently strong built-in potentials
and, thus, the quantum-confined Stark effect which leads to a poor optical perfor-
mance of these structures. While for thin segments the electric potential increases
linearly, comparable to planar systems, a maximum and a subsequent decrease is
observed for larger segments. This gives rise to the important consequence that
the range of accessible wavelengths in a nanowire is limited in comparison to an
equivalent planar system.

The increased active area of core-shell (In,Ga)N/GaN micro-rods makes them
promising candidates for next-generation light emitting diodes. However, it is
found that the emission wavelength is significantly red-shifted along the rod
height. To shed light on the origin of this phenomenon, nanofocus x-ray diffrac-
tion is applied to analyze the local strain field. Due to the high spatial resolution
it is possible to investigate the strain field within individual side-facets and to
detect a significant gradient along the rod height. Based on the deformation field
simulated using the finite element method and subsequent kinematic scattering
simulations it is possible to translate the strain state into an In content. This
method could be further improved by taking into account the complete structure
of the illuminated volume. Apparently, if the thickness of the sub-shells increases
significantly the strain state is additionally modified which has to be considered
for an accurate determination of the In content.
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1 Introduction

Owing to a plethora of potential new applications, low-dimensional semiconduc-
tor structures such as quantum dots, nanowires (NWs) or micro-rods gained an
increased interest in research over the last years [1-3]. For example, they can
function as artificial atoms enabling single photon emission [4-6] which is of in-
terest for quantum computing, cryptography and communication. Their unique
properties related to strain relaxation can be exploited for solid state lighten-
ing applications [7-13], lasing [14-16] and solar water splitting [17-19]. As
a consequence of missing lateral constraints, strain resulting, e. g., from com-
bining lattice-mismatched materials can be relieved elastically such that high
crystal quality can be maintained. This triggers to investigate the integration of
different material compounds into the well established Si technology [20-24].
Moreover, the fabrication of high performance field-effect transistors [25-29]
and solar cells [3(-32] has been pursued.

For understanding and improving the functionality of these structures, their
fundamental properties related to structure and chemical composition have to be
investigated. Amongst others, x-ray diffraction with spot sizes in the sub-mm
range is a well established technique capable of providing such information. Its
attractiveness arises from a variety of beneficial properties such as a high pene-
tration depth and a non-destructive interaction with the crystal. Additionally, in
many cases experiments can be conducted without destructive sample prepara-
tion. In the hard x-ray regime, the wavelength of x-rays is in the order of 1 A or
smaller which is the length scale of inter-atomic distances. Thus, hard x-rays are
highly suitable to probe lattice deformations from which conclusions about the
optoelectronic performance can be drawn.

The real space shape function of an ensemble of low-dimensional objects is
given by the convolution of the shape function of an individual object and a sum
of 4-functions defining the position of the objects. In reciprocal space which is
measured in an x-ray diffraction experiment this relation simplifies to a prod-
uct and the retrieved information about an ensemble corresponds to the one of a
single object times a correlation function. However, this is only true if all con-
stituents within the ensemble are identical in structure and chemical composition.
Yet, recent investigations showed this prerequisite often is not the case such that
conventional x-ray diffraction becomes inapplicable. Consequently, the neces-
sity for characterization techniques enabling the investigation of individual pm-
or even nm-sized objects with high spatial resolution becomes evident.

Due to recent advances in the young research field of high quality focusing
optics for hard x-rays, nanofocus x-ray diffraction has proven to be able to fill
this gap. At synchrotrons which exceed the brilliance of laboratory x-ray sources
by about 12 orders of magnitude [33], nowadays, intense x-ray beams with spot
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sizes in the sub-100nm regime are available at hard x-ray energies and high
photon fluxes. This adds the requirement for a high resolution in real space to
the inherently high resolution in reciprocal space such that the characterization
of individual objects becomes feasible. For example, shape and strain distri-
bution of individual SiGe islands [34, 35], the distribution of crystal phases in
GaAs NW ensembles [36] as well as the local strain field, e. g., in individual
GaAs [37], core-shell (In,Ga)N/GaN [38, 39] and Ge [40] NWs has been inves-
tigated. Moreover, fluctuations in the composition such as elemental segregation
within low-dimensional heterostructures have been studied using the example of
single (In,Ga)N NWs [41, 42]. The spatial resolution of the highly collimated
x-ray beams enables to investigate selected individual objects, e. g., marked by
a focused ion beam [43], and to perform complementary measurements on the
very same structure. Such experiments have been reported for the correlation of
electrical and structural properties within individual GaAs NWs which have been
measured in their as-grown environment [44]. Moreover, the mechanical defor-
mation of single SiGe islands has been monitored by in-situ reciprocal space
mapping using a focused x-ray beam with a spot size of about 200nm [45].
The availability of collimated and coherent x-ray beams has also enabled new
research fields to develop such as coherent x-ray diffraction imaging [46-54].
This experimental technique offers a route to tackle the phase problem inher-
ent to x-ray diffraction experiments. Based on an oversampling of the recorded
diffraction patterns, iterative algorithms are used to obtain the real space image
of an object via Fourier transformation.

In order to interpret the experimentally measured strain field, often numer-
ical finite element method (FEM) simulations are employed. The FEM en-
ables a realistic modeling of the shape of the investigated object and a simu-
lation of the inherent three-dimensional deformation field based on linear elas-
ticity theory. From that, related quantities such as the strain distribution and
the piezoelectric potential can be deduced. Hereby, the full anisotropy is taken
into account. Using the deformation field obtained by the FEM as input, sim-
ulations of the diffusely scattered intensity in the vicinity of Bragg reflections
can be computed and compared to experimentally measured x-ray diffraction in-
tensity patterns. Thereby, shape and chemical composition of the investigated
real space object can be deduced. In fact, the FEM in conjunction with scat-
tering simulations has been successfully applied for the interpretation of x-ray
diffraction data recorded at low-dimensional objects. These comprise, e. g., SiGe
whiskers [55], single axial In(As,P)/InAs [56, 57] and core-shell (In,Ga)N/GaN
NWs [38], (In,Ga)As/GaAs quantum dot molecules [58], 5iGe islands [59] and
strained Ge micro bridges [60].



Introduction

The scope of this thesis

The studies presented in this thesis are dedicated to the investigation of (In,Ga)N/
GaN NW and micro-rod heterostructures via nanofocus x-ray diffraction and the
FEM. In particular, the deformation field and related quantities such as strain and
piezoelectric potential in axial and core-shell NW geometries are discussed. In
addition to contributing to the understanding of low-dimensional (In,Ga)N/GaN
heterostructures, this thesis also addresses more methodological questions re-
lated to the applicability and the limits of nanofocus x-ray diffraction in materials
science.

Planar GaN-based semiconductor structures are well established in state-of-
the-art technologies, especially, in solid state lighting and electronics. For exam-
ple, they have been used to fabricate the first commercially available blue light
emitting diode (LED) by Nichia Corporation [61]. Moreover, in 2014 the Nobel
Prize for Physics has been awarded for the success of fabricating efficient blue
LEDs. Next to others, the attractiveness of this compound semiconductor arises
from the fact that when In is incorporated into a GaN matrix the band gap of the
ternary alloy In,Ga;_.N can be tuned through the complete visible spectrum by
changing the In content x from 0 to 1. This important property makes the com-
pound highly interesting for red-green-blue LEDs for display technology. How-
ever, due to the large lattice mismatch of about 10 % between InN and GaN it has
proven to be difficult to produce planar (In,Ga)N/GaN heterostructures with In
contents required for emitting red light while retaining a sufficiently high crystal
quality. Additionally, strong polarization potentials inherent to (In,Ga)N/GaN
heterostructures lead to weak optical performance.

Promising candidates to overcome the discussed obstacles is the fabrication
of (In,Ga)N/GaN NWs or micro-rods. Their increased surface-to-volume ratio
offers an efficient way of elastic strain relaxation and, thus, the prospect to in-
corporate a high amount of In into a GaN matrix while maintaining high crystal
quality [62]. Actually, it has been shown that in (In,Ga)N NWs the emitted wave-
length can be tuned from the near-ultraviolet to the near-infrared region [63, 64].
Another decisive advantage is that due to the 3D geometry, the optically ac-
tive area per wafer unit can be significantly increased compared to planar struc-
tures [12]. However, the fabrication of large ensembles with high homogeneity
has shown to be challenging and the performance of planar (In,Ga)N/GaN sys-
tems could not yet be reached.

To improve the fabrication process and to actually profit from the discussed
beneficial properties of NWs and micro-rods, a characterization on the level of
single objects is necessary. This thesis intends to contribute to this develop-
ing process by investigating the fundamental properties related to strain-induced
deformations of axial NWs and core-shell micro-rods by employing nanofo-
cus x-ray diffraction and the FEM. After having introduced the fundamentals
in chapter 2 which are intended to provide enough background information to
follow the presented studies, a counterintuitive strain distribution inherent to
axial (In,Ga)N/GaN NWs is discussed in chapter 3. The successive chapter 4
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builds upon this introduced strain-related phenomenon and deals with the ques-
tion whether strain engineering can be used to minimize the inherent electric po-
tential and, thereby, to improve the optical performance. While chapters 3 and 4
present purely theoretical studies the following two chapters 5 and 6 are devoted
to nanofocus x-ray diffraction experiments performed on core-shell (In,Ga)N/GaN
micro-rods. The micro-rods are optimized with respect to their optical perfor-
mance and show a significant red-shift in the emitted wavelength from bottom
to top. To shed light on the origin of this observation, individual micro-rods
are extracted using a focused ion beam. This enables to investigate the local
strain field as well as the structure of individual micro-rods. The experiments
are complemented with cathodoluminescence and scanning transmission elec-
tron microscopy measurements performed on micro-rods from the same sample.
By employing the FEM and subsequent kinematic scattering simulations the de-
tailed knowledge about the structure of the micro-rods can be used to translate
the measured strain field into an In content. Finally, the results are summarized
in chapter 7 and an outlook to future research projects is given.



2 Fundamentals

This chapter intends to provide an overview about the fundamentals necessary to
follow the scientific results presented in chapters 3 to 6. However, the introduced
content is not a complete elaboration of the respective topic and a deeper insight
can be found in the cited textbooks on which this chapter is based.

In section 2.1, the investigated material system, (In,Ga)N/GaN compound
semiconductors, is introduced. Section 2.2 provides a brief introduction to linear
elasticity theory which is based on Refs. [65-69]. GaN comprises a singular po-
lar axis giving rise to the occurrence of an internal electric field. Due to elastic
deformation of the unit cell an additional piezoelectric field is induced and an
introduction to the mathematical description of this phenomenon is given in sec-
tion 2.3. A deeper insight about piezoelectricity can be found in Refs. [67, 70]
and specifically for GaN in Ref. [71]. Both, the elastic properties as well as the
piezoelectric potential can be computed using the finite element method (FEM)
and due to the variety of applications, there exist different approaches. The FEM
simulations shown in this thesis are based on the displacement method which
is introduced in a compact manner in section 2.4. The presented theory can be
found in more detail in Ref. [72] and specifically for the used commercial soft-
ware package MSC.Marc2008r1 in Ref. [73].

The elastic properties of rods are investigated using synchrotron radiation in
the hard x-ray regime. The generation of x-rays using a synchrotron as a source
and their properties are subject to section 2.5. An important peculiarity of the
presented experimental data is that they have been recorded using highly fo-
cused x-ray beams providing a spatial resolution of about 100 100 nm?. Due
to the fact that focusing of x-rays is a young and vividly developing research
field, the most commonly used focusing optics are introduced in section 2.6.
Using a highly collimated x-ray beam, diffraction experiments have been per-
formed on several individual (In,Ga)N/GaN rods. Therefore, an introduction to
scattering geometries and x-ray diffraction theory is given in sections 2.7 and
2.8, respectively. Finally, section 2.9 provides insight about scattering simula-
tions performed in the kinematic approximation which are used to interpret the
recorded experimental data. Sections 2.5 to 2.9 are based on a variety of text-
books, Refs. [33, 74-76], all covering the wide field of x-ray physics.
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2.1 Properties of (In,Ga)N/GaN compound
semiconductors

The compounds GaN and InN belong to the group of III-V semiconductors. GaN
is a wide band gap semiconductor and is commonly used in a variety of tech-
nological applications such as high-performance white and blue light emitting
diodes (LEDs) [61], laser diodes and transistors. InN is a small band gap semi-
conductor emitting in the infrared. It is of particular technological interest as
a constituent in ternary and quaternary IlI-nitride compounds such as (In,Ga)N
and (Al,Ga,In)N which are used for blue and ultraviolet LEDs [77-79].

GaN and InN can be grown epitaxially by means of, e. g., molecular beam
epitaxy (MBE) or metal-organic vapor phase epitaxy (MOCVD) on a variety of
substrates [80-83]. Commonly used are transparent substrates such as (0001)-
oriented sapphire (Al;03) and SiC. Here, a challenge is the large lattice mismatch
which is about 16 % for GaN and sapphire. To minimize plastic relaxation in the
active area, GaN or AIN buffer layers are often grown on top of the substrate.
The growth of GaN on [111]-oriented Si substrates is of particular interest as it
offers a route to its integration into the highly developed Si technology. GaN can
be n-type doped commonly by using Si or O and p-type doped, e. g., with Mg.

In the densest packing of spheres, after the first two layers there exist two
possibilities to proceed with the third layer. In the first case the third layer is
placed on top of the first layer resulting in an “ABAB* layer sequence. This order
of stacking is inherent to the hexagonal-closed-pack (hcp) crystal structure, also
called wurtzite. If the third layer is placed in between the spheres of the first
layer a sequence “ABCABC" is obtained which is inherent to the {111)-oriented
zincblende crystal structure.

IlI-nitride compounds usually crystallize in the wurtzite lattice structure with
a strictly alternating “ABAB* stacking of atomic layers as sketched in Fig. 2.1(a)
and belong to the space group P6smc (No. 186) which, importantly, has no in-
version center. However, under certain growth conditions, GaN and InN can also
be grown in zincblende phase [84-86]. Figure 2.1(a) shows a projection of the
IMl-nitride crystal onto the [1120]-direction with the vertical axis pointing along
the polar [0001]-direction. Here, the group-V atom, N, is shown in blue and the
group-1II atoms Ga and In in orange. The atomic arrangement corresponds to the
densest packing of spheres. However, a slight deviation in the bonding length in
comparison to an ideal wurtzite crystal exists yielding the important consequence
that atomic dipoles are formed. The unit cell of the hcp Bravais lattice is spanned
by the vectors a, b and c shown in Fig. 2.1(b). The angle between vectors a and
b is 120° and c is directed along the [0001]-direction, normal to the basal plane
spanned by a and b. It holds that |a| = |b| = a where a is the in-plane lat-
tice constant and |c| = c is the out-of-plane lattice constant. Thus, the unit cell
vectors are given by

3
a=ad,, b= éx—l—%éy and c=cé,, (2.1.1)
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Figure 2.1 The hexagonal I1I-V crystal structure is shown whereas the group-111 atoms are shown
in orange and the group-V atoms in blue. In (a) the crystal is projected onto the [1120]-
direction and the vertical axis is the polar [0001]-direction. A characteristic feature of the
wurtzite structure is the alternating sequence of layers A and B. The unit cell is spanned by
the vectors a, b and c as drawn in (b). The {0001} lattice planes are also called c-planes
and the two non-polar directions, [1100] and [1120], point perpendicular from the m- and
a-planes, respectively, as sketched in (c).

where &,, é, and &, are the orthonormal unit vectors. The crystal lattice is then
specified by a set of vectors r,, with

rp,=nia+nsb+mngec, nya3€Z. (2.1.2)

The basis contains four atoms located at positions (0, 0, 0), (1/3, 2/3, 1/2), (0,
0, 0.37308) and (1/3, 2/3, 0.89231) [87]. The binding character is ionic yielding
high thermal and chemical stability. III-nitrides are also hard materials expressed
by a low Poisson ratio. Using the Bravais-Miller indexes for the hexagonal crys-
tal, (hkil) with i = —(h + k), the distance d.;; between hexagonal lattice planes
can be computed via

1

dhiot = . 2.1.3
il \/(hﬂmﬂmk}%ﬂ—i (19

The crystallographic directions along {1100) and (1120) are non-polar and called
m-plane and a-plane direction, respectively, as sketched in Fig. 2.1(c). How-
ever, the c-direction, which points vertically with respect to the c-plane colored
in red in Fig. 2.1(c), is the only polar direction. Crystal directions which are in-
clined between the two cases are referred to as semi-polar. Along the c-direction,
stacked pairs of group-III and group-V atoms induce atomic dipoles. This is a
consequence of the higher electronegativity of N atoms compared to Ga and In
atoms such that binding electrons are located closer to N atoms. The atomic
dipoles add up to a permanent macroscopic polarization called spontaneous or
intrinsic polarization.

When In atoms are incorporated into a GaN matrix during epitaxial growth,
the ternary alloy (In,Ga)N is formed. The resulting lattice parameter of this alloy
lies in between the ones of InN and GaN and is usually interpolated assuming a
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Figure 2.2 The energy of the direct band gap, Eg, as a function of the in-plane lattice parameter,
a, for GaN and InN. The visible spectrum is indicated by the colored background. By chang-
ing the In content x in the ternary alloy In,Ga; N the emitted wavelength can be tuned
through the full optical spectrum. The used values are taken from Ref. [88] and are displayed
in the table.

linear relationship known as Vegard’s law
a(In,Ga, _ N) =x-a(InN) + (1 — x) - a(GaN), (2.1.4)

whereas x is the In content. Importantly, the resulting lattice parameter induces
an internal strain which modifies the band gap of the alloy. For interpolating the
band gap energy E, the quadratic term is also considered

E,(InyGay_N) = x - E¢(InN) + (1 — x) E(GaN) —b-x(1 —x), (2.1.5)

where b is called the bowing parameter which is a material specific constant.
This is of great technological relevance as the direct band gap of In,Ga; N can
in principle be tuned from 0.64 to 3.43eV by varying the In content x from 1
to 0 [63, 64] or by increasing the (In,Ga)N layer thickness [89]. As shown in
Fig. 2.2, thereby wavelengths from near-infrared to the ultraviolet are accessible
covering the full visible spectrum as sketched by the colored background. Hence,
by varying the In content it is possible to tailor the optoelectronic properties very
effectively.

An (In,Ga)N layer can be embedded into a GaN matrix to form a heterostruc-
ture. If the bottom and top GaN layers are p- and n-doped, respectively, a p-
n-junction can be designed around an (In,Ga)N quantum well (QW). The opto-
electronic properties of this heterostructure can be controlled by changing the
QW thickness and its chemical composition. This enables band gap engineer-
ing via strain [90-92]. However, the large lattice mismatch of about [a(InN) —
a(GaN)|/a(GaN) =109% between GaN and InN makes the growth of In-rich
(In,Ga)N layers very challenging. In fact, the quantum efficiency decreases dras-
tically beyond an In content of approximately 30 % resulting in a weak light
exploitation. In that regime green light is emitted. As a band gap design for
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emitting green light is difficult to achieve also with other compound semiconduc-
tors, this valley in the internal quantum efficiency curve is known as the green
gap [88, 93-95]. Explanations for the drop in internal quantum efficiency are on
the one hand the electrostatic potential which increases with increasing In con-
tent and on the other hand non-radiative recombination associated with defects
due to the large lattice mismatch.

Furthermore, in III-nitride heterostructures, the internal polarization potential
is additionally modified by the quantum-confined Stark effect [80, 96] which de-
scribes the spatial separation of electrons and holes yielding a decreased overlap
of their wavefunctions and, thus, poor radiative recombination rates [97]. Appar-
ently, this effect is crucial for the optoelectronic performance of potential devices
and has been subject to investigation [98-101]. As a consequence, the growth
and device design along non-polar and semi-polar directions becomes interest-
ing [102-104]. Without an internal electric field, the optoelectronic properties
are mainly dominated by the quantum confinement of electron and hole wave-
functions and the In content.

A possible way to overcome these obstacles is the growth of low-dimensional
objects such as nanowires (NWs) or micro-rods. Due to their three-dimensional
(3D) geometry, higher amounts of In can be facilitated without resulting in plas-
tic relaxation. The critical layer thickness in heterostructure NWs has been in-
vestigated for axial and radial geometries [62, 105-111] and has been found to
be significantly improved compared to planar structures [112-116]. In fact, the
high surface-to-volume ratio of these structures allows an efficient strain release
via elastic deformation of the outer surface. This presents a crucial difference
compared to planar structures.

2.2 A brief introduction to linear elasticity theory

Linear elasticity theory is a branch of continuum mechanics and deals with the
elastic behavior of solids subject to deformation. It is a non-atomistic description
and valid if the investigated effects occur on much larger length scales compared
to the atomic distances [70]. Linear elasticity theory considers elastic, reversible
deformations of volume elements, only. Hence, plastic deformations which are
irreversible, e. g., the formation of dislocations in crystals are usually not cov-
ered. However, also the far-field around dislocations has been studied using the
extended finite element method [117, 118].

The continuous deformation of a solid can be described by a vector field u(r)
defined as

ur)=r'—r, (2.2.1)

where r is the position in the ideal, unstrained system and r’ is the position in the
deformed system. In the limit of small, homogenous deformations where

i

ﬂ:z:j

<1, (2.2.2)
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j = 11 22 33 2332 13,31 12,21

A !
a = 1 2 3 4 5 6

Table 2.1 Voigt notation for mapping a tensor to a lower-rank object.

which is the fundamental requirement of linear elasticity theory, the deformation
u; along the direction z; defines the dimensionless local strain tensor component
e; at a certain position in three dimensions

i

ou

]

Any second-rank tensor can be written as the sum of a symmetric, &;, and an
antisymmetric, w;, tensor given by

_1 ou; Oy _1 ou;  du;
walamram) w-a(mam) o

The antisymmetric part describes a rigid-body rotation which, due to the absence
of internal torques will not be considered. Consequently, the strain state of a
system will be described by the components &; of the symmetric tensor which
from now on will be referred to as strain tensor. The diagonal elements of the
strain tensor, with ¢ = j, are called normal components whereas the off-diagonal
elements, with i # j, are called shear components. In three dimensions there
are 9 strain components. However, with the requirement that there exists no net
torque on a volume element, o;; = o;, the number of independent components
reduces to 6.

Under the assumptions mentioned above a linear relation between stress and
strain called Hooke’s law

T3 = Cijkl €Kk 4 (225)

is valid, where the fourth-rank tensor is called elasticity tensor and its compo-
nents ¢y, elastic constants. In Voigt notation the order of a symmetric tensor is
reduced by combining two indexes two one according to Tab. 2.1 which applied
to Eq. 2.2.5 yields

01]  [enn ez s en o e [e]
(] Ciz C2 C23 Co4 C35 Cog| | €2
O3 _ |C13 C3 Cas C3q Ca C3s| [€3 , (2.2.6)
a0y Ci4d €4 Ca4 C44 C45 Cas| |4
Ty Cig o Cas Cas Cx5 Cee| |76
| T | C16 Cas Cag Cap Css Ces| |76
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with 7, = 2¢,. From the symmetry properties of o; and ¢;; it follows that
c; = ¢;. Consequently, there are at most 21 independent elastic coefficients.
Depending on the crystal system, the number of independent elastic constants
can be further reduced. The triclinic crystal system, which has no symmetry
axis, has the full number of 21 independent elastic constants whereas the cubic
system has the minimum number of only three independent components. The
polar anisotropic hexagonal crystal system which is inherent to the wurtzite III-
nitride compound semiconductors discussed in this thesis has five independent
elastic constants and the corresponding elasticity tensor reads

€1 €2 ca 0
€2 €y €13 0
Cia €3 Caa O
0 0 0 ey
0 0 0 0 ¢y O

0 0 0 0 0 @

(2.2.7)

o o 9o o
o o o o

2.3 Piezoelectric polarization

In response to an applied stress along a polar axis, certain crystalline materials
without inversion symmetry exhibit a macroscopically measurable electric volt-
age. This phenomenon is known as the direct piezoelectric effect Vice versa,
these solids deform under an applied external voltage called the converse piezo-
electric effect. In the elastic regime, both piezoelectric phenomena are reversible.

Under an applied stress, e. g., by an external force [27, 119-121] or by in-
ternal strain caused by epitaxially combining several lattice mismatched materi-
als [122-127], atoms are displaced and the unit cell deforms such that dipoles
are induced. The sum of microscopic dipoles defines the macroscopic piezoelec-
tric polarization P, which is a vector field. Some piezoelectric materials with
a single polar axis and no inversion symmetry also exhibit an intrinsic, sponta-
neous polarization P, resulting in a permanent electric field. In this case, the
total electric polarization in a material is given by the sum of both contributions

P, =P,+P,. (2.3.1)

Polarization fields in heterostructures are of crucial importance for their optical
properties as they directly manipulate the band gap.

In the linear regime the piezoelectric polarization is related to the strain tensor
via the third-rank piezoelectric tensor e;;,

P‘P“:'i - Z E!,_.,_;:E.Jk ¥ I-‘. j‘. k = {]". 2, 3} . (2.3.2}
Sk

Interestingly, when changing the strain state from tensile to compressive the di-
rection of the piezoelectric polarization can be reversed. As a consequence of

11
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the converse piezoelectric effect which relates the symmetrical strain tensor and
the electric field intensity there exists a symmetry in j and k leading to 18 inde-
pendent piezoelectric tensor components. Plugging Eq. 2.3.2 into Eq. 2.3.1 and
using the matrix notation with j& — o according to Tab. 2.1 the total electric
polarization reads

€1
£q
Piotx 11 €12 €13 €14 €15 £ c Psp,:r
3
Poty| = [€21 €2 €23 ex €3 e + | Py (2.3.3)
P Ta p
tot,z €31 €32 €33 €34 €35 €35 5P,z
Ta
| Ve

For materials with a [0001]-oriented wurtzite crystal structure there exists a sin-
gular polar axis to which P, aligns. Furthermore, based on symmetry consid-
erations it can be shown that there are three independent piezoelectric constants,
€15, €31 and 33 and the piezoelectric tensor simplifies to

0 0 0 0 E1x5 0
0 0 0 E1x 0 0 s (234}
£q1 €37 Eag 0 0 0

such that the total polarization can be computed as

€157s
Ptnt = €154 . (235)

eg1(€1 + €3) + egaeq + Fp 2

The variation of the polarization results in a change of the charge density p(r)
upon the crystal faces

p(r) = =V - Pyy(r), (2.3.6)

and changes the induced electric field. The electric potential V;,(r) is related to
the polarization and the electric charge density displacement D via

D = —&(r)VV,(r) + Piae(r), (2.3.7)

where the permittivity k(r) is the product of the relative permittivity . (r) of the
material and the vacuum permittivity sg. By solving Maxwell’s equation for the
electric charge density displacement in absence of external charges, V - D = 0,
Poisson’s equation for the electric potential is obtained

V- ((r)VV,(1) = V- P (1) . (2.3.8)

12
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which usually has to be solved to compute V,,(r).

2.4 The finite element method in solid mechanics

Heterostructure NWs and rods in for example axial or core-shell geometry ex-
hibit internal stresses originating from the lattice mismatch between the different
materials. Under certain simplifications, the inherent deformation field in NWs
can be accessed analytically [128, 129]. These involve a simplification of the
shape to a circular cylinder of infinite length as well as spatially constant mate-
rial parameters of only one compound throughout the full model. However, for
many physical problems the actual shape, chemical composition, applied forces
and boundary conditions have to be taken into account, and, consequently, an an-
alytic treatment becomes insufficient and other, 1. e., numerical techniques have
to be applied.

A powerful method to provide a numerical approximation of the exact solu-
tion to boundary value problems for partial differential equations is the FEM
approach. The basic idea is to subdivide a model of arbitrary complexity into
simpler geometrical entities defined by nodal coordinates at its vertexes. For each
element an equilibrium equation is established which yield local approximations
to the global solution. The element equations are assembled to an equation sys-
tem and boundary conditions are imposed. The FEM relies strongly on the use of
computers and due to the wide range of problems in engineering and fundamen-
tal science that can be solved by FEM a few highly sophisticated software pack-
ages are available. The simulations presented in this thesis were performed using
the commercial software package MSC.Marc2008rl with the graphical interface
MSC.Mentat which was developed on the basis of the displacement-based FEM
where the nodal displacements are the primary unknowns. In the following, a
brief introduction to the underlying mathematical concepts of the displacement
method shall be given.

In structural mechanics the displacement method is based on the minimization
of the total potential energy with respect to the displacement field u. This means
that in its equilibrium state the total potential II of a body is minimized. The
total potential for a linear elastic continuum reads

I1 = Eeastic + Epot (24.1)

where E_..:;. 1s the elastic strain energy

Eopciic =% f eTCedV (2.4.2)
Vv

with & being the strain tensor in Voigt notation whereas €7 is the transpose of
the tensor and C the elasticity tensor which are defined in Eq. 2.2.5. Hereby,
isotropic and anisotropic material behavior which exhibits different elastic prop-
erties in different directions can be taken into account. The elastic strain energy
is also referred to as internal work which is the response to the external work

13
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acting on the body. The external work is included into the potential energy £,
defined as

B =— f uTFBdV — [ uTfsds (2.43)
Vv 5

whereas the first integral describes the action of body forces f® and the inte-
gration proceeds over the entire volume V' of the body and the second integral
includes the surface forces f® acting on the body surface S.

To determine the equilibrium strain distribution in the solid, the displacement
field u is varied to minimize the total potential. At equilibrium, a stationary total
potential is required, 411 = 0, yielding

8T = 6 Eatastic + 0 Bpor = 0. (2.4.4)

This means that at equilibrium the external work acting on the body equals the
internal work

[15£TC£1:1V=[EquBdV-I—[JquSdS. (2.4.5)
v v s

Here, d¢ describes a variation of the elastic strain and du the underlying varia-
tion of possible displacements that are continuous and satisfy the displacement
boundary conditions. This concept of virtual displacements can be directly re-
lated to the principle that the total potential must be stationary and, thus, can be
used to find the equilibrium equations for each element.

The equilibrium equation Eq. 2.4.5 can be rewritten as the sum of equilibrium
equations for each element

T T ¢B
Z ‘/T; JE(m}CEm]E(deﬂmJ = Z [ 5u{m}t{m}d1’1{m}
m {m) m

Vim)

T ¢85
+ ) j; S0 £y AS(my . (24.6)
m (m}

Now, the integration area is the m'" element and the sum goes over the total
number of elements in the body. Eventually, the assemblage element equations
provides an equation system which approximates the global solution.

In the FEM, the deformation of the body is evaluated at the nodal coordinates
and the continuous deformation at any position is interpolated from the nodal
displacement. Therefore, the displacement 1, of the m*® element must be
formulated in terms of the nodal displacement vector i via

by introducing the displacement interpolation matrix Hy,,,. By inserting the
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strain-displacement relation

where B is the strain-displacement matrix and Eq. 2.4.7 into Eq. 2.4.6 the
equilibrium equations for each element can be assembled to a linear equation
system of the form

K- =T, (2.4.9)

where K is called the global stiffness matrix which is the sum of all element
stiffness matrices

K=Y Km=)_ f B, CmBm)dVim) - (2.4.10)

Vim)

Importantly, all element stiffness matrices have the same dimension as the global
stiffness matrix which yields sparse element matrices. The multiplication of the
stiffness matrix with the nodal displacement vector yields the nodal load vec-
tor £ which includes the forces acting on the body. The integrals are evaluated
numerically. For solving the equation system direct or iterative methods can be
applied whereas iterative solvers were used for all simulations presented in this
thesis. The solution of the equation system gives a numerical approximation to
the exact solution of the entire problem. The locality of the element equations
leads to sparse equation systems which helps to solve problems with very large
number of nodal unknowns. For the solution of the set of algebraic equations,
initial, boundary and continuity conditions are considered. Apparently, the dis-
cretization density is an important issue concerning how well the exact solution
is approximated. However, the computational effort scales with the number of
finite elements which has to be taken into account.

2.5 Properties of hard x-rays generated in a synchrotron

Hard x-rays are electromagnetic waves with photon energies above 5-10keV
which translate to wavelengths in the range of 1 Angstrgm (10~1° m) or smaller.
Due to the fact, that the wavelength is in the order of inter-atomic distances
hard x-rays are highly suitable to probe lattice parameters and the deformation
of lattice planes in a crystal. Importantly, they have a high penetration depth into
crystals and interact non-destructively.

There exist different sources for x-ray beams ranging from laboratory sources
such as x-ray tubes up to large research facilities like synchrotrons. The x-ray
beam quality is characterized by its brilliance which sets the number of emitted
photons per second in relation with its divergence (mrad)?, the source size (mm?)
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and the bandwidth

photons/second

. 2.5.1
(mrad)” (mm?)(0.1% bandwidth) (22.1)

brilliance =

Here, the denominator is the beam intensity and the product of divergence and
source size is called emittance. Modemn synchrotrons exceed the brilliance of lab-
oratory sources by more than 12 orders of magnitude. They are circular particle
accelerators where electrically charged particles such as electrons or positrons
are confined in a closed and approximately circular loop using magnetic fields.
They are accelerated nearly to the speed of light and kept at constant energy
which in case of PETRAIII at DESY in Hamburg (Germany) is 6 GeV [130].
When these high-energy particles are forced to travel in a curved path they emit
synchrotron radiation.

The experiments presented in this thesis were performed at the European Syn-
chrotron Radiation Facility (ESRF) in Grenoble (France) and at PETRAIII which
are both 3"-generation synchrotrons. Both synchrotrons are operated in top-up
mode with a periodic refill of electrons (ESRF) or positrons (PETRAIII). For
example, at PETRAIII the positron current in the storage ring is 100 mA with a
maximum number of bunches of 960 which are separated by 8ns [130]. Due to
the fact, that the particle distribution in the ring is not continuous but bunched, the
emitted synchrotron radiation is pulsed. This can be exploited for time-resolved
investigations.

There exist different devices used as sources for synchrotron radiation. The
magnetic fields forcing the particles into a closed orbit are produced by bending
magnets. The radius p of the orbit on which the particle with charge e travels is
defined by its relativistic energy E, = mc?®/+/1 — (v/c)? and the applied mag-
netic field B via p = yme/Be, where v = E,/mc? is the electron energy in
units of its rest mass energy. The bending magnets produce a continuous radia-
tion spectrum which at the ESRF is also used for experiments. In between two
bending magnets there are straight segments where so-called insertion devices
(IDs) can be placed. This ID is either a wiggler or an undulator. Both of them
are far more efficient x-ray sources compared to bending magnets and the bril-
liance of an undulator is superior compared to a wiggler. The experimental data
presented in chapters 5 and 6 were performed at beamlines [D13 (ESRF) and P06
(PETRAIII), respectively, which both use an undulator x-ray source. For exam-
ple, at beamline PO6 a 2 m long undulator U32 is used with a magnetic period
length of 31.4 mm proving a source brilliance of 10 ph/s/0.1% bw/mA [131].

Insertion devices consist of a periodic structure of dipole magnets with alter-
nating poles as sketched in Fig. 2.3 inducing a static magnetic field. This forces
the charged particles to execute small-amplitude oscillations with the undulator
period A, resulting in a radiation cone of emitted photons which is emitted along
the average trajectory of the particle bunch in the same plane as the storage ring.
The emitted radiation is linearly polarized in the same plane. Note that, if the un-
dulator is constructed such that the particle beam performs a helical oscillation
trajectory the emitted radiation will be circularly polarized.
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Figure 2.3 Sketch of an undulator which consists of an alternating sequence of dipole magnets.
When the electron beam enters the undulator it is forced to oscillate at a characteristic wave-
length, A,. Thereby, x-ray photons are emitted which add up coherently.

The important difference between wigglers and undulators is that in undula-
tors the amplitude of the performed oscillations is smaller such that the emit-
ted radiation from each oscillation adds up coherently and interferes. In con-
trast, the emitted photons of a wiggler add up incoherently. As a consequence,
the spectrum emitted by a wiggler is continuous whereas undulators emit quasi-
monochromatic radiation with a fundamental wavelength and higher harmonics.
In comparison to bending magnets and wigglers, undulators provide synchrotron
radiation with the lowest divergence. Here, the opening angle scales with 1/v/N
both vertically and horizontally where [V is the number of periods. However, the
angular divergence of the particle bunch is added such that the total divergence of
the source becomes asymmetric with a larger divergence in the horizontal plane.
At P06 the source divergence is about 28 x4 urad®c at 12keV [131]. When in-
creasing the undulator gap the magnetic field decreases such that the particles
perform oscillations with a smaller amplitude. Consequently, x-ray photons with
higher energy are emitted. The transition from a wiggler to an undulator is de-
scribed by the dimensionless parameter K defined as K = eBA,/2mrme. For
K < 1 the ID behaves as an undulator and for K > 1 as a wiggler.

When the x-ray beam enters the beamline, it passes several components to
shape the beam and to select a specific wavelength. For hard x-rays, the lat-
ter is generally done using a crystal monochromator which allows to extract a
monochromatic beam of adjustable wavelength from the incoming x-ray beam.
The process of selecting an energy band is based on Bragg diffraction which will
be subject to section 2.8. In order to preserve the good angular collimation of
the x-ray beam, crystals with high crystal perfection are used. Moreover, they
must sustain large heat loads which leaves only several materials to choose from.
Commonly used materials are Si, C and Ge.

For example, at P06, Si(111) crystals are utilized providing an energy reso-
lution of about 10~* [131]. Interestingly, the energy resolution scales with the
atomic number Z in the way that the selected bandwidth increases with higher
Z and the energy resolution decreases. At the same time the relative intensity
increases with higher Z such that the minimization of the energy resolution and
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2.6 Focusing of hard x-rays

the maximization of the intensity are competing processes. Moreover, when us-
ing a reflection with large Miller indexes which means a larger magnitude of the
respective q vector, the energy resolution increases. For example, the energy
resolution provided by a Si(220) monochromator is larger compared to a Si(111)
monochromator. The energy resolution is a key parameter as it sets a limit to the
accuracy of the experiment.

2.6 Focusing of hard x-rays

The possibility to produce highly focused x-ray beams requires special optical
equipment differing from common optics available for visible light. On the one
hand, in case of hard x-rays the refractive index given by

n=1—68+ip (2.6.1)

is slightly smaller than unity. Here, the real part describes refraction and the
imaginary part is related to absorption. In the former part 6 describes the devi-
ation from vacuum and in case of hard x-rays yields 10~° in solids and 10~® in
air. Consequently, the phase velocity is greater than the speed of light. This is
due to the fact that in the x-ray regime the frequency of the photons is higher
than the resonance frequency of atomic electrons forced to oscillate in the elec-
tromagnetic field.

On the other hand, an important issue is the choice of material for fabricating
optics with high transmission coefficients in the hard x-rays regime. Photoelec-
tric absorption is described by § = u/2k in Eq. 2.6.1, where y is the absorption
coefficient and k is the modulus of the wavevector. The photoelectric absorption
cross-section for x-rays varies approximately as Z* [33]. Hence, light elements
such as Be, B or C are suitable as a focusing medium. In fact, for x-ray optics
often only about 10 % of the incoming beam are actually used [76].

In recent years, several successful approaches have been presented and since
then the focusing capabilities have been continuously improved. Nowadays,
there exist a variety of x-ray optics with suitable focal lengths and transmis-
sion properties, for example refractive optics such as lenses [132], diffractive
optics such as Fresnel zone plates (FZPs) [133—135] and reflective optics such as
Kirkpatrick-Baez mirrors (KB mirrors) [136, 137].

The FZPs consist of a cylindrical disk with concentric rings of alternating
opaque and transparent regions called Fresnel zones. The impinging wavefront
is diffracted around the opaque zones. In general, zone plates are fabricated us-
ing electron beam lithography and etching methods and the transparent material
can be, e. g., Si and the opaque material Au. However, there also exist other
approaches for example based on NWs [138]. There are two physical scenarios
for producing a focused beam with FZPs which both are based on constructive
interference. First, the incoming wavefront can be absorbed in the opaque zones
and the transmitted parts interfere due to different optical path lengths. Second,
the opaque zones can induce a phase shift between diffracted wavefronts which
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2.6 Focusing of hard x-rays
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Figure 2.4 Nanofocusing lenses made of 5i. In (a), a single nanofocusing lens (NFL) which
has a concave shape is highlighted. For different x-ray energies different lens designs have
to be used to achieve a certain focus size. One stack of NFLs is shown in dark gray and
the path of the x-ray beam is indicated by the yellow siraight line. In contrast to compound
refractive lenses, nanofocusing lenses focus the x-ray beam in one direction, only, and to
achieve focusing also in the perpendicular direction two stacks of lenses in a crossed geometry
have to be used as shown in (b). The images are taken from Ref. [139].

in the case of 7 leads to constructive interference. The focal distance scales with
the x-ray energy. The required aspect ratio of zone width and thickness for ap-
plications in the hard x-ray regime is challenging to fabricate such that they are
more commonly used for focusing x-rays below 10keV. At the nanoprobe beam-
line P06 FZPs are used in the energy range of 7-10keV and spot sizes of about
30330 nm? can be achieved [131].

The KB geometry consists of two bent mirrors which are placed orthogonal to
each other. One mirror focuses the x-ray beam vertically the other horizontally.
The mirrors are curved and mainly elliptical or parabolic shapes are used. In
order to maintain the intensity of the impinging beam its incident angle on the
mirrors has to be below or equal the critical angle

a, ~ V3, (2.6.2)

which concerning hard x-rays is generally about 0.5° or smaller. Here, 4 de-
scribes the deviation of the refractive index from unity as defined in Eq. 2.6.1.
At an angle equal or below the critical angle, total external reflection of the x-
ray beam is observed. Often the critical angle and, thus, the mirror’s acceptance
is increased by coating the surface with a high atomic number material, e. g.,
Au or Pt. Obviously, the surface quality regarding a low roughness and small
slope errors is essential for the focusing performance. Moreover, the mechani-
cal stability of the mirror setup with respect to the incoming beam is important.
A great advantage of KB mirrors is their achromaticity allowing energy-resolved
experiments. The microprobe setup at beamline P06 uses KB mirrors as focusing
optics with which spot sizes of 250250 nm? are achieved [131].

A consequence of a refractive index slightly smaller than unity is that the de-
sign of refractive optics is challenging. The small 4 leads to a weak refraction
effect of a single lens with realistic manufacturing parameters and the resulting
focal lengths are too large for reasonable applications. Moreover, air is the op-
tically denser medium such that in contrast to visible light optics, focusing of
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2.7 X-ray scattering geometries

x-rays is achieved using concave lenses.

Despite the challenges, efficient focusing optics based on refractive lenses
have been fabricated. In order to achieve a reasonable focal length, stacks of
identical lenses, so-called compound refractive lenses (CRL) [140] have been
designed. In general, the lenses are made of Al or Be, have a parabolic shape
and are fabricated by drilling or by embossing using mechanical punching. A
more precise way of fabricating lenses can be achieved using lithography tech-
niques. Due to its importance in technology, Si is a widely studied material and
there exist many well-established processing techniques with the needed high
precision. That is why it is the material of choice for designing so-called nanofo-
cusing lenses (NFLs) which are shown in Fig. 2.4(a) [141, 142]. Due to the fact
that etching proceeds in one direction, only, two stacks of lenses have to be used
which are placed in an orthogonally crossed geometry as shown in Fig. 2.4(b).
One stack of lenses focuses vertically and the other horizontally. One drawback
of these refractive optics is the need of lens pairs designed for focusing x-rays at
a specific energy.

The presented experiments in chapters 5 and 6 were performed using highly
collimated x-ray beams which were focused using NFLs. Here, spot sizes of
150%150nm? (ID13) and 80x90nm? (P06) have been achieved. At beamline
P06, CRLs have been used as pre-focusing optics with which the photon flux
could be increased by two orders of magnitude to 10° photon/sec. The work-
ing distance at both beamlines is about 1 cm and the NFLs are used in an en-
ergy range from 10-30 keV. At beamlines [D13 and P06 the optical equipment is
mounted in an optics hutch which is located just before the experimental hutch.

The development of highly efficient focusing optics in the hard x-ray regime
triggered the development of new imaging and microscopy techniques which,
nowadays, are vivid research fields at synchrotrons [47-49, 54, 143, 144]. More-
over, nanofocused synchrotron radiation offers a powerful new technique for
characterizing material properties with spatial resolution without destructive sam-
ple preparation [36, 44]. With the technological and scientific interest in the
properties of low-dimensional semiconductor heterostructures such as quantum
dots and NWs, this technique allows to obtain information about local strain
fields, chemical composition and structural properties of individual objects [35,
45, 50, 60, 145].

2.7 X-ray scattering geometries

An x-ray photon impinging on a periodic crystal can be scattered elastically or
inelastically, transmitted, or absorbed. In the latter process, the energy of an x-
ray photon can for example be transferred to an atomic electron which is either
excited to a higher energy state or expelled from the atom. The created hole can
be filled by an electron from a higher energy level resulting in the emission of
an Auger electron or a photon with a characteristic energy whose detection can
be used for a chemical analysis of a sample. While the former phenomenon is
mainly a surface sensitive method, the fluorescence signal provides information
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Figure 2.5 The incident x-ray beam, with wavevector k;, shown in (a) is impinging on the sample
in a coplanar scatlering geometry with an angle o; and is elastically scattered under an exit
angle oy with wavevector k. If the scattering vector q coincides with a reciprocal lattice
point indicated by the gray spots in the background, which lies on the surface of the Ewald
sphere shown in yellow, the Brage condition is fulfilled. The hemisphere shown in red is
the extended Ewald sphere with a radius of r = 2k. For a given wavelength this is the area
in reciprocal space which can be reached by varying o and af. If o > 0 and oy = 0
the incident beam is reflected (Brage case) as shown in (b). If either o; or o are negative
a transmission geometry is established (Laue case). The beam is transmitted through the
sample if q lies within one of the blue hemispheres.

about thicker volumes, too.

An example of an inelastic scattering process is Compton scattering where an
x-ray photon is scattered on an electron including an energy transfer from the
photon to the electron. This scattering process is incoherent. If the x-ray beam is
scattered elastically the wavevectors of the incoming beam, k;, and of the emitted
beam, k;, have the same magnitude or equivalently, the same frequency w,

w 2w
il = e = k= = = 5
and differ in their direction, only. The orientation of the vectors k; and k; with
respect to the sample surface is specified via the incident angle o; and an az-
imuthal angle J and an exiting angle oy and the azimuthal angle . Using k; and
k; the scattering vector q is defined as

(2.7.1)

cos(ay) cos(y) — cos(ai) cos(f)
q=ki— k= TH cos(ag) sin(y) — cos(oy) sin(F) | , (2.1.2)
sin(ay) + sin(oy;)

with |q| = 2w /d where d is a distance, e. g., between lattice planes along a certain
direction or between crystal interfaces. Importantly, the latter equality defines a
relation of Fourier transform between the real-space distance, d, in the direct
crystal and the reciprocal space vector g [76] of the corresponding reciprocal
lattice. By changing the orientation of the crystal with respect to the incident
x-ray beam or the wavelength A, regions in reciprocal space can be mapped.

Using the extended Ewald sphere [146] which is sketched in Fig. 2.5, the po-
tentially accessible region in reciprocal space that can be investigated for a given
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2.7 X-ray scattering geometries

wavelength A is visualized. Figure 2.5(a) shows a coplanar scattering geometry
where the surface normal n lies in the plane spanned by k; and k;. In this case,
the angles -y and 3 [cf. Eq. 2.7.2] are zero and the scattering plane is perpendic-
ular to the surface. If n lies not in the scattering plane the scattering geometry
is called non-coplanar. Around the incoming wavevector, the Ewald sphere is
drawn in yellow. If the resulting vector q points to a reciprocal lattice point
(drawn as gray spots in the background) which lies on the surface of the Ewald
sphere the diffraction condition is fulfilled. If the corresponding reflection is not
forbidden, an x-ray beam is scattered at an exit angle a;. More details about the
diffraction condition will be provided in section 2.8.

As long as q lies inside the red hemisphere with r = 2k and outside the two
blue hemispheres with r = k, the scattering geometry is called Bragg geom-
etry as sketched in Fig. 2.5(b). This is the case if the x-ray beam is reflected
under &; > 0 and o > 0. The two blue hemispheres with radius r = k can
only be accessed if either a; < 0 or a; < 0 which corresponds to the situa-
tion where either the incoming beam or the diffracted beam penetrates through
the sample. When the x-ray beam is transmitted through the sample, the Laue
geometry is established. If the reciprocal space is mapped with small q values,
corresponding to the region between the two blue hemispheres close to the origin
[cf. Fig. 2.5(b)], the grazing incidence small angle x-ray scattering (GISAXS)
geometry is applied which is a surface sensitive technique with hardly any sensi-
tivity to lattice deformation. Another important experimental setup is the grazing
incidence diffraction (GID) geometry which is the most non-coplanar case. Here,
the x-ray beam is diffracted at small incident and exiting angles, on the lattice
planes perpendicular to the surface and is mainly sensitive to the sample surface
and in-plane lattice deformations.

Furthermore, the scattering geometry is distinguished by two cases which are
visualized in Fig. 2.6. In case (a) it holds that the incident and exit angle are
equal, o; = ay = © = Op + 0 and the scattering geometry is called symmetric.
If § = 0 the incident angle is equal the Bragg angle Oy [cf. Eqg. 2.8.1]. Here, the
atomic distance between basal planes can be probed. Consequently, symmetric
reflections are predominantly sensitive to out-of-plane relaxation. The scattering
angle 20 defines the angle between incident and exiting x-ray beam. In case (b),
an asymmefric scattering geometry is sketched which can be used to probe the
distance between lattice planes which are inclined by an angle ¢ with respect to
the surface. Here, the incident angle is w = o; = O + ¢ whereas ¢ < © and
the exit angle is oy = 20 — w. Asymmetric reflections are sensitive to both,
in-plane and out-of-plane deformation. By changing w and 20 in a ratio of 1:2
the reciprocal space is mapped in radial direction which corresponds to a change
of the absolute value of q. The radial direction is sensitive to the strain normal
to the lattice planes. By changing only w the magnitude of q is kept constant and
the reciprocal space is mapped in angular direction. As indicated in Fig. 2.6(b),
the intensity of the diffracted beam is recorded by a linear detector. The resolu-
tion of the experiment can be improved by, e. g., increasing the distance between
detector and sample, by choosing a detector with a smaller pixel size and by
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Figure 2.6 In the symmetric diffraction geometry, (a), the incident angle o; and the exit angle o
equal the angle ©® = By + 4. If § = 0, the incident angle is equal the Bragg angle 5. This
diffraction geometry can be used to probe deformation of basal lattice planes. The angle 20
is called the scattering angle. The asymmetric diffraction geometry, (b), can be used to probe
the deformation of inclined lattice planes and provides information about in-plane and out-of
plane sirain. Here, the angle ¢ describes the inclination between lattice planes and the sample
surface. By changing w and 26 simultaneously with a ratio of 1:2 the reciprocal space can
be scanned in radial direction and by changing w in angular direction.

measuring high order Bragg reflections where the peak of interest and the refer-
ence peak have a larger separation. However, higher order peaks require larger
scattering angles which can sometimes not be accessed. Subsequently, the inten-
sity pattern has to be transformed from detector coordinates into reciprocal space
coordinates.

2.8 Kinematic x-ray scattering

An electromagnetic wave can be diffracted elastically from a crystal if the wave-
length A of the impinging beam fulfills the Bragg condition

2dsin(6g) = A, (2.8.1)

which implies that A < 2d, where O is the Bragg angle. When an x-ray photon
is scattered only once and multiple scattering events are neglected the scattering
process can be described in the kinematic approximation. The kinematic scat-
tering regime implies weak interaction between photons and the crystal. If the
Bragg condition is satisfied the scattered waves interfere constructively resulting
in sharp reflection peaks also called Bragg peaks. If the wavelength is larger than
2d the x-ray beam can be reflected, only. Due to the fact that atomic distances
are generally in the order of several A, photon energies in the hard x-ray regime
are necessary to probe atomic distances.

A consequence of the high frequency of x-rays is that the interaction with
matter is mainly mediated by the electron density p(r) around the atom nucleus.
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2.8 Kinematic x-ray scattering

This interaction is described by the atomic form factor

fla,hw) = f(a) + f (hw) +1f" (Aw) (28.2)

which is in general complex. However, if the photon energy is not close to an
absorption edge of the atom, the dispersion and absorption corrections f and f",
respectively, can be neglected such that the atomic form factor reads

fla) = f p(r)edTdr, (2.8.3)

which is the Fourier transform of the electron density p(r). The latter is usually
approximated with a spherical distribution. The atomic form factor is a measure
of the amplitude of a wave scattered by an atom.

Using the definition of the atomic form factor the scattering amplitude of a
crystal can be deduced. Here, one can bear in mind that a crystal is built by a
periodic repetition of the unit cell which is translated by integer multiples of the
lattice vector r,,. Within the unit cell there are j atoms at positions r;. When
looking at the scattering amplitude of a crystal given by

structure factor lattice sum
R SR S

Fla@) =Y filaee™y e, (2.84)

the first sum is the Fourier transform of the atomic form factor and is called the
unit cell structure factor. The structure factor determines the relative intensity of
the emitted x-ray beam which depends on the distribution of atoms in the unit cell
and how well the photons are scattered from the individual atoms. In an x-ray
diffraction experiment the electron density distribution within the unit cell, thus,
the unit cell structure factor (actually its absolute square) is measured. From
the knowledge of how electrons are arranged within the unit cell, the crystal
structure can be obtained. The unit cell structure factor has to be evaluated at
every lattice point governed by the lattice sum. The lattice sum comprises a huge
amount of summands corresponding to the number of lattice points in a crystal.
Each term of the lattice sum includes a phase factor ¢, = q - ry. If all phases
are equal a multiple of 27 the lattice sum yields a large number proportional to
the number of summands. This leads to the situation where all scattered waves
interfere constructively such that the Bragg condition is fulfilled resulting in an
intense reflection spot.

For an infinite 3D crystal the lattice sum in Eq. 2.8.4 would yield a 4-peak. In
contrast, for crystals of finite size, the scattering extends over a volume in recip-
rocal space which is inversely proportional to the size of the crystal. Hereby, flat
surfaces result in scattering streaks normal to the surface which are called crys-
tal truncation rods (CTRs). Mathematically, the transition from a crystal surface
to the surrounding environment, e. g., along the z-direction, can be expressed
by introducing a step function £i(z). The scattering amplitude Eq. 2.8.4 is then
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2.8 Kinematic x-ray scattering

proportional to the Fourier transform of the product of the electron density p(z)
and the step function which is equivalent to the convolution of their individual
Fourier transforms. In case of p(2), this yields a 4-function and for the step func-
tion i/g,. As a consequence the intensity away from the Bragg peak decreases
with 1/g? resulting in streaks along this direction. These streaks can be modu-
lated by the shape function of, e. g., a multi-layer sequence such that oscillations
are visible referring to their layer thickness.

The scattered intensity I(q) is obtained by multiplying Eq. 2.8.4 by its com-
plex conjugate

I(q) o |F(q)|*. (2.8.5)

Importantly, the fact that the experimentally measured intensity is proportional to
the absolute square of the scattering amplitude yields that the phase information
is lost in an x-ray diffraction experiment such that the Fourier transform from re-
ciprocal space to real space is not possible anymore. Otherwise one could easily
retrieve the real space image of a unit cell by Fourier transform of its diffraction
pattern. Nevertheless, using different scattering theory approaches as for exam-
ple introduced in section 2.9, the diffraction pattern from artificial models can
be simulated and by comparing simulation and experiment it is possible to de-
duce the real model. Additionally, when performing special scanning schemes
with a coherent x-ray beam which are based on oversampling, phase retrieval
algorithms can be used to reconstruct the lost phase information in an iterative
procedure [47, 51, 147-149] and by that the corresponding real-space image can
be found.

As becomes clear from the g-dependence of the intensity [cf. Eq. 2.8.5] x-ray
diffraction does not provide a real space imaging of a crystal but transforms the
real space information into the crystal’s reciprocal space. In fact, a periodic dis-
tance in real space is translated into a frequency in reciprocal space and a diffrac-
tion pattern is a map of the reciprocal lattice of a crystal. As a consequence, the
commonly used diffraction condition, the so-called Laue condition, is formu-
lated in reciprocal space. It states that the emitted waves interfere constructively
if the momentum transfer vector q coincides with the reciprocal lattice vector g,

q=g, (2.8.6)
which is defined as
g=nha*+kb*+/ic*, {hki}ecZ (2.8.7)

where a*, b* and c* are the basis vectors of the reciprocal lattice. The reciprocal
lattice vector is furthermore specified by the scalar product with the direct lattice
vector given in Eq. 2.1.2

g-Ip = 2w(hny + kna + fng) , (2.8.8)
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2.9 Kinematic scattering from a deformed crystal

which fulfills the necessary requirement of being an integer multiple of 2m. The
reciprocal lattice of a crystal consists of reciprocal lattice points each of them
related to a set of lattice planes of the direct lattice. For example, in the cubic
case a reciprocal lattice vector stands perpendicular to the set of planes having
the same Miller indexes (hkY{) and the magnitude of g is inversely proportional to
the distance between lattice planes, |g| = 27 /dnis. The relationship in terms of
distances and angles between a reciprocal lattice vector and the corresponding set
of lattice planes of a hexagonal crystal having the same Bravais-Miller indexes
(hEif) is discussed in Ref. [150]. Based on the set of (hkf) values, selection
rules for space groups can be derived and yield for GaN (space group No. 186)
the general reflection conditions

hh2ht: f=2n,
000£: f=2n. (2.8.9)

with n being an integer. For other combinations of (hkif) there exist no further
specific conditions for this space group.

2.9 Kinematic scattering from a deformed crystal

There exist several approaches based on different approximations for calculat-
ing the diffusely scattered intensity around Bragg reflections. For example, if
multiple scattering events inside the crystal or refraction have to be taken into
account, the dynamical scattering theory is required. Possible situations where
this could be the case can be, e.g, x-ray scattering from large crystals with high
perfection where the x-ray beam is reflected inside the crystal or scattering at
small incident angles where x-ray refraction at material surfaces has to be con-
sidered. Due to multiple scattering events the intensity of the primary x-ray
beam is reduced as a consequence of extinction. The kinematic approach ne-
glects multiple scattering events and is justified for describing scattering from
small objects or imperfect crystals. In the limit of weak scattering, the dynam-
ical theory and the kinematic scattering theory are expected to lead to the same
results. Intermediate the two theories there exists for example the distorted-wave
Born approximation (DWBA) which is a first-order perturbation theory. In the
DWBA, the scattering potential is divided into an undisturbed part and a small
perturbation. The first part is treated dynamically and can be, e. g., the substrate,
and the disturbed part is described in the kinematic approximation, e. g., a thin
layer or low-dimensional objects grown on the substrate. The coupling of the
waves field emitted from both parts is then treated within the DWBA.

If the investigated structure comprises different, lattice-mismatched materials,
the crystal can be strained elastically resulting in a deformation of lattice planes.
When simulating the diffraction pattern of such a structure, e. g., a sequence of
planar layers or a heterostructure NW, this deformation has to be included. The
simulated diffraction patterns presented in this thesis are based on the kinematic
approximation and follow a classical approach which will be introduced in the
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2.9 Kinematic scattering from a deformed crystal

following.

The wavefront of the x-ray beam impinges on the crystal. As stated by the
Huygens-Fresnel principle, the atoms in the crystal act as point scatterers each
emitting a spherical wave oscillating with the same frequency as the incident x-
ray beam. The spherical waves emitted from each scatterer add up coherently
leading to interference. In the far-field limit, also known as Fraunhofer approx-
imation, the evanescent wave which is the superposition of all emitted spherical
waves can be considered as plane wave again.

When applying these assumptions, the scattered intensity can be expressed as

2

I(q) o (2.9.1)

N
3 fi(a)eertu

Here, the plane waves emitted from each atom are added up coherently whereas
N is the total number of atoms in the illuminated volume. The position of the
i-th atom is given by r; and its displacement from the ideal position by the dis-
placement vector u(r;). These parameters have to be known initially and serve
as input for the coherent summation. Moreover, the scattering power of each in-
dividual atom can be weighted by the atomic form factor f;(q) which is defined
in Eq. 2.8.2. The coherent summation is valid, only, if the spatial coherence of
the x-ray beam is larger then the scattering object. For example, it is important
to note that if scattering from an ensemble of nano-structures shall be simulated,
correlation effects have to be taken into account. Then the scattered intensity
from each object has to be computed and the scattered intensity from the indi-
vidual objects has to be summed up to obtain the total intensity. In this case, the
summation is incoherent. The intensity [ is computed as function of q and in a
simulation a slice or a volume in reciprocal space, generally around a reciprocal
lattice point, can be selected.

In the case of (In,Ga)N/GaN NWs the atomic positions can be constructed by
translating the unit cell along the lattice vector given in section 2.1. The strain
induced deformation can be obtained by computing the deformation field u using
the FEM as introduced in section 2.4. By interpolating the ideal crystal structure
with the deformation field of an equivalent structure, e. g., constructed using the
FEM, it is possible to retrieve the deformation vector for the i-th atom, u(r;).
In this thesis, the interpolation process is performed using a specially developed
source code for the commercial software package MATLAB R2012b. Employ-
ing the implemented TriScatteredInterp class based on the linear interpolation
method the data set u(r;) is obtained. Of course one has to bear in mind that the
diffusely scattered intensity will be based on purely linear elastic deformations
of the crystal and that the influence of plastic relaxation is not included.

The fundamental idea of the interpolation process is visualized in Fig. 2.7.
Here, the ideal crystal structure of GaN in form of a hexagonal NW is shown in
Figs. 2.7(a) and (b) whereas only one atomic species is displayed and the lattice
spacing is increased by a factor of 10 for better visibility. In a typical simulation
the number of atoms is in the order of several millions and the lattice parame-
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Figure 2.7 In (a) and (b) the ideal GaN crystal in the shape of a hexagonal NW is shown whereas
for simplicity only one atomic species is displayed. Moreover the lattice constants are in-
creased by a factor of 10 and only a fraction of the actually atomic layers are visible. The
ideal atomic positions in the crystal are interpolated with the artificial grid obtained by the
FEM. In (c) the deformation field along the z-axis which corresponds to the [0001]-direction
is shown. Here, the FEM nodes in the bottom plane are kept fix to mimic the epitaxial relation
to a substrate.

ter is increased by a factor of up to four. This approximation induces additional
reflections in between higher order reflections. Hence, the region in reciprocal
space has to be chosen in the way that these artificial reflections show no influ-
ence on the actual Bragg reflection. The ideal atomic positions are interpolated
with a 3D grid of the deformation field. Here, the number of FEM nodes lies
typically in the order of several hundred thousands. The distribution of nodes
inside the FEM model can be varied such that regions where a complex strain
distribution is expected, for example in the vicinity of QWs, comprise a higher
density of nodes. Exemplary, in Fig. 2.7(c), the z-displacement simulated using
the FEM is shown for an axial (In,Ga)N/GaN NW. Here, the FEM nodes in the
bottom plane are kept fixed which corresponds to the boundary condition of an
epitaxial relation to a substrate or buffer layer.
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3 Geometry dependent strain distribution in
axial (In,Ga)N/GaN nanowires

(In,Ga)N/GaN heterostructures are an integral part of light emitting devices used
for full-color displays and solid state lighting. For conventional planar het-
erostructures, the In content in the (In,Ga)N QW is restricted due to the for-
mation of dislocations beyond a certain critical stress as discussed at the end
of section 2.1. However, low-dimensional (In,Ga)N/GaN heterostructures such
as NWs are discussed as promising alternatives since their high aspect ratio and
high surface-to-volume ratio are expected to facilitate the incorporation of higher
amounts of In without resulting in plastic deformation. In fact, a NW can effec-
tively release strain elastically close to its free surface, and thereby accommodate
a higher lattice mismatch compared to a planar layer [62, 106].

The elastic strain relaxation in axial NW heterostructures depends on both
the length of the strained segment and the radius of the NW, which therefore
represent additional degrees of freedom to tune the emission wavelength [92,
129]. In contrast to planar structures, however, the strain distribution in a NW
heterostructure is inherently 3D and more complex than commonly assumed.

This becomes clear when looking at Fig. 3.1(a). Here, the relaxation behavior
of an (In,Ga)N layer embedded into a planar GaN matrix is sketched. The larger
bulk lattice parameter of (In,Ga)N is compressed in in-plane direction to adopt
the bulk lattice parameter of GaN. Consequently, the out-of-plane lattice parame-
ter of (In,Ga)N is expanded such that the vertical normal component of the elastic
strain tensor, €,,, will be positive at each position in the (In,Ga)N layer. Due to
the large in-plane extension, shear strains are negligible. In contrast, Fig. 3.1(b)
displays the ¢,,-component for a NW with a segment length of 10 nm which is
equal the NW radius. The deformation of the NW is enhanced by a factor of 10
showing a convex deformation of the (In,Ga)N segment surface and a concave
deformation of the (In,Ga)N segment at the GaN interfaces. Moreover, adja-
cent to the interfaces, the GaN matrix is deformed, too, by the strain induced by
the (In,Ga)N segment. This observation stands in stark contrast to the case for
planar systems. However, the most striking feature is the compressed volume
in the segment center. This phenomenon is once again displayed in the plot in
Fig. 3.1(c) showing the evolution of €., along the NW height taken at the NW
center along the black dashed line. Here, it can be observed that for an In content
of 30 %, a significantly negative e,,-value of about -0.6 % is reached. The origin
of this effect and its dependence on the NW geometry is subject to the following
discussion. Parts of this chapter have been published in Ref. [151].
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Figure 3.1 In (a), the relaxation of an (In,Ga)N layer embedded into a bulk GaN matrix is
sketched. Here, the relaxation is mediated mainly by the normal components of the strain
tensor. The larper in-plane lattice parameter of (In,Ga)N is compressed in order to adopt to
the smaller lattice parameter of bulk GaN. Consequently, the out-of-plane lattice parameter
of the (In,Ga)N layer is stretched. In (b), a finite element model of a 10nm thick (In,Ga)N
disk embedded between two GaN segments and the resulting 3D distribution of the strain
tensor component, £, in cross-section is shown. For better visibility, the deformation of the
nanowire has been enhanced by a factor of 10. Within the (In,Ga)N segment, negative values
for e, indicate tensile strain in the center, whereas the lattice in adjacent GaN regions is ver-
tically expanded. This becomes clear when looking at the line plot (c) taken along the dashed
vertical line through the nanowire center in (b). In the disk center, a nepative e, -value of
about -0.6 % is ohserved.

3.1 Nanowire model and FEM simulation

The strain field induced by a lattice-mismatched segment in a NW can be ob-
tained in closed form only when treating the NW as an infinitely long cylin-
der [129]. However, in order to take into account the actual hexagonal cross-
sectional shape of GaN NWs, the FEM (introduced in section 2.4) as imple-
mented in the commercial package MSC.Marc2008r1 is employed. Consequently,
the simulations are performed within the framework of linear elasticity theory for
which the components of the strain tensor are dimensionless [cf. section 2.2]. An
important consequence of this fact is that the presented results can be scaled ar-
bitrarily to smaller or larger dimensions as long as the strain relaxation is purely
elastic. In other words, the strain field in the NW will be identical for all ax-
ial (In,Ga)N/GaN NW heterostructures with the same ratio of NW diameter and
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Figure 3.2 Sketch of a hexagonally-shaped GaN NW of radius » with an embedded axial
(In,Ga)N segment of length £. The z-axis is defined parallel to the [0001]-direction.

segment length. Furthermore, the simulations take into account the full elastic
anisotropy of the hexagonal group-III nitrides. The elastic constants for GaN and
InN are taken from Ref. [152], and the elastic constants for the temary (In,Ga)N
alloy are obtained by linear interpolation using Vegard’s law [cf. Eq. 2.1.4]. The
elastic constants serve as input for the FEM simulation. For In,Ga; N there
exist 5 independent elastic constants which have to be inserted into the elasticity
matrix according to Eq. 2.2.6. It is important to note that in MSC.Marc2008r1 the
entries for the elastic constants c44 and cgs have to be exchanged due to the used
technical notation. The strain relaxation behavior originating from the lattice
mismatch between GaN and Ing 3Gag -N is technically realized via an artificial
thermal expansion of the mesh according to

e = ay AT, 3.L1)

where g; is the strain component [cf. Eq 2.2.4], a;; are the coefficients of ther-
mal expansion and AT is the temperature difference. The coefficients of ther-
mal expansion correspond to the lattice mismatch between a reference material,
here GaN, and the strain inducing material, here Ing3Gag 7N. Hence, the coef-
ficients of thermal expansion are zero for GaN and o, = 0y = @.- = 0.03
for Ing3Gap 7N corresponding to a lattice mismatch of 3%. The linear elastic
analysis is conducted using the iterative sparse solver whereas the maximum
number of iterations is set to 20000 and the tolerance to 10~°. The result has
to be interpreted by keeping in mind that only elastic deformations are consid-
ered. Moreover, material interfaces are coherently strained and abrupt with no
structural roughening.

In all what follows, a hexagonally shaped, (0001)-oriented GaN NW is consid-
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ered including an embedded In,_Ga;__N segment with x = 0.3 as schematically
depicted in Fig. 3.2. For simplicity, the z-axis is defined parallel to the [0001]-
direction of GaN. The alloy is treated as a perfectly homogeneous material, i.e.,
random compositional fluctuations in this material are ignored. For example, for
(In,Ga)N compounds, In clustering and phase segregation [41, 42] are subject to
research activities. Also one has to bear in mind that complex shapes of embed-
ded (In,Ga)N segments have been observed and discussed [153]. For the sake of
explicitness, but without loss of generality, the NW radius as defined in Fig. 3.2
is set to r = 10 nm. Energy balance considerations for an elastically isotropic
material predict that the Inp 3Gag 7N segment remains coherently strained for this
radius regardless its length £ [62].

Experimental investigations were often focused on very short (In,Ga)N seg-
ments which shall be referred to as quantum disks (QDs) in the following with a
thickness of typically not more than 2 to 5nm [21, 154, 155]. For an Ing 3Gag ;N
QD with this thickness, the emission wavelength is expected to be between 600
and 700 nm, making these structures interesting for applications for red LEDs.
Thicker QDs would be expected to emit in the infrared spectral range, but for
the corresponding planar structures, strain-induced piezoelectric fields within the
QDs would inhibit the emission altogether. For NWs, however, the elastic strain
relieve at the NW sidewalls may greatly reduce the magnitude of these fields.

3.2 Geometry dependent strain analysis

For a systematic investigation of the evolution of the strain field within the NW,
the segment length £ is varied from 2 to 40 nm while keeping the In content and
NW radius constant. It is important to note, that this is equivalent to keeping the
segment height fixed while successively changing the NW radius at constant In
content. As mentioned before, the strain distribution in an axial NW with the
same £ /r-ratio is identical within the framework of linear elasticity theory.

To begin with, the focus lies on the out-of-plane component of the elastic strain
tensor, €, as defined by the relative lattice parameter difference with respect to
the unstrained bulk material. For a pseudomorphically strained (In,Ga)N/GaN
layered system, the (In,Ga)N layer is under biaxial compressive strain charac-
terized by a positive value of ¢,, throughout the (In,Ga)N layer. Intuitively, one
would expect a positive value for ¢,, for an equivalent layer sequence in a NW
as well. Since strain can be elastically relieved at the NW surface, £,, will be
decreased particularly close to the surface, and should eventually approach zero
in the limit of very thin NWs except for the interfacial boundaries. However,
the following study shows that the strain relaxation in axial (In,Ga)N/GaN NWs
does not proceed in this simple monotonic fashion as intuitively expected.

In order to follow the evolution of the strain field with increasing £ /r-ratio, a
map of &, is calculated for different lengths of the embedded Ing 3Gag 7N seg-
ment as shown in Fig. 3.3. The two-dimensional (2D) slice is taken in the x-
z-plane [cf. Fig. 3.2] from corner to corner through the NW center. Moreover,
the z-axis corresponds to a NW growth along the [0001]-direction. For the 2 nm
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Figure 3.3 Map of the elastic strain component &, for a vertical slice across the center of the NW
and for different lengths £ of the embedded Ing 3Gap 7N segment from 2 to 40 nm. Starting
from a compressively strained Ing 3 Gag >N QD with positive &, at £ = 2nm, £, gradually
decreases and eventually turns negative in a torus-shaped region for the QD with £ = 6nm
[(i)]. This region expands with increasing £ until £,, assumes a minimum value of about
-0.8 % in the center of the Ing 3Gag +N segment with £ = 14 nm [(ii)]. A further increase of
£ results in complete elastic relaxation (g, — () in the middle part of the segment with £ =
40nm [(iii)].
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thick QD, a strain state almost similar to an equivalent planar system is estab-
lished, i e., the QD is under essentially uniform strain with e, > 0 throughout its
volume. Strain relaxation mainly occurs in the direct vicinity of the free sidewall
surfaces and the Ing sGap 7N/GaN interfaces, manifesting itself in long-range dis-
tortions in the adjacent GaN segments which change their character from tensile
(€22 < 0) to compressive (&, > 0) with increasing distance from the QD. The
latter feature already states an important difference to an equivalent planar sys-
tem. Furthermore, ¢, attains values of more than 3 % directly at the edges of the
hexagonal Ing 3Gag ;N QD.

For thicker QDs, this behavior changes profoundly, in that the relaxation af-
fects progressively more of the volume of the Ing3Gap N QD itself. For ¢ =
6 nm [see panel (i) in Fig. 3.3], a part of the inner core of the QD exhibits the
bulk lattice constant of Inp 3Gag 7N with e,, = 0. Embedded into this region are
two radially separated regions with a negative value of ¢,,. These regions repre-
sent a cut through a torus-shaped strain distribution with maximum compression.

When increasing ¢, the spatially separated compressed regions extend toward
the center of the segment and eventually merge. As a result, the entire inner
core of the Inp 3Gag 7N segment is under tensile strain with &, < (0. The max-
imum magnitude of this tensile strain is reached for £/r = 3/2 [see panel (ii)
of Fig. 3.3], for which &, approaches a negative value as large as -0.8%. The
maximum values for ., of about 2% are again observed at the edges of the
Ing 3Gagp ;N segment.

A further increase of the £ /r-ratio beyond the value of 3/2 reverses the contin-
uous decrease of &, in the center of the segment. However, the inner core of the
Ing 3Gap 7N segment persists to be under tensile strain until the £/r-ratio attains
values larger than 3 [see panel (iii) in Fig. 3.3]. In this case, the minimum in
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Figure 3.4 On and off-axis strain components for the Ing 3Gag yN/GaN NW with £/r = 1. The
in-plane normal components £ and &y, suggest a nearly complete strain relaxation, but the
out-of-plane normal component e, is negative in the inner core of the segment. The strain
release at the surface induces a deformation of the Ing 3Gag »N segment, enhanced here by a
factor of 10 for better visibility. This deformation is accompanied by significant shear strain
components with out-of-plane contribution, concentrated mainly at the Ing3Gag ~N/GaN
interfaces.

the center of the segment starts to divide into two separated regions with a neg-
ative value of £,, but now in axial direction. At the same time, the value of ¢,
in the center of the segment slowly approaches zero. Finally, a strain state akin
to complete elastic relaxation is observed for the middle part of the 40 nm long
Ing 3Gag 7N segment. However, the strain field stays complicated at the interface
to the adjacent GaN segments.

Note that the complete elastic relaxation observed for long segments is not to
be confused with the vanishing ¢ -value for £/r = 3/2 [cf. panel (i) of Fig. 3.3].
While the former effect is a simple manifestation of St. Venant’s principle [156—
158] the latter one is as unexpected as it is difficult to understand on an intuitive
basis.

To shed light onto this anomaly in the dependence of the out-of-plane strain
on the £/r ratio, it is important to consider all components of the strain tensor,
and in particular the shear strains. As a representative example, Fig. 3.4 shows
these components for the Inp 3Gag 7N/GaN NW with £/r = 1, for which a sig-
nificant portion of the Ing 3Gag yN segment exhibits a tensile out-of-plane strain
[cf. Fig. 3.3]. Despite this fact, the in-plane normal components &, and &,
are seen to be spatially uniform and small (-0.3 %) essentially within the entire
Ing 3Gag 7N segment. Deviations from this quasi-relaxed in-plane strain state are
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observed only at the interfaces, where the adjacent materials experience a strong
compressive and tensile strain to accommodate the lattice mismatch and to es-
tablish a commensurate boundary.

In contrast, the out-of-plane component &,, is negative in the central part of
the segment and continuously increases towards both the free surface and the
interfaces to the adjacent GaN segments. On each {1010} facet of the segment
surface, €., is smallest at the center of the facet and increases towards the hexag-
onal edges as well as towards the interfaces with a maximum value of about 2 %.
This variation of ¢, is accompanied by a significant convex deformation of the
shape of the segment at the free sidewalls. Moreover, at the interface to the GaN
matrix the Ing 3Ga, N segment is deformed in a concave manner. In Fig. 3.4 the
deformation of the NW is enhanced by a factor of 10 for better visibility.

This deformation of the Ing 3Gag 7N segment necessitates non-zero shear strains.
In fact, all three shear-strain components are significant, and particularly those
with out-of-plane components (e, and &,.), which reach magnitudes as large as
29%. These shear components allow an almost complete in-plane relaxation of
the Inp 3Gap 7N segment via the convex deformation of the NW sidewalls induc-
ing a volume change of 1:0.97 which deviates from that of an equivalent layered
structure showing a volume change of 1:1. It is this deformation which results in
an axial contraction, and is thus directly responsible for the negative out-of-plane
strain observed in this study.

3.3 Accessibility in an x-ray diffraction experiment

To access the local strain state of a single NW experimentally is a challenging
task. A particularly powerful technique to investigate the 3D strain distribution
within single NW's is nanofocus x-ray diffraction as introduced in sections 2.5
to 2.9. This non-destructive technique combines a high angular resolution in
reciprocal space with a sub-pm spatial resolution [35, 37, 47, 57, 58, 76]. To
assess the feasibility to experimentally measure the strain distribution for single
(In,Ga)N/GaN NWs, the impact of a strained (In,Ga)N segment in a GaN NW on
the diffuse x-ray scattering pattern of the discussed NW heterostructure is simu-
lated. Using the kinematic expression, Eq. 2.9.1, as introduced in section 2.9, the
2D intensity pattern around the Bragg reflection in reciprocal space is computed.
The atom coordinates are interpolated using the displacement field u obtained
from FEM giving the displacement of the atom positions u(r;). As an example,
four simulated reciprocal space maps will be discussed, showing the diffusely
scattered intensity around the symmetric GaN(0004) reflection. For the simula-
tions, a spot size of 120120 nm? is assumed and the strain fields are taken from
the series of Fig. 3.3.

In Fig. 3.5(a), a bare GaN NW is considered yielding a peak at q, = 4.85 A-t
which is the expected position for bulk GaN. This peak is modulated by finite
size oscillations due to the NW geometry. The pattern changes as soon as strain
is introduced into the NW due to the presence of an Inp 3Gag 7N segment. The
reciprocal space map (RSM) shown in Fig. 3.5(b) for a4 nm thick QD exhibits no
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Figure 3.5 Simulation of the diffusely scattered intensity around the symmetric GaN(0004) re-
flection calculated in the frame of the kinematic scattering theory. Here, = points along the
[1010]-direction such that along g, the crystal truncation rod originating from a m-plane facet
is visible. (a): Reciprocal space map for a bare GaN NW with radius r = 10nm. (b}, (c) and
(d): Reciprocal space maps for GaN NW s with embedded (In,Ga)N segments of length ¥ = 4
i(b), 10 (c) and 40 nm (d). The white line indicates the expected peak position for relaxed
Inp 2Gap 7N.

distinct peak related to Ing 3Gap 7N, but the phase shift induced by the QD results
in pronounced interference fringes along q,. As a guide to the eye, in Fig. 3.5(b)
to (d) the white line indicates the peak position expected for relaxed Ing 3Gag - N.
For £ = 10nm, the FEM simulation predicts negative elastic strain within the
QD volume, which in turn will shift the peak position of relaxed Ing3Gag ;N
toward larger values of g, as indeed seen in Fig. 3.5(c). Besides the change in
the position of the Bragg peak, the diffuse part at q, # 0 serves as a sensitive
fingerprint of the established strain field within the NW. Due to the comparatively
large volume of relaxed Ing 3Ga, 7N, the RSM of the 40 nm long segment exhibits
a clear peak with high intensity close to the position of relaxed Ing 3Gag -N as
visible in Fig. 3.5(d). The complex strain field at the interfaces manifests itself
by the strong modulations around this peak. Based on the simulated RSMs, it is
obvious that an Ing 3Gag 7N segment embedded in a GaN NW has a significant,
experimentally accessible impact on the diffraction pattern, and nanofocus x-ray
diffraction experiments are thus suitable to probe the local strain distribution in
these NW heterostructures.

3.4 Concluding remarks

The results presented for {0001)-oriented (In,Ga)N/GaN NWs are also valid for
other axial semiconductor NW heterostructures, including all (0001)-oriented
wurtzite NWs, but also (111}-oriented NWs composed of materials with dia-
mond and zincblende structure such as Ge/8i [35, 159, 160], 5¥/GaP [22], InAs/InP
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[161, 162] and CdTe/ZnTe [163]. Interestingly, if the embedded segment com-
prises a smaller lattice parameter than the surrounding material, a positive e, -
value is observed if the ratio of NW radius and segment length approaches unity.
For all these materials systems, the strain anomaly investigated in the present
work is not only of academic interest, but has potentially far-reaching conse-
quences for their application in electronic and optoelectronic devices. In fact,
the presented study shows that the length-to-radius ratio can be used to engineer
the strain field and in particular to tune the out-of-plane strain component from
compressive to tensile. This new degree of freedom can be used to manipulate
the band gap, the effective mass, and the magnitude and direction of the piezo-
electric fields in the strained insertion.
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4 Investigation of the piezoelectric potential in
axial (In,Ga)N/GaN nanowires

Amongst challenges like, e. g., crystal quality and phase segregation, an impor-
tant issue of Ill-nitride compound semiconductors are strong internal electric
fields. In addition to the inherent spontaneous polarization, the piezoelectric po-
larization is added when it comes to III-V heterostructures like (In,Ga)N/GaN as
described in section 2.3. For example, a planar (Al,Ga)N layer grown on [0001]-
oriented GaN is tensile strained such that the vectors P, and P, point in the
same direction. In contrast, an (In,Ga)N layer grown on [0001]-oriented GaN
is under compressive strain and P, and P, point in opposite directions [71].
However, due to the larger lattice mismatch between GaN and InN [cf. sec-
tion 2.1], here, P, is significantly larger than in (A1,Ga)N/GaN heterostructures.

Strong internal electric fields cause a modulation of the band structure and,
thereby, induce a spatial separation of electrons and holes yielding a decreased
overlap of their respective wavefunctions. The consequences are low recombi-
nation rates and a weak optoelectronic performance. Hence, it is desirable to
manipulate the internal electric field and to either decrease its magnitude or to
even achieve its suppression.

As becomes clear from Eq. 2.3.2, the piezoelectric polarization can be influ-
enced by engineering the strain distribution in a heterostructure. For example,
considering an (In,Ga)N layer embedded into a planar [(}001 ]-oriented GaN ma-
trix, the polarization points along this polar axis and the piezoelectric polariza-
tion is influenced by the normal components of the strain tensor, only. These can
be modified by changing either the (In,Ga)N layer thickness or the incorporated
In content. If the total polarization is intended to be suppressed, P, = 0, the
spontaneous polarization has to be balanced by the piezoelectric polarization

Fop .= B - = e31(e1 + €3) + €a3es. (4.0.1)

In a planar system the parameter space for changing the In content and the layer
thickness is limited with respect to the demand of high crystal quality, because,
as mentioned at the end of section 2.1, after a critical layer thickness plastic
relaxation occurs.

In the following, the results obtained in chapter 3 are used to investigate the
electric potential in axial (In,Ga)N/GaN NWs. A particular interest will be put on
the question whether the possibility of tuning the character of ¢, from tensile to
compressive can be used to minimize the electric potential in axial (In,Ga)N/GaN
NWs. Additionally, the consequences for the optical performance are discussed.
Parts of this chapter have been published in Ref. [164].
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Figure 4.1 Sketch of the three investigated models. In (a) the material constants for GaN are
assumed to be valid throughout the nanowire and the presence of the (In,Ga)N segment is
solely implemented via lattice mismatch with the surrounding GaN matrix. In (b) the cylin-
drical shape of the nanowire is maintained, however, the material constants for GaN and
{In,Ga)N are applied. The most realistic scenario is described by model (c). Here, next to
a spatial variation of the material properties, the actual hexagonal shape of the NW is taken
into account.

(c)

4.1 The three investigated models

As discussed at the end of section 2.1, NWs are expected to be able to effec-
tively release strain by the deformation of their outer surface and, thereby, can
facilitate the incorporation of higher amounts of In without resulting in plastic
deformation. Moreover, as presented in chapter 3, by varying either NW radius
or the length of the (In,Ga)N segment at constant In content, the strain state of ¢,
can be tuned from tensile to compressive which offers a new degree of freedom
for strain engineering. However, the shear strains play a crucial role in the pro-
cess of strain relaxation which complicates the picture as the strain distribution is
highly inhomogeneous. Next to the beneficial elastic relaxation properties, a re-
duction of the built-in piezoelectric potential and, thus, the QCSE [8, 129, 165]
is expected. In fact, in literature even evidence for a vanishing QCSE is re-
ported [9, 166-168]. Due to spatial confinement and negligible surface poten-
tials [169] very thin NW's are of particular interest and have recently been fabri-
cated by either direct growth [170] or post-growth thermal decomposition [171].

In the presented study, an axial [0001]-oriented (In,Ga)N/GaN NW model
with a diameter of only 15 nm is considered. The thickness of the embedded
In,Ga; N disk will be denoted by ¢ and x is the In content. In Fig. 4.1, the
three models subject to the following discussion are sketched. In Fig. 4.1(a), the
simplifications necessary to compute the elastic strain distribution and electric
potential analytically are applied to the FEM model. These comprise a cylin-
drical shape and the assumption of uniform elastic, piezoelectric and dielectric
constants throughout the whole axial NW heterostructure. In general, the ma-
terial properties of GaN are chosen and the (In,Ga)N segment is modeled by
implementing a lattice mismatch with respect to GaN. Based on these simpli-
fications, exact solutions of both the elastic problem and the Poisson equation
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[cf. Eg. 2.3.8] can be achieved as presented in Refs. [129] and [172] which
can be compared to the respective results obtained via the FEM. The impact of
the first simplification, namely spatially constant material properties throughout
the NW, can be evaluated by comparing model (a) to model (b) in which the
cylindrical shape is maintained, however, the elastic, piezoelectric and dielectric
constants are chosen according to the materials GaN and (In,Ga)N. The most
realistic model is assumed in Fig. 4.1(c). Here, the actual hexagonal shape of
the NWs is taken into account additionally to a spatial variation of the material
constants.

4.2 Piezoelectric analysis with MSC.Marc2008rl|

Due to the fact that the piezoelectric analysis performed with the commercial
software package MSC.Marc20081l is not very well documented and involves
some important technical insights, the implementation will be elaborated in the
following using the example of an axial (In,Ga)N/GaN NW as introduced in
section 4.1. In MSC.Marc2008r] the piezoelectric analysis is implemented such
that nodal displacements and electric potential are solved simultaneously in a
fully coupled way. The constitutive equations for the stress-based piezoelectric
coupling are

og=C.e+e-E, (4.2.1)

for the mechanical behavior whereas o = C - £ is Hooke's law [cf. Eqg. 2.2.5],
e is the stress based piezoelectric coupling matrix [cf. Fig. 2.3.2] and E is the
electric field vector, and

D=e-e+k-E, (4.2.2)

for the electrostatic behavior, where D is the electric displacement vector and K
the permittivity. As introduced for a purely mechanical problem in section 2.4,
the piezoelectric analysis within MSC.Marc2008r] is formulated based on the
displacement method, too. Consequently, Eqgs. 4.2.1 and 4.2.2 are formulated in
integral form and virtual displacements, strains and electrical potentials are in-
troduced. Then the global equilibrium equation has to be rewritten as the sum of
equilibrium equations of each element and for the assemblage to a linear equation
system, the displacements, electrical potentials and strains have to be approxi-
mated by their nodal counterparts. A deeper insight about the technical back-
ground of the implementation of the piezoelectric analysis in MSC.Marc2008rl
can be found in Ref. [73]. The reader has to be aware of the fact that the following
outline will be specifically designed for implementing a piezoelectric analysis in
MSC.Marc2008r] and, consequently, the language used in the software will be
applied. Terms which refer to the implementation of the piezoelectric analysis
within MSC.Marc2008r1 will be highlighted in italic characters.

For a 3D model such as the axial NWs introduced section 4.1, the geomet-
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Figure 4.2 In (a) the outer surface of the full finite element method model is shown. The axial
{(In,Ga)N/GaN rod visible in pink is surrounded by vacuum colored in yellow. In (b) a top
view image is shown. Importantly, the lateral width of the vacuum has to be at least twice
the rod diameter. In (c) a perspective view inside the model is shown. Here, a part of the
{(In,Ga)N segment is visible which is colored in orange. The density of elements inside the
rod is significantly higher compared to the vacuum.

rical entities for the subdivision of the full object have to be hexahedra. In the
graphical interface MSC.Mentat this corresponds to choosing a 3D piezoelec-
tric element type with ID class: hex8 and ID type: 163. The model of the ax-
ial (In,Ga)N/GaN NW comprises three different material types as sketched in
Fig. 4.2: The (In,Ga)N segment which is colored orange in (c), the GaN matrix
shown in pink and the surrounding vacuum colored in yellow. In between the
outer surface of the NW and the extent of the vacuum has to be at least two times
the NW diameter in order ensure that the electric field decays sufficiently inside
the vacuum. Moreover, the distance along the z-direction between (In,Ga)N seg-
ment and the bottom and top facet of the NW has to be large enough such that the
piezoelectric field induced by the (In,Ga)N segment decays to a constant value.
The lateral density of the finite elements inside the rod is significantly higher
compared to the vacuum as visible, e. g., in Fig. 4.2(a) and (b). Additionally,
along the vertical direction the subdivision of elements in the (In,Ga)N segment
as well as in its vicinity is drastically increased in Fig. 4.2(a) and (c). This is
necessary to cover the full implication of the complex strain distribution in this
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region.

The material properties have to be assigned to each part of the model and for all
of them the anisotropic mechanical material type as well as the non-mechanical
material types electrostatic and piezoelectric have to be activated. For the vac-
uum the elasticity matrix as well as the piezoelectric coupling matrix are left
blank. However, the electrostatic properties are chosen as being isotropic and
the value of the vacuum permittivity has to be entered. For GaN and In,Ga; N
the elastic constants have to be entered into the elasticity matrix which is given
in Voigt notation [cf. Tab. 2.1] and, as mentioned in section 3.1, the entries for
the elastic constants cq4 and cgs have to be exchanged. The elastic constants for
In,Ga;_,N are obtained using Vegard’s law given by Eq. 2.1.4 whereas the elas-
tic constants of GaN and InN in the present study are taken from Ref. [173]. The
process of elastic strain relaxation is implemented via a virtual thermal expansion
of the FEM grid based on Eq. 3.1.1. Furthermore, due to the lattice mismatch of
about 10 % between GaN and InN, the anisotropic thermal expansion properties
have to be entered for example as a;; = 0 for GaN which serves as the reference
material and, e. g., &ty = ¥99 = ¥ = 0.04 for Ing 4Gay gN corresponding to an
In content of 40 % and a lattice mismatch of 4 %.

The piezoelectric properties are described by the piezoelectric coupling ma-
trix. Here, the stress-based option has to be selected and the components of the
third-rank tensor EJi j k] are mapped to matrix components using Tab. 2.1 with
[i,j,k]—=[,k]. As introduced in section 2.3, for the wurtzite crystal there ex-
ist five non-vanishing components in the piezoelectric coupling matrix whereas
there are only three different piezoelectric constants as shown in Eq. 2.3.4. Trans-
lated to the graphical interface MSC.Mentat this coupling matrices for GaN
and Inp 4GapsN are shown as screen-shots in Figs. 4.3(a) and (b), respectively.
Here, the piezoelectric constants are taken from Ref. [173] and entered in units
of 100 nm which has been defined to be equal to one FEM unit. The com-
ponents for Ing,GapgN are interpolated linearly. Moreover, as suggested in
Ref. [174] it is assumed that e;5; = e4; and, importantly, owing to the fact that
in MSC.Marc2008r1 the shear components of the elasticity tensor are defined via
Vo = 2e, with a € {4,5,6} [cf. section 2.2], the component e, has to be di-
vided by two. To finalize the material properties necessary for the piezoelectric
analysis the electrostatic properties for GaN and Ing 4Gag gN have to be specified.
As for the vacuum, the isotropic type is chosen and the values of the permittiv-
ity for GaN and InN are again taken from Ref. [173] and the permittivity for
Ing 4Gag gN is interpolated linearly.

A crucial step for the piezoelectric analysis with MSC.Marc2008r1 is to im-
pose the right boundary conditions which are all related to the electrostatic bound-
ary condition class. The employed boundary conditions are visualized in Fig. 4.4.
In Figs. 4.4(a) and (b), a fixed potential is implemented in the way that the nodal
coordinates which lie on the outer surface of the vacuum are set to zero. This
guarantees that the electric potential induced by the heterostructure NW inter-
acts with the vacuum and decays to zero with increasing distance from the NW
itself. This boundary condition can be interpreted as a radial constraint to the
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Figure 4.3 In (a) the piezoelectric coupling matrix as implemented in the graphical interface
MSC.Mentat is shown for GaN. In (b) the respective piezoelectric coupling matrix for
Iny 4Gag gN whereas the piezoelectric constants are interpolated linearly. Importantly, the
stress-based coupling matrix has to be used.

electric potential inherent to the NW. In Figs. 4.4(c) and (d) an axial constraint
is introduced. As discussed earlier an important property of IlI-nitride semi-
conductors is an inherent electric potential originating from a slight deviation
from the perfect wurtzite crystal structure. As a consequence atomic dipoles
form along the [0001]-direction giving rise to the macroscopic spontaneous po-
larization which in the presented model points along the vertical direction. The
electric potential caused by the spontaneous polarization is implemented into
the FEM model via face charges. These are placed on the bottom and top
facets of the (In,Ga)N segment as displayed in Figs. 4.4(c) and (d), respec-
tively. According to Ref. [173], the spontaneous polarizations are P.,(GaN) =
-0.034 C/m? and P,,(InN) =-0.042 C/m? which are used to obtain the one for the
In,Ga; 4N disk via linear interpolation given by P.,(In,Ga; _.N) = x- P.,(InN)
+ (1-x)P,(GaN). For example, assuming an In content of 40 %, the difference
P..(Ing 4GageN) - P.,(GaN) = 0.0032 C/m? serves as input for the face charge
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Figure 4.4 The boundary conditions applied to the piezoelectric analysis are visualized by blue
arrows. In (a) and (b) nodal boundary conditions are employed to all nodes on the outer
surface of vacuum. Here, the electric potential is set to zero. In (c) and (d) face charges are
placed on the top and bottom interfaces between (In,Ga)N segment and GaN matrix. This
mimics the presence of the spontaneous polarization. For a better visibility the GaN matrix
below (c) and above (d) the (In,Ga)N segment are not displayed.

boundary condition. On the top interface a face charge of -0.0032 C/m? is placed
and on the bottom interface a face charge of +0.0032C/m?. Eventually, this
induces an electrostatic field originating from the spontaneous polarization. In
Figs. 4.4(a) to (d), the boundary conditions are visualized by blue arrows. In
(a) and (b) the boundary condition is applied to nodes and in cases (c) and (d)
to faces. Consequently, the arrows point on nodes in the former case and on
element faces in the latter.

As becomes clear from Eqgs. 4.2.1 and 4.2.2, the strain is not only computed
on the basis of Hooke’s law but is modified by the presence of an internal elec-
tric field which alters the strain, too. An important consequence of the coupled
solution of nodal displacements and electric potential is that the resulting strain
distribution is slightly different to the one obtained within a purely elastic analy-
sis which has been applied for computing the strain fields presented in chapter 3.
Although the coupled solution of strain and electric potential seems to be the
more realistic scenario a separate simulation of both quantities is pursued. This
is due to the fact, that beforehand the FEM results of model (a) are compared
to analytic calculations of strains and electric potential according to Refs. [129]
and [172]. For the sake of comparability the simulations of the more complex
models (b) and (c) are performed in the same manner. Consequently, it is possi-
ble to analyze the impact of the simplifications necessary to compute strains and
electric potential analytically which will be discussed in the following section.

For solving the linear equation system the piezoelectric analysis class is se-
lected. In the menu for piezoelectric analysis options the advanced options are
selected as the assumed strain. Finally, the mudtifrontal sparse solver is chosen
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which is an iterative solver based on the decomposition of the stiffness matrix.

4.3 Dependence of the electric potential on the (In,Ga)N
segment dimension

To begin with, the strain distribution of an axial In,Ga; N segment with x
= 0.4 embedded into a GaN NW with hexagonal cross-section as sketched in
Fig. 4.1(c) shall be discussed. In Fig. 4.5, 2D vertical slices through the NW
center from corner to comer are shown in the vicinity of the (In,Ga)N segment.
In the top panel, the evolution of the in-plane strain distribution, &,, +¢,,, and in
the bottom panel the vertical normal component, ¢_,, are shown for an increasing
disk thickness £ from 0.5 to 6.5nm. For small thicknesses the elastic relaxation
occurs mainly at the outer side-facets and the center of the disk is subject to
a strain distribution that is very similar to the one of an equivalent planar sys-
tem. Here, the in-plane strain components show negative values corresponding
to compressive strain and e, is positive at all positions within the disk. However,
the picture changes with increasing disk thickness. As expected from the study
presented in chapter 3, a significant negative ., component is observed while the
ratio of NW radius and disk thickness approaches unity. Moreover, at the outer
surface of the disk large positive ¢,, induce a concave deformation of the NW
shape in the vicinity of the (In,Ga)N disk. At the same time the in-plane strain
loses its compressive character and tends towards tensile strain. In all cases,
however, the lattice mismatch between In,Ga; N and GaN induces significant
strains at the interfaces which are expected to modify the polarization potentials
and, thus, the electronic properties of the NW. It is important to note that the
strain profiles simulated for models (a) and (b) [cf. Fig. 4.1] are comparable to
the ones presented in Fig. 4.5 except for slightly larger local strains occurring in
the corners of the hexagonal NW's in contrast to those seen at the side-facets.

In order to compare the electric potentials inherent to the three models (a) to
(c) presented in Fig. 4.1, line profiles are extracted along the central axis verti-
cally through the NW center at r = 0 as well as along a parallel line at the NW sur-
face at r = R. The results are shown in Figs. 4.6(a) and (b), respectively, whereas
the underlying models comprise a 4.5 nm thick Ing 4Gag gN disk embedded into
a GaN NW with a diameter of 15nm. A first observation is that all three models
show qualitatively the same trends with deviations occurring mainly outside the
In,Ga; 4N disk near the interfaces. In particular, a discrepancy between model
(a) and models (b) and (c) is apparent. These deviations are a result of the fact
that for this approach, the elastic, piezoelectric, and dielectric constants through-
out the whole NW are assumed to be identical to those of GaN and the presence
of the (In,Ga)N disk is solely mediated by the implementation of a lattice mis-
match with the surrounding GaN matrix. In fact, the impact of using spatially
non-varying material constants as in model (a) becomes increasingly inaccurate
with increasing In content. However, the polarization potentials for models (b)
and (c), where spatially varying material parameters are implemented, are in very
good agreement. Consequently, the simplification of a cylindrical shape in con-
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Figure 4.5 Cross-section of in-plane (top) and out-of-plane (bottom) elastic sirain components
for different thicknesses ¢t of an Iny 4Ga, N disk embedded into a hexagonal GaN NW as
sketched in Fig. 4.1. For thin disks the strain distribution is similar to an equivalent planar
system, however, with increasing disk thickness large nepative e,;-values are observed in
the center of the disk which stands in stark contrast to planar systems where £, is positive
everywhere in the embedded layer.

trast to the actual hexagonal cross-section of the NWs appears to have only a
minor influence on the line profiles. For the sake of completeness it is worth
mentioning that the extrema of the polarization potential along an axis parallel
to the NW growth direction (r = R) are slightly larger near the corners as com-
pared to the ones near the center of a side-facet. This allows to conclude that
concerning the simplifications necessary for an analytic treatment of the prob-
lem the impact of the cylindrical shape is minor compared to the use of spatially
independent elastic constants which are largely responsible for the differences in
the electric potential outside the active layer.

In Fig. 4.7, the normalized global maximum value of the polarization poten-
tial, max(V;,)/x, is shown as a function of the QW thickness ¢ which increases
from 0.5 to 7nm. The polarization potential is simulated for a hexagonal NW
with a diameter of 15 nm corresponding to model (c) in Fig. 4.1. The evolution
of max(V,)/x is shown for an In content x of 20, 40 and 60 %, whereas the re-
spective curves are normalized with the assumed In content. By that it becomes
obvious that the absolute maximum of the polarization potential scales almost
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Figure 4.6 Line profiles of the electric potential in an axial Ing yGag gN/GaN nanowire he-
terostructure with a diameter of 15nm and a thickness of the Ing 4Gag N disk of 4.5 nm.
The underlying models (a) to (c) are visualized in Fig. 4.1. The line profiles in (a) are taken
along the central axis of the nanowire at r = 0 and in (b) at the surface for the cylindrical
models (a) and (b) or at the edge of the hexagonal cross-section of model (c) of the nanowire
atr=R.

linearly with the In content of the In,Ga;_,N disk and only small modifications
of the curve are seen for different In contents. In fact, in model (a) which cor-
responds to the analytic approach, the curves for different In contents are com-
pletely identical as the polarization potential scales strictly linearly with the In
content. Moreover, only small deviations are observed for the curves shown in
Fig. 4.7 when considering models (a) or (b) in comparison to model (c).

For an (In,Ga)N layer embedded into a planar GaN matrix a linear increase of
the polarization potential is expected with increasing thickness of the layer the
width. However, as can be seen in Fig. 4.7, for the investigated NW model a lin-
ear increase is observed only up to a thickness of about 2 nm and at a thickness of
about 4.5 nm max(V,) reaches its maximum after which a decrease is observed.
This behavior translates into a limitation of the range of accessible electron-hole
transition energies, as will be discussed in the section 4.4. At selected thick-
nesses the electric potential simulated using the FEM is shown in the insets in
Fig. 4.7. The 2D slices taken vertically through the NW from corner to corner
show a region in the vicinity of the QDs for the case of 40 % In. Apparently, for
thin disks the electric potential has its maximum at the central axis of the NW,
however, with increasing disk thickness the maximum shifts to the side-facets
for thick disks.

This behavior is contemplated more closely in a quantitative manner in Figs. 4.8
(a) and (b). In Fig. 4.8(a) the maximum value of the polarization potential,
max(}V}) is shown along the vertical axis of the NW at r = 0 (solid lines) as
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Figure 4.7 Overall maximum of the polarization potential divided by the respective In content as
a function of the disk thickness ¢. On the basis of model (c) in Fig. 4.1 max(Vp) was extracted
for In contents of 20, 40, and 60 %. The insets show a side-view of the polarization potential
for selected thicknesses for an In content of 40 %.

well as along a parallel line at the side-facet at r = R (dash-dotted lines) as a
function of the disk thickness t. The color coding corresponds to three different
In contents of 20, 40 and 60 %. For all In contents the largest maximum value
of max(}},) can be found at a thickness of approximately 2.5 nm followed by a
decrease of max(1}) to a minimum value at 4.5 (x = 20%), 5.5 (x =40 %), and
6.5nm (x = 60%). After this point, the maximum of the polarization potential
along the central axis of the NW increases again due to the spontaneous polariza-
tion. At the NW side-facet, the maximum of the electric potential has its largest
value for disk thicknesses of 4.5 nm.

Figure 4.8(b) shows the ratio &=max[Ve(r = 0))/max[Ve(r = R)] between the
maximum potential along the central axis and the one along a parallel axis at
the side-facets as a function of the disk thickness t. Until a thickness of about
2nm the maximum value along the central axis is larger compared to the one at
the side-facet. After this point this relationship is reversed. Eventually, above
a thickness of about 2 nm, the extrema of the potential are located increasingly
closer to the side-facets rather than at the central axis of the NW. Interestingly,
the curves overlap for all three In contents, however, above a thickness of 4.5 nm
a splitting of £ is observed. This splitting owes to the fact that the minima of
max(}}) along the central NW axis (r = 0) as shown in Fig. 4.8(a) occur at dif-
ferent thicknesses for the In contents considered.
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Figure 4.8 In (a) the maximum of the polarization potential along the central axis of the nanowire
(solid) and along a parallel line at the side-facet (r= R, dashed-dotted) is shown as a function
of the disk thickness t. The curves were simulated for model (c) in Fig. 4.1 and In contents of
20 (red), 40 (blue), and 60 % (black) were assumed. In (b) the ratio between the local maxima
of the polarization potential along central axis at r = () and along the side-facets at r = R of
the nanowire are shown as a function of the disk thickness t.

4.4 Consequences for the optical performance

The elastic strain components and the electric potential can serve as input for
subsequent calculations of the electron and hole single particle wavefunctions
and binding energies using an eight-band k - p model’ for wurtzite crystals as
described in Ref. [164] and references therein. Based on these simulations, con-
clusions about the impact of the above discussed dependence of the electric po-
tential on the NW geometry can be drawn with respect to the resulting electronic
properties which will be subject to the following discussion.

Figure 4.9 shows the energy difference between the electron and hole ground
states W o and V.0 as a function of the disk thickness. The simulations in-
clude the elastic properties and electric potential inherent to model (c) in Fig. 4.1,
however, the difference if the same plot would be generated for model (a) is mi-
nor. The electron-hole ground state transition energy is computed for different In
contents in steps of 20% In in the In,Ga; N disk from 20 up to 100 % In. The

!All presented k - p simulations are performed by Dr. O. Marquardt (Paul-Drude-Institut
Berlin).
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Figure 4.9 Electron-hole ground state transition energy in the In, Ga; . N/GaN nanowire het-
erostructure computed on the basis of the sirain distribution and eleciric potential simulated
by FEM for model (c) in Fig. 4.1 as a function of the disk thickness ¢. The assumed In content
x 15 indicated at each curve. For comparison, the transition energies for the limiting case of a
planar heterostructure with the same In contents are indicated by black dashed lines whereas
the gradations of gray indicate the assumed In content from light gray (20 %) to dark gray
(100 %).

dashed lines show the results for for a planar heterostructure with the same In
contents whose properties are projected on an equivalent NW geometry inducing
the same spatial confinement. Here, a linear relation of the transition energies
and an increasing In,Ga;_ N layer thickness is observed. The gray scale of the
shaded areas refers to a particular In content with light gray corresponding to
20 % In and dark gray to 100 % In.

As becomes clear in Fig. 4.1, the evolution of the transition energy with in-
creasing disk thickness ¢ differs drastically between the planar system and the
equivalent NW heterostructure. The linear decrease with layer thickness inher-
ent to planar systems owes to the QCSE. However, in case of NWs the transition
energies tend to saturate for thicker disks. In fact, this observation gives the im-
pression that the NW heterostructure eventually reaches a state which is free of
internal electrostatic fields or, in other words, it seems that the QCSE vanishes.
However, it is important to note that this saturation is not caused by a vanishing
internal electrostatic field but is due to the progressive elastic relaxation of strain
which results in a complicated interplay between an increasing vertical separa-
tion of electron and hole and a reduction of the polarization potential as discussed
in Fig 4.7. It is important to note that for the discussed structural parameters of
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the NW heterostructure the strain induced by the In,Ga; N disk is expected to
be accommodated elastically for the entire parameter range discussed in Fig. 4.9
[cf. Ref. [62]].

A fundamental consequence of the saturation of the transition energy for thicker
disks is, that, apparently, the range of accessible wavelength is limited and that
long wavelength emission requires a significantly higher In content compared to
an equivalent planar heterostructure system. For example, red emission at about
1.9eV is predicted to be achieved with a planar heterostructure containing 20 %
In at a layer thickness of about 3.5nm. A NW heterostructure emitting at this
wavelength and with the same layer thickness would require an In content of
about 45 %. Alternatively, it is possible to employ a 5.5 nm thick disk with an In
content of 40 % or a 1.5 nm thick disk with an In content of 60 %. In other words,
it is necessary to incorporate significantly larger amounts of In for achieving a
comparable emission wavelength with respect to the equivalent planar system.

Concerning the optical performance, the electron-hole overlap is a crucial pa-
rameter. Consequently, it is of great interest if the reduced electric potential
as observed in Fig. 4.7 leads to an improved electron-hole overlap in the dis-
cussed NW heterostructures in comparison to their planar equivalents. For that,
the material properties of a planar system are projected onto an equivalent NW
geometry to have the same spatial confinement. Here, the electron-hole overlap
@, defined as the product of the 3D electron and hole ground state charge densi-
ties [cf. Ref. [175]], is extremely small (1.17 x 10~7) for an emission at 1.9eV.
This result owes to the strong polarization potential. In comparison, looking at
Fig. 4.9, emission at the same energy is predicted for NW heterostructures with
an In content of 40 % and a 5.5 nm thick disk or 60% In and a disk thickness
of 1.5nm. For these two structures, values of 4.06 x 10~—° and 1.56 x 102
are obtained, respectively. Here, of course the thinner disk leads to a decreased
spatial separation and, thus, an improved overlap of electrons and holes along
the growth direction. The obtained values allow to draw a first, conclusion that
the electron-hole overlap is significantly improved compared to a planar layer
system emitting at the same wavelength.

To investigate the electron and hole charge density distribution and their over-
lap in more detail, a systematic study is presented in Fig. 4.10. Here, the electron
and hole ground state charge densities are shown for selected parameter sets
based on model (c) in Fig. 4.1. The electron charge density is colored in red, the
holes in blue and below that their respective overlap © is shown. In general, for
either thin disks or a low In content the electron is confined in the center of the
NW, as visible in Fig. 4.10. When increasing these two parameters, the electron
tends to be confined in the corners of the hexagonal NW. However, the confine-
ment of the hole proceeds in a more complex manner. Only when considering
a disk thickness of 0.5 nm and an In content of 20 % the hole is confined in the
NW center. With both, larger disk thickness and an increasing In content, the
hole tends to be more and more confined at the NW surface. Here, two cases
are observed: For example, for disk thicknesses of 4.5 and 6.5nm and an In
content of 6(00% the hole is confined at the corner whereas for example at disk



4.4 Consequences for the optical performance

t X 20% 40% 60%
vm [ " O B0
2.25%103 2.51=10—3 2.83x1073
- 80 00 00
770104 5.43%104 4.16x104
- 80 00 00
1.77 %104 6.19x10-5 5.64x 1075
= .‘ . _ \ . N
6.5 nm . . 3 3 )
7.89 105 2.75x1075 1.07x10-5

Figure 4.10 Systematic study of electron (red) and hole (blue) ground state charge densities for
different In contents and disk thicknesses in top-view. The number below the charge densities
indicates their respective overlap O.

thicknesses of 2.5nm the hole is confined at the side-facets as also reported in
Ref. [176]. Moreover, due to the drop of the polarization potential along the NW
axis visible in Fig. 4.6, the electron is confined at the top facet of the embedded
In,Ga;_,N disk, whereas the hole resides at its bottom. Consequently, the ver-
tical separation increases with increasing disk thickness yielding a reduction of
the overlap as is indeed visible in Fig. 4.10. Obviously, the fact that electrons
are generally confined at the corners whereas holes can either be located at the
corners or at the side-facets leads to the requirement of choosing a configuration
where the overlap of electron and hole is maximized. However, as this study sug-
gests, no simple monotonic trend for the electron-hole overlap as a function of
disk thickness and In content can be predicted and the optimal parameters have
to be found uniquely for each NW configuration which of course is an elaborate
procedure.






5 Scanning nanofocus x-ray diffraction on
individual (In,Ga)N/GaN micro-rods

The 3D device design of micro-rods in a core-shell geometry, offers a drastic
increase of the active area compared to the previously discussed axial NW's and
conventional planar films [103, 177-179]. Especially interesting are In,Ga; N
based devices where the incorporation of In from x = 0 to 1 allows to tune the
emitted wavelength through the visible spectrum as discussed in Fig. 2.2. Con-
sequently, these objects are discussed as the next generation of low cost, high
efficiency LED:s.

However up to now, a major drawback of these structures is that the efficiency
of conventional planar structures has not been reached yet. Reasons for that
might be on the one hand that the growth regimes are usually different to the
established ones used for planar structures [12]. On the other hand, conventional
characterization techniques become insufficient with decreasing homogeneity
within ensembles of low-dimensional objects as they lack either in resolution
or are time consuming. Actually, it becomes necessary to obtain information
about the morphology, the chemical composition and the resulting strain state of
individual objects to draw conclusions about the overall condition of an ensemble
and its optoelectronic performance.

In this respect, nanofocus x-ray diffraction with a resolution in the sub-pum
regime available at synchrotron sources has proven to be a powerful technique [37,
40, 47, 58]. In scanning nanofocus x-ray diffraction experiments, information
about the local strain state of individual objects within an ensemble has been re-
trieved [35, 36] and, recently, a 2D strain mapping scheme has been presented
allowing to investigate micro-rod ensembles [52]. Moreover, due to the high
spatial resolution, nanofocus x-ray diffraction investigations of the local strain
state in low-dimensional objects can be correlated to subsequent, e. g., electrical
or optical measurements performed on identical objects.

In this chapter, the strain field normal to the side-facets of three neighboring
core-shell (In,Ga)N/GaN rod LEDs is investigated exploiting nanofocus x-ray
diffraction. The strain state in individual facets of these rods is analyzed and cor-
related to representative spatially-resolved cathodoluminescence measurements
performed on rods from the same sample. The results are interpreted by em-
ploying the numerical FEM and subsequent kinematic scattering simulations as
introduced in sections 2.4 and 2.9, respectively. Parts of this chapter have been
published in Ref. [180].



5.1 The core-shell (In,Ga)N/GaN rods

Figure 5.1 Bird's eye view scanning electron micrograph recorded under a tilt of 30° of the
{In,Ga)N/GaN micro-rods as-grown (a). Next to the lamella trenches are visible as well as the
manipulator needle used for lifting out (b). Scanning electron micrograph of the embedded
sample mounted on a support (c), and scanning x-ray transmission image of the extracted
lamella containing a single row of free-standing rods recorded with 150 150 nm? spot size
{(d). The rods A, B and C have been investigated whereas the left facet of rod A is discussed
in particular. Here, the red dots indicate vertical sampling positions [cf. Fig. 5.9(a)]. The
horizontal white scale bars refer to 5 pm in all images.

5.1 The core-shell (In,Ga)N/GaN rods

The (In,Ga)N/GaN micro-rods presented in Fig. 5.1 are grown by selective area
metalorganic vapor phase epitaxy (MOVPE) on a GaN buffer layer on a AloO3
substrate’. A Si0, mask is deposited on top which is structured with holes of
800nm in diameter and a pitch of 2.4 uym. In this way, the rods grow at pre-
defined and well-ordered positions [cf. Fig. 5.1(a)]. For the growth of the n-
doped GaN core, trimethylgallium, NHs and SiH; is injected into the vertical
close coupled showerhead reactor. By the help of a low V/III ratio (33) and high
SiH4 flows (110 nmol/min in the first half of the growth, 16 nmol/min afterward)
the vertical growth is favored [181]. Subsequent to the core growth, the shell
layers of the LED structures are grown under standard layer conditions with high
V/II ratios. First, an unintentionally doped GaN shell is deposited. Following
this, a five-fold (In,Ga)N/GaN multi-quantum well (MQW) with an estimated
QW real temperature of 700°C and a Mg-doped p-GaN shell is grown. By an
in-situ annealing under H; free atmosphere, the p-GaN is activated.

In order to obtain information about individual rods, a focused Ga* ion beam
(FIB) is used to isolate a single row of neighboring, free-standing rods within a
lamella’. Here, the FIB is an ideal preparation technique as it allows a targeted

!'The investigated micro-rods are grown by the group of Prof. Dr. A. Waag (TU Braunschweig).
*The FIB preparation has been performed by Dr. M. Niehle (Paul-Drude-Institut Berlin).
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Figure 5.2 In (a) a photograph of the experimental setup at ID13 is shown. For a first alignment
of the sample an optical microscope has been employed. The detector is placed about 50cm
behind the sample and can be moved within the x-y-plane. In (b) the sample environment
is illustrated: On the hexapod an attocube is mounted with which the scanning movements
are performed. On top of the scanning motor a brass pin is placed which holds a Cu grid
as displayed in (c). In the optical microscope image (d), the lamella attached to one of the
labeled pins of the Cu grid can be seen.

isolation of low-dimensional objects with the additional freedom of choosing its
crystallographic orientation within a lamella [182]. For the FIB preparation, the
rods are embedded by epoxy glue diluted with acetone to reduce the viscosity.
For conductivity enhancement the glue is mixed with carbon black. The embed-
ded rods are protected by a carbon depot with which the first and last rod of the
lamella are also marked. Figure 5.1(b) shows a scanning electron microscope
(SEM) image of the lamella with trenches next to it. With a manipulator needle
the lamella is lifted out and mounted on a standard Cu grid, see Fig. 5.1(c). Us-
ing small beam sizes, fine polishing steps are performed to get rid of re-deposited
GaN crystallites on the lamella surface. Due to the short penetration depth into
the glue Ga atoms are not implanted into the rod themselves such that the active
regions are still functioning. The orientation of the rods within the lamella is
chosen in the way that an m-plane faces its neighboring m-plane such that the
strain along the (1010)-direction can be accessed.

5.2 Experimental setup at beamline ID13

Probing strain at the sub-um scale with hard x-rays remains a domain of synchro-
tron-based, highly specialized experimental stations. The presented experimen-
tal data are recorded at beamline ID13, ESRF, consisting of Si-based NFLs as
described in section 2.6 with which a spot size of 150x150nm? FWHM and a
photon flux of about 107 photons/second at 14.9 keV is realized. All diffraction
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patterns are recorded using an EIGER 4M detector which has been placed about
50cm away from the sample. This detector has a pixel size of 75x75 um?, a to-
tal number of pixels of 20702167 and a maximum frame rate of 750 Hz [183].
The lamella was initially aligned using an optical microscope and its adjustment
was further improved by scanning x-ray transmission. Employing the latter tech-
nique, the investigated lamella has been pictured and the result is presented in
Fig. 5.1(d).

Figure 5.2(a) shows a photograph of the used nanoprobe setup in the exper-
imental hutch of ID13 which is located about 100 m away from the undulator
source. The 2D detector can be positioned in the x-y-plane and an optical mi-
croscope can be moved downwards for pre-aligning the sample. In (b) it is illus-
trated that the sample is mounted on an attocube which consists of three orthog-
onal piezo-motors utilized for the scanning experiment. This motor provides an
accuracy of movements of about 10 nm and is placed on top of a hexapod which
next to movements in orthogonal directions also allows to correct tilting of the
sample. The sample holder is a specifically designed brass pin with an attached
metal plate such that a Cu grid as displayed in (c) can be clamped mechanically.
Behind the sample, a beam stop is installed to block the primary beam and to
prevent damaging of the detector. The Cu grid has three labeled pins and on one
of them the lamella is mounted as shown in the optical microscope image in (d).
The experimental hutch is air-conditioned providing a stable climate inside the
hutch with temperature fluctuations less than 100 mk.

5.3 Scanning nanofocus x-ray diffraction

To access the strain normal to the core-shell (In,Ga)N/GaN rod side-surface, two
sets of lattice planes can be probed in an x-ray diffraction experiment. The
{1010} m-planes with a normal vector standing orthogonal on the side-facets
and the {1120} a-planes [cf. Fig. 2.1]. The vector normal to the a-planes points
towards the corners of the hexagonal rod. While the x-ray beam diffracted on m-
planes is sensitive to the strain pointing normal to the side-facets, the x-ray beam
diffracted at a-planes is sensitive to the strain pointing towards the rod comers.

Figure 5.3 shows a stereographic projection of the reciprocal lattice of GaN
onto the [0001]-direction. The a-plane reflections are connected by green dashed
lines and the m-plane reflections by blue dashed lines. With respect to the sub-
strate surface, both directions correspond to the most non-coplanar case and the
corresponding scattering setup can be specified as GID. Due to the 3D geometry
of the rods, the angles «; and oy measured with respect to the substrate are even
exact zero such that the scattering plane lies parallel to the substrate surface. In
that sense, it might be more convenient to consider the GaN core as reference
for describing the scattering geometry which would mean that for measuring m-
plane reflections the setup can be characterized as symmetric and coplanar.

In all what follows in this chapter, the experimental data are related to nanofo-
cus x-ray diffraction experiments performed on {1010} lattice planes. In par-
ticular, the strain states of three neighboring rods labeled with A, B and C in
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Figure 5.3 Stereographic projection of the reciprocal lattice of Ill-nitrides onto the [0001]-
direction. The blue dashed lines connect the m-plane and the green dashed lines the a-plane
reflections. Both reflections are sensitive to the strain field normal to the side-surface of the
rods.

Fig. 5.1(d) are discussed. With a step size of 100nm, the x-ray beam has been
moved horizontally over the targets. At each position, angle-resolved maps have
been recorded to retrieve information about the strain induced by the MQW
which can be retrieved from the separation of GaN and (In,Ga)N-related peaks.
Here, a typical scan comprises 71 steps in horizontal direction and, at each posi-
tion, an angular interval of 5 © has been probed with a resolution of .05 ® whereas
an exposure time of 0.05 seconds has been applied. The described scan series has
been repeated at eight different heights spaced at intervals of about 1 um such
that the range from bottom to just below the tip of the rod is covered as indicated
by the red spots in the same figure.

An illustration of the scanning experiment using the example of one rod is pro-
vided in Fig. 5.4(a). Here, the indexes E1 to E7 refer to a horizontal move ment
of the x-ray probe across the object. Due to the spot size of about 150 150 nm?
the spatial resolution in horizontal direction is about 1:10 with respect to the rod
diameter. The shaded gray area indicates the scattering volume which is illumi-
nated by the x-ray beam and k; and k¢ depict the wavevectors of the incoming
and the scattered x-ray beam, respectively. Between positions E1 and E3 the
beam mainly illuminates the vicinity close to the (1010) m-facet and in particu-
lar the embedded MQW. In contrast, at the central location E4, exclusively areas
near the symmetry axis are probed, and eventually, from E3 to E7, the effective
scattering volume approaches the opposite MQW near the (1010) facet. More-
over, while the x-ray beam around position El is reflected in Bragg geometry,
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Figure 5.4 Sketch of the scattering volume at different beam positions on the rod (a). Here, k;
and k; depict the wavevectors of incident and diffracted x-ray beams with a connecting scat-
tering vector perpendicular to an m-plane, thus along [1010]. In the symmetric diffraction
regime the reciprocal space is probed along the radial, here the [1010] direction. In the recip-
rocal space map, the peak separation along the radial direction (gy,4) contains information
about the strain state whereas the angular direction (Qang) i strain-insensitive and mainly
influenced by the shape function of the rod. For the latter it is expected that the crystal trun-
cations rods appear in a six-armed star as sketched in (b) which originates from the hexagonal
cross-section of the rod.

the x-ray beam is transmitted through the rod for the following positions such
that the Laue case is established [cf. Fig. 2.5].

Figure 5.4(b) shows a representative reciprocal space map (RSM) which is
obtained from an angular scan at a fixed position on a rod. The wavevectors k;
and ks indicate the diffraction of the x-ray beam on a m-plane facet in Bragg
geometry. Both wavevectors define the scattering vector q [cf. Eq. 2.7.2] which
can be composed of a radial contribution, .4, and an angular contribution, Qap,.
When changing incident and exit angle in a symmetric diffraction setup, the mag-
nitude of the scattering vector q is changed and the reciprocal space is probed
along the radial, here the [1010] direction. Thereby, the length of the scattering
vector |q|=|k; — k;| changes and due to different lattice parameters of GaN and
(In,Ga)N one may expect to detect a separation of the corresponding Bragg re-
flections. In contrast, the (orthogonal) angular direction will be probed as long as
|q|= constant. This section of reciprocal space contains mainly information from
the rod shape. Here, one expects to see crystal truncation rods [cf. section 2.8]
with a star-like shape originating from the rod’s hexagonal cross-section. Indeed
this is observed when the intensity is displayed in logarithmic scale [see Fig. 5.6].

5.4 Data evaluation

Figure 5.5(a) shows a representative detector image with a clearly visible diffrac-
tion spot identified as the GaN (1010) Bragg reflection. The primary beam which
is blocked by the beam stop lies in the same horizontal plane as the diffraction
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spot. The region of interest marked with a red box (ROI 1) is used to create the
composite image of a complete scan series as shown in Fig. 5.5(b). A scan series
comprises 71 positions in steps of 100 nm in y-direction, which corresponds to
the horizontal movement of the three rods A, B and C through the x-ray beam.
At each position the incident angle is varied in steps of 0.05° over an interval
of 5° resulting in 101 angular positions. Consequently, a full scanning series
at one constant height comprises 7171 detector images. The composite image
now shows the intensity in the same ROI for each individual detector frame of a
full scanning series. The position of each individual ROI within the composite
image is determined by its ©-value as well as its horizontal y-position. In other
words, for a fixed y-position ROIs along the vertical axis show the evolution of
the detected intensity in steps of 0.05°.

Starting inside the glue, rod A moves horizontally towards the x-ray beam and
after approximately 1 um the outer facet is reached. After a further shift of about
1.5 um the x-ray beam leaves rod A and passes between rods A and B. With
increasing y-positions, the x-ray beam reaches rods B and C. In vertical direction,
the detected intensity within the ROI increases and slightly above the middle of
the plot, the ROI is related to a ©-value for which the Bragg condition for the
GaN (1010) reflection is met resulting in the most intense peak. Interestingly,
while the Bragg condition for rods A and B is met for the same O-value, the
Bragg condition for rod C is fulfilled 0.1 ° earlier. A possible explanation could
be a slight tilt of rod C with respect to rods A and B.

The detector images are not yet conformal and have to be transformed into
reciprocal space coordinates for evaluating the experimental data. In fact, from a
set of angular-resolved detector frames belonging to the same y-position a RSM
can be constructed in the way outlined in the following. In a first step, the inten-
sity line profile of a single detector frame is obtained which is shown using the
example of Fig. 5.5(a). Here, the ROI in blue (ROI 2) is used and the intensity
of all pixels within ROI 2 are summed up in vertical direction. The summation
comprises about 3 pixels in vertical direction which corresponds to an integration
over approximately 0.0003 A—! in vertical direction. For this task, a specifically
developed source code for the open source software package Imagel is applied.
Eventually, the assemblage of all line profiles of one angular-resolved scan series
at a fixed y-position represents a 2D angular-resolved map of the intensity around
a Bragg peak. Afterward, the transformation into reciprocal space coordinates is
done via

2
Qrad = Tﬂ[sinl[ai} +sin(ay)] , (5.4.1)
2w
Quns. = 3-lcos(as) — cos(an)]
where o; and o are defined with respect to the side-facet and are given by

o = —[b—0Op)*7+6p—[a—0.]*AO,
oy = [a—OE]*ﬂB-I—BB.
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Figure 5.5 In (a) a representative detector image in Bragg condition for the GaN (1010) reflection
is shown. The primary beam lies in the same horizontal plane as the diffracted x-ray beam but
is blocked by the beam stop. By extracting ROl 1 from all images of a scanning series (7171
frames) a composite image can be constructed (b) where the vertical axis gives the angular
scanning resolution and the horizontal axis the spatial scanning resolution which has been
applied to the x-ray beam horizontal movement across rods A, B and C. The blue box labeled
with ROl 2 shows the area over which the intensity has been vertically integrated to construct

reciprocal space maps.

Here, a is the pixel number in horizontal direction with the largest value corre-
sponding to the total number of detector frames. The pixel number in vertical
direction is denoted by b whereas, here, the maximum value corresponds to the
number of pixels along the horizontal direction in ROI 2. The offsets O, and Oy
in a and b, respectively, are measured with respect to the position of the GaN
(1010) peak. Furthermore, the step size A@ is given by the angular resolution of
the scan, here, 0.05° and the number of pixels per degree, 7, can be calculated
from the pixel size of the detector and the distance between detector and sample.

In Fig. 5.6, a sequence of RSMs is presented which corresponds to scanning
positions in y-direction over rod A in steps of 100 nm [cf. Fig. 5.5(b)] at a height
just below the tip. From left to right the RSMs display the diffracted intensity
of the GaN (1010) Bragg reflection starting at the left facet and moving to the
right facet. The intensity is shown in logarithmic scale and the diffusely scattered
intensity around the GaN (1010) peak shows the CTRs in form of a six-armed star
representing the hexagonal cross-section of the rod. Interestingly, all six CTRs
are only clearly visible at the outer rod positions corresponding to the left and
right facet. Moreover, the strong intensity modulation along Qrad at Qang = 0 is
mainly visible at these positions, too, and vanishes if the x-ray beam is diffracted
in the rod center. These observations will be elaborated in the following section.
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Figure 5.6 Reciprocal space maps of the scatiered intensity in logarithmic scale at different hor-
izontal positions on rod A. The reciprocal space maps from left to right correspond to a
movement of rod A with respect to the x-ray beam, accordingly. The horizontal transla-
tion in steps of 100 nm has been performed at a constant height just below the tip of rod A.
The diffusely scattered intensity around the main GaN (1010) Bragg reflection displays the
hexagonal cross-section of the rod in form of crystal truncation rods.

5.5 Results and discussion

Figure 5.7(a) shows a representative excerpt of the measured RSMs retrieved
from rod A at its highest position in Fig. 5.1(d). All RSMs contain a contribu-
tion at the nominal position for relaxed GaN at q,.4 = 2.277 A-1. However, at
smaller q,.q a pronounced peak related to (In,Ga)N is only detected at positions
El and E7 and looses intensity while the beam moves towards the rod center
[cf. Fig. 5.6]. At position E4, where the x-ray beam hits the symmetry axis, the
contribution vanishes completely.

This can be understood by looking at the strain map [cf. Fig. 5.8] as simu-
lated by the FEM using the commercial package MSC.Marc2008rl. Here, the
£, component of the fotal strain tensor is displayed which takes relaxed GaN as
reference. In the simulation, a constant QW thickness of 3 nm and an In content
of 10 % is assumed. The elastic constants are taken from Ref. [152], while for the
ternary (In,Ga)N alloy they are obtained via linear interpolation following Veg-
ard’s law [cf. Eq. 2.1.4]. Noteworthy to say that the inherent six-fold symmetry
of the problem is virtually reduced to a two-fold symmetry as soon as plotted in
Cartesian coordinates. However, if the incident plane wave is diffracted on the
{1010} 1attice planes, i.e., along the x-axis, &, maps directly the strain compo-
nent to which the x-ray beam is sensitive to.

In orthogonal coordinates, the two opposing m-facets parallel to the y-axis
have zero contribution in &y, such that £, is maximal. The surface normals of
the four m-facets in between are a superposition of x- and y-direction, result-
ing in NON-zero €, and &,, components. This explains the smaller values for
€+ inherent to the four inclined side-facets as visible in Fig. 5.8. Comparing
the strain map with the volume illuminated by the x-ray beam [cf. Fig. 5.4(a)]
indicates that at position E1 the MQW in the (1010)-facet is covered - an area
where &£, approaches its maximum. At position E4, however, the x-ray beam
illuminates a volume where &, is considerably smaller. That is why the separa-
tion between GaN and (In,Ga)N peak decreases and cannot be resolved anymore.
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Figure 5.7 In (a) experimental reciprocal space maps measured at different horizontal positions
are shown. The positions correspond to the sketch in Fig. 5.4(a). In radial direction a sepa-
ration between (In,Ga)N and GaN peak is expected as indeed visible at positions E1 and E7.
However, this contribution completely vanishes at position E4 which is a ceniral position on
the rod. In (b) simulated scattering patterns are depicted which are computed using Eq. 5.5.2.
Here, positions 51, 54, 57 correspond to positions E1, E4, E7 and show good agreement to
the measured reciprocal space maps.

When reaching the opposing facet at E7, €., becomes maximal again while &,
vanishes. Hence, the (In,Ga)N peak reappears. This indicates that the resolution
of the x-ray beam allows to distinguish the strain field in individual facets.

To confirm this interpretation, kinematic scattering simulations are performed
which include the displacement field obtained by FEM. In the limit of weak pho-
ton scattering, which is justified for low-dimensional structures, the kinematic
scattering approach is particularly powerful for simulating intensity patterns of
diffusely scattered x-rays as introduced in section 2.9. In order to mimic the situ-
ation of the performed nanofocus x-ray diffraction experiment a Gaussian beam

profile

=L | i
G(p,0) = Jﬁgﬂp [ 552 ] (5.5.1)
is appended to the kinematic sum [cf. section 2.9]

2

I(q) o< (5.5.2)

> G(p,0)f(a)expliq - (r; +u(r;))]

which makes it possible to position the beam center with g and to tune the
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Figure 5.8 Top-view image of the total strain component e, as derived by finite element method
assuming an embedded, symmeitric five-fold GaN/(In,Ga)N MOQW containing 10 % In and a
QW thickness of 3 nm. Importanily, the sirain component is shown in Cartesian coordinates
yielding a two-fold symmetry. This component is of particular interest as it displays the
deformation along the facet normal to which an x-ray beam scatiered, e. g., on the (1010)-
facet is sensitive to.

FWHM which is related to the variance o via o=FWHM/2In(2). In the kine-
matic sum q = (q,, q,, q,) denotes the scattering vector, f;(q) is the atomic form
factor, and r; points towards the individual atoms [cf. section 2.9]. The atomic
displacement u(r;) is retrieved via interpolation of the atomic coordinates r; with
the displacement field u obtained from FEM.

Figure 5.7(b) shows three simulated RSMs based on Eq. 5.5.2 matching po-
sitions E1 (S1), E4 (54) and E7 (S7) of Fig. 5.7(a). At positions S1 and S7,
the modulation of the x-ray diffraction pattern due to elastic strain caused by the
MQW is clearly visible. It is this modulation which vanishes in S4, where the
beam is positioned in the rod center. The good agreement between experiment
and simulations allows to conclude that the x-ray beam is actually sensitive to
the local strain field induced by a MQW in a single facet. Moreover, it indicates
that the MQW is strained in the direction normal to the side-facet. Further ev-
idence for the beam position on the rod is the appearance and disappearance of
CTRs, which can be related to the illuminated side-facets [59]. All six CTRs
become only visible, if the beam illuminates three neighboring side-facets si-
multaneously [cf. S1 and S7]. Moreover, this phenomenon can be observed in
Fig. 5.6 which shows the CTRs in a more pronounced way due to the applied
logarithmic scale.

By moving the x-ray beam vertically along the rod it is possible to detect
fluctuations of the local strain field in individual side-facets. Figure 5.9(a) shows
line profiles of the scattered intensity along [1010], which is the strain sensitive
Qraa direction. The line profiles are extracted from experimental RSMs taken
at eight different heights in steps of about 1 pm on the left facet of rod A as
indicated by the red spots in Fig. 5.1(d). As expected from the FEM simulations,
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Figure 5.9 In (a) a sequence of line profiles along Qraq (Qang = 0) extracted from measured re-
ciprocal space maps at the positions indicated by the red spots in Fig. 5.1(d) are shown. In
(b) simulated line profiles along the same direction for different In contents ranging from 0
to 20 % are presented. The dashed black lines are a guide to the eye indicating the position
of the (In,Ga)N-related peak with respect to the rod height (a) and the In content (b). The
(In,Ga)N peak positions at different heights in (a) can be directly translated - via solid white
arrow lines - into different In contents (b).

a peak at the g;.q-value for relaxed GaN is visible at all line profiles. However,
for the bottom 3 pum it is not possible to detect any (In,Ga)N-related contribution.
Only beyond this level a weak fingerprint, just below the GaN peak, appears and
shifts to smaller q,.4-values with increasing scanning height. This means that the
magnitude of the strain normal to the side-facet increases gradually along the nid
height.

Figure 5.10 presents RSMs extracted from positions on the left and right facets
of rods A, B and C for seven different rod heights. For all three rods the bottom
two RSMs provide hardly any indication for an (In,Ga)N-related peak which is
expected to appear below the GaN (1010) reflection. However, starting approxi-
mately at the middle, another reflection just below the GaN peak can be observed.
Its position moves to lower q,.4-values depicting that the magnitude of the strain
normal to the side-facet increases along the rod height. As this behavior is well
reproduced for all investigated facets of rods A, B and C the detailed investi-
gation of the left facet of rod A [cf. Fig. 5.9] can be seen as a representative
study.

In order to find the origin of the observed strain gradient, the dependency of
the peak position on the In content as well as on the QW thickness has been
simulated employing Eq. 5.5.2. Via transmission electron microscopy analysis,
a QW width of about (3 &+ 1) nm has been observed. However, a fluctuation of
the width by £1 nm is found to have a weak influence on the diffraction pat-
tern and the (In,Ga)N peak position. Moreover, FEM simulations confirm that
a QW thickness variation in the order of 1 nm changes the maximum value of
€xx only by a very small amount (0.002 %), thus approaching the planar case at
the facet center. However, a change of the chemical composition has indeed a
strong impact on the (In,Ga)N peak position as the subsequent replacement of
Ga by In atoms directly increases the lattice mismatch with the surrounding GaN
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Figure 5.10 The measured diffusely scattered intensity around the GaN (1010) reflection is
shown in reciprocal space maps which have been recorded at the left and right facets of
rods A, B and C. The beam positions are indicated by the white spots whereas the red spots
correspond to positions of Fig. 5.9. In the lower part of the rods, there is hardly any indication
for an (In,Ga)N-related reflection. However, starting approximately in the middle of the rods
a second peak appears below the GaN reflection which can be attributed to the (In,Ga)N multi
quantum well. Its position moves to lower graq-values indicating that the magnitude of the
strain normal to the side-facet increases along the rod height.

matrix. This correlation can be directly seen in the simulated line profiles shown
in Fig. 5.9(b). Here, the scattered intensity is plotted as a function of the In con-
tent and q,,4. The beam position on the rod is chosen such that the maximum
of the beam profile is placed in the middle of the MQW embedded close to the
(1010)-facet, corresponding to position E1 in Fig. 5.7(a). The GaN contribution
stays at a constant q,.4-value, however, as soon as the five-fold (In,Ga)N MQW
is considered the GaN peak smears out due to interference effects. Moreover,
the (In,Ga)N peak, appearing below the GaN bulk contribution, bends towards
smaller qy.4-values with increasing In content. As a guide for the eyes the dashed
line in Fig. 5.9(b) follows the maximum of the (In,Ga)N-related peak. The mod-
ulation along qy.q (for a fixed In content) is due to the shape function matching
the periodicity of the outer p-type GaN shell of about 70 nm thickness. On the
basis of kinematic scattering simulations shown in Fig. 5.9(b) it is possible to
conclude that the In content x in the In,Ga; N MQW changes from about 4+1
to 131 % over a height of 4 um which is indicated by the white arrows. A pos-
sible scenario to explain this effect is the high density of rods which induces a
diffusion gradient in the gas phase during the MQW growth. Due to the fact,
that the GaN core is grown first and then overgrown by (In,Ga)N and GaN shells
suggests that the diffusion length of In atoms on rod side-facets is too short in
order to establish a homogeneous In distribution over the total rod height within
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Figure 5.11 A spatially-resolved sequence of cathodoluminescence spectra (line scan) of a rep-
resentative core-shell (In,Ga)N/GaN micro-rod is shown. Hereby, the intensity is plotted as
a function of the emitted wavelength versus the rod height. At a wavelength of 365 nm the
near-band-edge luminescence of GaN is observed. Starting at a wavelength of about 390 nm
the emission from the multi quantum well can be seen which is red-shified up to 440 nm along
the rod height as indicated by the dashed line. The line (f) marks the onset of the top region
where r-planes form the rod tip. Here, emission at an even higher wavelength is observed.

the (In,Ga)N QWs.

The gradient in the In content along the rod height has a significant impact on
the optical performance of the LED. Figure 5.11 shows representative cathodo-
luminescence (CL) spectra’ from line scans along a single rod obtained at a
substrate tilt of 30° by exciting small regions of about 0.01 um? with an elec-
tron probe of 15keV and about 170 pA. At a wavelength of 365nm the near-
band-edge luminescence from GaN is visible. In the bottom region of the rod,
the MQW emits at a wavelength of 390nm. Above a height of approximately
2 pm the emitted wavelength is gradually red-shifted to larger wavelengths up to
440 nm at the top of the sidewall. Due to the orientation dependent growth mech-
anism, the In incorporation on the r-planes at the rod tip proceeds in a different
fashion compared to the side-facets. Here, a higher In content is observed as well
as a smaller QW width. This results in an emission at even higher wavelength,
here at about 450 nm. At a wavelength of about 500 nm yellow luminescence
resulting from point defects inside the GaN matrix can be observed [184]. The
overall trend shown in Fig. 5.11 has been observed for all investigated individ-
ual LED-rods at different positions on the wafer and agrees very well with the
investigation of the strain field via nanofocus x-ray diffraction [cf. Fig. 5.9].

5.6 Concluding remarks

In this chapter, a spatially-resolved investigation of the local strain field in indi-
vidual core-shell (In,Ga)N/ GaN micro-rods using nanofocus x-ray diffraction is

*The cathodoluminescence spectra have been recorded by Dr. J. Ledig (TU Braunschweig).



5.6 Concluding remarks

presented. The resolution of about 1:10 of the spot size with respect to the rod
diameter and an even better resolution along the rod height allows to analyze the
local strain field normal to the side-facets within individual facets and to detect
a significant strain gradient in the MQW along the rod height. With supporting
FEM and subsequent kinematic scattering simulations it is possible to identify a
gradient in the In content along the rod height as the origin. The strain analysis
has been complemented with spatially-resolved CL measurements showing that
the strain gradient can be directly correlated to a significant red-shift of the MQW
emission wavelength along the rod height. Eventually, the presented results con-
firm that the sub-pm resolution available at synchrotron sources provides an ideal
technique to locally analyze pm-sized individual objects.






6 Analysis of structure and composition of an
individual (In,Ga)N/GaN rod side-facet

The previous chapter has been concluded with the determination of the In con-
tent in (In,Ga)N/GaN rods which remains an ongoing challenging task. Further-
more, nanofocus x-ray diffraction has proven to be a highly suitable technique
to access the local strain field in individual side-facets of core-shell micro-rods.
The thereby observed strain gradient has been attributed to fluctuations of the
chemical composition. However, if structural inhomogeneities of the core-shell
structure are significant they also have to be considered for determining the In
content. Especially, the QW width is of particular importance as it represents
an additional parameter which alters the strain state and, thus, can be used to
engineer the band gap [92, 185]. Consequently, next to a homogeneous In dis-
tribution it is important to control the QW width during the fabrication process.
A direct imaging of structural parameters is possible using, e. g., high-angle an-
nular dark-field scanning transmission electron microscopy (HAADF STEM).
Here, however, the sample preparation is destructive and the field-of-view lim-
ited.

This triggers the idea of combining nanofocus x-ray diffraction and reflectiv-
ity. If both experiments are performed on the same side-facet of an individual rod
at the very same position it should be possible to correlate the strain measured by
x-ray diffraction and the structural parameters obtained via x-ray reflectivity. If
the structural parameters are well known they can serve as input for constructing
a model of the rod within the FEM approach. With the prerequisite of purely
elastic strain relaxation and a homogeneous distribution of In atoms, the In con-
tent then remains the only free parameter to tune the strain state. This can be
exploited to fit subsequently performed kinematic scattering simulation to the
experimental data and, thereby, to determine the In content with a significantly
improved accuracy.

Building up on the experiments presented in chapter 5, this chapter deals with
the investigation of a two-fold (In,Ga)N QW embedded into a GaN matrix in a
core-shell micro-rod geometry. At distinct positions on one individual side-facet,
nanofocus x-ray diffraction and reflectivity experiments are performed in order
to analyze the structure and chemical composition of the side-facet with spatial
resolution. The results are interpreted by comparing the experimental data to
kinematic scattering simulations based on the strain induced deformation field
computed using the FEM. Furthermore, results from HAADF STEM measure-
ments which have been performed on a series of rods from the very same sample
complement the synchrotron experiments. Parts of this chapter have been pub-
lished in Ref. [186].



6.1 Growth and sample preparation of (In,Ga)N/GaN micro-rods

Figure 6.1 Scanning electron microscope micrograph of the as-grown (In,Ga)N/GaN core-shell
micro-rods (a). Before focused ion beam preparation the rods have been embedded into
polymer glue. To isolate a lamella, trenches are cut as seen in (b). Finally, the isolated rod
is mounted on a Cu grid (c). In (d) the Ga K« fluorescence is shown in a map recorded by
scanning the nanofocus x-ray beam over the sample. On top of the glue (about 2 pm above
the rod) a Ga droplet resulting from focused ion beam preparation can be observed. The white
scale bar refers to a length of 5 pm.

6.1 Growth and sample preparation of (In,Ga)N/GaN
micro-rods

The (In,Ga)N/GaN core-shell micro-rods comprise an n-doped GaN core sur-
rounded by two 5 nm thick (In,Ga)N QWs with an intended In content of about
309%. In between the double quantum well (DQW), a GaN barrier of Snm is
grown and a p-doped GaN shell of 100 nm surrounds the DQW. The rods are
grown by selective area metalorganic vapor phase epitaxy (MOVPE) in a close-
coupled showerhead reactor under continuous growth mode’. The template con-
sists of a 30 nm thick SiO, mask on a GaN buffer layer on [0001]-oriented sap-
phire. Holes in the dielectric mask are produced by photolithography and re-
active ion etching by inductively coupled plasma. These holes have diameters
of 800nm defining the width of the GaN core and are arranged in a hexago-
nal pattern with a pitch of 2.4 um determining the rod distribution as shown in
Fig. 6.1(a). The template has been heated up in the reactor under N, carrier
gas. Then, a short growth step under high V/III ratio of 1000 and under H,
carrier gas is performed to start the growth of the GaN cores in the hole open-
ings. Subsequently, the 3D-growth-step of the micro-rods is carried out under
low V/III ratio of 77 and a SiH, flow of 37 nmol/min for an n-type doping and
an increased vertical growth rate [187, 188]. The temperature during this 20 min

!'The investigated micro-rods are grown by the group of Prof. Dr. A. Waag (TU Braunschweig).
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6.2 Experimental setup at beamline P06

long step has been held at 1060 °C. The shell growth steps are again conducted at
a high V/II ratio: Starting with a low- and high-temperature GaN spacer layer,
continuing with two QWs which are separated by a GaN barrier and terminat-
ing with several Mg-doped GaN layers for p-type doping. Both QW's are grown
at a real temperature of 690°C. After the growth, an in-situ annealing has been
performed for 10 min at 770°C in order to activate the Mg dopants.

Using a Ga* FIB, a single rod is extracted from the sample”. To protect the
rod from Ga implantation, the sample is embedded in epoxy glue diluted with
acetone to reduce the viscosity. With a carbon depot on top, the conductivity is
increased such that charging of the sample is alleviated. In a first step, trenches
are cut next to the lamella as seen in the SEM micrograph shown in Fig. 6.1(b).
With a manipulator needle, the lamella containing several rods is lifted out and
mounted on a copper grid commonly used for transmission electron microscopy
experiments [cf. Fig. 5.2(c)]. In a series of final fine-polishing steps, the inves-
tigated rod shown in Fig. 6.1(c) is isolated and cleaned from re-deposited GaN
crystallites [182]. The FIB preparation ensures that the detected x-ray scatter-
ing signal stems from the single object, only, and that it is not superimposed by
potential neighbors.

6.2 Experimental setup at beamline P06

To investigate the local strain field in nm-sized structures one usually relies on
highly specialized nanofocus x-ray diffraction setups available at 3*9-generation
synchrotrons. The data presented in this chapter have been recorded at the
nanoprobe beamline PO6 at PETRAIII at DESY in Hamburg, Germany [139],
where a focus size of 80x90nm? is reached using nanofocusing refractive x-ray
lenses as introduced in section 2.6. With an additional pre-focusing lens a photon
flux of about 10° photons/sec is generated at a photon energy of 17 keV.

Figure 6.2 shows photographs taken at different perspectives of the experi-
mental hutch of beamline P06. On the right hand side in (a), the vacuum pipe
through which the x-ray beam enters the experimental hutch is visible. The case
in the middle of the photograph hosts the sample environment. Everything is
mounted on a massive block of granite to minimize the influence of vibrations.
Upon a separate block of granite, the detector table is placed. In the presented
photographs, the detector is positioned at a distance of 2 m with a scattering an-
gle of about 16° which corresponds to two times the Bragg angle of the GaN
(1010) reflection at 17 keV. All x-ray diffraction data presented in this chapter
are recorded using a PILATUS 300K 2D-area detector. This detector comprises
a pixel size of 172x172 um? with a dynamic range of 20 bits and a format of
487619 pixels [189]. In (b) the optical microscope is visible which is used for
pre-aligning the sample in the focus point of the x-ray beam. Moreover, from
this angle of view a first impression of the sample environment can be gained.
The latter is once again visible in an enlarged photograph in (c). As described in

’The FIB preparation has been performed by Dr. M. Niehle (Paul-Drude-Institut Berlin).
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6.3 X-ray diffraction with sub-100 nm spatial resolution

Figure 6.2 Different views of the experimental hutch at beamline P06 at PETRAIIL, DESY. In
(a) the vacuum pipe can be seen through which the x-ray beam enters the experimental hutch.
The 2D-detector is positioned 2m away from the sample which is mounted inside the box
on the detector table visible on the right in (b). Next to the area-detector a pin diode and an
optical microscope are used. In (c) an enlarged view of the sample environment is shown.
As at beamline ID13 the scanning is performed by an attocube [cf. section 5.2]. A sample
holder made of brass holds the copper grid on which the single micro-rod is mounted. The
fluorescence detector left of the detector window is used for positioning the x-ray beam on
the micro-rod.

section 5.2, the sample holder is made of brass and the copper grid on which the
single rod is mounted is clamped by a metal plate. The scanning is performed
with an attocube which contains several piezo-motors. In contrast to the setup
at ID13 there is no hexapod to compensate tilting of the sample, however, as
visible in (c) within the range of several degrees this could be done directly with
the attocube. As a consequence, the motor movements in the experiments are
done using virtual axis. On the left, the detector window of a vortex fluorescence
detector is visible which is used for positioning the x-ray beam on the rod.

6.3 X-ray diffraction with sub-100 nm spatial resolution

In a first step, an optical microscope is used to align the sample in the focus
point of the x-ray beam which was found via a ptychographic reconstruction of
a Siemens star. For a more accurate positioning of the beam on the rod-facet,
x-ray fluorescence is employed. A Ga Ko fluorescence intensity map of the rod
is shown in Fig. 6.1(d) and Fig. 6.3(a). In the latter image, two dashed lines are
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6.3 X-ray diffraction with sub-100 nm spatial resolution
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Figure 6.3 In (a), a spatially-resolved map of the Ga Ko fluorescence intensity is shown. The
blue dashed line indicates the direction along which the line profile shown in (b) is recorded
(step size 100 nm) and reveals the horizontal profile of the rod from which a diameter of about
1.4 pm can be retrieved. In (c) the Ga K« fluorescence intensity is shown as a function of the
rod height as indicated by the red dashed line in (a). The highest detected intensity between
0 and 2 pm is attributed to the GaN buffer layer. Between 2 and 8 pm extends the micro-rod.

The peak between about 9 and 10 pm corresponds to a Ga droplet which is deposited on top
of the glue during FIB preparation.

drawn which indicate how the x-ray beam has been positioned on the rod. In
Fig. 6.3(b) a line profile of the Ga Ko, fluorescence intensity is shown which
is recorded along a horizontal line over the rod as indicated by the blue dashed
line. With the applied step size of 100nm a rod diameter of about 1.4 pm can
be retrieved. Furthermore, the red dashed line shown in (a) results in the line
profile in (c) of the Ga Ko fluorescence intensity as a function of the rod height.
The rods are grown on a GaN buffer layer explaining the high intensity from 0
to 2 um followed by the rod itself which extends from 2 to 8 um. Here, from
about 7 to 8 um, one can see the rod tip. Consequently, the overall height is
about 6 um. Between about 9 to 10 pm again higher intensity is detected which
originates from the Ga droplet which has been deposited on top of the glue during
FIB preparation. A first interesting observation is an increasing intensity along
the rod length from bottom to top. This indicates that there is less material at the
bottom compared to the top part and fits to the observation of an increasing rod
diameter from bottom to top as seen with SEM. Based on line scans comparable
to (c) the vertical position of the x-ray beam on the rod has been determined
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6.3 X-ray diffraction with sub-100 nm spatial resolution
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Figure 6.4 Sketch of the applied diffraction geometry. To investigate the strain field normal to
the m-plane facet the hexagonal (1100) reflection was measured. The diffraction plane lies
parallel to the substrate surface and is spanned by the incoming beam k; and the diffracted
beam kg, defining the scattering vector @ = ky — k;. The measurements were performed
at four heights labeled with (a), (b), (c), and (d). These labels refer to all in the following
presented data.

whereas horizontal line scans as shown in (b) are used to position the x-ray beam
on the side-facet. Here, the inflection point, e. g., on the right side of curve (b)
has been chosen.

To access the strain normal to the m-plane facet, which is the hexagonal
(1100)-direction, nanofocus x-ray diffraction experiments are conducted on the
{1100} lattice planes. The measurements are performed at four positions labeled
with (a), (b), (c), and (d) separated by about 1 pm on one individual side-facet
of the isolated rod as sketched in Fig. 6.4. All data shown in the following will
be labeled accordingly such that they can be directly identified with these four
heights. At these positions rocking curves are performed over 4 © around the GaN
(1100) Bragg reflection with an angular resolution of 0.01 °. At each height, the
scans are repeated at several horizontal positions to ensure that actually a posi-
tion directly on the facet has been measured. Due to the fact that the outer facet
is not perpendicular to the substrate but inclined, it is necessary to realign the
sample with respect to the x-ray beam for each position individually. This has
been done as described within Fig. 6.3.

On the very same positions (a) to (d) on the rod, nanofocus x-ray reflectivity
measurements are performed. Here, the primary beam is reflected at the inter-
faces of the core-shell structure within one side-facet. Therefore, the rod has
been turned by 2.5° starting at -0.5° in steps of 0.01°. For planar system one
would expect to detect no intensity below 0°. However, due to the small size of
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Figure 6.5 Two-dimensional maps of the scatiered intensity as a function of incident and scatter-
ing angle. In (a) a representative map of the reflected intensity recorded at the lowest position
in Fig. 6.4 can be seen. Next to the intense streak at o; = o, reaching from the bottom left
to the top right, satellites can be observed. In (b}, the diffusely scattered intensity around the
GaN (1100) reflection reveals the shape function of the hexagonal rod cross-section in form
of CTRs which are modulated by finite-size oscillations.

the rod, a reflected beam is also detected in Laue geometry (o; < 0). To increase
the resolution, the detector is placed 2 m behind the sample in the direction of
the primary beam which is blocked by a beam stop. It is important to note, that
the scattering plane for both, the diffraction and the reflection geometry, remains
the same and contains the facet normal such that Fig. 6.4 applies to both cases.

6.4 Data evaluation

During a nanofocus x-ray diffraction scanning experiment at one position on the
rod, a data set comprising 400 detector frames is produced. As described in the
previous section such a data set is angular-resolved with respect to the incident
angle o, here, in steps of (.01 °. Similar to section 5.4, the data processing is
done using a specifically developed source code for the open source software
package Imagel. For the series of detector frames a ROI is defined around the
Bragg reflection comparable to ROI 2 in Fig. 5.5(a) and the intensity within this
ROI is summed up vertically for each horizontal pixel position. Here, the inte-
gration over 5 pixels corresponds to an integration over approximately 0.001 A1
in vertical direction. The resulting line profiles correspond to the integrated in-
tensity of each detector frame and can be used to construct a 2D map of the
scattered intensity as a function of the incident angle «; and the scattering angle
20. As described in section 5.4, by employing Eqs. 5.4.1 and 5.4.2, the inten-
sity maps are transformed into reciprocal space coordinates for interpreting the
experimental results.

Figure 6.5 shows two representative maps of the scattered intensity as a func-
tion of incident and scattering angle which are reconstructed from line profiles
of angular-resolved scanning experiments. In Fig. 6.5(a) the result of a repre-
sentative nanofocus x-ray reflectivity experiment is shown which is recorded at
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Figure 6.6 Reciprocal space maps of the diffusely scattered intensity in logarithmic scale around
the GaN (1100) reflection. The maps are recorded at four positions (a), (b), (c), and (d) as
sketched in Fig. 6.4 on one individual facet. Along the angular direction the shape function
of the rod is visible in form of a six-armed star. The crystal truncation rods are modulated by
the shape function related to the structural parameters of the illuminated volume. The radial
direction is sensitive to the strain induced by the two (In,Ga)N quantum wells.

height (a). The high intensity streak reaching from the bottom left to the top
right is the reflected x-ray beam at o; = o and is expected to hold information
about structural parameters of the core-shell geometry. An interesting feature
are the satellites next to the main streak which will be subject to the following
discussion. In Fig. 6.5(b), a map of the diffusely scattered intensity around the
GaN (1100) reflection is shown. Here, the shape function of the hexagonal rod
cross-section is clearly visible in form of a six-armed star.

6.5 Results and discussion

Figure 6.6 shows the diffusely scattered intensity around the GaN (1100) re-
flection in reciprocal space. In radial direction (graq), the (1100) reflection is
sensitive to the strain normal to the m-plane facet. Hence, it directly measures
the deformation of the {1100} lattice planes induced by the lattice mismatch be-
tween the (In,Ga)N DQW and the surrounding GaN matrix. Consequently, the
diffraction profile along q,.4 offers a way to quantify the In content incorporated
in the DQW.

In angular direction (gane) the reflection is sensitive to the hexagonal rod ge-
ometry. The rods shape function shows a six-armed star and along each of the
six CTRs, oscillations are visible containing direct information about the struc-
tural parameters of the illuminated volume. The fact that many oscillations are
present, see in Fig. 6.6(a), originates from the high crystal quality of the illu-
minated volume in combination with the small focus of the x-ray beam corre-
sponding to averaged information of a comparatively small volume. Such details
could only be resolved in ensemble measurements if all scattering objects would
be perfectly identical [190].

The labels (a), (b), (c), and (d) in Fig. 6.6 correspond to the rod heights as
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FEM simulation parameters &HEDS;E“ e

Position (a) | (b) | (c) | (d)
GaN shell (nm) 90 | 110 | 170 | 270 § t
GaN barrier (nm) 4 6 6 | 16 o GaN

s barrier
(In,Ga)N QWs (nm) | 4 4 5 9 E KN
Facet width (nm) 650 | 700 | 750 | 850 g inner l»fé@'

< | | outer
In content (%) 6 10 | 22 | 18 & (In.Ga)N QW

Table 6.1 Structural parameters and In content used to model the deformation field within a finite
element approach. Parameters in blue are retrieved from nanofocus x-ray diffraction (XRD).
The facet widths written in red are obtained from x-ray reflectivity (XRR) experiments [cf.
Fig. 6.8]. Structural parameters shown in black are geared to the STEM measurements pre-
sented in Fig. 6.11. These values are taken at positions where the identical GaN shell thick-
ness is obtained [cf. Fig. 6.4]. By fitting the kinematic scattering simulations to experimental
data shown in Fig. 6.7, the local In content is retrieved. The adjacent sketch illustrates the
respective structural parameters and the method by which they are obtained.

sketched in Fig. 6.4. Obviously, the shape functions for all four heights look
different indicating a strong structural inhomogeneity along the height of the
investigated facet. For example, it is obvious that the periodicity along the CTRs
increases with increasing height. These Kiessig fringes are the Fourier transform
of the shell sequence in the side-facet. In fact, the retrieved thickness values (d =
2w /Aq) are related to the width of the outer GaN shell surrounding the DQW
and, interestingly, an increase in thickness towards the tip by a factor of three
is observed. Moreover, Fig. 6.6(d) shows larger periods modulating the CTRs
which refer to a thickness of about 16 nm. A comparison to STEM measurements
presented in the following indicates that these oscillations are related to the GaN
barrier. All structural parameters retrieved from x-ray diffraction experiments
are shown in blue in Tab. 6.1 and serve as structural input for subsequent FEM
simulations.

Based on the structural parameters presented in Tab. 6.1, the strain induced
linear elastic deformation inherent to the rod is simulated for positions (a) to (d)
employing the FEM. The values for DQW and GaN barrier thicknesses for mod-
els (a), (b), and (c) are geared to the STEM measurements given in Fig. 6.11.
As these values are in a range of only a few nanometer they result in compar-
atively large periods along the CTRs in x-ray diffraction patterns. Due to the
applied scan range, it is not possible to resolve these oscillations in the presented
data [cf. Fig. 6.6]. Additionally, different facet widths are implemented for all
four positions which are shown in red in Tab. 6.1. These values are deduced
from nanofocus x-ray reflectivity experiments presented in Fig. 6.8 which are
performed at the very same heights as sketched in Fig. 6.4. For modeling the
mechanical properties of the materials, the elastic constants for GaN and InN
given in Ref. [152] are used and the ones for the In,Ga; ;N alloy are interpo-
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Figure 6.7 Simulated (top) and experimentally measured (bottom) line scans along qgqq of the
intensity in logarithmic scale through the GaN (1100) reflection. Each column labeled with
(a), (b), (c), and (d) refers to one height position on the rod, see Fig. 6.4. The experimental
line scans are extracted from Fig. 6.6. The simulated line scans are computed using kine-
matic scattering theory based on the deformation field retrieved from finite element method
calculations taking into account of the parameters given in Tab. 6.1.

lated linearly using Eq. 2.1.4, where x is the In content.

The retrieved deformation field, u, induced by the DQW is used to compute
the displacement u(r) of the atomic positions r of the wurtzite GaN crystal. The
atomic coordinates and their displacement enter the subsequent kinematic scat-
tering simulations which are applied to compute the scattered intensity in recip-
rocal space around the GaN (1100) reflection. In order to mimic the situation of
the nanofocus x-ray diffraction experiment, a Gaussian beam profile is appended
to the kinematic sum [cf. Eq. 5.5.2]

o—(ria—n)2/20? gia (e +u(ry)) |2

I(q) o Z VoL (6.5.1)

such that it is possible to define beam position, p, and FWHM via 7. This allows
to compute the scattered intensity [ as a function of the scattering vector q orig-
inating from a distinct volume of the rod. Due to the comparatively small size of
the illuminated rod volume, it is justified to neglect multiple scattering events of
a single photon such that the kinematic plane wave approach remains valid [76].
Figure 6.7 displays line scans along q,.4 around the GaN (1 100) reflection. For
each height a simulated line profile (top) based on the FEM and the according
experimental scan (bottom) extracted from Fig. 6.6 at qune = 0 is shown. All
experimental line profiles look very characteristic and contain distinct features
of the illuminated volume. The FEM simulations suggest that most parts of the
wire comprise relaxed GaN and, indeed, all line profiles show a strong peak at
the expected position of relaxed GaN at qaq = 2.277 A1, Furthermore, fine
oscillations which modulate the line profiles refer to the shape function of the
outer GaN shell and reveal a clear trend to higher periodicity from Fig. 6.7(a)
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to (c) indicating an increase of the outer GaN shell thickness. Underlying the
fine oscillations, broader oscillations are present whose frequency also increases
towards the top.

All simulated profiles are computed using kinematic scattering theory by ap-
plying Eq. 6.5.1, where a beam width of 90 nm is assumed and in all cases the
beam maximum is positioned in the middle of the DQW. The displacement field
of the atomic positions serves as input for the scattering simulation which were
obtained via interpolation with the displacement field computed using the FEM.
Hence, the parameters applied for the FEM simulation [cf. Tab. 6.1] can be used
to fit the simulated line profile to the experimental data.

The broader oscillations are sensitive to the superposition of GaN barrier and
DOQW which define the distance between two minima. A variation of the In
content mainly shifts the minima position along g..q. At positions (a) and (b),
the GaN barrier and DQW thickness have a stronger impact on the peak shape
and the In content mainly changes the amplitude of the oscillations. In cases (c)
and (d), a change of the In content has a greater impact on the position of the
minima. While the simulations describe the experimental data very accurately
in (a) and (b), there is an increasing discrepancy visible in (c) and (d). This
observation can be attributed to the presence of structural inhomogeneities, such
as the onset of plastic relaxation towards the top. Concerning the sensitivity of
the simulated line profiles it is worth mentioning that a variation of the In content
of +1% as well as a thickness variation of +1 nm of QW or barrier has a clearly
visible impact. Moreover, it is important to note that the better the structure of
the rod is known the more accurate the In content can be determined via FEM
simulations which of course demands that relaxation occurs purely elastic.

From STEM measurements [see Fig. 6.11] performed on a representative rod
from the same sample, it is possible to estimate the GaN barrier and QW thick-
nesses shown in black in Tab. 6.1. Hence, the only free remaining parameter in
the FEM simulations is the In content. Consequently, within the framework of
linear elasticity theory it is possible to determine the In content with compara-
tively high accuracy. The obtained values for the In content at the four heights
are given in the bottom row of Tab. 6.1 and show a significant increase towards
the tip by almost a factor of 4 from position (a) to (c).

Interestingly, for fitting the simulated line profile at position (d) (just below the
tip) to the according experimental data it is necessary to assume a smaller In con-
tent of only 18 % compared to position (c). This means that elastic deformation
is reduced again after a certain height. However, from previous studies of com-
parable samples a further increase of the In content to the top is expected [191].
The origin of this decrease is found by STEM investigations showing a strong
increase of plastic relaxation in the top region most probably due to a higher
In content and, thus, a larger lattice mismatch which cannot be compensated by
purely elastic relaxation. Here, the crystal quality is significantly reduced com-
pared to the bottom part of the rod [see Fig. 6.11].

Plastic relaxation is not included in the simulations and demands a critical in-
terpretation of the obtained values for the In content. But, if two mechanisms of
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Figure 6.8 Reciprocal space maps of the reflected intensity in logarithmic scale. The labels (a),
(b), (c), and (d) refer to the heights sketched in Fig. 6.4. In Qung-direction satellites next to
the CTR. are visible whose periodicity refers to the facet width.

strain relaxation are present at the same time, namely plastic and elastic relax-
ation, the simulation, which considers only the elastic part, is expected to give a
lower estimate of the In content. Moreover, the clear trend of a significant gradi-
ent in the In content towards the tip is observed in both approaches and the values
given in Tab. 6.1 are comparable to the values retrieved by STEM [cf. Fig. 6.11].

In addition to nanofocus x-ray diffraction, nanofocus x-ray reflectivity mea-
surements are performed on the heights as sketched in Fig. 6.4. Figure 6.8 shows
experimentally retrieved nanofocus x-ray reflectivity maps in reciprocal space
recorded at the very same positions (a), (b), (c), and (d). Next to the main CTR,
lateral satellites are visible in Qung-direction. The distance between subsequent
minima along qay, refers to the width of the illuminated facet. As expected from
the above presented structural investigations of the rod, a decrease of the spacing
between the satellites is observed translating to an increase of the facet width by
about 200 nm from position (a) to (d). Accordingly, the rod diameter increases
from 1.3 to 1.7 um. These values are comparable to SEM investigations of simi-
lar rods of the same sample and enter the FEM simulations with the values given
in red in Tab. 6.1.

Along g4, the high intensity streak at qane = 0 is expected to reveal structural
information about the DQW and the GaN barrier thickness. However, for sev-
eral reasons the data evaluation has shown to be a challenging task. First, the
intensity of the reflected signal decreases by more than five orders of magnitude
within several degrees. Second, the decreased crystal quality due to defects in
the top region of the rod leads to non-sharp crystal interfaces between (In,Ga)N
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o

Figure 6.9 Selected specular reflections at different incident angles are shown. The labels (a)
to (d) correspond to the positions in Fig. 6.4 and the three columns represent qualitative
snapshots at different angles oy of the incident beam within the interval [0°, 2°]. All reflected
streaks are inclined downwards with respect to the scattering plane, whereas in (a) this effect
is the weakest and in (c) the strongest. Moreover, in the third column of line (c) it is clearly
visible that the specular beam splits into three parts. Most probably this observation arises

form the fact that the interfaces between the shells are inclined to each other. Moreover, at
the top height (d) a streak resulting from the r-plane facets at the tip can be seen.

and GaN regions. Moreover, the different parts of the rod, i. e., shell, barrier and
DQW are all inclined by several degrees such that up to three reflected streaks
are observed deviating by up to 5° from the diffraction plane. Exemplary, this
can be seen in Fig. 6.9. Here, the labels (a) to (d) correspond to the positions
in Fig. 6.4 and the three columns represent snapshots at different angles o; of
the incident beam within the interval [0°, 2°]. In the first column the incident
angle is small, in the second intermediate and in the third column the incident
angle is the largest. All specular reflections are inclined downwards from the
scattering plane. Moreover in the third column at position (c) the specular beam
clearly splits into three separate streaks indicating that the x-ray beam is reflected
from interfaces which are inclined by several degrees with respect to each other.
Additionally, kinematic scattering simulations reveal that the intensity profile is
highly sensitive to the beam position on the rod such that also non-exact posi-
tioning of the x-ray beam might play a role. However, the missing structural
parameters could be retrieved using HAADF STEM which will be discussed in
the following.

As described in Ref. [186], HAADF STEM is employed® to investigate the
chemical composition of several rods from the same sample as the rod investi-
gated by nanofocus x-ray diffraction. Hence, the experimental results of both
methods are directly comparable within the range of inhomogeneity of the sam-
ple. Using the FIB as outlined in section 6.1, a lamella containing several rods
has been isolated. The rods in the lamella are aligned in a way that an m-plane
faces its neighbor’s m-plane so that a projection onto the {1120} lattice planes is
possible. The lamella is further thinned by FIB to get rid of the inclined m-facets.
Thus, in a cross-section STEM experiment, the electron beam is directed along

*The HAADF STEM measurements have been conducted by M.Sc. L. Nicolai (Paul-Drude-
Institut Berlin).
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Figure 6.10 (a) HAADF STEM cross-section micrograph of the ({In,Ga)N/GaN rod recorded
along the [1120]-direction. The four positions I, II, I, and IV refer to a detailed STEM
analysis [cf. Fig. 6.11]. (b) The thickness of the outer GaN shell on the right side of the rod
as a function of the height. The inset in (b) gives an example of how the intensity profile
was used to determine the shell thickness. The presented case refers to a height indicated by
the red arrow in (a) resulting in the data point marked with a red box in (b). Between the
horizontal dashed red lines the shell thickness approaches a constant value.

the DQW in two opposing m-facets.

Figure 6.10(a) displays a HAADF STEM cross-section micrograph of a repre-
sentative individual rod. It shows that the GaN core thickness remains constant.
However, the outer GaN shell thickness increases drastically. To quantify the
thickness gradient, horizontal line profiles with an integration width of 100 nm
of the HAADF intensity are taken at different rod heights. Exemplary, the inset
in Fig. 6.10(b) shows that the thickness is obtained by measuring the distance
between the peak originating from the outer QW and the turning point of the
intensity profile. The inset intensity profile is taken at a height of 3 pm (marked
with the red arrow) and results in the data point marked with a red box. Fol-
lowing this procedure, Fig. 6.10(b) provides the shell thickness as a function
of rod height. It is clearly visible that the shell thickness increases drastically
from about 80 nm to about 270 nm from bottom to top. Interestingly, above ap-
proximately 4.2 um the shell thickness approaches a constant value and actually
m-facets are formed. Due to the formation of a tip with {1101} facets the shell
thickness decreases above the second dashed line. The values fit very well to
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Figure 6.11 (top) HAADF STEM micrographs at position I-IV as displayed in Fig. 6.10. The
scale bar applies to all four micrographs. At positions III and IV, stacking faults are visible
which run horizontally from quantum wells (vertical bright siripes) towards the GaN shell
surface. By fitting the quantum well peak intensity, the quantum well thicknesses, dgw,
the GaN barrier thickness dparrier and the In composition Xp., could be extracted. Their
evolution with respect to the rod height is shown in the bottom graph.

the shell thicknesses obtained from nanofocus x-ray diffraction measurements
and substantiate the comparability of both results. Especially in the top region,
both methods yield almost identical values. By comparing the shell thicknesses
obtained by nanofocus x-ray diffraction with the values retrieved by STEM |[cf.
Fig. 6.10] it is possible to precisely correlate positions (a) to (d) to the actual
heights. Moreover, it allows to deduce the missing structural parameters [i.e.
DOQW and barrier thickness] for the FEM simulations which could not be ob-
tained from nanofocus x-ray diffraction and reflectivity experiments.

At positions I-IV marked in Fig. 6.10(a), HAADF STEM micrographs with
higher magnification have been taken in order to quantify the evolution of QW
and barrier thickness as well as the In content. The respective micrographs are
shown in Fig. 6.11(top). As the scale bar applies to all four micrographs, it is
clearly visible that both, the DQW and the barrier increase in thickness. More-
over, at positions III and IV stacking faults run horizontally from the DQW to-
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wards the GaN shell surface. Furthermore, at position IV the crystal quality is
significantly reduced.

Intensity line profiles with an integration width of about 180 nm have been
taken for positions I-IV and sigmoidal functions are used to fit the (In,Ga)N QW
intensity peaks to determine the FWHM which is interpreted as the QW thick-
ness. The distance between the QW peak positions subtracted by half of the
width of each peak results in the GaN barrier thickness. The result is shown in
Fig. 6.11(bottom). Following the trend of the outer GaN shell both DQW and
barrier show a significant increase of their thickness from bottom (position ) to
top (position IV). Up to approximately the middle of the rod the QW thickness
remains constant at about 4 nm. However, between positions III and IV the thick-
ness almost doubles. An even stronger increase in thickness is observed for the
GaN barrier. Starting at about 1 nm, the barrier thickness increases up to 16 nm.
The nanofocus x-ray diffraction experiment performed at the highest position
[cf. Fig. 6.6(d)] shows broad oscillations along the CTRs referring to a thickness
of also 16 nm. Hence, we can attribute these oscillations to the GaN barrier. In-
terestingly, despite the fact that the GaN barrier increases drastically both inner
and outer QW show very similar thicknesses over the full height. In addition,
as described in Ref. [186], the contrast of the (In,Ga)N to GaN could be used
to estimate the alloy composition. The result in Fig. 6.11(bottom) shows a sig-
nificant increase along the rod height comparable to the result of the nanofocus
x-ray diffraction analysis. However, in the region where plastic relaxation sets in
and voids are visible (position IV) the approach looses accuracy. Moreover, due
to the superior spatial resolution of STEM compared nanofocus x-ray diffraction
it is possible to resolve that the inner QW comprises an In content that is up to
3 9% larger compared to the one of the outer QW.

6.6 Concluding remarks

Individual (In,Ga)N/GaN core-shell micro-rods are investigated in terms of struc-
tural properties, local strain field and chemical composition via nanofocus x-ray
diffraction, reflectivity and HAADF STEM. Thereby, it is found that the multi-
shell structure exhibits a significant increase in thickness in all sub-shells from
bottom to top along the rod. Consequently, the rod diameter increases and only
at a certain height m-plane facets are formed. Based on the structural parameters
retrieved from both complementary methods, FEM and subsequent kinematic
scattering simulations are performed. Due to the fact, that the structural parame-
ters of the shells are very well approximated, it is possible to fit the x-ray diffrac-
tion profiles by the In content which is the sole free remaining parameter. By that
it is possible to prove that the increase of shell thickness goes along with a signif-
icant increase in the In content. As long as relaxation occurs purely elastic, the
presented approach for an accurate determination of the In content is expected to
be highly reliable. Due to the higher resolution, HAADF STEM not only shows
that the In content increases but also that the In content in the inner QW is higher
compared to the outer one. Moreover, HAADF STEM measurements reveal that
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the top region of the rod is subject to plastic relaxation. Here, it is found that
elastic relaxation decreases and that strain is relieved by plastic relaxation ex-
pressed by an increasing density of horizontal partial dislocation lines. In the top
area an even higher In content is expected, however, as only elastic relaxation is
considered in the FEM simulations only a lower limit of the actual In content can
be retrieved. The presented study demonstrates that by combining nanofocus x-
ray diffraction complemented with FEM-based kinematic scattering simulations
and HAADF STEM on ideally the same object, a deep insight about structure
and chemical composition of low-dimensional semiconductors can be obtained.
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7 Conclusion

In this thesis, nanofocus x-ray diffraction and the numerical finite element method
(FEM) are applied to investigate the deformation field in (In,Ga)N/GaN nanowires
(NWs) and micro-rods. Thereby, the work contributes to the fundamental un-
derstanding of the local strain distribution and the deduced optical properties
of axial (In,Ga)N/GaN NWs and provides instructive insights about structure
and chemical composition of (In,Ga)N/GaN core-shell micro-rod light emitting
diodes (LEDs). The gained knowledge can be used to engineer the strain field
and, thus, to control the optoelectronic properties of potential devices. Moreover,
from the detailed analysis of core-shell micro-rods conclusions can be drawn
how to improve their growth with respect to homogeneity which likewise leads to
an enhanced light exploitation. Next to addressing questions related to materials
science, this thesis also intends to investigate the feasibility of nanofocus x-ray
diffraction for analyzing low-dimensional semiconductors. In this respect, the
experiments performed on individual micro-rods show that especially for pm-
sized objects the provided resolution in the order of 100x100nm? is ideal to
obtain decisive insights about the local strain distribution.

In detail, the first part of this thesis deals with a counterintuitive strain re-
laxation scenario inherent to axial NW heterostructures. By applying the FEM,
the dependence of the vertical normal component of the elastic strain tensor,
€2z, ON the ratio of NW radius and (In,Ga)N segment length is analyzed using
the example of an axial (In,Ga)N/GaN NW. While for small segment lengths a
strain distribution similar to that of an equivalent planar sequence is observed,
a clearly negative €., value is found if the ratio of radius and segment length
approaches unity. Significant shear strain components accompanied by a strong
convex deformation of the outer segment surface are discussed as the origin of
this phenomenon and manifest the crucial difference to equivalent planar systems
where shear strains are non-existing and, thus, ¢, is always positive or zero. Fur-
thermore, in literature an ongoing assumption was that due to the high surface-to-
volume ratio a complete relaxation of the embedded (In,Ga)N segment should be
observed. The presented study shows that for large segment lengths indeed full
relaxation occurs in the center of the segment, however, at the free surface and
especially at the interfaces to the GaN matrix, a considerable strain is observed.
Owing to the fact, that in linear elasticity the strain components are dimension-
less, the presented phenomenon can be scaled arbitrarily to other dimensions and
In contents as long as strain relaxation proceeds elastically. Moreover, the effect
is of relevance for a variety of other axial NW heterostructures, too.

The finding, that the €., component can be tuned from tensile to compressive
has important consequences as it offers a new degree of freedom for engineering
the strain distribution and might be used to minimize the inherently strong built-
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in potential. Therefore, in the subsequent study the FEM is applied to compute
the electric potential in [0001]-oriented axial (In,Ga)N/GaN NWs arising from
the piezoelectric and the spontaneous polarization. In particular, the electric po-
tential is discussed in dependence on the ratio of NW radius and segment length
and, actually, it is found that the complex strain distribution related to shear
strains yields a decisive deviation from the expected linear increase of the electric
potential with the segment length. This deviation leads to the consequence that
the range of accessible wavelengths for a given NW geometry is significantly re-
duced. Moreover, it yields that the distribution of electron and hole ground state
charge densities proceeds in a non-trivial manner and for each configuration, the
appropriate parameters have to be found independently to guarantee an optimum
overlap of electron and hole wavefunctions.

Additionally to the purely theoretical investigation of axial (In,Ga)N/GaN
NWs, experimental investigations of core-shell (In,Ga)N/GaN micro-rod LEDs
are presented. Via prior cathodoluminescence (CL) measurements it has been
found that the emission wavelength along the height of core-shell (In,Ga)N/GaN
micro-rod LEDs is red-shifted. However, the origin of this effect remained un-
clear. To shed light on this open question, nanofocus x-ray diffraction experi-
ments are performed on single core-shell (In,Ga)N/GaN rods. Using a focused
ion beam, a row of neighboring rods is isolated in a lamella which enables the
investigation of individual objects. By scanning the focused x-ray beam over se-
lected rods, it is possible to resolve the local strain field in individual side-facets.
As aresult of the high spatial resolution, a significant strain gradient along the rod
height is detected which is translated into an In content by employing the FEM
and subsequent kinematic scattering simulations. Thereby, it is found that the In
content increases by about 10 % from the rod middle to the top which matches
very well the CL measurements performed on rods from the same sample. The
presented experiments prove that due to the sub-pum resolution, nanofocus x-ray
diffraction provides a powerful technique to locally analyze the strain distribu-
tion in pm-sized individual objects. In fact, this spatial resolution is ideal to
measure the local strain state even within individual facets of a single rod in its
as-grown environment, while methods with higher, e. g., atomistic resolution or
with lower penetration depth would fail.

The In content is one of the crucial parameters for controlling the optical per-
formance of micro-rod LEDs and, obviously, an accurate determination of the
latter is of great interest. To improve the translation of the strain state into an
In content the structural parameters within the illuminated volume has to be
taken into account because structural inhomogeneities additionally modify the
strain field. The complete characterization of structure and chemical compo-
sition is demonstrated using the example of a single micro-rod comprising a
two-fold (In,Ga)N guantum well embedded into GaN core-shell geometry. At
selected heights the local strain distribution in an individual side-facet is ana-
lyzed. Moreover, at the same positions nanofocus x-ray reflectivity is employed
to obtain structural information. Additionally performed scanning transmission
electron microscopy (STEM) measurements conducted on rods from the same
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sample complement the synchrotron experiments and provide further insights
about structure and plastic relaxation. The accumulation of the gained results
show that all sub-shells face a drastic increase in thickness from bottom to top.
Taking into account the structural inhomogeneity, the retrieved shell thicknesses
serve as input for FEM simulations of the deformation field in the illuminated
regions. Due to the fact that the local structure is well known, the In content
serves as the sole free remaining parameter and can be used to fit subsequent
kinematic scattering simulations to the experimentally measured nanofocus x-
ray diffraction profiles. Thereby, the In content can be determined with an even
higher accuracy and appears to increase significantly. As a consequence of plas-
tic relaxation in the top region of the investigated rod, the proposed method loses
accuracy and the retrieved In content in the top region can be interpreted as a
lower boundary.

Outlook

There exist a variety of ideas for future research projects building up directly on
the experiments and techniques presented in this thesis. Accordingly, they are
related to the investigation of low-dimensional objects both experimentally by
employing nanofocus x-ray diffraction and theoretically using the FEM.

To begin with, it would be highly interesting to provide an experimental proof
of the counterintuitive strain relaxation behavior in axial NWs via nanofocus
x-ray diffraction as presented in chapter 3.

Furthermore, CL investigations of recently grown core-shell (In,Ga)N/GaN
micro-rod LEDs showed indications for the formation of In-rich columns at the
edges of the hexagonal objects. First estimations predict a difference in the In
content of about 20 % from corner to side-facet. Moreover, the formation of an
In-rich quantum dot in the rod apex is predicted with an even higher In content.
Nanofocus x-ray diffraction seems to be highly promising to investigate these
features in detail and to quantify the differences in the In content.

Next to micro-rods, also (In,Ga)N/GaN fins are fabricated and optimized with
respect to light exploitation [192] and first experiments using nanofocus x-ray
diffraction have recently been conducted. The size of the fins exceeds the height
of the investigated micro-rods by more than three times. This makes the high spa-
tial resolution in the sub-pm regime available at specialized synchrotron beam-
lines even more attractive as a detailed strain analysis using other methods such
as STEM would be very time consuming.

A big difference compared to conventional x-ray diffraction with compara-
tively large beam sizes is that when using a collimated beam individual objects
can be identified and investigated by complementary methods. In this respect, it
is planned to correlate nanofocus x-ray diffraction results of structure and com-
position of individual objects to STEM measurements performed on the very
same object. Moreover, prior to these experiments, the optical properties of the
object shall be investigated via spatially-resolved CL measurements allowing to
correlate the emission wavelength to the inherent strain state and structural in-
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homogeneities. Moreover, in collaboration with other groups experiments are
planned in which nanofocus x-ray tomography, 3D x-ray fluorescence and x-ray
diffraction are performed at the same time on the same object. Hereby, a setup
where three detectors are operated simultaneously is employed. Also collabora-
tions including coherent x-ray diffraction imaging on (In,Ga)As/GaAs core-shell
NWs have recently been started.

Finally, the presented k - p calculations of the optical properties based on the
strain distribution and the electric potential computed via FEM give rise to a
plethora of potential studies. For example, an advantage of the FEM is that mod-
els of arbitrary shapes can be simulated. This is of great interest as in general
the hexagonal NW shape is slightly deformed to various shapes and the impact
on the optical properties of this deformation is planned to be analyzed in detail.
Moreover, sometimes NW's do not stand up straight but are bent and in the most
drastic case the NW growth results in arch-like NW shapes. How this defor-
mation influences the optical properties would also be an interesting follow up
study.
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